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Abstract

In the present thesis, the results from the study of the core level photoemission for some
mixed valent rare earth compounds and artificial thin films of 3d-transition metals have been
reported. In rare earth and 3d-transition metal systems, the outer 4f and 3d shells are localized
and are strongly interacted with the localized core hole during the photoemission process.
Because of this interaction, core level photoemission often reflects some obvious final state
effects, such as multiplet structures, correlation-induced satellite, charge transfer satellite,
lifetime broadening, configuration interaction, valence fluctuation etc. One of the main
purposes of the present experiment is to study the spectral features, hence the ultimate final
state effects in Tm Sp, 4d, 4p, and 3d core levels for mixed valent TmX (X=S§, Se and Te).
Both the synchrotron radiation and conventional x-ray sources were used for this purpose. By
the help of resonant effect and the calculation, a rich information of the electronic structures in
the Tm-compounds was obtained in these experiments.

[n the transition metal systems, both the core level and the valence d-level photoemission are
accompanied with well-known satellite structures that are only explained by considering many-
body effects. Not only the electronic structure, but also the magnetic properties can be
extracted from the photoemission experiments. In the present study, electronic structures and
magnetic properties for Ni/Co/Cu(001) system and oxidized Co films were investigated.
Magnetic dichroism (MD), a novel technique based on photoemission by proper selecting of
orientation of light polarization, directions of magnetization and electron emission, was applied
for the magnetism study, For Ni/Co/Cu(001) system, the magnetic state depending on the film
thickness was revealed in the core level and valence band photoemission. For Ni-valence band
satellite, the resonance effect on the MLD signal was found at Ni3p-3d excitation regions. In
case of oxidized Co film, the modification of electronic structures as a function of both the
oxygen coverage and film thickness was studied by Co2p and Ols core levels photoemission.

Magnetic states of the oxidized Co films were also studied by magnetic dichroism experiment.
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1.1. Strongly correlated system and photoemission

Photoemission spectroscopy has been extensively utilized to investigate the electronic
structures of the strongly correlated 4f- and 3d-electron systems. Because of the strongly
correlated nature, the 4f- and 3d-electron systems show a variety of physical and magnetic
properties. Some fundamental phenomena, such as localized and itinerant nature of unfilled f-
and d-shell, hybridization between the unfilled shell and conduction band are the origins of the
variation in the physical and magnetic properties.

Both the outer level (d or f) and core level are of interest to study in photoemission
spectroscopy for strongly correlated systems. The information obtained from the core level and
outer level photoemission is different. For example, in case of 4f photoemission of the rare
earth, the results are used to explain the localized nature and degree of hybridization with the
conduction electrons in the solids. The results are thus very important to understand clearly the
Kondo effect [1.1], heavy fermion nature [1.2], and valence fluctuation or intermediate valence
[1.3] of the rare earth systems.

From the core level photoemission, on the other hand, the nature of interaction between outer
shells and the core levels can be revealed. In the rare earth systems, the 4f-shells largely
maintain their atomic characteristics and they behave as a core level [1.4,1.5]). During the core
level photoemission process, the interaction between the core hole and the localized 4f-shells is
strong [1.6,1.7]. The nature of this interaction is different for several core levels in any atomic
system. The different characteristic interactions for different core levels give a wvariety of
spectral shapes in the core levels photoemission. In some cases, the spectral features of the
core level photoemission are rather complex. The complex struclure in core level
photoemission is generally explained by introducing some final state effects, namely multiplet
structures, lifetime broadening effect [1.7], configuration interaction (CI) [1.8], preferential
Auger decay (Coster-Kronig and super Coster-Kronig) [1.9], and valence fluctuation etc. The
valence fluctuation, in other words, the co-existence of different valence states in a single
system contributes an extra complexity in the core level spectra. Therefore, core level
photoemission is thus very useful to know the details of the electronic structures in rare earth
systems.

In the 3d-electron systems (both in metal and compounds), the correlation nature of 3d-
shells and the strong interaction between the 3d-shells and the core holes are also essential to

describe the core level spectral features. The formation of satellite structures in both the



valence band and core level photoemission spectra in some of the transition metal (TM) and
their compounds is explained by using the effects of d-d correlation. One of the well-known
satellites is the Ni 6eV-satellite [1.10-1.12] in both Ni-valence and core level photoemission
specira. The interaction between the core hole and the d-shell is also strong in the transition

metal cases and the muliplet structures are also present in the photoemission spectra.

1.2.Core level photoemission in rare earth compounds

In the present study, several core level photoemission spectra are measured for the rare earth
systems, Tm monochalcogenides, TmX (X=S, Se and Te). TmX compounds with NaCl
structure are known as typical mixed valent compounds [1.10-1.17]. These three compounds
show remarkably different physical properties. All of these three compounds are magnetically
ordered at low temperature with Ty at 5.18, 1.85-2.8, 0.21K for TmS, TmSe and TmTe,
respectively [1.10]. In these compounds, the coexistence of trivalent (T m*, 4}"2) and divalent
[Tmz', 4f‘3) ions with different strength shows the property of mixed valence. It was found in
some photoemission experiments, susceptibility and lattice constant measurements that TmS is
mostly trivalent with metallic character, TmSe is typical intermediate valent with metallic
character and TmTe is mostly divalent with semiconducting property [1.13-1.17].

In chapter 4, the nature of interaction between the Tm4f-electrons with the TmS5p, 44, 4p, and
3d core holes during the photoemission process is investigated.

So far, most of the photoemission experiments for TmX compounds and metallic Tm was
mainly confined to the Tmdf photoemission study [1.15,1.16,1.18-1.25]. In some of the
previous reports, resonance behaviors in Tmdf photoemission around Tmdd-4f absorption
edges (hv=150-200eV) [1.19,1.20,1.22,1.25] or around Tm3d-4f absorption edges (hv=1450-
1520eV) [1.21,1.26] were studied. The 4f-multiplet structures corresponding to Tm** and Tm?*
ions and their individual resonance effect were successfully distinguished in those resonant
photoemission experiments. Whereas a few core level photoemission results for Tm-systems
are available indeed. The results of Tm5p photoemission in TmSe [1.15], TmS [1.19], TmTe
[1.18] and metallic Tm [1.22], Tm4d photoemission in metallic Tm [1.27,1.28] and trivalent

TmAl» [1.24], Tm3d photoemission in metallic Tm [1.29] have been reported so far.



Because of the same principal quantum number of 4d and 4f levels, the electrostatic
interaction between them is considered to be very large. The photoemission spectrum of 4d
level thus may affected by the 4d core hole-4f electron interaction very much. In the
preliminary 4d photoemission experiment for metallic Tm system [1.27], the existence of
multiplet structures and their lifetime broadening effect were not discussed. Recently a detailed
study of 4d photoemission spectra including multiplet structures and corresponding lifetime
broadening effect for some heavy rare earth elements was reported theoretically by Ogasawara
et al. [1.28]. The comparison with experimental results was also given in Ref. 1.28. The
lifetime broadening effect, which is explained in details in Ref. 1.28 for discussing the 4d
spectral feature, is related to the 4d-4f4f super-Coster-Kronig (sCK) decay process [1.9]. In
Ref. 1.28, the results are limited to the 4d-spectrum of Tm’‘ion. No studies related to the
divalent or mixed wvalent Tm have been reported. In the TmX systems, the Tmdd
photoemission spectra should show the mixed-valent properties as well as the Tmdf spectra.
But the spectral features are more complex than those of 4f levels. In the Tm4f photoemission
spectra, the binding energy positions of components for Tm® and Tm®* are different.
Therefore, the components for Tm'* and Tm® can be easily distinguished. In the 4d
photoemission, on the other hand, the Tm™ and Tm* components are not distinguished
because they are overlapped each other. The resonant photoemission around Tm3d-4f
absorption edges is therefore very useful to study both components separately in 4d
photoemission spectra. In a preliminary experiment for trivalent TmAl; [1.24], the resonant
effect in Tmdd was described at the 3d-4f resonance. However, the existence of multiplet
structures and their lifetime broadening effect were not discussed in Ref. 1.24.

In the present experiment, the Tmdd resonant photoemission spectra were measured at Tm
3d-4f absorption edges (hv=1450-1550eV). The information of the muliplet structures for each
component (Tm™" or Tm?"), their resonant behavior, and the corresponding lifetime broadening
effect is expected from the photoemission results. In practice, the resonant photoemission study
around these photon energy ranges for heavy rare earth elements is rather difficult to perform.
The main obstacles are to get high photon flux and higher energy resolution at the photon
energy range hv=1.2-2.0KeV. After installing YBgs crystal monochromator at the UVSOR
beamline and by using high performance analyzer, the present experiment became possible.

In case of Tm4p, the interaction between 4p core hole and 4f electrons is also strong because

of same principle quantum number. However, the lifetime broadening effect is now related to



the 4p-4ddd super-Coster-Kronig type decay process. According to the suggestion by McGuire
[1.9] and prediction by Fuggle and Alvarado [1.30], and Obno and G. Wendin [1.31], the
complex Tmdp spectra can be explained by the configuration interaction in the final state. No
result was reported previously for Tm4p photoemission in TmX compounds. In the present
study, the 4p photoelectron spectra in three Tm-compounds were measured by using
conventional x-ray source (MgKa, hv=1253.6eV). Configuration interaction phenomenon
fairly explains the 4p spectral features.

The shallower core level Tm5p in the same compounds may show different photoemission
characteristics, The interaction between 5p hole and 4f shell is rather weak. As a result, even
with smaller spin-orbit splitting, the 5p spectrum shows nearly separated spin-orbit peaks. But
muliplet peaks are also present here. The Tm5p photoemission results were previously reported
for TmS [1.15], TmSe [1.19], TmTe [1.18] and Tm metal [1.20]. In these experiments, a
complete understanding about the multiplet structures and their resonance effect at 4d-4f
(hv=150-200) absorption edge are absent. In order to get a clear picture about the coupling of
shallower 5p core level with the 4f-shell, it is very important to show the muliplet terms by
comparing with calculation. Here, the experiment was performed to have clear information of
the evidence of valence fluctuation in the 5p XPS spectra and also the resonant effect at 4d-4f
absorption edges of different multiplet structures.

In case of Tm3d core level photoemission, it is not possible to excite the 34 electrons (binding
energy ranges of 1.45-1.53keV) with the commonly used x-ray sources (hv<1.5keV). The soft
x-ray synchrotron radiation beamline is considered to be a good source to measure
photoemission of the deeper 3d level. The unpublished data by H. Arai [1.29] is considered to
be the first attempt to measure the Tm3d level photoemission in metallic Tm sample by using
synchrotron radiation. In Ref. 1.29, the existence of muliplet structures was not discussed. In
the final part of chapter 4, the Tm3d photoemission spectra will be described.

According to the above introductory paragraphs for Tmdd, 4p, 5p, and 3d core levels, it can
be said that the common interest of the present core level photoemission is to study the effect
of core hole-4f interaction and the subsequent changes of the spectral feature. Even in the same
atomic system, the nature of the core hole-4f interaction is dependent on the several
parameters. These parameters are owing to the similarity and dissimilarity of the principle
quantum number of the core level and the 4f shells, the relative values of the exchange

interaction and the spin-orbit splitting, strength of the Auger and Auger-like decays, exciting



conditions, degree of mixed-valence, etc. The results from the core level photoemission are
expecting to be varied with a rich information of the electronic structure of the mixed valent
TmX compounds.

In the present thesis, every photoemission results will be compared with the calculated
results in order to obtain the better understanding of the photoexcitation and the decay process
of the strongly correlated systems. The calculated results were provided by one of the

collaborators Dr. H. Ogasawara in Prof. Kotani group, ISSP, University of Tokyo.

1.3. Thin film magnetism of the 3d-transition material

The photoemission experiments for both the core level and valence band in the magnetic
3d-transition materials are also very interesting because of the strong influence of the many-
body effect via electron correlation in photoemission spectra. Therefore, the knowledge of the
correlation in these strongly correlated systems is very important for understanding the
spectroscopy result. The formation of the satellite structure in the photoemission for Ni or Co
is the direct consequence of the electron-correlation. For example, narrow d-band with strong
d-d interaction is held responsible for the formation of satellite structure: known as correlation-
induced structure. The nature of the d-d interaction is also different depending on the
dimension of the sample, such as for bulk sample, thin film with very various thickness elc.
The single-particle approximation is completely failed 1o explain the formation of satellite.
Apart from metal, the transition metal compounds, for example NiO or CoO also show
correlation-induced satellite in core level photoemission and also in wvalence band
photoemission. Though, the mechanism of satellite formation is similar to Ni or Co, the
satellite in transition metal oxides is known to be charge-transfer satellite.

In general, electronic interaction in strongly correlated systems governs many phenomena in
the solid-state physics. For example, ferromagnetism or antifcrmmagnetism in the strongly
correlated system is the direct evidence of the spin-dependent electron correlation. For any
magnetic system, the magnetic state can be studied by applying magnetic dichroism (MD)
technique [1.32]. In order to explain the magnelic dichroism signal in photoemission, the

knowledge of the electron correlation is thus very important.



It is now well known and firmly established that the ultrathin film systems in nanometer
range of 3d-materials often show very interesting and striking magnetic properties different
from the bulk [1.3,1.34]. Because of rich variety of unusual magnetic properties, the thin film
magnetism is considered to be very interesting and challenging field in the recent years. By
varying the preparation conditions, ie., different substrates (non-magnetic, magnetic or
semiconductor), substrate temperatures or film thickness, one can modify the electronic
structures as well as the magnetic properties of the film. One well-known phenomenon is the
transition of easy magnetization axis from in plane to perpendicular direction. This transition
depends on the film thickness. For example, Ni film on Cu(001) substrate shows this kind of
transition. Up to 7ML (monolayer), Ni film shows in-plane magnetization and above 7 ML, Ni
film starts to show a transition towards perpendicular direction [1.34]. As the film morphology
is the origin of transition of magnetization, the nature of substrate plays an important role here.

In chapter 5, two different magnetic thin film systems: Ni/Co bi-layer system (here both the
Ni and Co films are on Cu(001)) and oxidized Co film are investigated. For Ni/Co/Cu(001)
system, in order to observe the effect of the magnetic Co substrate, magnetic linear dichroism
signal in element specific photoemission was measured. In the relevant chapter, the dichroism
effect of the both main peak (valence band) and the 6eV-satellite peak around Ni3p-3d
absorption edge will be discussed. One of the main purposes of the dichroism study for Ni/Co
system is to observe the resonant effect on dichroism signal for Ni 6eV-satellite at Ni3p
threshold. Though, magnetic dichroism study has been performed in bulk Ni(110) for Ni-
valence band satellite at Ni3p threshold [1.35], no study was reported previously for thin film
system. Other purposes are to check the nature of the interface coupling between two
ferromagnetic films (Ni and Co) and to find out the magnetic states of Ni films with different
thickness on Co.

Adsorption process of simple molecule on transition metal (TM) surfaces, especially for thin
film systems is very important and offers a lot of interest to both the surface science and the
magnetism communities [1.36]. For this thesis work, the oxidization process of different
thickness of Co film was studied. The information of the chemical states from such kinds of
system may be very useful for recording and storage media technology. The results of the core
levels (O1s and Co2p) photoemission spectra will be shown and discussed. The study of the
oxidization process of Co film through Co2p core level photoemission has not been performed

before. Some photoemission experiment [1.37,1.38] for studying the oxidization of Co films



have been reported previously, but using Co3p or Co-valence band photoemission. The study of
Co2p core level photoemission has some advantages over Co3p or valence band study. In the
former case, the chemical shift peaks of CoO and the satellite peaks are separated and well
distinguished.

The photoemission results from the TMO also show the strongly correlated nature, As stated
before, the satellite feature in the photoemission specira for CoO are known to be the charge
transfer satellite. The explanation of the photoemission spectra for transition metal oxides
(TMO) is therefore based on the charge transfer processes [1.39-1.41] between the transition
metal (TM) and ligand atom (here O). In this process, the electron from ligand atom O is
transferred to the metal site (TM, unoccupied metal state). Therefore, the TM core level (2p)
photoemission is sensitive to the electronic structures of the strongly correlated TMO and can
be applied to detect even a subtle change in their electronic structures followed by oxidization
process. The magnetic properties of oxidized Co-film were also studied by magnetic dichroism
experiment. For oxidized Co film, all photoemission spectra were carried out by conventional

x-ray sources (MgKa, hv=1253.6eV or AlKa, hv=1486.6eV).

1.4. Improvement of the experimental set-up

A chamber for sample preparation and epitaxial growth of thin films was developed during
this thesis work. The preparation chamber is equipped with LEED optics, sample transfer
mechanism, three water-cooled evaporators, thickness monitor, sample transfer system and
magnetic coil etc. After the improvements in the preparation chamber, the thin film study was
successfully performed by using the commercial photoelectron spectrometer.

Some interesting phenomena, such as temperature induced valence transition in rare earth
systems, magnetic phase transition in 4f- and 3d-electron systems etc. are possible to study in
photoemission if the sample temperature can be varied during the photoemission experiment.
During this thesis work, there were some interesting plans to study temperature effect on the
dichroism signal hence the magnetic state and the adsorption process in thin films at various
temperatures. For these reasons, a liquid He cryostat was constructed and attached with the
sample manipulator in the main analyzing chamber. The performance of the cryostat is

satisfactory as expected. Unfortunately, the cryostat could not be used in these present

10



experiments because the sample holder with heating and transfer options was not ready on time.
However, some test experiments were carried out successfully by using the cryostat. For
example, variation of electronic structure of the organic compounds (DI-DCNQI):;M (M= Ag
and Cu), temperature-induced valence transition in the Eu-compound were studied. Result for

Eu-compound will be shown in the appendix section.
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Chapter 2

General aspects of photoemission and related
phenomena
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2.1. Photoemission spectroscopy: General description

PhotoEmission Spectroscopy (PES) is one of the simplest and direct methods to study the
electronic structures of the solid surfaces, interfaces, molecules, and atoms. PES is based on
the photoelectric effect, ie., the emission of electrons from one of those systems after

irradiation the system by photon with sufficient energy. Figure 2.1 shows a typical diagram

8.
A €
Ey
VL S
Du
Er A
Eg
Photon
Metal Vacuum

Figure 2.1. lllustration of the photoemission process in a simple metal. Photon with energy

hv is annihilated and an electron absorbs the photon energy. VL represents the vacuum level
and Ep does the Fermi level. The difference between VL and Eg is the work function of the
system. Ey is the kinetic energy of the photoelectron measured from VL, the ‘zero kinetic

energy’ level. Ey is the binding energy measured from Ep.

of the photoemission process for a simple metal. A photon with energy hv impinges into the
metal. The clectron inside of the metal absorbs the energy of photon. The electron, as a result,
is excited to a region above the vacuum level (VL). The electron is then called photoelectron

when it leaves from the solid through the vacuum level with kinetic energy Ex. The energy
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difference between the VL and Fermi level Ey is called as the work function, ¢w. The work
function has a characteristic value for individual material. In the spectroscopic point of view,
@ is the threshold energy to produce a photoelectron. Thus, according to the famous Einstein’s
equation of the photoelectric effect, the maximum kinetic energy of a photoelectron from Ep
can be written as follows:

Ex max=hv-¢ . (2.1)

Inside of the solid, electrons stay in several energy levels known as valence or core levels.

The energy of any particular electron in the encrgy level is called as the binding energy of that
electron. So, the Eq. (2.1) can be modified o express the practical photoemission process in the
following way:

Ex=hv-¢w-Eg, (2.2)
where Egis the binding energy of the electron.

The intensity of the photoelectron depending on the cnergy is the photoemission spectrum, in
other words, the energy distribution curve (EDC) [2.1,2.2]. In the photoemission spectroscopy,
the electrons are collected and analyzed by the electron analyzer. The EDC is expressed by the
following way:

N(Ex)dEg=dC(Ek), (2.3)
where N(Eg) is the number of collected photoelectrons per unit time as a function of energy,
dC(Ex) represents the number of photoelectrons per unit time with energy interval dEx

centered at Ex.

2.2. Theory of photoemission

In solids, the photoemission process is a complicated process indeed. It is thercfore
convenient to explain the PES process with a simple model. The most commonly used model
for the interpretation of the PES process in solids is the so-called three-step model [2.3]. This
model breaks up the complicated PES process into three steps. Each step in this model is
considered to be the distinct and individual process. These processes are as follow:

Step 1. Optical excitation of the electron in the solid.
Step 2. Transport of the electron to the surface.

Step 3. Escape of the electron into vacuumi.
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In the photoemission spectrum, each of these steps has particular contribution, in other
words, each step can be related to the specific feature in the spectrum. In Fig, 2.2, the basis of
the three-step model is shown. As shown in figure, the “siep 1" yields the primary peak, if
photoelectrons do not suffer any inelastic loss arising from the “step 2” and *step 3”. The

photoemission peak therefore represents the maximum kinetic energy from the PES process.

“Step 1:
Photoexcitation P

of the electron
“Step 2": “Step 3"
I :’ Tra Iy Esc
AEyp (A s ﬂ::ﬁpﬂ t s ;E}geh =
surface surface
>
VL
Secondaries et R &,
Er Y N
\ \ AEvg Valence band
e
Metal Vacuum
hv
Surface

Figure 2.2. PES as a three-step process: 1) photoexcitation of the electron; 2) travel to the
surface accompanying with secondaries; 3) penetration through the surface and escape into the

vacuuim.

In the “step 27, the transportation of electron is occurred towards surface via bulk. During the
transportation, the primary electrons may lose some energy through excitation in the bulk and
the excitation yields bulk plasmon peak in the spectrum. In the third step where electrons
penetrate the surface and escape into the vacuum, the spectrum is affected by the refraction at

the surface and the surface plasmon loss. In principle, the whole process of photoexcitation,
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transport to and escape through the surface can be treated as one step where the PES is
described as transition of an electron from an initial state (bound) to a free electron final state
in continuum. In the following, the photoemission process (one electron approximation),

structure of the photocurrent, obtained information from PES will be discussed.

2.2.1. One-electron approximation

The photoelectron produced in the PES process can be described as the product of the
transition of an electron from an initial state |y;> to a final state |yy> in the continuum in the
presence of a photon field with vector potential A. The transition probability w between two

eigen functions of the Hamiltonian H" can be derived from the Fermi’s Golden Rule,

w=3£1|(w,iﬁ’]w‘)fa(ﬁ, ~E, = hw) (2.4)

where H~ denotes the Hamiltonian for the interaction between an electron and a vector
potential of the electromagnetic radiation of the field A. If higher-order contributions are

neglected (dipole approximation), then H” is defined by

B aom 2.5)

2mc

Here A is assumed to be constant and fixed in space. Therefore

woe 22|y, it )| 8(E, £, ~mw) 26)

In order to discuss the transition matrix element <y |p|yy=>, the simplest approximation is the
one-electron view of initial state and final state wave function. In the N-electron system, after
the emission of one electron, the initial state is written as the product of the orbital ¢ (k, the
running subscript to express the remaining electrons in the orbital ¢) and the wave function of

remaining (N-1) electrons

W, (N) = Cd,, i (N =1) . (2.7)
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(R is used to express the remaining electrons in the system)
In the same way the final state wave function can be written for photoelectron ¢y, and the

remaining N-1 electrons as
Y, (N)=C¢ ;.E&fuwi.n (N-1). (2.8)

So, the transition matrix element can be written as the following way

W) = (8 ml | 0) @) (N -D]pleV-1)) . (2.9)
one-electron (N-1)-electron overlap
matrix element integrals

According to the ‘frozen orbital approximation’, the remaining orbitals are considered to be
the passive orbitals. This means the terms with (N-1) overlap integrals in the initial- and final-

state wave functions are invariant. So, from Egn. 2.9
Y o (N=D) =g, (N-1). (2.10)

Finally, the transition matrix is approximated to a one-electron matrix element. Under this
assumption, the photoelectron from the ¢y orbital shows the energy (binding energy) related to
the negative of Hartee-Fock orbital energy. Thus

Ep i~ k. (2.11)

which is often called as Koopmans’ binding energy.

2.2.I1. Many-electron effect

In fact, the system with k orbital and N-1 electrons will react to the sudden change of the
total energy in the system following an electron emission. The whole system will try to
readjust the remaining charges so as to minimize its energy. The minimization of the energy is
known as relaxation process. Because of the relaxation, the final state is considered to be a
state with (N-1) electron and ‘s’ excited states (s, the running index to express number of

states). So, the Eq. (2.9) can be written by summing over all possible excited states
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<1P ;’Jphpj} ™ <¢'I,Eh'|u |P|¢4‘,.& )E C.s (2'12)

E]
with

C, =W} (N -Dlpl (N -1). (2.13)

Here |Cy|* is the probability that the sudden emission of one eclectron from the orbital ¢ of N
electron ground state leaves the system in the excited state ‘s’ of (N-1) electron system.
There are two conditions that can be derived from (2.13).

Condition. 1. For weakly correlated systems,

Pi(N=1) =yi(N-1) (2.14)

This means that |Cs|” = 1 for s = k (in orbital ¢, the excited state s and remaining state k are
same) and |Cs)* = 0 for s = k, i.e., PES shows only the so-called main line peak.

Condition. 2. For strongly correlated systems
For s = k, Eq. (2.12) gives main line emission as condition 1. But there are many non-zero
terms due to the strong correlation and these gives additional so-called satellite peaks.

The photoemission spectrum consisting of main lines and satellite lines from a N-electron
system with Ep(N) ground state energy is thus written by

BN TEIN D

5

C,|"8(E, 4o +E,(N-1)=Eo(N) - how). (2.15)

The expression (2.15) consists of the “lines” created by photoionization of electron from the
various orbitals. The expression (2.15) is more convenient to use for atoms and molecules

rather than the solids [2.4].

2.2.111. Spectral function and self-energy:

For solids, the expression (2.15) needs some modifications by changing the &-function (line
spectrum without relaxation) into Lorentzian function (broadened spectrum due to the

relaxation). The rewritten form of (2.15) is thus:
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o S Kbl v b )| AKE), (2.16)

where A(k, E) is the so-called spectral function [2.5]. The spectral function is related to the final
state Green'’s function as expressed by
A(KE) = 7' Im{G(kE)} (2.17)

For a non-interacting system, the spectral function is expressed as a d-function as the
expression (2.15). But for an interacting system, for example, where the core hole strongly
interacts with surrounding charges and the core-hole peak is shifted and broadened due to
relaxation and decay process, the spectral function takes complex form. As a result, the
Green’s function in the final state in (2.17) is changed and the perturbation must be included in
the final state Hamiltonian. The key quantity for describing the dynamics of the interaction is
the self-energy of the core hole, Z(k, E)=Re{Z(k E)} +ilm{Z(k,E)}, as it yields

1

Gk, E) = —— BT (2.18)

and
1 Im{S(k, E)}
kE)=— = 2.19
Ak ) = E—E —Re(ot, )T + Ik, ENT .

Thus, for the strongly correlated system, such as rare ecarth systems, it is necessary to
calculate the self-energy for explaining the photoemission spectra. In the self-energy, the real

part describes the relaxation shift and the imaginary part does the broadening.

2.3. Resonant photoemission

In the resonant photoemission technique, a series of photoemission spectra in a particular
binding cnergy range is taken at different photon energy [2.6]. In this process, at particular
photon energy, the photoemission cross-section shows a sharp resonant enhancement. The
particular photon energy, where the resonance enhancement is occurred, is usually found
around the threshold energy of any core level. Two different processes jointly describe the

mechanism of the resonant photoemission.
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In Fig. 2.3, the description of the resonant photoemission for a rare earth system is given by

schematic diagram. For simplicity, the number of 4f electron is considered to be one.

v o
Al €
hw
4f
m
(e sEee | (NSeensss ) 4/
A2 B2
B ———— 3 — ] 4f
1
] vd CHanueE ] 5) C——
v
\ / )
4d 4d
C” °‘
—— 6 | 4f o] 4f
(A 5) < Ca—_ 5,
..1
L | Coessswwwen_ 44
Al: 4f photoemission Bl: 5p photoemission
A2(1): 4d-4f photoabsorption B2(1): 4d-4f photoabsorption

A2(2):4d-4f4f super-Coster-Kronig decay  B2(2):.4d-5p4df Coster-Kronig decay

Figure 2.3. Schematic diagram of the resonant process in 4f and 5p photoemission.
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In process Al, one electron from f level is excited into the continuum as a photoelectron after
photoionization by the photon with energy equal to 4d threshold. The process A2 consists of
two steps. At first, one 4d electron is excited into the 4f level. Secondly, one 4f electron may
decay to the 4d core hole and another 4f electron is ejected into the continuum as a
photoelectron. This kind of decay is called as super Coster-Kronig (SCK) decay. In process A2,
the two steps can not be separated and as a result, two steps are considered to be a single
process. The interference between the processes Al and A2 implies a resonance on the 4f
photoemission. The interference between the processes Bl (direct 5p photoemission) and B2
also show the resonance effect on the S5p photoemission. In this case, during the decay (Coster-
Kronig) process, one Sp electron is ejected into the continuum.

The resonant photoemission is understood according to the theory given by U. Fano [2.7]
with the help of a series of characteristic Fano lineshapes. The features of the Fano lineshapes
can be obtained by the following way.

According to Fig. 2.3, in the process A2, the first step (4d — 4f photoabsorption, with N-
electron in the 4f shell) gives a discrete configuration of 4<1’g4fN+1{i¢b) and the second step
(4d4f4f sCK decay) gives a continuum state 4:;’104,?“‘1{{} ([we=) followed by the autoionization.
Here ¢ is the photoelectron. In the process A2, the two steps, namely, the 4d — 4f
photoabsorption and the 4d-4f4f sCK decay can not be separated and are considered to be
occurred as one-step. The continuum state 4d'°4f™"'(e") (Jwg>) due to the autoionization is
identical to the process Al in Fig.2.3. The intensity of the 4f photoemission (N(E)) is given by

the square of the absolute value of the amplitudes of the processes Al and AZ as follow:

T|¢g>r {Exq) (2.20)

N(E) =% ](IP;; 1+¢?

Here, (|®,>) is the ground state, (hpg>) is the final state 4d g™ “'(e") with the energy E, T is the
dipole transition, € is a reduced photon energy, e=(hv-hvg)/T" as hvg is the center of the
resonance and I' is the width of resonance.

In Eq. 2.20, the parameter g is the so-called asymmetry parameter, and is defined by

q= (ofrle.) 2.21)

_:nrl/';(t,bjE T‘fbg> l
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where

O=¢+P deEEfw—; (2.22)

is the discrete state (intermediate state) modified by the admixture of the continuum state.
Therefore, g is the ratio between the photoabsorption plus sCK decay (the modified discrete
state the process A2 in Fig. 2.3) and the direct photoemission (unperturbed continuum state).
According to the Eqg. (2.20), the intensity N(E) is therefore dependent on the value of g. Figure
2.4 shows the N(E) in Eq. (2.20) as a function of ¢ (photon energy) for various values of g.
These curves are the Fano lineshapes. It is clear from the figure that photoemission intensity is
changed with the incident photon energy. This indicates that the photoabsorption is coherent
with the photoemission. As ¢ increases, i.e., the contribution of modified discrete state
(quantitatively the contribution of the photoabsorption and sCK decay), the degree of

enhancement in photoemission increases.

Figure 2.4. Theoretical Fano lineshapes [2.7] for different ¢ values in Eq. (2.19).

Gulliot et al. [2.8] gave a more general review of Fano theory. They explained how the

resonance behavior of the satellite peak in Ni3d bands accords to the Fano line shape at the Ni
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3p-3d resonance. Other resonance phenomena such as 5d-5f and 3d-4f are found for rare earth
systems and Actinides systems,

In the resonant photoemission experiment, besides the EDC mode, there are other two
modes of measurement for studying the resonance effect more clearly. These are the constant
final state (CFS) and the constant initial state (CIS) spectroscopies. In the CFS method, the
kinetic energy window of the electron analyzer is fixed at low value in order to record the
electrons as a function of photon energy. Because of the collection of low kinetic energy
electrons, these electrons are inelastically scattered in the deep area from the surface. The CFS
is thus bulk-sensitive and the CFS signal is proportional to the photoabsorption coefficient in
the bulk. The CFS can be also carried out by detecting the Auger signal from any adsorbed
system. In such cases, the CFS can be considered to be surface sensitive. On the other hand, in
CIS, the intensity of the photoelectrons for fixed binding energy is recorded as a function of
photon energy. The CIS spectrum is thus useful to identify the individual resonance behavior
of any muliplet state in the EDC.

The resonant photoemission spectroscopy using the synchrotron radiation is considered Lo be
a very powerful technique to study the electronic structures of strongly correlated compounds

[2.9, and references therein] such as transition metal, rare earth, and actinide systems.

2.4. Final state effects in photoemission spectra

As it is discussed in the section 2.2.11, the photoemission process causes some changes in
the system in an atomic scale. The EDC, which should show the exact feature of the ground
state, is disturbed because of these changes. As a result, the spectral shape of the EDC is
changed into a complex form. The interpretation of the complex is not easy for all cases. The
nature of this complex spectrum is the ultimate result of some obvious final state effects [2.10]
namely coupling between core hole and unfilled shell, relaxation, electron-electron correlation
or inelastic process. In order to study these final state effects, it is important to clarify some
other effects arising from the non-monochromated radiation, energy loss, charging or
instrumental resolution. Some essential factors related to the spectral feature in the final state

will be discussed below.

2.4.1. Multiplet structure in core level spectrum
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The interaction between the core hole and the unfilled valence shell leads a number of
different final states with different intensities and position in photoemission spectrum. In the
following, a simple muliplet structure originating from the exchange splitting will be discussed
for three-electron system, lithium (Li) atom.

The ground state configuration of Li is 15°2s'. Photoemission of the 1s° shell can give two
sets of final states.

Li(1s°2s'; ’S) +hw — Li* [1s(}) 25(1); 'S] + ¢ (e’: photoelectron)
or  Li* [1s(1)2s(1):°S] + ¢
Because of the coulomb interaction between the singlet and triplet state, they show different
energy position in the 1s photoemission spectrum.

For rare earth elements, both the valence band and core level have localized and atomic like
character. A large number of multiplet structures are present due to the exchange interaction
between core hole and valence shell. In order to study the multiplet structures, high-resolution
photoemission spectroscopy should be performed. It is difficult to distinguish the multiplet
peaks without taking the help of the calculation because of the lifetime broadening effect even
performing the high-resolution study. In the experiment, the final state spectrum is considered
to be a convoluted (by Lorentzian and Gaussian) spectrum of all muliplet structures. A clear
understanding of the multiplet splitting is especially important to study their electronic

structures.

2.4.11. Lifetime broadening effect

In photoemission, due to the non-radiative Auger decay and radiative decay, a core hole has
finite lifetime, T. The photoemission peak of the core hole thus shows a lifetime broadening
effect associated with all the decay processes [2.11]. The lifetime broadening can be expressed

by the following Lorentzian function of the spectral line shape,

el

l—'-
I(E)y=HE,)) —————, 2.23
E)=1Es) (2.23)
where [(E} is the intensity at energy E, Eo is the center of the Lorenztian peak, 2I" is the core-
hole lifetime broadening or natural line width which is given by tI'=fi (from the uncertainty

principle). Lifetime broadening effect gives the information of the total Auger transition,

radiative decay and photoemission probabilities. In order to get a clear idea about the lifetime
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broadening effect of any core level spectrum in experiment, we have to clarify carefully the
following several factors that overlap with the true natural line width:

1. Many-electron excitation in the valence band

2. Gaussian broadening due to the phonon and instrumental resolution

3. Strength and position of muliplet peaks

4. Doniach-Sunjic lineshapes (due to the scattering of conduction electrons in metal after

core electron ionization).

2.4.IT1. Configuration interaction (CI)

On the basis of atomic and molecular physics, any stationary state may be described by a
mixed or superposition of different electronic configurations. In the photoionization process for
any core level, the interaction among different configurations has a significant role to influence
the spectral features. As it is shown for resonant photoemission process, the interaction of two
configurations controls the photoemission signal. The effect of CI was also found in some
other systems. For example, the spectra features of Xedp [2.5] were explained by introducing

the ClI effect between 4p5-‘~1~dm and 4p54d$£f configurations.

2.5. Magnetism study: magnetic dichroism in photoemission

The photoemission process itself has the magnetic information of the material. The
photoelectron spectrum is described by a function with many parameters. These paramelers are
owing to be the photoemission geometry (relative orientation of light electric-vector and
photoelectron wave-vector), polarization of impinging light (linear, circular, elliptical, or
unpolarized), the spin of the photoelectron, and, in case of any magnetic sample, the direction
of magnetization. Photoemission experiments for any magnetic sample are therefore very
sensitive to the magnetic order or to the magnetic moments of the surface atoms. One way to
get the information of magnetic structure of the surface, hence the surface atoms, is by
measuring the spin of the photoelectrons from the valence band or the core levels. The way of
measurement is known as spin-resolved photoemission method [2.12,2.13]. In the spin-
resolved photoemission method, both the exchange splitting and the spin-orbit splitting are the

origins of the spin-polarization. Spin-polarization due lo the spin-orbit interaction is also

28



possible to obtain from the non-magnetic (no exchange splitting) material as suggested by
Fano [2.14].

Besides the spin-resolved photoemission, there is another technique of photoemission,
namely, magnetic dichroism (MD) [2.15-2.21]. The MD is also a powerful method to study the
magnetic properties of the system. The MD measurement has some advantages over the spin-
resolved photoemission method where the latter one needs much effort to separate the majority
and minority spin electrons. In the MD measurement in photoemission, the fundamental
observation is that a single photoemission peak from the core level or the valence band may be
resolved into two energetically separated lines, if excited by circularly polarized light or by
linearly polarized light under some specific experimental geometry. Magnetic dichroism is
explained by one-electron picture [2.20-2.22]. In the atomic description, the hole state with a
given angular momentum j in the photoemission process is split into several components with a
given projection m; due to the spin-orbit splitting in.the presence of valence spin magnetic
moment [2.21]. These components or sublevels are nondegenerate when the excited atom
carries a magnetic moment, but rather distributed over an energy range that is similar to the
anomalous Zeeman effect of an atom in the presence of external magnetic field.

In the atomic model of magnetic dichroism in photoemission, the angular distribution of
photoelectrons ejected from the polarized atom is written as [2.22]:

1,(k,n) = au.gpz D Z(w,;y 431,00, Yim, Lol X7 |2} (W i [¥5)  229)

In Eq. (2.24), the initial state is described by the quantum numbers nijm;, where n is the
principle quantum number, / is the orbital angular momentum, j=/+1 and m; are the total
angular momentum and its projection, w is the photon energy and a is the fine-structure
constant. In Eq. (2.24), it is considered that no spin-orbit interaction is present in the
continuous spectrum.

The first and last terms in Eq. (2.24) are the dipole transition matrix elements in the

following form:

(¥, ) - %2 gb']”é O exp(id, ) ¥,,, (R)(-1)/F "™

1

o fu, 4 ) (el (2.25)
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where W is the final state electron wave function which contains in the asymptotic region

the superposition of a plane wave propagating in the direction of the electron momentum p and
a converging spherical wave, k=p/|p|, wis the projection of the spin on the laboratory Z-axis,
&y, is the partial wave shift and <&l|ld|n/j> is the reduced dipole matrix element.

The third term is the photon density matrix. The second term is called as the atomic density
matrix. If an ensemble of atoms with total angular momentum j and its projection m; is
polarized in some direction n (direction of the magnetic moment), and that is described by an

incoherent superposition of the jm; sublevels, then the second term can be written

Pq

(imledim; )= 3z 00 2 2 ) Wi, @02 e (2:26)
where

P“

P1 (e = P30 = SN b 4 Nim o2 im, 2.27)

The term pj,is known as the state multipoles. In the atomic model, the polarization state of

the core hole produced by photoionization is characterized by the state multipoles [2.20].

Finally, Eq. (2.24) can be written as the following way [2.22]:

1,(k,n) =0, (@3] Ec:m 2 (o F L) oot Yo B Yay, B)  (228)

This comes from the interference term of the transition matrix elements. Here oy(w) is the
partial photoionization cross section and Cj,, is a dimensionless parameter which is

proportional to the product of two dipole matrix elements and a sin function of the
corresponding phase shift difference. The parameter Cyy is considered to be similar to the
angular asymmetry parameter f# for describing the photoionization cross-sections for atomic
orbital with spatial (random and fixed) orientation [2.23].

It is then possible to use the Eq. (2.28) for different experimental geometry depending on the
directions of electron ejection (k), sample magnetization (n) and photon beam (q). The
different experimental geometry are known as MLDAD (magnetic linear dichroism in angular

distribution), MLD (magnetic linear dichroism), MCDAD (magnetic circular dichroism in
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angular distribution), MUDAD (magnetic dichroism in angular distribution by unpolarized
light).

By using the Eq. (2.28) and the Fig.2.5, those forms of magnetic dichroism can be explained.
For simplicity, the discussion is given only for p shell with different values of state multipoles
(Eq.2.27) that determine the polarization of hole.

E.r I!‘S’P‘?U

Figure. 2.5. Definition of the geometry of the MD experiments and of the coordinate system.

f is the angle of the light incidence. The directions of n and n” are orthogonal in the surface

plane.

1. MLDAD
By using linearly polarized light (s- and p-polarized) as shown in Fig. 2.5, the following
expression can be obtained from the Eq.(2.28).
!?ﬂ-m” (kr ﬂ} w "rj (k: I'I} . IJ {k,—ﬂ}
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Here upper and lower signs refer to the s- and p-polarized light. For s-polarized light, the Eq.

(2.29) gives zero intensity. For p-polarized light and nlq, we get
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The geometry for p-polarized light with nlq is therefore standard [2.17] for MLDAD
measurement. The relative sign and the magnitude of MLDAD in Eq. (2.30) for different

magnetic sublevels are defined by the sign and magnitude of the state multipoles in Eq. (2.27).

2. MUDAD
Unpolarized light can be described as an incoherent superposition of s- and p-polarized light.

The Eq. (2.30) can be re-written for unpolarized light as follow:

[ 11
‘,mmu{k n)= “L[“_} Et' Cinf(2j + ljmﬁjnu 15i“28 @31
2 2

Therefore, for using of unpolarized light, the effect of dichroism is 1/2 of that of MLDAD, but

the geometry is same.

3.MLD
In case of using the s-polarized light with magnetization along n and n” directions in Fig, 2.5,

then we gel,
10 =1, (k,n)-1,(k,n)]
crnl.][ } 112
= - 2j+1
1 i )" P

[ Cla+3{% Cluv c;az] (2.32)

The Eq. (2.32) does not contain any angle dependent term. The dipole photoeffect is defined by

the light polarization vector (E, in Fig.2.5), but not the vector g. The variation of the value in
Eg. (2.32) is then completely defined by the state multipole p3,, because all values in the

equation is constant.

4. MCDAD

In case of circularly polarized light, the Eq. (2.28) can be written as follows
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where upper and lower signs refer to the left and right circularly polarized light. For a

particular geometry (qjn’), we get,

Sama i e “”( @ +1)"p}

V3/2C} +—NIE C/, |cos@ (2.34)
101 ) 121

From Eq. (2.34), it is therefore clear that MCDAD, like MLDAD, is defined also by the state
multipoles. The information from MCDAD and MLDAD is thus same. In case of MCD, the
geometry for (qLn) is usvally known as “forbidden geometry”. However, according to the Eq.
(2.34) and to the result by Schneider et al. [2.24] MCDAD is also present in the “forbidden
geometry”.

In case of the valence band photoemission, the atomic model [2.20,2.22] can not be applied
directly for the numerical estimation because of much complexity in the valence band due to
the band dispersion. However, it is possible to draw some qualitative consideration from the
atomic result. For valence band, it is necessary to consider a scries of spherical harmonic [2.25]
instead of a single spinor spherical harmonic to calculate the state multipoles and the dipole
matrix elements. However, the expressions for different MD methods can be used after the
angle correction.

Figure 2.6 shows an example how the spectral features are changed upon changing the light
polarization direction (helicity) of circularly polarized light in MCDAD method for a 34
element according to Baumgarten er al. [2.26). Figure 2.6 will explain how the combined
influence of spin-orbit and exchange interactions contributes the origin of MD. For simplicity,
circular dichroism in photoemission is shown that is also comparable with linear dichroism in

principle. At the top of the figure, the 2p level is split into two 2pas and 2p,; states. The 2psn
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state has four electrons with m;=-3/2, -1/2, +1/2 and +3/2. On the other hand, the 2p,; state has
two eclectrons with m;=+1/2, and -1/2. Initially the system has to be considered as a
paramagnetic state; i.e. 2p level only shows the spin-orbit splitting. Exciting these electrons by
completely positive (I') and negative (I) circularly polarized light, the photoelectrons into the
free-electron states (j=1/2, m;=+1/2) are emitted in different way. The situation leads to a
preferential emission according to the atomic selection rule, Am=+1 and Am=-1. The emitted
intensity is exactly the same (i.e., no asymmetry) in the both cases, but they are highly
polarized along the photon spin. Soon after introducing the exchange splitting A, term in the

same system (now the ferromagnetic system), the states will further split into minority and

EPU; ip v
spin-erbit
7 splitting T~

il 14

H'_;;r\. + helicity A
/N = helicity ji‘k

exchange splitting
; Hot Wit
LD oheliayt
ot elicity (17 i&
- helicity(l™)

Figure 2.6. Schematic explanation of the origin of magnetic dichroism in any magnetic
system by using circularly polarized light. In the 2p level, two kinds of splitting are shown.
One is from the spin-orbit splitting and another is from the exchange splitting of the
ferromagnetic material. The combined effect of spin-orbit and exchange interaction by

coupling with the photon polarization shows the dichroism effect.
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majority states. Again, exciting these electrons by positive (I*) and negative (I) circularly
polarized light, according to the selection rule, the preferential emission will be occurred

depending on the minority and majority spin states.

It I-
Finally, asymmetry, 4 = [(’r'"f- _IJ%‘,‘ 1 )] of the two spectra shows the ‘plus-minus’
int. + .
structure for 2ps; and ‘minus-plus’ structure for 2p, level. This asymmetry shape is the
evidence of magnetic states in the sample. Instead of changing the helicity of light, one can get

the same result by switching the magnetization in reverse direction.

2.6. Surface sensitivity of photoelectrons

Due to the inelastic scattering process of photoelectrons as discussed latter, the escape depth of
the inelastic photoelectrons is limited to near-surface region. This means the photoelectron
spectroscopy is very surface sensitive [2.27]. Fig. 2.7 shows the “universal curve” [2.28] for the
variation of the attenuation length of inelastic photoelectron as a function of photoelectron
kinetic energy. The universal curve does not depend on the penetrating depth of the incident
photon. In the photoelectron process, the electron may loss its energy in different ways [2.27]
such as lattice vibration or phonons, collective excitation of electron-electron interaction or
plasmons, single and double-particle excitations. The net effect of all these inelastic effects
varies depending on the kinetic energy of the photoelectron. At very lower energies, the
electron is unable to create any excitations, in other words, the inelastic loss is very small. So,
the attenuation length is higher in lower energy side. On the other hand, for higher energies, the
relative cross-section of energy loss is very small and the attenuation length is again long. In
Fig. 2.7, the minimum value is at 50eV kinetic energy. The measurement of electron escape
depth is done by the overlayer method [2.29]. Intensity of the photoelectrons emitted to the
normal direction from a thin metal slab (thin film) can be written by the following exponential

function of t, the thickness of the film:

I=1,e%, (2.35)
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where the parameter ) is the inelastic mean free path. The determination of A can be done by

the next expression for almost all materials.

J:'Eﬁi‘ﬁ(r,}mln 4Y By (2.36)
E O

kin
where a, is the Bohr radius, R=13.6eV and r, is the mean electron-electron distance which is
roughly equal for all materials. Thus, expression (2.36) indicates that almost all materials show
similar kinetic energy dependence of electron mean free path. This is the reason why the curve

in Fig. 2.7 is called as the *“universal curve”,

30 IIII'I_ T |tri|rr| T I:lll:rlll I T 1
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Figure 2.7. The universal curve for photoelectron attenuation depth as a function of kinetic

energy [after Ref. 2.29].
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Chapter 3

Experimental methods and instrumentation
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3.1. Synchrotron radiation and the UVSOR ring

Synchrotron radiation is a highly intense, stable, collimated, continuos, polarized, and pulsed
electromagnetic radiation emitted by charged particles (electrons or positrons) moving at
relativistic velocity along a curve trajectory with a large radius of curvature. Synchrotron
radiation covers a wide range of electromagnetic spectrum from infrared region through
visible, ultraviolet, soft x-ray to hard x-ray region. Figure 3.1 shows a phenomenological
description of emitted radiation (dipole pattern) from (a) subrelativistic and (b) relativistic

electron in a specified orbit [2.1].

(a) {&)

Figure 3.1. Conceptual representation of the radiation pattern from a circulating charged

particle for two cases: (a) subrelativistic and (b) relativistic [2.1].

There are three lypes of magnetic elements placed in the circulating path of the charged
particle to gencrate synchrotron radiation: bending magnet, wiggler, and undulator. At the
UVSOR (ultraviolet synchrotron orbital radiation) facility, a 750MeV-storage ring provides the
relativistic electrons circulating in an orbit of 53.2m circumference. Figure 3.2 shows the
output (on-axis photon intensity as a function of photon energy) of those three sources in
UVSOR ring. The characteristic differences among the various sources are clear from the

ligure.
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Figure 3.2. On-axis photon intensity as a function of photon energy with 750 MeV electrons

in UVSOR ring.

3.2. Photon sources and spectrometers

3.2.1. For Tm5p photoemission measurement

The TmSp resonant photoemission experiments around the Tm4d-4f excitation region were
carried out at the beamline BL2B1 in the UVSOR facility. In the following, the descriptions of

the beamline, monochromator and the electron spectrometer will be given.
3.2.1a. Beamline BL2B1
Bending magnet beamline BL2B1 [2.2] is a soft x-ray beamline at the UVSOR facility.

This beamline covers the energy range from 50eV to 1000eV. A 2-meter grazing incidence
‘Grasshopper’ type monochromator (Mark XV, Maker Manufacturing Co.) is installed in this
beamline. The schematic drawing of the arrangement of mirrors, slits and grating is shown in
Fig.3.3. The operation of the Grasshopper monochromator is based on the coordinated motion
of the focusing mirror My, entrance-slit mirror S,, and the grating. The position of the exit slit
S, is kept fixed during the operation, The Grasshopper monochromator provides excellent and
constant resolution over the whole photon energy range. Figure 3.4 shows the photoelectron
yield spectra measured by the use of gold (Au) mesh for the beamline BL2B1. The energy

resolution of the photon is about 0.4eV at hv=300eV.
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Figure 3.3, The schematic drawing of the Grasshopper monochromator in the BL2B1.
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Figure 3.4. The photoelectron yield spectrum of the Au mesh measured at the beamline

BL2BI1.

3.2.Ib. Spectroscopy system at BL2B1

In the beamline BL2B1, the spectroscopy system consists of an analyzer chamber and a

preparation chamber, The pressure of the analyzer chamber is less than 2x107"" torr. The
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analyzer chamber is equipped with a double pass cylindrical mirror analyzer (DCMA)[2.3] for
detecting the photoelectrons. The DCMA is installed at the focusing point of the
monochromated light. The DCMA is one of the widely used electron analyzers for synchrotron
radiation experiment, The photoelectron spectroscopy in EDC (electron distribution curve)
mode including CIS (constant initial state), CFS (constant final state) can be measured using
the DCMA. Figure 3.5 shows the schematic diagram of the cross-sectional view and the

operating condition of the DCMA.

-

Figure 3.5. The schematic cross-sectional view of the DCMA.

Photoelectrons from point P are focused at the point P, where the detector is located. The
electrons are focused at an angle 42.3% by virtue of the applied voltage Vp between the inner
cylinder (IC) and the outer cylinder (OC). The resolution of the photoelectron is less than

0.3eV at hv=150eV,

3.2.I1. For Tm4d and Tm3d photoemission measurements

The Tmdd resonant photoemission around the Tm 3d-4f absorption edges and Tm3d

photoemission measurements were performed at the beamline BL7A in the UVSOR facility.



The brief description of the beamline, monochromator and the spectroscopy system will be

given in the following.

3.2.11a. Beamline BL7A and YB4; and InSb monochromator

The Tmdd resonant photoemission around Tm3d excitation threshold (hv =1.45-1.52keV)
was performed at the beamline BL7A [2.4] at the UVSOR facility. Both the bending magnet
and superconducting wiggler (with 4T magnetic field) radiation are available in this beamline.
Because of the low photon flux of the bending magnet radiation at these photon energy ranges
(hv =1.45-1.52keV) [2.5], performing the photoemission experiments is relatively difficult.
The wiggler radiation at BL7A [2.6] with relatively higher photon flux in x-ray region is more
suitable for photoemission experiments if the proper monochromator crystal with higher
energy resolution is selected. The photon energy range mentioned above is just situated in the
area between those covered by crystal monochromator and the grazing-incidence grating
monochromator. The YBgg crystal is one of the best choices for this purpose which covers the
energy range from 1.1 to 2keV with several advantages such as higher energy resolution, no
absorption structures originating from the elements of the crystal, high resistivity to the
radiation damage etc. [2.7]. Recently, the YBgs monochromator became available in the BL7A
to perform soft x-ray spectroscopic studies in the photon energy range of 1.2-2 KeV [2.8].

The operation of any crystal monochromator for x-ray region is based on the Bragg’s law,

Figure 3.6. Description of the Bragg’s law (2d. sinfly = 1) with the interplanar distance (d.),

diffraction angle 84 and the photon wave length A.
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2d. sinB,; = A, (3.1)
which defines the diffraction of the electromagnetic radiation by a crystal. In Eq. (3.1),
2d.sinfy is the path difference between two successive rays with wavelength A that impinge on
the crystal surface at an angle 8. The resolution of the monochromator is derived roughly from
the following relation.
Ahvihv = Al [l = A8y cotbly (3.2)
Figure 3.7 shows the schematic view of the arrangement of the double crystal monochromator
(DXM) in BL7A. Two crystals with same surface are used to improve the performance with
respect to single-Bragg-reflection instrument. As shown in the figure, the beamline set-up is

changed from the 0° line for getting wiggler radiation to 2° line for bending-magnet radiation.

Bending-magnet radiation e
'_"_,...----"""'"HF.‘.‘ :
i 2° rotation
Wiggler radiation | SR ;
Be filier iﬁ{m'
Sum gt &
Sample
Double-crystal
Monochromator

Figure 3.7. The schematic view of the double-crystal monochromator beamline BL7A

Figure 3.8 shows the throughput of the double crystal for both the bending magnet and
wiggler radiation for BL7A. The upper three curves for InSb(111), Ge(111) and Y Bes(400)
monochromator crystals represent the wiggler radiation. The lower two curves for Beryl and
YBegs(400) crystals represent the bending magnet radiation. The figure shows clearly that the
wiggler radiation with YBgs(400) monochromator crystals is the best choice for the Tmdd
resonant photoemission experiment around the Tm3d-4f absorption edges (hv =1.45-1.52keV).
In case of wiggler radiation with YBgg(400) [2.8], the maximum photon flux of about 10°
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photons 5"(1ﬂDmA}‘l and the energy resolution of about (.7eV at hv=1.2-2keV were achieved.

The lowering of photon flux at lower photon energy is due to the cut-off of Be-filter.
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Figure 3.8. The throughput of different double-crystal monochromator used in beamline

BL7A. Radiation from the wiggler and bending-magnet section is used.

For Tm3d photoemission experiment, the beamline BL7A was also used. In this case, lhe
monochromator crystal was the InSb(111) which covers the energy range of 1.74-4.85keV.
The throughput of this crystal is shown in Fig.3.8. The photon flux of about 2x10" photons s
'(100mA)™" was obtained at hv=1775.5¢V.

3.2.1Ib. Spectroscopy system (VG ESCALAB 220i-XL)
The modified ESCASCOPE (FISONS Instrument) spectrometer, named ESCALAB220i-

XL, was recently installed at the UVSOR facility to perform the photoemission speetroscopy
and spectromicroscopy experiments [2.9]. Photos 3.1 (a) and (b) show the VGESCALAB220i-
XL spectroscopy system. During the Tmdd resonant photoemission and Tm3d photoemission
measurements, the system was attached to the end port of the double- crystal monochromator
beamline BL7A. In order to get the photon beam from the monochromator at an oblique
incident angle, the whole system installed on a rotary stand was rotated about 7.5°. The system

consists of a high performance hemispherical analyzer, a conventional x-ray tube with AlKa
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and MgKa lines for photoexcitation, a vacuum ultraviolet source, a sputtering gun, magnetic
coil, diamond filler and so on. The base pressure of the analyzing chamber is less than 2x10°
"torr. An additional chamber (details is described in the section 3.3.1) for sample preparation
and epitaxial growth of thin films is also attached to the analyzing chamber.

The electron analyzing process in this system is done by the high performance 180°

hemispherical analyzer with mean radius of 150mm that is shown in Fig. 3.9.
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Figure 3.9. The hemispherical analyzer in VGESCALAB220i-XL system.

The analyzer filters the photoelectrons of different kinetic energy coming from the sample via
input lens with the help of the outer and inner hemispheres. The required voltages are applied

to the hemispheres according to the following relations:
Vhou = [(Ri/R2)-1]E; +V; {3.3)

Viin = [(Ry/R1)-1]E, +V, (3.4)
Here, Viow and Vi, are the applied voltages in outer and inner hemispheres, R; and R, are the
radius of the outer and inner hemispheres, E, is the analyzer pass energy and Vr is the retarding

voltage at the entrance slit of the analyzer.
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Photo 3.1. VGESCALAB220i-XL spectromicroscopy system. (Up) View from manipulator

end. (Bottom) View from preparation chamber end.
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The photoelectron system can be operated in two modes, one is photoemission image mode
and another is photoelectron spectroscopy mode. In the spectroscopy mode, the array of six
channeltrons (shown in Fig. 3.9) is used for detection of photoelectron. In the imaging mode,
the photoelectron directly reaches to the imaging detector. It is expected from the commercial
argument that the spatial resolution of 2um for the imaging mode and 20um for the
spectroscopy mode can be achieved. The imaging is used to element-specific imaging of the
sample surface, magnetic domain imaging [2.9. The spectroscopy mode is used for studying
very small sample [2.9], getting precise information from inhomogeneous surfaces and so on.

Figure 3.10 shows schematically how these two modes work.

Photoemission Image Mode

Synchrotron _~
Radiation

Photoelectron Spectrum
Mode-Selected Area

Figure 3.10. Photoemission image mode (top) and photoelectron spectrum mode (bottom).
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One of the advantages of this spectroscopy system is that the system has several options for
selection the measurement area by means of two apertures in the input lens system. The
smallest detection area is ¢ 20um and the largest area is 3mm x 2mm. By using the high
performance hemispherical analyzer and the large detection mode, the photoemission
experiment was possible even with lower photon flux. In Fig. 3.11, the lens assembly is
shown. By changing the width of the two apertures, i.e., the acceptance angle aperture and the
field of view aperture, the path of the photoeleciron is controlled according to the selected

detection area.
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Figure 3.11. Lens system of VGESCALARB spectrometer system.
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3.2.I11. For Ni/Co system

The following beamline and the set-up are used for magnetic dichroism study for Ni/Co

system.

3.2.111a. Beamline BL5B

In order to study the thin film magnetism by means of magnetic linear dichroism (MLD) in
photoemission, the VGESCALAB 220i-XL system was connected to the beamline BL5B
[2.10] at the UVSOR facility. The available photon energy range of this beam line is 10-
1000eV. The BLSB consists of a plane grating monochromator (PGM). For getting light of
different wavelength, three gratings and six mirrors are installed in the beam line. The optical
design of the PGM is illustrated in Fig. 3.12. Synchrotron radiation coming from the bending
magnel is made parallel by two premirrors My and M,. This beam is then diffracted by one of
the three gratings (G1—Gs). The diffracted beam is focused on the slit S; by one of the several
mirrors (Mjg-Mag). Finally, light form the slit S; is focused on the point Q towards the

experimental chambers by the toroidal mirror Ma.

82s%2 Q

Figure 3.12. Optical design of the PGM monochromator in the beamline BLSB.

Figure 3.13 shows the throughpul spectra of beamline BL5B detected by a gold mesh. In the

figure, GM indicates the combination of grating (G) and mirror (M). In the present thin film
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measurements, the photon energies were selected from the combinations 24 and 23, The

photon energy resolution is less than 0.2eV at hv=50-150eV.
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Figure. 3.13. The throughput spectra for different grating-mirror (GM) combinations of the

beamline BL5B detected by the gold mesh (84% transmission).

Figure 3.14 shows the schematic diagram of the arrangement of optical components and
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Figure 3.14. Schematic diagram of the beamline BLSB.
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different chambers in the BLSB. The beamline BL5B is also used to calibrate the optical
components. The chamber A is used to calibrate of optical component and chamber B is used
for optical measurement of solids. During the MLD experiment, the chamber C was replaced
by the ESCALAB220i-XL system. With a rotation angle 7.5°, the whole chamber was

connected via a bellow to the chamber B in the beamline.

3.3. Improvements of the system

3.3.1. Preparation chamber

A chamber for sample preparation and growth of epitaxial thin films has been developed and
attuched to the VGESCALAB220i-XL system. Three water-cooled evaporators, a quartz
thickness monitor, LEED (low energy electron diffraction) optics, a video camera for taking
LEED pattern are installed in the preparation chamber. In Fig. 3.15, different components of

the preparation are shown by schematic diagram.
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Figure 3.15. Schematic view of the preparation chamber.
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3.3.11. Laboratory made evaporators

For the thin film experiments, several water-cooled evaporators were constructed and
attached to the preparation chamber. The evaporator works according to the electron
bombardment technique. Figure 3.16 shows the schematic drawing of several electrical
feedthroughs, such as tungsten filament (thickness, ¢=0.2mm), evaporating material (rod-
shaped, ¢=2mm) of the evaporator. Tungsten filament is used to generate the hot electrons.

Filament —— »

Evaporating
material
o
1
Ta-holder——
Ceramic > | il
insulator |

Figure 3.16. Schematic drawing of the electrical Phote 3.2. Picture of the electrical

feedthroughs of the evaporator. This figure is feedthroughs of the evaporator.
comparable with the photo 3.2.



These hot electrons are then attracted by the high positive voltage applied to the evaporating
material (Ni or Co). After striking the evaporating material, the electrons continuously produce
the metal-vapor from the surface of the evaporating material when the surface temperature
goes up. The evaporating rods are attached mechanically by using Mo-screw with a Ta-holder
and are carefully kept in the center position of the filament. In order to prevent the emission
from the holder, the high melting point material (Ta) is used. The picture of the evaporator is
shown in photo 3.3. The whole components of the electrical feedthroughs are inserted inside of
the water jacket, which is shown in photo 3.6. A collimator is used on the top of the water
jacket to control the metal beam for making thin film only on the sample surface, but not
elsewhere inside the preparation chamber.

In the present experiments, the conditions for metal (Ni or Co) evaporations are the following.
Filament current = 3.8-4.0 amp (A).
Filament voltage =5volts.

High voltage = 1.5x10°volts.

Emission current = 13-18 mA.

Typical evaporation rate = 0.5-1 A/min
Distance between evaporation source

and the sample = 120mm

Photo 3.3. Picture of the evaporator with water-jacket and collimator. This part along with

the electrical feedthroughs is inserted into the preparation chamber.
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3.3.IIL Liquid He cryostat

In order to study temperature dependence of photoemission spectra, a liquid He cryostat has
been constructed and attached to the manipulator in the VGESCALAB system. The cryostat
can be used for liquid nitrogen also. The cryostat itself is a long stainless steel (SUS) pipe with
inner diameter 12Zmm and thickness 0.5mm. In order to avoid heat loss, a Cu-made radiation

shield is attached to the ‘front part’ of the cryostat. In Fig. 3.17, the drawings of the cryostat

(inside and outside assemblies) and the radiation shield are shown. Unfortunately, during the
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Figure 3.17. Drawings of the cryostat. (a) ‘Front part’, inside the ultrahigh vacuum (UHV).
(b) Cu-made radiation shield. (¢) Outside assembly with Teflon connector for recycling the He-

gas.
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test measurement [2.12], the radiation shield was vnable to use because of the position of
magnetic lens that was just below the sample holder.

Figure 3.18 shows different parls around the ‘cold-end’ of the cryostat. A Cu-connector is
attached with the ‘cold-end’ of the cryostat (stainless steel pipe). This connector works as a
heat exchanger to another Cu-holder. This Cu-holder is used to build up the sample transfer
mechanism. The sample transfer system in the cryostat is made in a similar way that the system
can be used with the commercial transfer rod (installed in the preparation chamber) also. A
thin sapphire sheet is used between the Cu-connector and the Cu-holder for electrical and
thermal (at high temperature) isolation. Sapphire is a good heat conductor at very low
temperature. But, the heat conductivity declines with increasing temperature. That's why,
sapphire is very useful for this purpose where heating and cooling is carried out in a single
system. The chromel-alumel type thermocouple is used to monitor the temperature. Two pairs
of thermocouple are used in the both sides of the sapphire to observe the temperature
difference. Usually temperature was found to be same in both sides. All parts of sample

transfer mechanism are made of Cu to achieve maximum heat flow to the sample.

Cu-sample holder

Thermocouple

\\\i R———
By
- ] 'ny

e

Cryostat front end Cu-connector Transfer mechanism,
made of Cu

Welding Sapphire

Figure 3.18. Schematic view of ‘cold-end’ of the cryostat and the sample transfer

mechanism.

In order to use the cryostat for thin film experiment, a special kind of sample holder of high

melting point metal, such as Mo, is needed that should have both heating and transfer options.
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Unfortunately, the Mo-sample holder including both the heating and transfer options was not
completed during the thin film measuremeni. As a result, no measurement of thin film
magnetism as a function of temperature was performed. Instead, some measurements were
performed successfully by using the cryostat where the sample does not need to heat. The
results from those temperature dependent photoemission for Eu-compound is given in the
appendix B. The sample was the temperature-induced valence transition material
EuNiy(Sig25Geg7s)2. During this experiment, the minimum temperature about 33K for liquid
He and about 83K for liquid nitrogen was achieved. As it was expected, the temperature might
be go down more if the radiation shield is used after some modification.

In Fig. 3.19, the circulation system of liquid He for the cryostat is shown by schematic
diagram. Commercial He-transfer tube is used for this purpose. Because of the internal
pressure of the He-reservoir, liquid He flows continuously inside the cryostat through the
transfer tube. The gaseous He comes back from the ‘cold-end’ of the cryostat. In inset, the
expanded view of the ‘cold-end’ is shown. The He-gas is then exhausted through the connector

via a recycle line equipped with pump and flow meter.
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Figure 3.19. Schematic diagram of the circulation system for liquid He and He-gas.
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3.4. Sample preparation and growth
341 TmX

Tm monochalcogenides samples were provided by one of the collaborators Dr. T.

Matsumura, Tohoku University.

3.4.1a. Sample growth
All TmX (X=S, Se and Te) single crystal samples were grown by standard Bridgman

method [2.13] with a tungsten crucible and a high frequency induction furnace. High purity Tm
(99.9%, source: Ames Lab. USA) and S, Se and Te (99.999%) metal are used for growing the
sample. As the valence of the TmX compounds varies with the chemical composition [2.14-
2.16], the respective composition ratio of Tm and chalocogenides were carefully selected as
starting materials. Initially, the Debye-Scherrer method and magnetic susceptibility
measurement were used to characterize all samples. Effective Bohr magneton (ug) estimated
from the susceptibility measurement were 7.006, 6.328, and 4.609 for TmS, TmSe, and TmTe,
respectively at the temperature range of 100 K to 300 K. The mean valences estimated from
the susceptibility measurement were 2.799, 2.530 and 2.017 for TmS, TmSe and TmTe,
respectively. As a comparative analysis of mean valence derived from the susceptibility
measurement, valence band UPS and XPS, 4d-4f and 3d-4f absorption spectra will be given in
the chapter 4.

3.4.Ib. Sample preparation in UHV

Since the samples are very sensitive to the contamination even in the ultrahigh vacuum
(UHV) environment, a lot of cares were taken during the sample preparation. Though, the
cleaving method (taking out some layers from the surface) is the best to get fresh surface for
such kind of NaCl structural sample, it was not possible to get cleaved surface during the
experiment. Instead, the scraping by diamond filler in UHV or Ar ion sputtering was used 1o
obtain the clean surface. Except for the Tmdd resonance photoemission experiment, scraping
method was used every time. Sputtering with Ar ion of 2keV energy was applied to clean the
surface. Unfortunately, the sputtering could not clean the surface of TmTe. The surface of

TmTe is porous-like. As a result, some unaffected oxide region was left even after the

59



sputtering. All the cleaning procedures are carried out at room temperature. The cleanness of
the sample was checked by monitoring the Ols peak intensity. The Ols intensity was kept

below the noise level during the experiment by performing the cleaning procedure frequently.

3.4.11. Magnetic thin film

Thin film systems were prepared in situ by means of newly developed preparation chamber

for VG ESCALARB system.

3.4.I1a. Cu(001) substrate preparation

All kinds of thin film reported in this thesis were deposited on clean Cu(001) substrate. A
higher degree of attention was taken to clean the Cu(001) sample. After the several cleaning
procedures, the clean surface was finally achieved. In the following, the steps of cleaning are
given that have done before inserting the sample into the UHV chamber:

. Mechanical polishing: Mechanical polishing was done by successive use of (a)
sandpaper with 180, 240, 400 and 600 grit, (b) Nylon cloth with polishing liquid including
Al:O; (of Sum and 1um) and finally (¢) micropolish cloth with polishing liquid including
Al 05 (of 0.1um and 0.05pum).

II. Electrochemical polishing: Before inserting into the vacuum chamber, the
sample was cleaned by electrochemical polishing [2.17] to remove the mechanically damaged
layers due to process I. The electrochemical polishing gives a mirror surface.

After inserting into the UHV chamber, several processes were performed to get clean sample.
Initially, degassing was carried out to remove simple gases from the sample. But it was found
that mild sputtering (Ar ion energy 0.5eV for 30 minutes) was very useful before degassing the
sample. After degassing procedure, sputtering with 1.2keV Ar ion was carried out. This high-
energy Ar ion cause some disorder on the surface. Another mild sputtering was therefore done
before heating the sample. The anncaling temperature was about 800K. These cycles were
repeated until sharp (1x1) LEED pattern was observed. Sometimes, the Cu(001) shows the
clear (1x1) LEED pattern even in the presence of some oxygen on the surface [2.18]. In such a
case, the best way to check the cleanness of the sample is the monitoring of the Ols XPS peak
that should be kept below the noise level. At the same time, the presence of other possible

surface contamination such as C, S was also checked by Cls and 525 photoemission spectra.
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3.4.1Ib. Thin film growth

In the preparation chamber, the quartz thickness monitor is equipped with a linear motion.
After the calibration of the deposition rate (nkfmin, n takes any value) by the thickness
monitor, the monitor was pulled back and the sample was placed at the same position of the
thickness monitor. No angle correction was necessary for getting the exact thickness on
sample. High purity (4N) Ni and Co rods were used for the evaporation. After bake out the
preparation chamber, a long-time and extensive degassing procedure was performed to remove
all unwanted components present in the evaporating materials and also inside of the tungsten
filament. The pressure of the preparation chamber was about 8x10"'" —2x10” torr during the
film deposition on Cu(001) surface. The deposition rate was kept around 0.5A/min to 1 A /min

that was checked before and after the film growth on the sample.

3.4.11c. Magnetization

Before taking the photoemission for dichroism study, all kinds of magnetic films are
magnetized by a magnetic coil located nearby the sample. The magnetic coil of with inner
diameter 8mm is made of a Cu-wire of 2Zmm thickness. The length of the coil is 20mm and the
number of turn was 10. The magnetic field was applied via a pulse current by a condenser
(33uF). After charging with 800volts, the condenser is then discharged in the magnetic coil.
The inductance and the magnetic field along the center axis of the coil are 0.31 henry and 163

gauss, respectively.
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4.1. General properties of TmX

Thulium monochalcogenides TmX (X = S, Se, Te), a unique series with NaCl structure,
show interesting and diverse electrical, optical and magnetic properties [4.1]. In TmX, the two
magnetic configurations are the 4f'> (in Tm™*ion, J=6) and 4f" (in Tm®*ion, J=7/2). The 4f
shells are overlapped with the extended conduction band [54'6s”]. The normal electronic
configurations of two valent component in TmX are Tm’* [4f'%(5d6s)’] and Tm®* [4f"*(5d6s)").
The well known but the simplest argument for this series has been drawn from the lattice
constant measurement and subsequent valence estimation [4.1]. From that measurement, it is
suggested that the TmS is the mostly trivalent, TmSe is typical intermediate valent, and TmTe
is the mostly divalent. Figure 4.1 shows the change of lattice constants for different rare earth
monochalcogenides (LX) [4.1]. The values of Tm compounds are indicated by dotted line.
Among the Tm compounds, TmTe, TmSe, and TmS have the highest, intermediate, and lowest
values, respectively. The instability of the valences in TmX is also changed corresponding to

the lattice constant of individual compound.
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Figure 4.1. Lattice constant of rare earth monochalcogenides, LX. In three curves, the values
for TmX are shown by dotted line (vertical). For TmSe and TmTe, the extra two values
represent the change of valence due to the stoichiometry, pressure or oxidization variation.

Data are taken from Ref.4.1.
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The previous calorimetric study showed that the ground state of TmS is metallic [4.2]. The
antiferromagnetic Néel temperature (Tx) of TmS was found to be 5.18K from the following
experiments, such as specific heat measurement [4.1,4.2], susceptibility measurement [4.2],
and neutron-diffraction experiment [4.3]. From the resistivity measurement [4.1,4.4], it was
found that TmS shows high-temperature Kondo-like behavior, The metallic characteristics of
TmS are also verified by photoemission experiment [4.5].

TmSe also shows magnetic ordering at Ty =1.8K [4.1]. A detailed study of specific heat,
conductivity, susceptibility has been done to understand the intermediate valent property of
TmSe [4.1,4.6,4.7].

Same as TmS and TmSe, TmTe also shows magnetic orderings below the Ty ~1K [4.1].
Magnetic, valence, and some other physical properties of TmTe have been studied in details
[4.1,4.8]. In those studies, TmTe was characterized as a semiconductor with band gap of

0.35eV where Tm-valence in TmTe was found to be mostly divalent.

4.2. Electronic structures and density of states for TmX

The density of state and the nature of mixed valence in the TmX can be explained easily by
considering of lattice constant. The schematic explanation of the electronic structures and the
density of states [4.9] are shown in Fig. 4.2. The dotted line represents the Fermi level. Due to
the crystal field splitting, the 54 conduction band is divided into two sublevels ty; and e,. The
centers of gravity of tz; and ¢, are also indicated by dashed lines. As shown in Fig, 4.1, the
lattice constant is large for TmTe because of the large anion Te. As a result, the crystal field
splitting is smaller for TmTe (in Fig. 4.2). The value of this splitting is 10Dg=1.1eV [4.10].
The ground state of Tm is 4f” sz. If one electron is removed from the di-f':+ state by the
following reason, the localized 4f'” state is formed at about 6.5¢V below the 4/ state. This 4f'*
state can be observed in TmS and also in TmSe. In TmTe, the localized 4f" state is separated
from the bottom of the 5dt;, by the energy gap AE. No state is present around the Fermi level
in normal pressure and temperature. This indicates the existence of semiconducting property in
TmTe [4.10]. The electron does not remove from the 4f* states, which means the divalent
nature of TmTe.

In the middle of Fig. 4.2, the electronic structure is given for TmSe. Due to the reduction of
the lattice constant of TmSe, the crystal field splitting is enhanced. As a resull, the sublevel 135

in the conduction band is now overlapped the 4f" state. In this situation, parts of the 4f
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electrons spill into the conduction band creating a 4f'*5d state. Due to the hybridization, 4f"-
4f'*5d state becomes a narrow 4f band.

In case of TmS, the lattice constant takes the lowest value among the TmX compounds as
shown in Fig. 4.1. The corresponding crystal field splitting is thus enhanced. As a result, a 4"
clectron is converted completely into 54 electron. Thus, the 4f'° level is now empty. According
to the BIS (bremsstarhlung isochromat spectroscopy) measurement [4.11], the empty 4" level

stays above the Fermi level. Bul the occupied 4f* level is about 6.5eV below the Fermi level.
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Figure 4.2. Schematic explanation of the electronic structures and the density of states in

TmS, TmSe and TmTe [4.9]. Dotted line represents the position of the Fermi level, Ep. Two

dashed lines are drawn to show the trend of change of the crystal field splitting in TmX.

4.3. Photoemission result (off-resonant): Tm4f valence band

The off-resonant photoemission spectra of the Tmdf valence band were measured for clean
TmX systems using both the synchrotron radiation (hv=140eV) and x-ray source (MgKa,
hv=1253.6¢V). Total energy resolution was less than 0.5¢V at hv=140e¢V and 0.7¢V at
hv=1253.6eV. The spectrum taken at hv=140eV is considered to be rather surface sensitive

according to the photoelectron universal curve (shown in chapter 2). Spectrum for unclean
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(oxidized) sample was also measured to observe the effect of contamination (mainly oxygen)

on the spectral features.

4.3.1. TmTe, mostly divalent

The Tm4f photoemission spectrum of TmTe is shown in Fig. 4.3. In Fig. 4.3(a), the spectrum

of oxidized sample is included for reference. In Figs. 4.3 (b) and (c), the clean sample spectra

(a)

TmTe
hv=1253.6eV Tmdf PES
(Mgka)

_// H
Oxidized k

(b} Tm (4"

hv=140eV
Tm (47"

Clean

i

(c)
hv=1253.6eV

Photoemission Intensity (arb. units)

15 10 ] ]
Binding energy (eV)

Figure 4.3. Valence band (Tm4f) photoemission spectra for TmTe, the mostly divalent
compound. (a) Spectrum (open circle) for oxidized sample using MgKa radiation
(hv=1253.6eV). (b) Spectrum (solid square) for clean sample taken at hv=140eV. (c) For clean
sample (solid circle) using MgKa radiation. The solid lines represent the calculation. The

muliplet structures are shown by the vertical lines.

are shown taken at hv=140eV and hv=1253.6¢V, respectively. The spectral features of both

spectra in (b) and (c¢) for clean sample are nearly same. But several peaks are more
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distinguished in the spectrum in (b) because of higher resolution. The spectra for clean sample
show dominant signal in the lower binding energy side close to the Fermi level (*0" binding
energy indicates the Fermi level). The energy gap between the Fermi level and lowest energy
state in the 4f level was found to be about 0.43eV. The value is nearly same as reported in the
previous results [4.5,4.10]. The existence of the energy gap is the evidence of the
semiconducting property in TmTe. By comparing with the calculated spectra and the previous
photoemission [4.5,4.10,] and resonant photoemission results [4.12], it is clear that the signal at
0.43-5.6eV represents the divalent properties of TmTe. On the other hand, the weak emission
around 6-15eV represents the trivalent characteristics. The trivalent peaks are shifted to the
higher binding energy than those are in TmS and TmSe (results for TmS and TmSe are given
below). The features of Tm’* are more clearly observed in (b) than in (c). The probable reason
of these differences will be discussed later in the Sec. 4.8. In the calculated spectra, several
final state multiplets are shown, which are indicated by vertical lines. It is known from the
calculation that the emission for Tm?* contains 69 different final states that originate from the
43 CF20)— 4f'*(*Hy) dipole transition. The emission for Tm™* consists of 211 different final
state components. In order to follow the instrumental resolution in the experimental curve, a
Gaussian width of 0.6eV (FWHM) is used to convolute the calculated spectra. The absolute
binding energy positions for both divalent and trivalent components can not be determined
from the present calculation. The peak positions in the cxperimental spectrum are thus
considered as references to fit the calculated spectra. In Fig. 4.3 (a), the spectrum for oxidized
(unclean) sample is also shown. Usually, the oxidized sample shows mostly trivalent nature;

probably Tm;Os is formed.

4.3.I1. TmS, mostly trivalent

Tmdf photoemission spectra for clean and oxidized TmS are shown in Fig. 4.4. The
calculated spectra (solid lines) with multiplet structures are also compared here. In each
spectrum, the 4f'? (Tm™) emission is strong because of the mostly trivalent characteristic of
TmS. By comparing the results with the previous one [4.5] and the present calculation, and
resonant photoemission, it is found that the weak signal near the Fermi level (binding energy

from 0 to 5.6eV) is originating from the Tm?' in TmS. The presence of the density of states
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around the Fermi level indicates metallic nature of TmS. As suggested before [4.5], 4f-5d

hybridization may be present around the Fermi level.
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Figure 4.4. Valence band photoemission spectra for TmS, the mostly trivalent compound. (a)

Spectrum for oxidized sample measured by using MgKo (hv=1253.6eV). (b) Spectrum for
clean sample at hv=140¢V. (c) Spectrum for clean sample at hv=1253.6eV (MgKa).

4.3.111. TmSe, typical intermediate valent

The valence band photoemission results for typical intermediate valent TmSe are shown in
Fig. 4.5. The spectrum for oxidized sample in (a) shows almost trivalent nature because of the
formation of Tm;0;. The calculated spectrum is shown logether with experimental results.
The photoemission signal at 0-5.6eV binding energy region is from the divalent part. The
emission around the Fermi level indicates the metallic nature of TmSe. As shown in the figure,
the valence band photoemission spectra for clean TmSe shows both the divalent and trivalent

components with nearly equal strength. The peak intensily of the divalent part in (b) is
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relatively stronger than that in (c). This means the estimated mean valences from these two

spectra might be different to each other. The reason will be discussed later in detail in Sec.4.8.

f

(2} TmSe
Tm4fPES
Oxidized
hv=1253.6eV
(MgKa)
E {h) _.-Fﬁ'"-" F\Jf«r hve=140eV
£ w/
E Clean
g
‘@A
= (e}
hv=1253.6eV

*E T (4] v=1253.6eV (MpKa)
5 R
% _._Tm [4]‘.}_*
E Clean
e
o
=
By

P e — -

Al L |]|a.
10
Binding energy (eV)
Figure 4.5. Tmdf photoemission results for TmSe, the typical intermediate valent compound.

15

(a) Spectrum for oxidized sample taken at hv=1253.6eV (MgKa). (b) Spectrum for clean
sample taken at hv=140eV. (c) Spectrum for clean sample taken at hv=1253.6eV (MgKa).

4.4. Tm5p core level photoemission and the resonant effect

In order to study the effect of electrostatic interaction between the shallower 5p core level
with the localized 4f states, the TmS5p XPS and the resonant photoemission spectra around
Tmdd (hv=150-200¢V) threshold have been measured. The interaction between the 5p hole
and the 4f shell is rather weak. As a result, even with smaller spin orbit splitting, the 5p

spectrum shows separated spin-orbit peaks.
The photoemission results of Tm5p have been reported previously by several authors for

TmTe [4.13], TmS [4.5], TmSe [4.14], and Tm metal [4.15]. In these results, the spectral
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features of 5p photoemission were discussed. The spin-orbit doublet peaks in 5p photoemission
spectra are further split into two different peaks and show the chemical shift depending on the
Tm valences. In Ref.4.13, the chemical shift was found to be 3.520.1eV in TmTe for the two
sets of spin-orbit doublet peaks corresponding to Tm®* and Tm®. The result was interpreted as
a consequence of the spontaneous interconfiguration fluctuations in Tm compound. G. Kaindl
and co workers [4.5] have also reported the same features in 5p photoemission for TmS. They
observed the valence induced splitting (chemical shift) is 2.6=0.2eV for 5ps» and 3.1x0.4eV
for 5pyi. Actually, in Ref. 4.5, the origin of the divalent components was considered to be the
surface components. In case of TmSe [4.14], chemical shift was found to be ~2.7eV for 5psz
and ~4.1eV for 5pyp. These values in Ref. 4.14 are not similar with the previous results
[4.5,4.12]. In addition, the resonant behavior of 5p levels at 4d-4f resonance was also studied in
Ref.4.14.

The existence of the multiplet structures in the spectra was not discussed in those results. In
order to get a clear picture about the coupling of 5p level with the 4f shell, it is very important
to study the muliplet structures by comparing with calculation.

Recently Nicklin ef al. [4.15] reported the resonant behavior of 5ps; and 5p); individual
multiplets at 4d-4f resonance for Tm metal (Tm™) and compared with the calculation. The
spin-orbit splitting was found to be about 7eV for Tm’*. No divalent peak was observed in
their result. Though they mentioned the several peaks around the 5pis and 5pi levels, their
results only represent the trivalent characteristics. Therefore, there is a lack of information
about the binding energy shift of 5p peaks due to the valence and the nature of multiplet
coupling with 4f'* and 4/™ in the mixed valent system.

In the present study, the 5p XPS were measured by using MgKa radiation and the resonant
photoemission spectra were measured at Tm 4d-4f absorption edges (hv=150-200eV). The
contributions of divalent and trivalent Tm ions in the photoemission spectra will be discussed
separately. Because of the presence of multiplet structures and broadened feature in all core
level spectra for TmX, it is rather difficult to define a particular state as a spin-orbit peak. It is,

therefore, reasonable to define by “5pss™ peak region instead of 5p;;; peak.

4.4.1. Spectral features of Tm5p
4.4.Ia. TmSp XPS in TmSe
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Figure 4.6 shows the TmSp XPS spectra in TmSe excited by MgKa (hv=1253.6eV)

TmSp XPS by MgKa ; TmSe

P

Photoemission Intensity (arb.units)

Binding energy (eV)

Figure. 4.6. Experimental (solid circle) photoemission spectrum for TmSp core level of
TmSe. The spectrum shows the mixed valent properties where the ratio Tm**: Tm* = 1:0.51
was obtained from the peak intensity of 5psq states after background subtraction. Vertical
arrows show the chemical shift and horizontal arrows (solid for Tm®* and dot for Tm*") show
the values of spin-orbit splitting depending on the Tm valences. Two calculated spectra, for
Tm’* and Tm®*, are also shown herewith with a same ratio as the experimental one. The vertical

line represents the multiplet structures.

radiation. In order to clarify the mixed valent property of TmSe, two calculated spectra (solid
line for Tm>* and dotted line for Tm*") are also shown herewith. The both calculated spectra
were convoluted with 0,7eV Gaussian to mimic the experimental resolution. Instead of fixed
Lorentzian, the spectra are also convoluted with Doniach-Sunjic line shape for explaining the
metallic behavior of TmSe. The experimental spectrum for the intermediate valent TmSe is
considered to be the superposition of the divalent and trivalent components. Because of the
presence of both 4f"% (Tm**) and 4f"° (Tm**) components, the TmSp XPS shows two sets of

spin-orbit doublet corresponding to two valences. Generally for any strongly interacting rare
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earth system, the binding energy position of different states in the core level photoemission
depends on the 4f-electron occupation number i.e., the different screening channel [4.16]. For
example, in the 3d photoemission spectra for several rare earth compounds, the peak

+1a

corresponding to the “hole-4/™" (“hole-4f"*"") configuration is in the higher (lower) binding
energy [4.16].

Due to the electrostatic interaction between the 5p hole-4f electrons, 5p photoemission
spectra should show the multiplet peaks together with the spin-orbit doublet peaks. Though the
calculation for both the Tm** and Tm’* components in Fig. 4.6 show several line spectra that
corresponds the multiplets, the spectra convoluted with 0.7e V(HWHM) Gaussian do not show
any multiplet peaks except the spin-orbit doublet peaks. Experimental spectrum also shows the
same features. Because of the poor resolution of the XPS spectra, the muliplet peaks are not
resolved clearly. Instead, the evidence of the presence of the muliplet peaks in the 5p resonant
spectra (discussed later) is comparatively clear because of the resonant effect and better
resolution,

In the previous result [4.14], the values of the apparent 5p spin-orbit splitting were found to
be 5.9eV for divalent component and 7.3eV for trivalent component. The difference between
these two values is 1.4eV. This difference originates from the variation of exchange interaction
between 5p core hole and the 4f'* (S=1) and 4/ (S=1/2) configurations [4.14].

In Fig. 4.6, the peaks at binding energies of 23.9 and 29.8¢V represent divalent properties in
“Spsn” and “Spy” peak regions, respectively. On the other hand, the peaks at 26.6 and 33.5¢V
show the trivalent characteristics in “5ps2” and “Spy2”. The apparent spin-orbit splitting for
trivalent component is 6.9V and for divalent part is 6.0eV. The difference between these two
values of spin-orbit splitting is 0.9eV. This value is smaller than the previous result [4.14]. The
chemical shifts are 2.7eV for “Spsz” and 3.7eV for “5p,p". These values are also different
from the previous results [4.5, 4.14]. In Ref. 5, the Tm5p spectrum in TmS taken at hv=50eV
shows a strong background at the higher binding energy side. Because of this strong
background, there might have some errors to estimate the values of the spit-orbit splitting. On
the other hand, in Ref. 4.14 by S.J. -Oh and co-workers, the divalent components in their TmSe
sample were comparatively strong. As a result, the trivalent components in 5p photoemission
were relatively week, The trivalent peaks were also affected by the strong background. The
estimation of the values of spin-orbit splitting therefore may include some errors, In the present

experiment, the comparison with the calculation further confirms the position of the 5ps. and
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5p1. peaks. As a result, the present estimated values are more acceptable than those from the

previous results [4.5,4.14].

4.4.Ib. Tm5p XPS in TmS and TmTe

The figures 4.7(a) and (b) show photoemission results for the mostly trivalent TmS and the
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Figure 4.7. Tm5p XPS spectra for TmS (a) and TmTe (b). The spectra are compared with the

calculated Tm® and Tm®*, respectively. These spectra were also measured by using MgKa
radiation. Though both TmS and TmTe show the mostly trivalent and divalent properties,
small amount of divalent in TmS and trivalent in TmTe are present. Because of
semiconducting property, the divalent peak in TmTe is little bit shifted towards higher binding

energy than that of TmS one.

mostly divalent TmTe, respectively. The calculated spectra (solid lines) are also shown for
both TmS and TmTe. The estimated mean valence from the susceptibility measurement of
TmS is 2.799 [4.12]. This means that TmS can be treated as mostly trivalent one, but with a
fraction of divalent. By comparing with the result for intermediate valent TmSe in Fig. 4.6 and

mostly divalent TmTe in Fig. 4.7(b), the emission of trivalent component in TmS is confirmed.
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It is already shown in valence band photoemission result that weak divalent signal is also
present in the Tmdf XPS spectra for TmS in Fig. 4.4, Similar to 4f XPS, 5p XPS also shows
some divalent structures in Fig. 4.7(a). The weak shoulder around 24eV is belonging to 5ps; of
divalent part. The value of spin-orbit splitting was found to be 6.9¢V. The both experimental
and calculated (convoluted with spectra Doniach-Sunjic line shape and 0.7eV Gaussian) show
the asymmetrical shape at the higher binding energy of the spin-orbit peak region.

In (b), the spectrum for TmTe is not from the raw data. In the spectrum from raw data, the
higher binding energy parts of 5p level (around 29-34eV) are overlapped with satellite peaks
originating from the Te4d levels. The spectrum was measured by using MgKa (hv=1253.6eV)
line. This line at hv=1253.6eV, the superimposed state of K, > lines, is commonly used as the
source. Besides Ka, ; lines, there are also two satellite lines, namely Koz and Koy with relative
intensities of 9% and 5%, and photon energies of 1262.1 and 1263.7eV, respectively [4.17]. In
the present experiment, the x-ray line is not monochromated. Therefore, Tedd levels show the
satellite peaks at lower binding energy side because of that secondary radiation for MgKo.
After subtraction the satellite peaks, the true contribution of divalent components is derived as
is shown in Fig.4.7(b). In case of TmTe in Fig. 4.7(b), the experimental spectrum shows the
mostly divalent characteristics. Though the mean valence from the susceptibility measurement
is 2.017, there are some trivalent components around 27.5eV. The position of the trivalent peak
in TmTe is in 1eV higher binding energy than that of TmS. This may be occurred due to the
surface core level shift. The discussion about the peak shift will be given in sec.4.8. The
spreading of line spectra in calculation is narrower than that of TmS because of the weaker 5p-
4f coupling for divalent part. The spin-orbit peaks are therefore narrower than those of trivalent
TmS. The value of spin-orbit splitting is 6.0eV, which is almost same as for divalent part in
TmSe.

The difference between the lineshapes of metallic TmS and semiconducting TmTe is also
very clear. In TmS, the spin-orbit peak has an asymmetry at the higher binding energy range of
the peak. The spectrum for TmS can be described as a Doniach-Sunjic line shape by excluding
the multiplet structures. The origin of this asymmetry is due to the scattering of the conduction
electrons after the core level photoionization. In case of semiconductor, the asymmetry is
absent in the core level spectrum. Therefore, the spectrum for TmTe shows almost symmetrical
feature around the spin-orbit peak. This also proves that TmTe is a semiconductor and TmS

and TmSe are metal.
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4.4.11. Resonance at 4d-4f absorption edges
At 4d-4f photoabsorption, a 4d electron is excited into an empty 4f level. The 4d-4f

photoabsorption spectra are relatively simple for Tm because the intermediate state has only 0
or 1 holes for Tm>* and Tm*, respectively. The 4d-4f photoabsorption spectrum is expanded
over a broad energy range in excess of 20eV due to the excited state multiplet structures [4.18].
From the selection rule in the LS (Russel-Saunders) coupling scheme, dipole allowed
transitions are °Hg, ~Hs and “Gg with different photon energy positions. The absorption process
can be written as follows [4.14,4.18-19]:
4d"°5525p%4f'? (*Hg) + hv — 4d°5s°5p°4f® (°Hy)
- 4d95515p64f3 (°Hs) for 4f* configuration
— 4d°5s*5p°4f" (°Gs)
and
4d"%55%5p%4f"3 (*Fap) + v — 4d°Ss*5p°4f'* (*Dsp)  for 4 configuration.
In Fig. 4.8, the 4d-4f absorption spectra [also can be expressed by total yield (T'Y) spectrum]

are shown for TmS, TmTe and TmSe, respectively. The calculated spectra for Tm® and Tm**

TY Intensity (arb.units)

Seld TmSe

160 165 170 175 180 185 190

Photon Energy (eV)
Figure 4.8. Experimental total yield (TY) spectra (solid line) for 4d-4f photoabsorption in
TmS (top), TmTe (middle) and TmSe (bottom), respectively. Dashed lines with TmS and
TmTe represent the calculation for Tm’* and Tm*. The peaks Se2p and Se3p from anions are
overlapped with the pre-threshold region in TmS and TmSe spectra. The transition to the final

states “Hs, “Hs and “Gs for trivalent and ’Dss for divalent ion are labeled, respectively.
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(dashed line) are also shown in the same figure. For TmS, the spectrum consists of three peaks,
H,, *Hs and *Gs and these are the on-resonant conditions of photoemission for trivalent
component. The corresponding photon energies are about 171, 174 and 178eV. Actually there
is another intermediate state 'Hs, but the weakest one and is at about 12eV above the 3Gs level.
On the other hand, in case of TmTe, only single transition to zﬂm is possible. Therefore, the
Tmdd-4f absorption spectrum shows single prominent peak at 173eV. The shoulders at photon
energy of ~171eV and ~178eV and the buried signal at 174eV indicate the presence of small
amount of Tm®* in TmTe. The absorption spectrum for TmSe is shown in the bottom of the
figure, which includes both Tm** and Tm** components.

The final states of absorption are considered as the intermediate states of the resonant
photoemission, which may decay in several ways. The decay after 44-4f absorption is known
as super-Coster-Kronig (involving 4f photoemission) or Coster-Kronig (involving core levels
photoemission other than 4f) decay. At 4d-4f resonance, the decay channels related to the 4f, 5p
and 5s levels are described as 4d-4f4f, 4d-5p4f and 44-5s4f. The all processes involved in

resonance are described below (also described in Sec. 2.3):

Initial state Intermediate state Final state
4d"'5s*5p%4f" + hv —  4d’4f™' — 4d"5s%5p%4f"! 1 ........ (A1)
4d"55'5p%4f" +e ... (B1)
4455’ Sp A" & o (C1)

The three final states are 4f, 55 and S5p photoemission, respectively. At the same time, there is

also direct photoemission at same photon energy as described below:

Initial state Final state
4d"55’5p°4f" +hv  — 4d"'5s25p%4f™ +e ... . (A2)
4d"'55'5p4f" +&  ........(B2)
4d"%555p°4f" & .......(C2)

So, the process (Al) and (A2) have same initial state and final state. Interference between
them shows an enhancement in 4f photoemission. The ultimate effect is that an intensity

modulation of 4f photoemission is occurred around the 4d-4f absorption edges. Same
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arguments are applicable for 55 and 5p core levels. For example, the resonant effect of 5p level
occurs due to the interference of the S5p emission of process (C1) and another direct 5p
emission of process (C2). It will be shown from the resonant photoemission results for Tm4f
and TmSp that the 4d-5p4f Coster-Kronig decay is a weak comparatively lo the 4d-4f4f super-
Coster-Kronig decay.

4.4.111. Resonant effect of Tm5p for Tm>" jon
4.4.111a. Result in EDC

Though TmS is the best choice to study the resonance effect for Tm?, the 5p photoemission
taken at several on resonant conditions are overlapped with the LMM Auger decay from sulfur
(S). As a result, true resonant effect of Tm5p can not be separated in TmS. Instead, the
trivalent components in TmSe have been selected for this purpose.

Figures 4.9(a-d) show the Tm5p resonant photoemission spectra in TmSe. Figure 4.9(e)
represents the 4d-4f TY spectrum for TmSe, which includes the both Tm™ and Tm*
components [4.13,4.16,4.18]. The off-resonant photoemission spectrum taken at hv=169¢V(1)
is shown in the Fig. 4.9(d). In the off-resonant photoemission spectrum, the signal from both
Tm*" and Tm** components are appeared. Calculated spectra are also shown for both valence
components (solid line for Tm™ and dotted line for T‘mz*]. Existence of two valence
components indicates the mixed valent property of TmSe at the off-resonant condition. In the
TY spectrum, the single divalent resonance peak (EDS,;Z) and the middle trivalent resonance
peak (*Hs) are overlapped around the positions 2(hv=173eV) and 3(hv=174eV) as discussed
before.

In Fig. 4.9(c), the photoemission spectrum taken at 2(hv=173¢V) shows the resonance
effects for both the divalent and trivalent Tm5p states. But the divalent part is relatively
stronger than trivalent one because peak at hv=173eV actually represent the divalent condition.
In Fig. 4.9(c), the experimental spectra shows some unusual structures coming from the poor
signal to noise (S/N) ratio that suppress the true multiplet structures. In case of on-resonant
condition 3(hv=174eV), both valent components show almost equal resonance enhancement in
Fig. 4.9(b). In Fig. 4.9(a) for on-resonant condition 4 (hv=178eV), the trivalent parts are
dominant. This means at hv=178¢V, the rcsonance enhancement is mainly occurred for

trivalent part.
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Because of the poor S/N ratio in Figs. 4.9(a-d), some unusual structures have been appeared,
which are mixed with the true multiplet peaks. Even at this situation, the evidence of the
presence of the multiplet structures is also apparent if the results from calculation and XPS
results in Figs. 4.6 and 4.7 are compared. In case of resonant photoemission, the origins of the
different peak shapes are therefore due to (a) poor S/N ration and (b) variation of resonant

effect for different multiplet peaks for a particular exciting condition.
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Figure 4.9. (a-d) Experimental and calculated Tm5p resonant photoemission spectra of

TmSe at on-resonant [hv=173(2), 174(3) and 178eV(4)] and off- [hv=169¢V(1)] resonant
conditions, respectively. The photon energies are selected from the total yield (TY) spectrum in

Fig. 4.9(e). Solid lines represent the calculation for the trivalent component and dashed ones

do for the divalent one.

4.4.11Tb. Result in CIS
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Figure 4.10 shows the result of constant initial state (CIS) measurement of the 5p peaks in
TmSe. The CIS measurement was carried out to study directly the resonant behavior of
trivalent parts in 5p photoemission spectra. The CIS spectrum for binding energy 25.3eV
represents the resonance behavior of “5p32" (T m:“) peak region. In the lower part, the CIS for
33.4eV binding energy shows the resonant behavior of “5p2” (T ma*). The CIS for 4f level
(BE 11.9¢V) at the 4d-4f resonance and 4d-4f TY spectrum are also shown for the reference.
All CIS spectra for 5p and 4f show three peaks that are similar to the experimental 4d-4f TY
spectrum. The CIS spectra for BE25.3eV are normalized by multiplying with factor 1.5. This
means that the resonance enhancement of 33.4eV is relatively higher than that of 25.3eV. This
15 explained in the following way. In the CIS spectra, the relative intensity of any particular

resonance peak is not same for two binding energies (BE33.4 and 25.3eV). This means that
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Figure 4.10. CIS spectra for binding energy 25.3eV (“Sps;”, open circle) and for 33.4eV

(“5p12”, solid circle) in TmSe. Calculated CIS spectra (solid line) are also shown herewith. In
order to make comparison, the 4d-4f TY spectrum and the CIS for Tm4f (solid square) in

TmSe at 4d4-4f resonance are also shown.

the different spin-orbit peaks do not resonate in the same way at any particular resonant
condition. The origin of this difference is the variation of relative strength of the partial decay

channels at 4d-4f resonance. For example, in case of the binding energy 33.4eV, the first two
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peaks at hv=171 and 174eV have nearly equal strength both in experimental and calculated
spectra. But in the CIS for 25.3eV, the middle resonance peak (174eV) is less intense than the
first one (171eV). The peak around 178eV-photon energy is relatively prominent for both
cases. In case of 4f (BE 11.9eV in Fig. 4.11) CIS result, the ’Gs peak at hv=178eV is
extensively strong as compared with other two peaks. Thus, the CIS result shows that the
resonance effect of multiplet peaks in both the 5p and 4f photoemission is dependent on the
preferential decay channel. The same phenomenon was also reported previously for TmAl; and
EuPds; compounds at 3d-4f resonance [4.19]. The CIS spectra from the calculation are also
given here for comparison. Although the overall agreement with calculation seems to be good
for two 5p binding energy cases, there is some disagreement especially for 5ps;; (BE25.3eV)
case. At 25.3eV binding energy in the photoemission spectra, the tail of the divalent 5ps. peak
at higher binding energy is overlapped with trivalent part. As a result, the experimental CIS for
25.3¢V is not exactly similar to the calculated one. But for 33.4eV binding energy, no divalent

part is present and the agreement with the calculation is better.

4.4.111c. Strength of 5p resonance at 4d-4f absorption edges

In the following, a quantitative discussion will be given for comparing the strength of 4d-
Sp4f (Coster-Kronig) decay channel with that of the 4d-4fd4f (super-Coster-Kronig) decay
channel at 4d-4f resonance. The trivalent components in TmSe are chosen for this purpose. The
selected binding energies are 11.9¢V for 4f and 26.6¢V for 5p from Fig. 4.11. In these two
binding energy positions, almost no divalent components are mixed with trivalent one. In
Fig.4.11, two spectra are shown; one is for on-resonant condition (at hv=178¢V) and another is
for off-resonant condition (at hv=169¢V).

It was found that resonance enhancement is 2.2 times for 5p(26.6eV) and 4.4 times for 4f
(11.9eV). These values of resonant enhancement are obtained from the spectra for on- and off
resonant in Fig.4.11 where the selections of the linear backgrounds are shown by dotted and
solid lines. This values of resonance enhancement indicates that 4d-5p4f decay channel is also
active but not so strong as 4d-4f4f decay channel. The intrinsic photoionization cross-section of
4f is nearly 16 times higher that that of TmS5p around hv=178eV. In Fig. 4.12, the atomic
subshell photoionization cross-sections of Tmdf, 5p and 4d are shown according to Ref. 21. In

spite of such low cross section, the TmSp spectra can be observed at the dd-4f resonant
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condition. The present photoemission result of 5p reveals two essential utilities of resonant
photoemission. One is to enhance weak signal where the intrinsic cross section is very low.
Another is to separate the valence component in the core level photoemission for mixed-valent

compound where two sets of photoemission signal are present for two valences.
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Figure 4.11. Tm4f and Tm5p resonant photoemission spectra in TmSe at 4d-4f resonance are

shown altogether. The states of highest resonant enhancement shown by arrow are used to

discuss the relative strength of each decay channel associated with 4f or 5p level.
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Figure 4.12. Atomic subshell photoionization cross-sections of Tmdf, 5p and 4d [4.21].
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4.4.IV. Resonant effect of Tm5p for Tm** ion
4.4.1Va. Result in EDC

The resonant behavior of divalent Tm will be shown here. Figures 4.13 (a) and (b) show

the on- and off- resonant 5p photoemission spectra, respectively in TmTe, the mostly divalent
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Figure 4.13. TmSp resonant photoemission spectra for TmTe, the mostly divalent
compound. (a) The on-resonant photoemission taken at hv=173eV(2). (b) The off-resonant
photoemission at hv=169eV(1). (c) 4d-4f TY spectrum for TmTe. Solid lines represent the

calculation for Tm*".

compound. The excitation energies are selected from the total yield (TY) spectra in Fig.

4.13(c). The solid line represents the calculation for Tm**. The on-resonant photoemission
spectrum (solid circle) was taken at~173eV. The off-resonant spectrum was taken at
hv=169eV. From the comparison of the on-resonant spectrum with the off-resonant one, it is
clear that the divalent Tm5p levels are enhanced due to the resonance effect. It is also noticed

that the resonance effect is larger for higher binding energy states, i.e. around 30.5¢V (“Spy2”

83



peak region) than that of lower energy state around 24eV (“5psn” peak region). The multiplet

terms are also present in these spectra. Because of the higher resolution, the multiplet peaks in

both the off- and on-resonant photoemission spectra are clearly observed.

4.4.IVb. Result in CIS

The resonance effect of Tm** was also observed in the CIS results. The experimental and
calculated CIS spectra of Tm3p are shown in Fig. 4.14. The 4d-4f TY and Tmdf (BES.2eV)

TmTe

CIS(BE24¢V)
I.SP-I'--'EII

TY and CIS Intensity (arb.units)

CIS(BE30.5eV)
"Spy

B I e

150 160 170 " 180 190
Photon energy (eV)

Figure 4.14. CIS spectra for the divalent Tm “Spiz” (BE 245eV) and Tm “Spyp”
(BE30.5eV) in TmTe. The corresponding calculated (solid line) spectra for Tm** are also
shown. The 4d-4f TY and Tmdf (BE5.2eV) CIS spectra are also given for comparison.

CIS spectra are also shown in the top of Fig. 4.14. The shapes of the experimental (solid circle
for BE 24eV and open circle for BE 30.5eV) and the calculated 5p CIS spectra are almost
similar to the TY spectrum and the 4f CIS for BE 5.2eV. The CIS results are the evidence of
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the divalent characteristics of selected binding energy positions in Tm5p photoemission. The
peak intensity of D52 in CIS spectrum for 30.5eV binding energy peak is stronger than that of
24eV binding energy position. It is clear from this CIS result that the decay channel related to
5p1.2 levels is more intense than that of 5ps; as it is also shown in the EDC results in Fig. 4.13.
As a result, the statistical branching ratio (5pa2: 5pi2 = 2:1) of 5p level is changed at on
resonance as seen in Fig. 4.13. This is due to the difference of Auger decay probability of the

intermediate state,

4.5. Tmdd core level photoemission

The electrostatic interaction of 4d core hole with the unfilled 4f shell is very strong because
of the same principle quantum number. As a result, the photoemission from Tm4d level shows
large effect of the correlation, such as the existence of a large number of multiplet structures,
the effects of the relaxation and decay of core holes. [4.22,4.23]. In some preliminary
experiments, the 4d core level photoemission in rare earth metals, such as La, Ce, Sm, Eu, Gd,
Tb, Dy, Er, Tm, Yb and Lu [4.24,4.25], mixed-valent compound SmBy [4.26] have been
reported. The systems such as La (with 4% or Yb and Lu (with 4f'*) usually show simple
structures exhibiting distinguished spin-orbit peaks. In these simple cases, the interpretation of
the experimental result is very straightforward. For other cases where the spectrum is more
complex due to the extended multiplet structures, interpretation of the experimental result
needs to include some final state effects. For example, one of the important effects is the
lifetime broadening of the core hole.

The lifetime broadening effect is interpreted as the collapsing nature of the core holes to the
ground state during the photoionization process. Here, comparison with the calculation is
essential to get the clear understanding of the final state effects. Recently H. Ogasawara and
co-workers [4.27] have studied theoretically the lifetime broadening effect of the multiplet
structure in 4d XPS spectra for heavy rare earth systems and compared with experimental
results. They showed that lifetime broadening effect of the multiplet structure in 4d spectra
strongly depends on the binding energy. The explanation of lifetime broadening phenomenon
was given in Ref. 4.27 on the basis of the consideration of strong 4d-4f4f (N 5-Ne7-Ne,7) super-
Coster Kronig decay [4.22,4.23] process. None of the previous results, the mixed valent

properties in Tmdd for TmX was studied. In the following section, before discussing the
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resonant effect of the 4d core level, spectral features of Tmdd photoemission (off-resonant)

measured by using MgKua radiation condition will be shown.

4.5.1. Spectral feature of Tmdd XPS and lifetime broadening

Figure 4.15 shows the off-resonant Tm4dd photoemission spectra for TmS, TmTe and TmSe,

respectively. In these spectra, the backgrounds are subtracted by Shirley’s method [4.28]. The

Tmdd-XPS 34

by MgKa (hv=1253.6eV
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Figure 4.15. Tmdd XPS (off-resonant) spectra excited by MgKa radiation. Spectra for the
mostly trivalent TmS (top), for the mostly divalent (middle) and the typical intermediate valent
TmSe (below) are shown. In all spectra, the backgrounds are subtracted, Calculated spectra for
Tm®* and Tm®* are also shown. The divalent components in Tm5, and TmSe and trivalent ones

in TmTe are also indicated.

solid lines with the TmS and TmTe spectra represent the calculation for Tm** and Tm?®,

respectively. The vertical lines indicate the multiplet peaks. It is obvious that all three spectra
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must show the mixed valent character as same as Tm3p photoemission. Therefore, some
divalent emission in TmS and some trivalent emission in TmTe are expected to be observed.
Exactly this is seen in the top of Fig. 4.15 for TmS where the small divalent part is indicated by
arrow at the lower binding energy side. The origin of this peak is confirmed by comparing with
the middle spectrum for the mostly divalent TmTe. In TmS, the calculated spectrum given here
represents only for Tm>*, In fact, the divalent component is not only present at the lower
binding energy side, but also at the higher binding energy sides. Around the higher binding
energy side, the component from both valence components are overlapped with a certain ratio.
This is clearer in case of typical intermediate valent compound TmSe in the bottom of the
figure.

In TmS, the multiplet peaks belong to Tm®* are spread over 25¢V. Around binding energy of
178.0eV, the spectrum shows maximum intensity. This structure shows a sharp peak with
asymmetry in the higher binding energy side. Except for this peak, the spectral features
become broadened and no sharp structure is present in the higher binding energy region. The
calculated spectrum also shows the same features as the experimental one. The calculated
spectra are convoluted with 0.6eV Gaussian to mimic the instrumental broadening and term
dependent Lorentzian (T'y) to include lifetime broadening effect. According to Ref. 4.27, fixed
Lorentzian can not reproduce the experimental spectrum. This means that the effect of the
lifetime broadening and its dependency on the binding energy of the differcnt Tmdd states
must be considered in calculation. To reproduce the experimental spectrum in calculation, it is
therefore necessary to introduce the term dependent Lorentzian (T'y) i.e., a linear function of

binding energy. This is expressed as follow:

Term dependent Lorentzian (I')) = 0.1(Eg-Eg)eV,

where Egis the lowest binding energy in the Tm4d spectrum.

The above relation indicates that the lifetime broadening of several states in the multiplet
structure varies with their binding energy. Strong coupling between the core hole and localized
4f shell rejects the constant lifetime concept. Therefore, the lifetime of core hole depends on

the strength of the super-Coster-Kronig (s-CK) transition rate involving 4f electrons [4.22].
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The lifetime broadening effect according to the seclective Auger transition can be easily
understood by spin-selection rule and electron correlation effect [4.22,4.27]. Figure 4.16 shows
the schematic diagram of spin-selection for decay process according to Ref. 4.27. Two
different schemes are explained where one is for the system with less than half filled 4f
electrons and the other one is for more than half filled case. In the case of less than half filled,
the 4d-4f4f sCK decay is allowed for the spin anti-parallel state at higher binding energy side.
On the other hand, the 4d-4f4f s-CK decay is forbidden in the lower binding energy side for
spin-parallel state. As a result, the 4d spectrum, for example in Eu, shows sharp peak
(broadened) at lower (higher) binding energy side. In the more than half filled case, the decay
process (4d-4f4f s-CK) becomes possible for the lower binding energy states also. Thus, the
lower binding energy states also show broadened structure. In general, this spin-selection rule

can not explain the broadening effect completely for all rare earth elements.
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Figure 4.16. Schematic representation of spin selection rule tor super-Coster-Kronig decay

process according to Ref.4.27. (a) For less than half filled case. (b) For more than half filled

case.
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As shown in Fig. 4.15 for TmTe, the case with 13 4f electron should be explained by the
scheme for more than half filled system. That means lower binding energy states must show
extended and broadened feature. However, the spectrum for 4d photoemission spectrum for
TmTe in Fig. 4.15 shows a sharp peak in the lower binding energy side.

The broadening due to the lifetime of core hole, on the other hand, may explain fairly the
spectral features in the 4d XPS. The lifetime broadening effect is simply explained through the
electron correlation effect. The lower binding energy states are described with spin-parallel
electrons (or holes) separated by the Pauli-exclusion principle. The states with spin-antiparallel
electrons stay at higher binding energy side and these electrons are strongly interacted. This
higher order interaction causes more broadened feature in the higher binding encrgy side. This
interaction is denoted as the “configuration interaction™ (CI). The general tendency of 4d
spectrum is to be more broadened at higher binding energy than the lower one, so that the
lower binding energy peaks are sharp with long core hole lifetime as shown for the spectrum in
Fig. 4.15. However, the linearity between the spectral broadening and the binding energy does
not hold exactly in the whole binding energy region. This is considered to be the reason why
some of the multiplet peaks in the calculation do not show similar feature as the experimental
ones.

In the middle of Fig. 4.15, the spectrum mainly represents the divalent characteristics
because TmTe is the mostly divalent compound. Because of the weaker 4d-4f exchange
interaction of divalent Tm than that of trivalent Tm, the multiplet structures are spread about
19eV (172-190.5eV), smaller than that of TmS. The lower binding energy peak (T m**) in
spectrum for TmTe is 0.5V higher (at BE172eV) than that (BE171.5¢V) in spectrum for TmS.
This difference in binding energy, which originates from the semiconducting properties in
TmTe, is indicated by dotted line. The TmTe spectrum also shows lifetime broadening effect
depending on the binding energy. The spectrum for TmTe may have some trivalent
components buried at the higher binding energy position. The marked area under the
experimental curve indicates the possible position of the weak trivalent signal.

In the bottom of Fig. 4.15, the spectrum for TmSe shows the intermediate valent
characteristics. By comparing with the calculated Tm®* and Tm?* spectra, it can be said that the
photoemission signals from both components are overlapped around 178-190.5eV. As a result,
the spectral feature around that specific region in TmSe is neither like TmS nor TmTe. The

peak at 171.5eV is originating from the divalent part that is confirmed by comparing with the
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TmTe spectrum. The situation for mixed valent TmSe is different from the light rare earth
compound SmB; [4.26]. It was found in Ref. 4.26 that the contribution from Sm™ (4d) is
nearly separated from Sm™ (4d) with small degree of overlapping. As a result, the
contributions from both components in case of SmBg were easily distinguished. But in TmSe,
to separate different valent components is not so easy as SmBg [4.26]. In this respect, resonant
photoemission is considered to be very powerful method in order to separate the valence
components as discussed for Tm5p photoemission.

In the following, the 4d resonant photoemission around 3d-4f absorption edges will be
shown. It is very curious to know the final state effect through lifetime broadening in core level
photoemission depending on the excitation conditions. In order to investigate these complex
features of the core level photoemission spectra in more detail, the resonant photoemission

technique may be useful.

4.5.11. Resonance at 3d-4f absorption edges

Unlike resonant photoemission at 4d-4f absorption edges, the photoemission experiments at
3d-4f absorption edges have not been widely studied. Few references are available for latter
case. For example, resonant effect in 4f photoemission at Th3d and Ce3d absorption edges was
reported by J. W. Allen et al. [4.29]. That was the first such kind of experiment. Laubschat and
co-workers [4.20] also reported same experiment for several rare earth compounds. In
Ref.4.20, though they have explained the resonance effect in the Tmdd photoemission by EDC
and CIS results for trivalent compound TmAl;, they did not discuss details of the 44
photoemission and the existence of 44 multiplet structures including their resonance behaviors.
There are also some results discussing the 4d-core level resonant effect for Eu [4.30,4.31). For
example in Ref.4.30, U. Becker et al. discussed the resonance effect of Eu 44 core level at the
excitation energies of the 3d-4f absorption edge. The 44 multiplet structures in the final state
were not observed in their results. In order to discuss the resonant behavior of the 44 core level
photoemission, consideration of the final state multiplet structure in any heavy rare earth
system is necessary. Furthermore, in the case of Tm-compounds, the contribution of divalent
and trivalent components should be described individually in resonant photoemission.

In the case of 3d-4f absorption, every possible decay channel to 3d-core hole causes the
excitation of 3ds; (only at 3dss edge), 4f, 4d, 4s, 4p, 55, Sp or some satellite electrons to

continuum state (photoemission) [4.17,4.19]. The resonant effect of the core level can be
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described by the same way as the 4d-4f resonance. Here, the decay of 3d core hole is Coster-
Kronig type and is occurred after the 3d-4f absorption around hv=1450-1520¢V. The main
processes are written in the following way (here, other decay channels except for 4f and 4d are

intentionally omitted):

Initial state Intermediate state Final state
3d"%4d"°4f" +hvy —  3d%4d"4M - 3d"4d"Y e L (AD)
3d"4d’4f" +e-  .......(B1)
And, the direct photoemission is
3d'%4d%4f +hv —  3d"%4d"% 1o ........ (A2)
3d"%4d4f" +e ...........(B2)
So, the process (Al) and (A2) show resonance enhancement in 4f photoemission when the
interference is occurred between them. Similarly, process (B1) and (B2) are responsible for the
resonance effect in 4d photoemission.

In Fig. 4.17, the TY spectra for TmS (a) and TmSe (b) are shown. The solid lines are the
calculated spectra for Tm®* and Tm®. In order to measure the Tm4d resonant photoemission
spectra, the different photon energies are selected from the TY spectrum. The TY (for TmS)
spectrum shows four peaks at photon energies 1460.5, 1462.5, 1465 and 1508¢V, which are
identified with the transition to the final states *He, “Gs, 'Hs and *Hs, respectively. The
calculated spectrum in the figure also shows the same structure as experimental one. The
photon energies mentioned above correspond to the on-resonant conditions for trivalent Tm.
The position at hv=1456¢V is considered as the off-resonant (pre-threshold) one.

In fact, TmTe should be the best choice to study the resonant effect of divalent component.
Unfortunately, the clean TmTe surface could not be achieved during this experiment. Instead,
the TmSe can be used for this purpose because TmSe also shows divalent characteristics. In
Fig 4.17(b), the TY spectrum of TmSe represents the intermediate valent properties. The
resonant condition of divalent part from this TY spectrum will be used to study the divalent
Tmdd photoemission. The dominant features of the TY spectra in TmSe are similar to that of
TmS in Fig. 4.17(a), i.e., trivalent peaks at the photon energy of 1460.5, 1462.5, 1465 and
1508eV. In addition, there exits obviously a shoulder at the photon energy of 1459.6eV that
belongs to the divalent component as shown in the calculated curve with single peak. This peak

describes the transition to the final state “Ds;. The presence of divalent shoulder is very clear
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in the inset where both TmS (solid circle) and TmSe (open circle) spectra are shown. It is clear
from this expanded view that only TmSe spectrum indicates the shoulder. This is the condition
for the on-resonant photoemission spectrum of divalent 44 photoemission. The peak position
and the structure of the both trivalent and divalent TY spectra are comparable with the

previous experimental results for TmAl, [4.20,4.33] and calculated result for Tm** [4.32].
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Figure 4.17. 3d-4f TY spectra for TmS (a) and TmSe (b) with calculation (solid lines). The
final states of the transitions are jHﬁ,. 3(}'5, 'Hg and 3H5 with photon energy position 1460.5,
1462.5, 1465 and 1508eV, respectively are labeled. In (b), the spectrum for TmSe also shows
the same structure as TmS, but there is an extra shoulder at 1459.6eV for transition to 1D5,-2

state. The existence of this shoulder is clearly observed in inset where the comparison is shown

very closely.

4.5.111. Resonant effect of Tmdd for Tm’" ion
4.5.111a. Result in EDC
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As mentioned earlier, TmS is known to be almos! trivalent compound. In order to study the
4d core level photoemission spectra for trivalent ion, the results of TmS will be shown in this
section. Figures 4.18(a-d) show the on- and off- resonant 4d core level photoemission results
for TmS along with the XPS spectrum (a) excited by MgKa radiation. The spectra show almost
trivalent nature, but with small amount of the divalent component (buried). The backgrounds
are subtracted by Shirley’s method for all photoemission spectra. The excitation energies

indicated by alphabet (A-D) are selected from the TY spectrum shown in Fig.4.17 (e). Three of
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Figure 4.18. (a)-(d) Tm4d photoemision spectra of TmS. (a) The off-resonant spectrum
along with the XPS spectrum excited by MgKa radiation. (b)-(d) The on-resonant spectra. All
solid curves represent the calculated for each resonance condition of the trivalent Tm ion. (¢)

In TY spectrum, the on- and off-resonant conditions are labeled by A and B-D, respectively.

these excitation energies (B-D) represent the on-resonant conditions of trivalent Tm ion,
namely correspond to 3Hy, *Gs, and 'Hs intermediate states. It is noticed that the 4d spectra are
enhanced very much (about 10 times of off-resonant one) under the 3d-4f resonant condition.

The resonance effect of Tmdd spectra in Figs. 4.18(b-d) is explained by considering the
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interference between the direct 4d photoemission and the 4d excitation to continuum state as
already described in Sec. 4.5.11. The similar phenomenon (but different number of 4f electrons)
has been reported for Eu [4.30]. Instead of single 4d peak in Ref.4.30, Tm4d photoemission in
the present experiment shows several multiplet peaks in both off- and on-resonant spectra. The
every possible final state in the 44 multiplet for Tm™ ion was shown by line spectra. The
measured 4d spectrum was considered as the convoluted form of these line spectra by lifetime
broadening and the experimental resolution. The off-resonant spectrum excited by MgKa
radiation, which is already explained in the section (4.5.I) in Fig.4.15, is also shown for
comparing with off resonant spectrum at hv=1456eV.

In order to describe the resonance effect of the 44 multiplet peaks, the preferential decay
channels of individual excited state have to be considered. Some of the final states are
considered to take part strongly in decay excitation process and show relatively stronger
resonant enhancement. For example in Fig. 4.18 (b), the spectrum at hv=1460.5¢V shows two
dominant peaks with binding energies of ~180.5¢V and ~185.5eV. Calculation also shows
almost the same feature. At the second and third resonance conditions (at hv=1462.5 and
1465eV, respectively), the 4d higher binding energy parts are more enhanced than lower
binding energy parts. This distinction of resonant effect in 44 multiplet peaks depends on the
strength of relevant Auger decay of individual excited state,

At the same time, the shape of both on- and off-resonant spectra is affected by the lifetime of
4d core hole. The explanation for lifetime broadening given for off-resonant Tmdd XPS in
section 4.5.1 is also applicable for resonant photoemission spectra. The accordance between
the experiment and the calculation seems fairly good. But some differences between the
observed results and calculations still exist for on-resonant condition. For example, in Figs.
4.18(b) and (c), the peak at the binding energy of ~2()0eV in the calculated spectra is not so
intense as it is in experimental ones. In case of resonant photoemission, it can be assumed that
the sCK transition rates may be dependent on the resonance-induced 44 states. Therefore, the
lincarity between the spectral broadening and the binding energy does not hold exactly for all
4d states. The above argument may be the probable explanation why some peaks in calculation

are not exactly observed in the experimental curve.

4.5.111b. Result in CIS
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The concept of the preferential decay channel at 3d-4f resonance can be explained clearly by
the CIS result. The CIS spectra for several Tmdd binding energy states are shown together with
the results of CIS for 4f and 3d-4f TY spectrum in Fig. 4.19. The features of CIS for both the
44 and 4f levels are nearly similar to the TY spectrum. Though the CIS spectra do not include
many data points, but it is enough to make some discussion. For 4f (BE=12.5eV) CIS, the peak
at hv=1462.5eV (3’65} is the most prominent. The peak at hv=1460.5¢V {EH.&} i$ not so strong.
The intensity ratio of peak at hv=1462.5¢V (3(}'5} to peak at hv=1460.5eV {3H5} is determined

TY(3d-4f) TmS

—es—BE12eV
—o— BE10eV

CIS
Tm4f (Tm’)

CIS Intensity (arb. units)

—=—BEI85.5¢V  H,
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Figure 4.19. Tm 4d CIS spectra for TmS at 3d-4f resonance. In order to make comparison,
Tmdf CIS (middle) and 3d-4f TY (top) are also shown. Each CIS spectrum is obtained by

plotting the normalized intensity of the selected binding energy position in the photoemission

spectra in Fig. 4.18.
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to be 4.17+0.19. Now, turning to 44 CIS, the peak at hv=1462.5eV (*Gs) is still prominent. But
the *Hy final state peak is comparatively stronger than that of 4f CIS. In 4d CIS (bottom), the
spectra are shown for three binding energy positions, 180, 185.5 and 203.5¢V, respectively. All
of three spectra show the trivalent characteristics that are confirmed by the CIS results. In 4d
case, the peak ratio at hv=1462.5¢V (3(?5) to hv=1460.5eV (EHE} is 1.31+0.04 (for BE180eV),
1.57+0.01 (for BE185.5¢V) and 1.31£0.04 (for BE203.5eV). These values are smaller than that
of 4f CIS. This means that the peak at hv=1460.5eV ("Hy) is relatively strong for 44 and the
3d-4f excitation states at hv=1460.5eV decays preferentially to 4d photoemission channel as
reported for TmAl; [4.20]. The evidence of preferential decay channel was also found in the
calculation of TY spectrum. In the calculation of TY, 4d decay channel should be considered

together with that of 4f. Otherwise, the shape of the T'Y can not be reproduced.

4.5.IV. Resonant effect of Tmdd for Tm>" ion
4.5.IV.a. Result in EDC

In order to study the resonant effect for divalent components (Tm®) separately,
photoemission spectra were taken for TmSe, the typical intermediate valent compound. Figures
4.20 (a) and (b) show the 4d resonant XPS results for TmSe around the 3d-excitation region.
In Fig. (¢), the TY spectrum of TmSe is shown. Position “1” is the off-resonant condition and
position “2” is the on-resonant condition. The position “2”, overlapping with the trivalent
resonant condition *Hy actually represents divalent characteristics as already shown in Fig. 4.17
and discussed in the Sec. 4.5.11. The 4d photoemission spectra taken at this photon energy is
shown in Fig.4.20 (b). Since the resonance trivalent peak (*Hs at hv=1460.5¢V) is very close to
divalent one, it is rather difficult to separate the divalent parts from trivalent ones completely.
From the comparison with the calculated spectrum, it can be said that the spectrum in Fig.20
(b) shows almost divalent nature with small amount of the trivalent one. The spectral shape of
the buried trivalent part in this condition may be similar to that in Fig.4.18 (b).

It is concluded that the intensity of 4d core level originating from the divalent Tm ion is
also enhanced due to the resonance effect. It is urged from the comparison of the experimental

results with the calculation that the lifetime broadening depending on the multiplet structure is
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also affected by the resonant condition as same as in the case of trivalent 4d spectra. Since the

off-resonant spectrum in Fig.20 (a) shows the mixed-valent nature, the divalent components

arc not separated in the result, That's why, the calculated results for both divalent and trivalent

parts are shown for reference.
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Figure 4.20. (a) and (b) Tm 4d core level photoemission spectra for off- and on- resonant

conditions, respectively. The 3d-4f absorption spectra, from which the excitation conditions are

selected, is shown in (c). The doted curves represent the calculation for Tm?*

ion in each

excitation condition. Because TmSe is mixed valence, the calculated spectrum of Tm™* ion

(solid line) is shown in the off-resonant spectrum.

4.5.IVb. Result in CIS

The CIS spectra were also taken for divalent Tmdd. The results are shown in Fig. 4.21

together with CIS results of divalent Tmdf. The selected binding energy is 179¢V in 4d XPS.
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In fact, the binding energy position 179eV does not represent pure divalent state. Some

trivalent component is mixed around this binding energy position that was already discussed in

Sec. 4.5.1 and in Fig. 4.15 for off-resonant 4d XPS. The existence of the mixed valent state at

this or around this binding energy becomes clearer in the CIS spectrum. The CIS spectra for

BE179¢V is considered to be superimposed of two valence components, the strong divalent

and weak trivalent. In this 4d case, as it is already shown, the decay of jHﬁ state is a

preferential one to 4d (Tm™*) level. Because of the relatively intense “Hy peak, the CIS for 4d

shows a broad maximum around hv=1460eV. Two resonance peaks are therefore present here.

One is *Ds; belonging to divalent part and another is *H, for trivalent part. This is not the case

for the CIS of BE 1.5eV, only single peak belonging to the divalent component is observed.

e
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Figure 4.21. CIS results for Tmad (BE179¢V) along with CIS for 4f (BEL.5) and 3d-4f TY

spectrum. The position of the excitation condition *Ds; of Tm?* peak in the TY spectrum is

marked by arrow.
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4.6. Tm4p core level photoemission

In the present section, the results of Tmdp photoemission measured by using MgKa radiation
are discussed. Because of the same principal number of 4p and valence 4f, the electrostatic
interaction between them is also strong as 4d-4f interaction. In case of 4d XPS as described in
the previous section, the large exchange interaction rather than the spin-orbit coupling
dominates the overall multiplet feature. As a result, the 4d photoemission spectra usually do
not show the separated 4ds;; and 4ds; peaks. On the other hand, in case Tm5p photoemission,
the spin-orbit peaks are nearly distinguished even with a smaller value of spin-orbit splitting.
In 4p XPS, besides the 4p-4f exchange interaction, the effect of CI (configuration interaction)
in the final states involving the nearest sub-shell (here 44) also modifies the 4p spectral shape.
As a result, the physical identity of atomic 4pss and 4p;; levels is changed into complex
structures. Though the values of spin-orbit splitting of 4p level are larger than those of 44 level,
the strength of CI in the final state is dominant to change the feature of 4p photoemission

spectrum.

4.6.1 Tmdp XPS results
4.6.1a. TmS, mostly trivalent

The experimental and calculated spectra of Tm4p photoemission for TmS are shown in
Figs. 4.22(a-¢). Fig. 4.22(a) shows two spectra, one is for oxidized sample and another is for
clean sample measured by using MgKa radiation (hv=1253.6eV). The backgrounds of the
experimental spectra are subtracted by Shirley’s method. Although TmS is mostly trivalent
compound, a small amount of divalent component is overlapped with the trivalent features. The
position of the divalent peaks at lower binding energy is marked by arrow. Details about
overlapping will be discussed latter in the spectra for TmSe, namely the intermediate valent
compound. One of the divalent components of “dpss” peak region is located at the binding
energy of ~327eV which is clearly observed in Fig.4.25 (a) for the mostly divalent compound
TmTe (discussed latter). The valence band photoemission spectra studied by G. Kaindl et al.
[4.5] shows that the emission of 4" (Tm“} originates mainly from the top most surface layer.
Even in the bulk sensitive experiment by T. Kinoshita et al. [4.34], the valence band
photoemission shows some divalent components. The present experiment is also considered to

be rather bulk sensitive, but it was not possible to separate the surface and bulk contributions.
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The divalent parts are mixed with trivalent components especially in the higher binding energy

sides. In the experimental spectrum, the satellite originating from excitation by the secondary

Tmdp XPS by MgKo[hv=1253.6eV] g TmS

Oxidized sample
e e

Tm’" (cal.) without CI

i+ ¥ e
(C) Tm (cal.) with CI AF=
| | l | |§ —
d [ Al

Photoemission intensity (arb.units)

o~ N—— 10eV
L. | | ‘ ! i |]|.?I]
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410 400 350 380 370 360 350 340 330 320 310
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Figure 4.22. Experimental and calculated photoemission spectra for Tmdp core level of
TmS. (a) Spectra for oxidized sample (open circle) and for clean sample (solid circle). The
both spectra are measurcd by using MgKa radiation (hv=1253.6eV). (b) Spectrum (open
square) for nearly pure trivalent components obtained by subtracting the divalent and satellite
(due to MgKa secondary lines) parts (discussed in text). Solid curve represents the calculation
for Tm™* ion without considering the CI effect. (c-¢) Calculated spectra with CI. Vertical bars
are line spectra. For the best fitting with experiment, different values of the energy separations
between two configurations (4p°4d'*4f'* and 4p°4d°4f'*) are considered. The values are SeV in
(b), 10eV in (c) and 16.4eV in (d). In the calculation, the spectra are convoluted with 2.0eV
Lorentzian (HWHM) and 0.6eV Gaussian (HWHM).
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line (hv=1262.1eV) of MgKa is also present at 9.5eV lower than the main “4ps,” peak region.
In order to get the signal for the pure trivalent component, the divalent parts and the satellite
part are subtracted from the raw data (solid circle in Fig. 2.22(a)). For subtraction of divalent
part, the mean valence of TmS is assumed to be 2.88, which is estimated from Tm4f XPS
(discussion of mean valence is given later in Sec. 4.8) for this sample. In order to get divalent
part, the experimental spectrum for TmTe is considered here. The mean valence of TmTe is
estimated to be 2.05 from Tmdf XPS data where the contribution of trivalent is rather weak
(only 5%). The spectrum (open square) in (b) therefore represents almost trivalent nature in
Tmdp.

It is noticed in Fig. 4.22 (b) that the Tm4p spectrum spreads over 70eV and shows a number
of peaks that are present over the whole binding energy range. In the Tm atom, which is
considered to be a trivalent ionic state, the energy separation between two spin-orbit 4p peaks
(4ps; and 4pyp) is approximately 50eV. In the same figure, the calculated spectrum without
considering the effect of Cl is also shown. The difference between the experimental spectrum
and the calculated one (without CI) is apparent. The spectrum (in Fig. 4.22(b), without CI)
represents that kind of atomic characteristic of trivalent Tm ion where the spin-orbit peaks are
well distinguished. In case of experimental one, the spectrum does not show the same atomic
characteristics as calculated one (without CI). In the experimental one, the peak at the binding
energy of ~334eV is comparatively sharp and prominent but with shoulder. At the higher
binding energy ranges, i.e.“4p,,” peak region, the experimental spectrum does not show any
sharp structure. The shape in this area can be considered as “structure less” though some weak
multiplet peaks are still appeared. The “4p,” peak region seems to be fotally smeared out over
a large energy range. The features of the experimental spectrum are described by considering
the configuration interaction

In Figs. 4.22 (c), (d) and (e), the calculated 4p XPS spectra including CI between these two
configurations, 4p°4d 19462 and 4p°4d"4f", are shown. The calculated spectra in Figs 4.22(c-e)
are convoluted by 2.0eV Lorentzian and 0.6eV Gaussian width. The vertical lines in the
calculated spectra represent the position and the relative strength of the 4p-multiplet peaks. The
energy separation (AE) between the two configurations is approximately 16.4eV that was
calculated from original HF calculation for atomic case. However, this value can not directly
used in the solid state case. That's why the spectrum in Fig.4.22 (e) does not reflects entirely

the experimental one. There may exist another intermediate value of energy separation that can
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adjust more accurately with the experiment. But it is rather difficult to find the exact value. For
the best fitting with experimental result, the energy separations are also taken to be 5¢V and
10eV. In the calculation, the exact binding energies for 4p levels are not calculated. The
experimental binding energy positions are used as references to compare with the calculated
one. It is clearly shown that the calculated spectra with CI fairly reflect the experimental one.
This strongly supports the ultimate effect of CI in the 4p XPS spectrum. Besides the smeared
spectrum in the higher binding energy side, there are several multiplet peaks in the whole range
of dp spectrum. The comparison with calculation shows good agreement, but not exactly
reproducible. Especially at the higher binding energy side, the calculated spectra show some
clear multiplet peaks, but not in the experimental spectrum. The reason of this difference is not
clear.

The lifetime broadening effect including the CI is explained as the following. In the case of
Tm®, the two configurations of 4p°4d'°4f'? and 4p°4d®4f' are considered in calculation to
reproduce the experimental spectra. There is a strong coupling between these two
configurations through Coulomb interaction. The intermediate state of this interaction is
described by the following way. A 4d electron undergoes into a transition to a 4p-hole (4p-hole
propagation to 4d hole) and another 4d electron is recoiled to certain excited state, in this case
to the 4f bound state. So, a 4d” (underline means hole) state is formed. In the previous section,
the lifetime broadening effect in Tmdd photoemission spectra was described by introducing the
4d-4f4f sCK decay process. Generally, two-4d-hole state has shorter lifetime than that of the
one 4d- or one 4p-hole state. Here, we have to consider the binding energy position of any
multiplet peak in 4p spectrum whether it is below or above the 4d* threshold energy. The
4p—»4d transition lacks sufficient energy to conserve in the intermediate state. In other words,
the 4p levels are below the threshold energy. As can be seen from the figure, “4psp” peak
region are pushed to the lower binding energy when CI is switched on, while “4p," peak
region are spread over wide energy region, because the 4d°4f" configuration overlaps in this
region. This is because the 4p°4f** states are split into roughly two parts: 4p,, and 4psp, while
the 4d® states are not but spread a several 10eV. The average position of 4p® configuration is
lower than 4d®. Therefore, “4p,»” peak region is overlapped with 4d® states. By the HF
calculation, it was found that both of the “dps,” and “4ps5,” regions are below the threshold for

Tm** and Tm**+ ions.
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4.6.Ib. TmTe, mostly divalent:

In order to study the divalent characteristic, Tm4p photoemission spectra are measured for
TmTe. In Fig. 4.23(a), the Tmdp XPS measured by using MgKo radiation is shown. The
spectra from the oxidized and the clean samples are shown altogether. In the oxidized sample,
the trivalent components are dominant because there may be present a large amount of Tm,0s.

By comparing the spectra of the oxidized sample and the spectrum for TmS in Fig. 4.22(b), the

(@ Tmdp XPS by MgKofhv=1253.66V] 4
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Figure 4.23. Same as TmS in Fig.4.22 but for TmTe, the mostly divalent compound.

measured spectrum for TmTe is considered to be mostly divalent, but with a small amount of

trivalent component (indicated by arrows). This trivalent structure is not, of course, originating
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from the oxygen induced trivalent component, but from the trivalent part from TmTe itself.
The dominant peak at the binding energy of ~327.5eV represents the divalent component that
is ~6.5e¢V lower than the trivalent peak for TmS in Fig. 4.22(a). It is noticed that the binding
energy of the divalent peak around “4ps.” region for TmTe is in 0.5eV higher than that of
divalent peak in TmS in Fig. 4.22(a) and TmSe in Fig. 4.24(a) because of the semiconducting
property of TmTe.

As described for TmS, the Tmdp spectrum for TmTe is interpreted by considering the CI
effect. The two configurations are different as the number of 4f electron is changed for divalent
Tm. The two configurations are now 4p°4d'*4f" and 4pﬁ4{f3 4. In the intermediate state of the
CI, the 4f shell becomes fully filled which has the same configuration of Yb metal.

In Fig. 2.23 (b), the spectrum (open square) for pure divalent component in TmTe is shown
after subtracting the experimental trivalent component from the spectrum in Fig. 2.22 (b). In
order to subtract the trivalent component, the mean valence was assumed to be 2.05 for TmTe.
The calculated spectrum (solid line) without CI is also shown in the same figure. Similar to
TmS case, this calculated spectrum without CI does not represent the experimental curve.
Therefore, three calculated spectra are shown in Figs. 4.23(c-¢) for different values of energy
separation 5, 10 and 16.4eV along with the line spectra. From the comparison with the
calculation, it is therefore necessary to consider the CI effect in calculation to reproduce the
spectrum. In case of TmTe, the “4p,,” region was found to be relatively sharper than that of
TmS.

4.6.Ic. TmSe, typical intermediate:

The 4p XPS results for intermediate-valent compound TmSe are also discussed. Figure
4.24(a) shows the 4p XPS result for TmSe of the both oxidized sample and clean sample. The
shoulder at binding energy of ~327eV represents the divalent component. In the spectrum for
oxidized sample, almost no divalent component is present. The clean sample spectrum is
considered to be a superposition of the trivalent and divalent parts with ratio Tm™: Tm* =
1:0.51. This ratio was estimated from the peak intensity (height) of the divalent (binding
energy ~327eV) and trivalent (binding energy ~334eV) of “4p;” region. The valence of Tm

in TmSe was found to be 2.68, which was calculated from this ratio. The comparison of this
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value with others values derived from the valence band photoemission, 4d-4f and 3d-4f XAS,

and susceptibility measurement will be given in Sec.4.8.

(a) Tmép XPS by MgKafhv=1253.6eV] TmSe

Oxidized sample
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Figure 4.24. Experimental photoemission spectra for Tmdp core level of TmSe, the typical
intermediate valent compound. In (a), the oxidized sample shows only the trivalent
characteristics as TmS in Fig. 4.22(b). The spectrum (open circle) for clean sample is
considered to be the superposition of the divalent and trivalent parts. The ratio, Tm™: Tm™ is
estimated to bel: 0.51, (b) Two spectra for TmS (solid square) and TmTe (open square) are

also shown to make the intermediate valent property of TmSe clearer.

In order 1o make the superposition effect clearer, three different spectra are also shown in (b).

In the lower panel of Fig. 4.24(b), the spectrum with open square represents Tm>* (from TmS,
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shown in Fig. 4.22(b)) and the spectrum with solid circle represents Tm** (from TmTe, shown
in Fig. 4.23(b)). In the same figure, the spectrum (solid line) in the upper panel is the sum of
those two spectra (for Tm™* and Tm*") with Tm’*: Tm**= 1:0.51. The spectrum derived from
the experimental Tm’*and Tm** contributions shows nearly same feature as the spectrum for
TmSe given in Fig. 4.24(a). The result indicates that the core level photoemission is also
important to observe the mixed-valent property. Because the difference between the lowest
energy states of Tm* and Tm>* is about 7eV in 4p XPS, the peaks at lower binding energy
belonging to both components can be distinguished clearly. But in the higher binding energy

region, the different muliplet peaks are overlapped and can not be distinguished so easily.
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4.7. Tm3d core level photoemission:

Finally, the feature of Tm3d photoemission spectra will be described by comparing with
calculation. The photoemission of the deeper 3d shell in the heavy rare earth elements is not
usually accessible where the photon energy source is conventional AlKo (hv=1486.6eV)
radiation. The soft x-ray synchrotron radiation beamline is thus a suitable source to measure
deeper 3d level. The comparison with calculation will also be given.

The Tm3d XPS results for TmS are shown in Fig.4.25. The spectrum (solid circle) mainly

Tm3d PES TmS
L hv=1775.5¢V "3d,,

Plasmon / ’t
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Figure 4.25. Tm3d photoemission result for TmS (solid circle). Solid lines show the

calculation for Tm>* and Tm®* ions. The excitation energy was hv=1775.5eV. The
experimental spectrum shows the mostly trivalent nature. The small amount of Tm™
component is present as shown by arrow in the lower binding energy side. The calculated
spectrum is convoluted with 0.7eV Lorentzian (HWHM) and 0.8¢V Gaussian (HWHM).

shows the trivalent characteristics whereas a small amount of divalent component is also

present in this spectrum, which is shown by arrow at lower binding energy side. Unfortunately,
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it was not possible to measure the Tm3d XPS for clean TmTe and TmSe for studying the
divalent characteristics. However, the binding energy position of divalent “Tm3ds” peak
region was successfully figured out from the spectrum for TmSe, though the sample was not
completely oxygen-free. Background subtraction of the experimental curve was done by
Shirley’s method. The excitation photon energy was 1775.5eV. The calculation is also shown
in the same figure for comparison, where the spectrum is convoluted with 0.7eV Lorentzian
and 0.8eV Gaussian.

The energy separation of the two dominant peaks is about 48eV. The states around “3dsp"
and “3dsn” peak regions are significantly broadened. As compared with the calculation, the
origin of this broadening is the presence of the multiplet structures. This shows that the
correlation between 3d core hole and the 4f shell is quite strong. However, the situation seems
to be different from those of 4d and 4p. The Tm3d photoemission spectra are not affected so
much by lifetime broadening effect. The reason is that contribution from the decay channel
involving unfilled 4f shell, which bear the term dependent broadening, are relatively small. The
calculation for Tm** is shown in the lower part. It is also noticed that multiplet peaks affect the
divalent one. The spectral feature for TmS is nearly same as the previous result for metallic Tm

[4.35].

4.8. Discussion of the mean valence

From the various photoemission spectra, the mean valences of three compounds are derived
[4.36]. The mean valences are estimated from the intensity ratio of the divalent and trivalent part
in each material. The evaluation method is described as follows. After subtracting the background
for the experimental curve, the components of the divalent and the trivalent parts are separated

and integrated respectively. Then the mean valence is calculated according to the following

13 (1%)

Vet R ) @)

formula:

where I** and I** are the integrated intensities of the Tm™ and Tm** components, respectively.
But the integrated intensity was not considered for core level photoemission where the
multiplet peaks corresponding to Tm®* and Tm?* components are overlapped. In such cases, the

peak intensity (height) was considered to get I** and I**. The results are tabulated in the
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following table. In the table, the kinetic energy and the escape depth are shown to indicate the

surface or bulk sensitivity of the specific measurement.

Table 4.1

Mean valences of TmS, TmSe and TmTe evaluated from the 4d-4f absorption (4d-4f XAS), 3d-
4f absorption (3d-4f XAS), 4f UPS (ultraviolet photoemission spectroscopy, at hv=140eV), 4f
XPS (at hv=1253.6eV), 4p and 5p XPS (at hv=1253.6eV) and magnetic susceptibility ()

measurement.

Compoundd 4d XAS| 3d XAS| 4fUPS| 4fXPS| 4pXPS| SpXPS|
TmS 2.91 281 | 293 | 288 - 2.80 | 2.799
TmSe 2.79 2.63 2.68 2.69 2.68 268 | 2.530
TmTe 2.15 - 2.35 2.05 : " 2.017

Kinetic T
energy 6 6 130 1250 900 1225
Ex (eV)

Escape depth <25 <25 5-7 14-18 9-12 14-18
~MA)

(-): Not estimated

The contributions of bulk and surface component in the tabulated values are not separated in
the present experiment. Instead, it can be said that except for 4f UPS (at hv=140eV), all
measurements are rather bulk sensitive. So the values obtained from 4f UPS are biased to
surface one and values from other sources are biased to bulk one. Results for TmS show that
several bulk sensitive experiments (except for 4d XAS) have lower value than that of surface
sensitive one (4f UPS). This indicates that surface is more trivalent than the bulk one. In other
word, the degree of mixed valence is higher in bulk than the surface. In Ref. 4.5, it was
reported that the divalent part in TmS is located at the top most surface layer. This means the
valence from the surface sensitive experiment should show lower value than those of bulk
sensitive one. According to the present result, it can be said that the surface of TmS is not
divalent indeed. In Ref. 4.5, the presence of divalent surface was verified by exposing oxygen

on the surface. The amount of divalent was then reduced as the oxygen reacted with divalent
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Tm by forming Tm0,S (according to Ref.4.5) in the surface top most layer [4.5]. But, they did
not indicate the thickness of the oxide layer. There are some possibilities to grow several oxide
layers because the Tm compounds are very reactive to oxygen. It is therefore difficult to
conclude that the surface layer is only divalent.

Now for TmSe, the obtained results from all experiments (except 4d XAS) are nearly the
same. This indicates that the sample is homogeneously intermediate valent. But the degree of
the mixed valence may be slightly different for the bulk and surface because of the larger value
of valence for 4d XAS. But, the surface in TmSe is not only divalent as predicted in Ref, 4.5.
In case of TmTe, only four values are evaluted. During the experiment, 3d XAS for TmTe was
not able to measure. On the other hand, the exact intensity of trivalent component in core level
for TmTe and TmS can not be extracted due to the overlapping nature. Among the four values,
all the bulk sensitive experiments show lower values of valence whereas the surface sensitive
one shows higher value. This suggests that the trivalent component is coming from the surface
of TmTe. At the same time, the trivalent peak positions in 4f UPS, 4f XPS and 5p XPS are
shifted to higher binding energy (described in sec. 4.3.1 and 4.4.Ib) than those of TmSe and
TmS. This shift is about 1eV. For 4f UPS, this is not only due to the semiconducting nature
(energy gap 0.43¢V) of TmTe but also the surface shift of the trivalent component. Same kind
of binding energy shift of trivalent components to higher value was found in Tm (0001) and
Yb(111) [4.37].

4.9, Conclusion

In this chapter, the results of photoemission spectra were discussed in different core levels
for mixed valent Tm-monochalcogenides. One of the common purposes of the present core
level photoemission was to study the effect of the core hole-4f exchange interaction on the
spectral shape. Besides this exchange interaction, the configuration interaction involving the 4f
shells and the subsequent spectral broadening due to the core hole decay, valence fluctuation
and its effect on the spectra shape were also discussed. Four different core levels, namely, the
shallow core level Tm5p, the deep core levels 4d and 4p, and the deeper core levels 3d were
studied. Because of the same principal quantum number of 4d, 4p and 4f electrons, the
interaction among them is relatively strong. The spectral shapes for 4d and 4p levels were

changed very much due to the electron-interaction. In case of other core levels, 5p and 3d, the
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interaction with 4f shells was not strong enough to change the spectral features so much.
Though different strengths of hole-4f interaction were found, the evidence of the presence of
the multiplet structures was observed in all core level photoemission spectra. In general, higher
resolution photoemission is needed to observe many multiplet peaks. In the present
experiment, the multiplet peaks in some core level spectra (5p) were not distinguished because
of the energy resolution. But the broadened spectra feature in those cases strongly indicates the
presence of multiplet structures.

Because of the mixed-valence, the different valent components are overlapped with each
other with in a specific energy range for 4d core levels spectra and also in 5p with a small
amount of overlapping. In order to study the different valence components, the resonant
photoemission technique was applied. The valence components were thus successfully
distinguished and separated by using resonance effect.

Al first, the photoemission results for the shallow core level 5p have been shown. The results
of 5p level are quite interesting because spectrum shows the mixed valent nature of the Tm
monochalcogenides. The “Sps2” and “5p2” peak regions contains several multiplet peaks,
which are shown by line spectra in the calculation. It is also estimated the energy separation of
the spin-orbit splitting by considering the intense multiplet peaks around “5ps»” and “3p1n”.
The values, estimated here, are more reasonable than those reported previously. The resonant
photoemission of 5p levels around the 4d-4f excitation regions was also carried out. The
resonant enhancement was found for the both divalent and trivalent components. The resonant
behavior of the individual state is different depending on the excitation energy. This was
shown by the experimental and calculated CIS measurement. Though 5p spectrum shows broad
structure, but it is not so complex as 4d or 4p level.

In the Tmdd photoemission, the spectra for all three compounds show the complex
structures. The spectral shapes were explained by considering the multiplet structures and the
corresponding lifetime broadening effect. The resonant photoemission of 4d core level for TmS
and TmSe were also carried out around the 3d-4f excitation regions. It was found that the final
state multiplets of 4d-core level belonging to both the trivalent and divalent components
strongly resonate at the 3d-4f absorption edges. The resonant behavior of 4d-multiplet peaks is
described as the involvement of the preferential decay channel of individual excited state after
the 3d-4f resonant absorption. The spectral features of 4d multiplet in the final state vary

according to the excitation conditions and the different Tm-valences. At the same time, the
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lifetime broadening phenomenon is also introduced to describe this variation of spectral shape.
Both the off- and on-resonant photoemission spectra show the lifetime broadening effect
depending on the multiplet structures. It was specified that the lifetime broadening of the
different 4d states strongly alters with the binding energy by the help of resonant effect.
Calculations, in which such decay processes are considered, contain the same arguments as the
present experiments.

The photoemission results of another deep core level 4p for all three Tm-compounds have
been also discussed in detail. Because of the strong correlation between the 4p hole and the 4f-
shell, several multiplet peaks are appeared in the 4p XPS. The lifetime broadening effect in the
4p XPS was also discussed by introducing configuration interaction. It was shown that the
broadening effect is not constant over the whole 4p binding energy range. The “4p,,” region
was found to be more smeared out than the “4p3,”. Although, it can not exclude the possibility
that the “d4p,,2” regions are above the ionization threshold as the case of Xe [4.38], we have
assumed both of the “4p,2” and “dp,,” regions are below the threshold according to the HF
calculation. In this situation, the disappearance of the“4p,,"” peak is due to the spread of
muliplet peaks and to the large decay ratio of two 4d hole states which overlaps and strongly
mixes with the“dp,,” peak. The calculated spectra, where CI effect is included, also show
nearly same kind of spectral features as the experimental one.

In the Tm3d photoemission, a good number of multiplet peaks originating from the 3d-4f
coupling were found. The “3dsp” and “3ds;” peak regions are locally broadened and are
separated by spin-orbit splitting. The experimental spectrum accords well with the calculation.

Finally, estimated valences in each material were given for several electron spectroscopic
measurements. The probable origin of the deviation of mean valences in different measurement
was also discussed by considering the surface and bulk sensitivity of each measurement. The
result shows the surface of TmS is not exactly the divalent as predicted earlier. On the other
hand, result indicates that surface of TmTe has trivalent characteristics and TmSe is

homogeneously intermediate valent.
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Chapter 5

Study of magnetic thin films (Ni/Co system and
oxidized Co-film)

Related publication:

1. Title: “Study of Magnetic Linear Dichroism (MLD) for different thickness of Ni-
film grown on ferromagnetic Co(001) in element specific photoemission”
Authors: Krishna G. Nath, Y. Haruyama, S. Kimura, Y. Ufuktepe, and T. Kinoshita.
Journal: J. Electron Spectrosc. Relat. Phenom., (in print).
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5.1.a. Magnetic anisotropy in thin film

Ferromagnetic systems, both thin film and bulk, show intrinsic ‘easy’ and *hard’ directions
of magnetization. This magnetic anisotropy is one of the important properties of the magnetic
materials. The magnetic anisotropy is strongly connected to the crystalline symmetry and the
shape of the samples. The orientational dependent energy of the magnetization is described by

the following relation [5.1]:
E = -K cos’8 (5.1)

where 8 is the angle between the magnetization axis and the surface normal, K is the
anisotropy constant that determines the strength of the anisotropy. According to the equation
(5.1), for positive K, E takes minimum value when 6=0° or 180° In this condition, the
preferred direction of the magnetization is the perpendicular to the surface (along surface
normal). The anisotropy energy K (defined per unit volume) is often called as the effective
anisotropy K.y, which includes every possible contribution from different sources in the
magnetic system.

In the thin film and multilayer systems, the effective anisotropy Ky is usually obtained
from a linear relationship of the volume contributions (Kv, per unit volume) and the surface or
interface contribution (Ks, per unit area). The surface or interface anisotropy was initially
pointed out by Néel [5.2]. This anisotropy originates from the lowered symmetry at the surface
or interface. For a thin film system with thickness ¢, the effective magnetic anisotropy energy is

expressed by the following way [5.3]:
K = Kcﬂ' = Ky + 2Kt [52)

Here K, (J m™) is the difference between anisotropy of the surface or interface atoms and that
of inner bulk atoms. In order to evaluate the K., i.e., to know the easy axis of magnetization of
the magnetic system, the values of K, and K, must be determined. The both contributions can
be determined by plotting Ko .1 (mJ/m?) as a function of . Figure 5.1 shows an example of
such a result for Co/Pd multilayer [5.4]. As shown in the figure, the negative value of K, favors

the in plane magnetization and the positive value of K, favors the perpendicular magnetization.
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The result in Fig. 5.1 supports the usual behavior of the magnetic anisotropy and does follow

the Eq. (5.1). 15
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10} [ Nx(tACo+11APq) |
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Figure 5.1. Magnetic anisotropy per unit area [K.q.f (mJ/m?)] as a function of Co thickness ¢

of Co/Pd multilayer system. Data are taken from Ref. 5.4.

The origins of the magnetic anisotropy in the magnetic systems are the magnetic dipolar
anisotropy or shape anisotropy and the magnetocrystalline anisotropy. The dipolar anisotropy
of the system can be described via an anisotropic demagnetization field [5.1],

Hy=-NM (5.3)
Here M is the magnetization vector and N is the shape-dependent demagnetizing factor. The
demagnetization field originates from the free poles during the magnetization and is
proportional to the magnetic free-pole density. For a thin film system, N is zero except along
the perpendicular direction [5.4]. The anisotropy energy from the demagnetizing field can be

obtained from the magnetostatic energy Ey in the following way:

U
E,=- 21:? M.H ,dv, (5.4)
where up is the permeability of the vacuum. From Eq. (5.4), the following expression can be

obtained:

E, = Ezﬂ-,uqu cos’ 0 (5.5)
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Here, E; is the contribution of the anisotropy energy per unit volume, M; is the saturation
magnetizalion and 6 is angle belween magnetization direction and the surface normal.
According to the expression (5.5), this contribution favors the in plane magnetization rather
than a perpendicular one.

The origin of the magnetocrystalline anisotropy is the spin-orbit interaction. The electron-
spins, in a localized system, arc coupled to the orbits via the spin-orbit interaction and are
influenced by the crystal lattice. In any magnetic system, the energy from the total magnetic
moment (spin + orbital) therefore depends on the crystal symmetry. In any low dimensional
system, such as thin film system, this crystalline anisotropy yields a surface or interface
anisotropy different from the bulk one.

In the thin films or multilayer systems, the magnetocrystalline and shape anisotropies are
thus related to the determination of K, and K contributions in Eq. (5.2). As shown in Fig. 5.1,
therefore, the balance between the surface or interface and volume contributions determines
the easy axis of magnetization. The usuval behavior is that any thin film with very few atomic
layers should show the perpendicular magnetization because K is dominant. For example, Fe
thin film below 2.5 atomic layer of on Cu(001) shows perpendicular magnetization [5.5]. Some
other systems, such as Fe/Ag(001) [5.6] and Co/Au(111) [5.7] also show the perpendicular
magnetization when the thickness is very low. On the other hand, it has been reported that Ni
film on Cu(001) at lower thickness shows in plane magnetization [5.8-5.10]. In order to
explain this unusual behavior, another origin of the magnetic anisotropy, namely the
magnetoelastic anisotropy, is also introduced [5.10].

In addition to the shape and magnetocryalline anisotropy, magnetoelastic anisotropy also
contributes to the effective anisotropy (K.;). Magnetoelastic anisotropy originates from the
strain in the system. Strain may arise from the thermal expansion, nature of deposition process,
and the lattice mismatch between the adjacent layers. Among them, the lattice mismatch is
very important for thin film and multilayer systems. Depending on the order of lattice
mismatch, the growth condition of any thin film is classified into two categories, (a) coherent
growth with lower mismatch and constant strain (means uniform strain that does not depend on
the thickness) and (b) incoherent growth with misfit dislocation and thickness-dependent
strain. Thus, a critical thickness is obtained sometimes in any thin film system where the two

growth modes can be distinguished around that critical thickness. In the coherent growth mode,
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the anisotropy from the constant strain contributes to K. On the other hand, for the incoherent
mode, the anisotropy from the thickness-dependent strain contributes to K,

In case of the Ni/Cu(001) system, around 7ML (monolayer, equal to the interlayer distance d
= 1.70A, determined from nearest neighbor distance a, ~2.51A), Ni film shows transition of
magnetization from in-plane to perpendicular direction [5.7-5.9]. In Ref. 5.10, it was found
experimentally that the value of K, was negative (-77 peV/atom) and K, was positive (30
ueV/atom). The results from Ref.5.10 are shown in Fig.5.2. It was also found that Ni on
Cu(001) grows in a coherent mode up to 7ML [5.10]. In the coherent region, the negative K is
dominant. This negative and dominated K, together with large demagnetization field keeps the
magnetization (M) in the film plane. Above 7ML, K, is affected by the thickness-dependent
strain anisotropy. As a result, the influence of the negative K; decreases with increasing
thickness. In the higher thickness region, the magnetization thus shows perpendicular one
because of large positive K,. For Ni films on Cu, the presence of misfit dislocations and
incoherent growth mode above 7ML was verified by the STM (scanning tunneling microscope)

measurement [5.11].

2K 2 (kG)

Figure 5.2. FMR (ferromagnetic resonance) result of the effective anisotropy (uniaxial)
energy of Ni/Cu(001) as a function of Ni-thickness (in ML). The shaded region represents the
perpendicular magnetized state and white areas represent the in plane magnetized state. The
result shows the transition of magnetization from in-plane to perpendicular direction around
7ML. Data are taken from Ref. 5.10.
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5.2. Ni/Co system

5.2.1 Introduction

The photoemission experiments were carried out for Ni/Co system (o study magnetic
properties of this thin films system. Magnetic dichroism experiment was carried out for this
purpose. The specific purposes of the present dichroism study in photoemission are (a) to study
the Ni 3p-3d resonance effect on the dichroism signal for valence band satellite in case of Ni
thin film and (b) to find out the magnetic behaviors of Ni on ferromagnetic Co.

Dichroism experiments in photoemission for valance band satellite were previously reported
by Ueda and co-workers for bulk Ni(110) sample [5.12]. They applied MLDAD (magnetic
linear dichroism in angular distribution) and MCDAD (magnetic circular dichroism in angular
distribution) to get dichroism for valence band satellite at Ni 3p-3d excitation energy. In Ref.
5.12, MCDAD shows prominent dichroism signal for satellite region, but MLDAD shows very
week dichroism signal. No such kind of result has been reported so far for Ni thin film system.
It is thus interesting to study the dichroism of the satellite in case of thin film. At the same
time, it is also interesting to find out how the results from thin film differ from those of bulk
samples.

It is important to mention here why the performing of MLDAD and MCDAD was not
possible during this experiment in the UVSOR facility. The circularly polarized light from the
helical undulator has not been allotted to the common users so far. The linearly s-polarized
light, where the electric vector of the polarized light is on the horizontal plane (plane of the
storage ring), is only available source for doing such kind of dichroism experiment. By using
the hemispherical analyzer (installed in the ‘vertical’ direction) of the VG system and s-
polarized light, it is rather difficult to perform the MLDAD experiment. The MLD has been
chosen therefore to perform the present dichroism experiment because it is possible to follow
the MLD geometry (described in chapter 2 and latter in this chapter) by using the s-polarized
light and the ‘vertical’ analyzer. The results are also important to know the capability of the
MLD for studying the thin film magnetism.

In order to grow the epitaxial Ni film, Cu(001) substrate is preferable [5.13]. Here, we have
to keep in mind that Ni on Cu(001) shows a transition of magnetization from in-plan to
perpendicular direction at 7ML. According to the MLD geometry and by using s-polarized
light, it is possible to study only the in-plane magnetized Ni film below 7ML in the present

experimental set up. In the case of Ni film of less than 7ML on Cu(001), there are some
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possibilities to get Cu photoemission signal together with Ni one. Because of the same binding
energy position of Ni3d and Cu3d bands, photoemission signal from Cu3d bands may overlap
with the signal from Ni3d bands. Especially, the Ni 6eV satellite structures are overlapped with
the tail of the broad Cu3d emission. The situation creates some ambiguities to find out true
photoemission and dichroism signals for Ni 6eV-satellite peak as well as main peak. Instead, if
different substrate is used, for example Co, then it is possible to overcome the above
difficulties. In the photoemission spectra, Co does not show any signal around the Ni 6eV-
satellite region.

Finally, it is very curious to study the capability of epitaxial growth of Ni on Co, the
magnetic phases of Ni/Co and the interface coupling between Ni and Co. It is also
technologically influential to compare the magnetic property of any uncoupled film
(ferromagnetic film on non-magnetic substrate, Ni/Cu) with that of the coupled film
(ferromagnetic film on magnetic substrate, Ni/Co). The Ni/Co system has not been extensively
studied as done for Ni/Cu system. The MUDAD (U, unpolarized) result for Ni2p level for
12ML Ni on Co was reported by Schneider et al. [5.14]. In Ref. 5.14, it was found that 12ML
Ni on SML Co substrate shows in-plane magnetization. This can be considered as a primary

result of this system.

5.2.1I1. Growth status of Co and Ni film

The Co film on Cu(001) substrate is known to exhibit a tetragonally distorted FCC structure,
known as FCT (T, tetragonal), having layer spacing of ~1.76A for 1ML, ~1.77A for 2ML,
~1.76A for 3ML and ~1.73A for 5-10ML along Cu [001] direction [5.15]. According o the
preparation condition and the nature of Cu substrate in the present experiment, it was estimated
that the lattice constant (vertical) of Co should have the similar value as reported in Ref, 5.15.
The LEED pattern of Co-film shows p(1x1) structure. The Ni film evaporated on the FCT Co
(001) also shows same LEED pattern same as Co on Cu (001). This means that the surface
atomic structure of Ni on Co is same that of Co on Cu(001). In Figs. 5.3 (a-c), three LEED
patterns are shown for the clean substrate Cu((01), 10ML Co on Cu(001) and 8ML Ni on
Co(10ML)/Cu(001), receptively. In order to estimate the film growth structure of Ni on Co,
some assumption was taken. The growth of Co film on Cu(001) is a typical example of
epitaxial growth. It was experimentally confirmed that the Co-film growth on Cu shows in a

nearly perfect layer by layer mode from 2ZML [5.15]. Above SML, the electronic structure of
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Co film approaches to bulk electronic structure [5.16]. The thickness of the Co film was
therefore chosen 10ML to ensure that the electronic structure of Co film can be treated as bulk-

like. On the other hand, Ni on Cu shows also tetragonally distorted FCC structure with vertical

(a) (b) (c)

Figure 5.3. LEED pattern for (a) Cu(001) at E, (primary electron energy)=125¢V, (b)
Co(10ML)/Cu(001) at Ex=135¢V, and (c) Ni(SML)/Co(10ML)/Cu(001) at Ex=142¢V.

layer spacing =1.70 A (for 5-11 ML) [5.13]. Because the close lateral lattice match between Co
and Cu, Ni/Co(001) should exhibit similar structures to those of Ni/Cu(001). In order to take
this kind of assumption, the effect of interface energies and surface free energies of Ni/Co and
N1/Cu are ignored. Evaluating of these effects, that may modify the details of growth mode, is

rather complex.

5.2.II1. Reference XPS spectra

Core level photoemission is known as the element specific proof to explore the components
present in the system under investigation. In the thin film study, the core level photoemission
can be used to identify the growth of Co and Ni film on Cu. This is also useful for a
quantitative analysis of the thin film. Figure 5.4 shows some representative Cu, Co and Ni2p
spectra in three systems; (1) Cu(001) just after the UHV cleaning process (solid circle), (2)
Co(10ML)/Cu(001) after Co evaporation (open circle) and Ni(8ML)/Co(10ML)/Cu(001) after
NI evaporation (solid square). All spectra shown in Fig. 5.4 were measured by using AlKa

radiation (hv = 1486.6eV). Because of the higher kinetic energy (KE=500-750eV) of the
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photoelectrons, these core level results are considered to be relatively bulk sensitive. The

inelastic mean free path (1) at this kinetic energy range is about 10-1 5A. That’s why a weak

Cu, Ni, Co 2p XPS excited by AlKa(hv=1486.6eV)

Cu2p —+— Cu(100)
—e— Co(10MLYCu(100)
—a—— Ni(8ML)/Co(10ML)/Cu( 100)

Ni2p i CoZp

.......... T T O R 1

PO O U T T 0 T | P
990 960 930 900 870 840 810 780 750
Binding energy (eV)

Photoemission Intensity (arb.units)

Figure 5.4. The core level photoemission spectra of Cu, Co and Ni2p for different system

excited by AlKa radiation. The detection area was less than 1mm x Imm.

Cu signal is observed for the Co(10ML)/Cu(001) system. These three spectra were also used to
check the cleanness of the Cu surface after removing the previously deposited films (Ni and
Co) on the same surface.

In Fig. 5.4, the additional structures at the lower binding energy side (higher kinetic energy)
(labeled by “S™) are identified as the peaks originating from the satellite emission of the
AlKa line.

5.2.1V. Ni 6eV-satellite

5.2.1Va. Formation of satellite

In Ni, each core level and valence band photoemission spectra are accompanied with a

prominent satellite at about 6eV larger binding energy of the main line. According to Kotani
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and Toyozawa [5.17], the satellite in the open d-shell ions is caused by different screening
channel during the photoionization. Hiifner and Wertheim [5.18] verified the formation of
satellite in photoemission experiments. According to Ref. 5.17, two kinds of screening produce
two different final states: ¢ 3d"" 45" and ¢ 3d” 4s® where ¢! is the core hole. The final state
¢'34" 4s' shows the main peak where an additional charge from the sp conduction band can
be put in the 3d orbitals leading a formation of 3d ' configuration. On the other hand in the
final state ¢ 3d” 4s%, two-hole bound state is formed where an additional charge from the sp
conduction band can screen the two-hole state with in the wide 4s band. In this case, this final
state shows the satellite peak. The two-hole configuration is an excited state and the excitation
energy is about 6eV. In the case of valence band photoemission, the two final states are 3d” 4s'

(main peak) and 3d° 4s° (satellite peak).

5.2.IVb. Resonance effect on 6eV-satellite
Around the Ni 3p-3d absorption edges, the intensity of Ni 6eV-satellite in valence band

photoemission modulates depending on the incident photon energy. When the photon energy
approaches near the 3d threshold, then the two-hole bound state is possible to form as a

consequence of CVV super-Coster-Kronig decay process. This is written in the following way:

3p%3d’ + hvy, — 3p°3d" — 3p3d° +¢ (5.6)

(e": the photoelectron from d-level)

Al the same time, at this photon energy (3p threshold) there is also a direct photoemission

expressed by
3p°3d° + hvy, —= 3p®3d° +e (5.7)
Actually, process (5.6) and (5.7) show the same final state, which is the two-hole bound state

as explained in section (5.2.1Va). The two processes (5.6 and 5.7) overlap each other

coherently and the final product is the resonant enhancement in the satellite intensity [5.19].
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5.2.V. Schematic geometry for MLLD

The geometry of the magnetic linear dichroism (MLD) experiment is shown in Fig. 5.5. The
sample surface is determined to be parallel to the XY plane. Cu [100] direction is along Y -axis.
The s-polarized light with electric vector (E) impinges on the sample surface at a=15 out of
XY-plane along Y-axis. Photoelectrons are collected at 8=8° out of the sample Z-axis (see
inset). The film was magnetized along X- and Y-axis. It is not confirmed about the easy
magnetization direction for Ni/Co(001) system because sufficient information has not been
reported about this system. But in the present study, magnetization was carried out successfully
along [100] direction and was able to observe the MLD. Two spectra, I(M,) and I(M,), were
recorded individually after the magnetization of the film along the X and Y-directions in the
XY-plane. The dichroism signal is obtained by calculating the asymmetry; i.e. the difference
between those two spectra divided by sum of them, [I(M,)-1(M,)] / [I(M,)+I(M,)].

Figure 5.5. Schematic geometry of MLD used in this experiment (description is given in the

text).
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5.2.VL. Ni3d resonant photoemission spectra for different Ni-

thickness
Figure 5.6(a) shows several photoemission spectra of valence band region for different
thickness (n=ML) of Ni on Co(001)/Cu(001) at 3p-3d resonant condition (hv=67.2eV). In the

binding energy scale, the “zero” level indicates the Fermi level. The total energy resolution at

@ 1z |l .

- g ‘ .
Ni(nML)/Co(10MLYCu(001)  # % 10 "R
hv=67.2eV % ’g o

z 88a

' hoss & .
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2015 10 s 0
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Figure 5.6. (a). Photoelectron spectra of Ni3d states for different thickness (n=ML) of Ni
grown on Co(10ML)/Cu(001) at Ni3p-3d on resonant condition. (b) The variation of 6eV-

satellite peak intensity as a function of Ni thickness. (c) Variation of intensity for the main

peak.
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this photon energy is about 0.3eV, which was estimated from the width of the Fermi level in
the Ni valence band spectra. The photoemission spectra except for n=0 show the two dominant
peaks. One is located near the Fermi level known to be as main band peak with Ni3d’
configuration. Other peak stays at 6eV below the main peak. This is the “6eV- satellite” peak
assigned as Ni3d® final state configuration. This satellite peak shows a strong resonant
enhancement at the 3p-excitation energy that was explained via super Coster-Kronig (sCK)
decay process as already explain in the previous section. From these spectra, it is clear that the
6eV-satellite emission is not overlapped with any signal from Co-site. Thus, the satellite peak
can be considered as a pure element specific emission.

In Fig. 5.6(b), the variation of satellite peak intensity of different spectra in Fig. 5.6(a) is
shown. The satellite intensity is normalized by the intensity of maximum thickness (n=12). As
shown in the figure, the satellite peak intensity in these spectra is increased with increasing the
film thickness. But at nearly 4.5ML (813&}, the intensity shows almost saturated value.

In the case of Ni3d’ main peak, the generalization about the variation of peak intensity
usually gets some ambiguities because the Ni-main peak is overlapped with Co3d band
emission. In order to get the true signal of Ni, the Co signal for every spectrum in Fig. 5.6(a)
was therefore subtracted by using overlayer method (described in Sec.2.6). In Fig. 5.6(c) shows
the intensity variation for the main peak after normalization at n=12ML. It is clear from the
figure that the main peak also shows same behavior of the variation of peak intensity as that of
satellite peak. Besides, the electron mean free path with kinetic energy around 60eV is not
more than 8A. This means that the emission of Ni3d® main peak is considered to be nearly free

from any Co signal above 4.5ML range.

5.2.VIL. MLD results

5.2.VIIa. Ni3d MLD for 8ML Ni
In Figure 5.7 (a), two spectra for Ni(8ML)/Co(10ML)/Cu(001) are shown simultaneously

taken at the photon energies of 67.2¢V (on resonance). The two spectra represent the
intensities for two different magnetized states, one is along to X-axis (full circle) and another is
parallel to Y-axis (open circle). The intensity is normalized so as to obtain the same

background count rates of the two spectra for the higher binding energy side. The main peak
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and the satellite peak are labeled as usual. It is assumed here that no Co-emission is present in
the whole energy range of photoemission as explained above. In figures 5.7(b) and (c), the
expanded view of satellite region and main peak region, respectively are shown. The
asymmetry i.e. the MLD ([I(M,)-I(M,)] / [I{M,)+I(M,)]) obtained from two different spectra

signal (solid circle) is given in the same figure. The different muliplet terms in the satellite
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Figure 5.7. (a) Two spectra for two magnetized states (along X- and Y-axis in Fig. 5.6) for
8ML Ni on Co at Ni3p threshold (hv=67.2¢V). (b) and (c) Expanded view of satellite and main
peak region with their corresponding MLD signal (asymmetry). The position (not intensity) of

different muliplet structures in the satellite region is also shown according to Ref. 5.20.

region are also shown. The binding energy positions (not the intensity) of these multiplets are
indicated according to the Ref.5.20. In the bottom of figures 5.7 (b) and (c), both the satellite
peak (3d*) and the main peak (3d’y show asymmetry (i.e., MLD) but in opposite direction to
each other. In the previous study for MLDAD and MCDAD measurements for the bulk
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Ni(110) sample [5.12], in the MLDAD result, the 6eV-satellite does not show any prominent
dichroism signal whereas the main peak shows signal at 3p excitation threshold. On the other
hand, the MCDAD is rather strong for both the 6eV-satellite and the main peak with opposite
sign. The present result is similar to that reported MCDAD result, In the present experiment for
8ML Ni on Co, the presence of magnetic dichroism signal indicates that the Ni film on Co
shows in-plane magnetization.

Though the nature of coupling between Ni and Co was not detected for 8ML Ni in the
present experiment, it was assumed that the coupling might be ferromagnetic type with in-
plane magnetization. This is assumed because the 10ML Co on Cu(001) also shows in-plane
magnetization. Recently, the photoelectron emission microscopy (PEEM) experiment also
indicates the in-plane magnetization for 8ML Ni on 15ML Co/Cu(001) and ferromagnetic
coupling between Ni and Co [5.21], which supports the present results. In order to observe the
coupling behavior, core level photoemission is useful, if it is possible to measure the core
levels from both Ni and Co simultaneously. The thinner film fulfils this condition. The results
from thinner film (n=2.3ML) will be shown later.

In Figures 5.8 (a) and (b), the MLD results for Ni(8ML)/Co(10ML)/Cu(100) taken at the
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Figure 5.8. MLD results for Ni(f8ML)/Co(10ML)/Cu(001) taken at the photon energies of
67.2eV (on-resonant) in (a) and 63eV (off-resonant) in (b).
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photon energies of 67.2eV (on-resonant) and 63eV (off-resonant) are shown, respectively.
The shape of asymmetry for the main peak is almost same for the on-resonant condition in Fig.
5.8 (a) and off-resonant condition in Fig. 5.8 (b). But the dip structure (downwards, marked by
arrow) at the binding energy of ~1.2¢V at off-resonant condition is stronger than that of on-
resonant condition. Probably this variation may arise from the photon energy dependence from
different Ni3d states and the corresponding polarization effect on the MD signal. The
asymmetry for satellite peak at off-resonance is not so strong as the on-resonance one,
although it shows the opposite trend from the main peak. It can be interpreted that the 3d-3p
resonant process mainly guides intensity of the asymmetry for 6eV-satellite. The contribution
of dichroism signal from different multiplet peaks (shown in Fig. 5.7) around the satellite
region could not be detected in this experiment. A detailed theoretical interpretation needs for

clear understanding of dichroism behavior in the satellite region.

5.2.VIIb. Ni3d MLD for thicker film
Ni3d MLD for 11ML Ni film on the same Co(001) substrate at Ni3p—3d resonant condition

was also studied. The dichroism result is shown in Fig.5.9(a). This thicker film also shows
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Figure 5.9. (a) MLD for 11ML Ni on Co(10ML). (b) MLD for 12 ML Ni on Cu(001).
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dichroism with positive direction for main peak and negative direction for satellite peak.
Though the shape of asymmetry around satellite region shows some unwanted noise structures,
the negative direction of satellite MLD is apparent. It is concluded therefore that 11ML Ni film
on Co(001) is ferromagnetically coupled with the Co substrate and shows in plane
magnelization. But in the case of Ni film of 12 ML on Cu (001), no dichroism signal was
observed for the both main peak and satellite peak under the same experimental geometry. This
indicates that 12 ML Ni film on Cu does not show any in-plane magnetization that agrees with

the results reported previously [5.14].

5.2.VIIc. Core level MLD (Ni3p, Co3p) for thinner film
In the case of thinner film, for example, 2.3 ML (4 ;-ia) Ni on Co (001), the photoemission

intensity of Ni3d states does not have saturated value. At the same time, the Ni3d main peak

emission is not free from Co-valence band emission as shown in Fig.5.6 (a). As a result,
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Figure 5.10. In the upper part, Ni3p and Co3p photoelectron spectra are shown for two

magnetized states measured simultaneously at the same experimental geometry. The Ni-film
was 2.3ML(4A) on 10ML Co(001) substrate. The photon energy was 129¢V. The lower part
shows the asymmetry where the MLD sign for Ni 3p and Co3p is in the same direction.
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some ambiguities are appeared to find out the true MLD signal for Ni of the main peak. It is
thus difficult to study the magnetic phase of this lower thickness film by Ni3d MLD. The
magnetic properties from this kind of multilayer system can be easily studied by the core level
spectroscopy, which is considered as an element specific measurement.

In Figure 5.10, the MLD results for Ni3p and Co3p core levels are shown, which are
measured simultaneously for 2.3 ML Ni-film. The experimental geometry was the same as that
of Nidd MLD measurement. The excitation photon energy was 129.0eV. The lower panel in
this figure shows the dichroism signal (asymmetry) for the both Co and Ni. The features of
dichroism signal for the both Co3p and Ni3p levels consist of a sharp positive peak at lower
binding energy and a broad negative structure at the higher binding energy. The shape of Co3p
asymmetry spectrum is nearly identical to the previous MLDAD results measured for Co-film
on Cu(100) [5.22]. In the case of Nidp MLD, present result is nearly similar to the
experimental and calculated MCD results for the bulk Ni(110) sample reported by G. van der
Laan et al.[5.23]. Besides MCD [5.23], The Ni3p result is also comparable with the previous
MLDAD result for the same bulk sample [5.24]. The same MLD signs (positive peak at lower
binding energy) for these two elements indicate that the Ni-Co interface has ferromagnetic
coupling. But from this result, it was not possible to separate the individual contribution of

MLD signal from Ni-surface and Ni-Co interface.

5.2.VIII. Conclusion

The magnetic properties of Ni ultrathin film of different thickness grown on ferromagnetic
Co-substrate are studied by magnetic linear dichroism in element specific photoemission. It
was tried to identify the nature of MLD signal for different Ni3d states around the Ni3p-3d
resonance. The measurement shows that the dichroism signal is present for the both Ni main
peak and satellite peak at on resonance condition of 8ML Ni on Co. The sign of MLD for main
peak is opposite to that of satellite peak. The dichroism signal for satellite region at off-
resonant condition is not so strong as that of the main peak. In practice, it is essential to
measure the MLD for satellite at several photon energies around Ni 3p-3d absorption edges to
get overall resonance effect on MLD. The present result reports only for two energies without
comparing with calculation. However, the results clearly show that the 3p resonant effect is
present on the MLD of the 6eV-satellite. MLD for 11ML Ni was also studied at on-resonant

condition. The result shows the same MLD feature as that of 8ML Ni.
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Though the electron-correlation effect is the origin of the resonant effect on satellite MLD,
but the actual mechanism is not clear from this experiment. In the spin-polarized
photoemission for 6eV-satellite, positive spin-polarization was found for the satellite peaks
[5.25]. The spin-polarization at Ni3p threshold is discussed directly by the spin-interaction
between the 3p-electrons and the 3d-electrons [5.25]. It was also found the evidence for Fano
interference (described in Sec. 2.3, ch.2) in the spin-polarization of 6eV-satellite in the valence
band photoemission for Ni(110) bulk sample [5.26]. These results indicate that the spin (of
electron)-interaction has a vital role to understand various phenomena related to the satellite
peaks. On the other hand, besides the bulk sample or thicker film, very thin Ni film should
show different characteristics, such as low intense satellite peaks, stronger main peak etc. as
the electronic structure of the thinner film is quit different. In case of film sample, the
hybridization with the substrate has also some effect on the electron-interaction for Ni-film.
In the present Ni-MLD experiment, it is not clear why satellite region show opposite sign of
MLD that that of main peak. The results therefore need the comparison with the calculation.

In the case of 2.3ML Ni, the selection was the 3p core level photoemission instead of valence
band emission to ensure the element specific emission. It was found from the MLD signal that
Ni and Co are ferromagnetically coupled at the interface. All Ni-films studied here show in
plane magnetization. Finally, it is worthily verified that the MLD is also useful to study the

thin film magnetism in photoemission experiment.
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5.3. Oxidized Co-film
5.3.1. Introduction

In the present section, the results of the core level (CoZp and Ols) photoemission in oxidized
sample are described. The photoemission spectra of transition metal oxides (TMO) are
understood on the basis of the charge transfer (CT) process [5.27,5.28] between the TM and
ligand atom (O) [charge transfer from occupied adsorbate to unoccupied metal]. Transition
metal compounds show diverse electrical conductivity and magnetic properties [5.28-5.31].
Although TM compounds have the unfilled 3d shell as the metal, some of them (NiF;, NiO,
Cu0, etc) show insulating behavior and some (NiS, V:0s;, etc) show metal-to-nonmetal
transition [5.30 and references there in]. In order to solve this contradiction, Mott [5.32] and
Hubbard [5.33] suggested the interatomic charge fluctuation model. The model is described as

follow:
didy — d'dy, (5.7)

where A and B are the transition metal sites.

According to Mott and Hubbard, the energy required for the above transfer process should
be less than the 3d bandwidth. As a result, some transition metal compounds with large d-d
coulomb correlation energy U (U>w, where w is the 34 bandwidth) show no electrical
conduction. These types of compounds are known to be Mott-Hubbard insulators. The Mott-
Hubbard model works well for early transition metal compounds, but not for late transition
metal compounds. Later, J. Zaanen, G. A. Sawatzky, J. W. Allen [5.28] gave an improved
theory about the band gaps and the electronic structures of the TM compounds. The theory by
. Zaanen ef al. includes two lypes of charge fluctuations. One is conventional Mott-Hubbard
type fluctuation and the second one is charge transfer between the ligand state and the metal d

level. The second process is written as follow:
d" i d ar+]£ ; (5 .8)
where L denotes the hole in the anion valence band.

The typical Mott-insulators NiO and CoO have been already established to be charge-transfer

insulators [5.34,5.35]. Photoemission studies from the valence band and the core levels have
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been widely used to study their electronic structures. For example, Co2p XPS has been studied
experimentally and theoretically to analyze the spectral feature and to understand the electronic
structure of CoO clearly [5.29,5.34,5.36]. In the calculation, charge-transfer model was
successfully used to reproduce the Co2p photoemission spectra [5.31,5.36].

Bulk CoO has the NaCl structure. In CoO, each transition metal cation is surrounded by the
octahedron of six oxygen ions as the nearest-neighbors. The calculation of Co2p XPS in Ref.
5.34 has been carried out by assuming the CoQOg structure. It has been reported that the CoO
phase can be obtained by exposing O, on the fresh Co-surface [5.37-5.42] at certain amount of
0-expouser. It was found in the previous experiments [5.37,5.39,5.40] that at initial stage of
oxidization, oxygen absorbs dissociatively (chemisorbed state). In the next stage of oxidization
with higher exposure, the formation of crystalline CoO is started. The presence of CoO phase
was verified in those results by studying the Co valence band or Co2p XPS.

Most of the Co-oxidization studies have been done for the bulk Co, where bulk Co is stable
at room temperature and shows hep structure. In case of bulk sample, the whole oxidization
process is restricted at only the hep phase if the experiment is performed at room temperature.
Instead of bulk sample, CoO phase can be obtained on the Co thin film by exposing oxygen.
The crystalline Co is now possible to grow on suitable substrate, such as Cu(001)
[5.15,5.39,5.42]. The electronic and magnetic properties of thin film are different from the bulk
because of the reduced dimension. The reactivity to the simple molecule such as O; of thin
film system should be different from the bulk one.

In this section, photoemission result will be applied for studying the nature of oxidization
process for different thickness of Co film. The oxidization process will be studied by analyzing
the modification of the shape in Co2pXPS spectra measured by using MgKa radiation. A few
results of oxidization process of the Co ultrathin film was reported previously [5.38,5.39]. But
Co2p core level photoemission spectroscopy was not studied in those experiments. To study
the Co2p level has some advantages over the study using Co3p or valence band. The
advantages are follows:

1. The photoemission signal from Co2p can be considered to be element specific. The

element specific measurement is very useful in the case of both the thinner film and
thicker film. Valence band photoemission, on the other hand, is suffered from the

overlapping with the substrate signal.
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2. The photoemission spectra in CoO are accompanied with the correlation-induced
satellite, known as charge transfer satellite. Because of the large spin-orbit splitting for
Co2p level, these satellite structures are apparent very much in Co2p photoemission than
those in Co3p or valence band photoemission.

3. As the formation of CoO is occurred during the oxidization process, the chemical shift
peak Co2p peak and satellite structure in the Co2p can be used as a direct indication of
the formation of CoO on Co film.

In the thin film system, the electronic structure as well as magnetic structure is changed
depending on the thickness of the film. The different stages (chemisorption or formation of
Co0) of oxygen reactivity on Co film are thus expected to be different depending on the Co
thickness.

It is also interesting to study the oxidization effect to the magnetic properties of the thin film
system. Previously, the magnetic state of Co in oxidized film was studied by spin-resolved
photoemission in valence band and 3p level [5.39]. In Ref. 5.39, no spin-polarization was
found for 14ML Co when the film is exposed with 10L O; (IL = 10 torr. sec). The result in
Ref. 5.39 is considered to reflect the surface-sensitive information because the kinetic energy
of photoelectron is about 40eV that shows the minimum mean free path in the universal curve
(shown in chapter 2). Here, the result of MUDAD (magnetic dichroism in angular distribution
by unpolarized light) study will be shown for the SML Co film after exposing different doses
of oxygen on SML Co film. The x-ray tube (MgKa) was used for this purpose. The present
experiment is consider to be rather bulk sensitive than that in Ref. 5.39 because of the higher
kinetic energy of the photoelectrons and the results include information from both the bulk and

surface.

5.3.11. Sample growth and oxidization

The Co-film on Cu(001) was prepared in the same way as already discussed in the previous
section for Ni/Co system. The same VGESCALAB system was used. The rate of the Co-
evaporation was 0.4ML per minute. Oxygen was introduced to inside of the analyzer chamber
by a variable leak valve. The unit of exposure is in Langmuir, L (1L=10" torr. sec.). The ion
gauge reading was used to check the rate of exposure. After the required exposure, the
sublimation pump was flashed more than one times in order to prevent further oxidization due

to the residual oxygen.
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5.3.111. Results
5.3.II1a. Oxidization of SML Co

In the following, the results of the oxidization process of SML Co film on Cu(001) are
discussed. The SML Co film was chosen in this experiment because both the magnetic
property and the electronic structure of this film are well-studied [5.40,5.41]. Here, the change
in the electronic structures of Co film upon exposing oxygen was studied by CoZp core level
photoemission spectroscopy excited by unpolarized MgKa radiation (hv=1253.6eV). At the
same time, Ols spectra were taken to study the nature of oxygen absorption for different
exposures on Co. All XPS spectra were taken at room temperature and at normal emission.

Figure 5.11 shows the results of the Co2p photoemission spectra for different Oz-exposure.
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Figure 5.11. (a) Co2p XPS spectra of SML Co with different O,-exposure excited by
MgKa radiation. At higher exposure, two peaks, the main peak at 780.2¢V and the satellite
peak at 786.2¢V originating from CoO, are shown by arrow. (b) The variation of intensity of
the both Co2p peaks for pure Co (binding energy, BE=778.2¢V) and CoO (BE=780.2eV) is
shown. Both intensitics are normalized by the maximum intensity of Co (at OL-exposure)

and CoO (at 41L-exposure) to get the exact nature of variation (see text).
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In Fig. 5.11(a), some representative Co2p spectra are shown. At initial stage of oxidization
(>10L), the spectral features do not change so drastically. But at higher exposure (<10L), an
additional Co2ps;, peak (at binding energy of ~780.2eV) along with charge-transfer satellite (at
binding energy of ~786¢V) is gradually increasing with increasing O;-exposure. This peak
originates from the CoO phase besides the Co2p peak of pure Co film. According to the
previous results for CoO [5.34], the position of Co2p3; peak of CoO phase is confirmed. The
peak at binding energy 780.2eV is assigned as final state peak d°L (L stands for ligand hole
state) and the higher binding energy satellite is assigned as the final state with a mixture d°L?
and d’ states [5.31,5.36] on the basis of charge transfer (CT) theory. The energy separation
between the main line (BE780.2eV) in CoO and the satellite line is about 6eV as shown in Fig.
5.11. This is consistent with the previous results [5.31,5.35]. This separation of satellite peak
from the main one was calculated from the energy difference of the d-d electron correlation
energy (Ugs) and the charge transfer energy (4) [5.31,5.35].

There are two distinct behaviors of oxidization process for Co film. According to Ref.5.39,
the oxidization at initial stage (<7L) is confined in the dissociative adsorption stage, where the
oxygen atoms are in chemisorbed phase with the ¢(2x2) surface symmetry [5.39]. It has been
reported [5.39] that at this low-exposure range, some modification of valence states at surface
is occurred due to the presence of oxygen. The surface sensitive measurement [5.39] of Co3d
photoemission at hv=45¢V confirmed the change in valence states. In the present experiment,
which is considered to be rather bulk sensitive, no such kind of change in Co2Zp peak was
found at low-exposure range. In the second stage at higher O;-exposure, the crystalline CoO is
started to form gradually with increasing the oxygen exposure. In the present experiment, the
transition was found around 7-10L of oxygen exposure. The exposure region of transition is
nearly same as reported previously [5.39] where the transition region was around 5-7L. The
result is in accordance with the present one within experimental errors.

In Fig. 5.11 (b), the existence of the two phases is clearly shown in the curves of the
normalized Co2ps; peak intensity for both the pure Co (solid square) and CoO (solid circle).
As it is shown in the figure, the intensity for CoO remains constant up to 10L. This means that
no additional peaks at 780.2eV binding energy position was observed at this stage. But the
peak intensity for the pure Co is decreased with increasing Oz-exposure. This indicates that the
dissociative adsorption occurs at the lower exposure region. Above the 10L, the intensity of the

Co2p peak for CoO is started to increase with Oz-exposure. This means the crystalline CoO
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phase is started to form on the film surface with increasing exposure. At a certain stage in the
higher exposure range, the oxidization gets the saturation condition (not shown here). After the
exposure of 10L, the surface shows the p(1x1) symmetry. The corresponding LEED patterns

will be shown later.
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Figure 5.12. Co2p spectra for CoO. The spectra are extracted from the raw spectra shown in
Fig. 5.11(a) (Top) Previous experimental (Ref.5.31) and calculated (Ref.5.36) results for bulk
crystalline CoO. (Bottom) Contribution of CoO in the Co2p spectra, which are derived from

the spectra in Fig. 5.11(a).
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Each spectrum illustrated in Fig. 5.11(a) with Oz-exposure higher than 10L have to be
considered as the superposition of two spectra, one is from the pure Co and another is from the
CoO. After some normalizing procedures, the contribution of the Co was extracted. The
normalization procedure is as follows. Initially, Co2ps; signal from the pure Co was
normalized by the maximum intensity at OL-exposure. The normalized signals of the pure Co
were subtracted from the measured spectra shown in Fig. 5.11(a) to get the signal from CoO
phase. The intensity of Co2ps from CoO was then normalized by the maximum one (at 41L).
The subtracted results are shown in Fig. 5.12 (bottom) together with previous experimental
(Ref.5.31) and calculated (Ref.5.36) results (top) for bulk crystalline CoO.

The spectra in Fig. 5.12 show clearly that the intensity of the Co2psz,, main peak and
satellite peak for CoO is increased with increasing oxygen exposure. Because of the high
sensitivity of the core level spectrum to the chemical composition of the system, a subtle
change of the charge transfer (CT) process can be detected from the CoO spectra in Fig. 5.12.
The spectra in Fig.5.12 also show broadencd feature for the both main peak and the satellite
peak. The broadened feature indicates the existence of multiplet structure as suggested by
Okada and Kotani [5.36] in their CT-M (charge transfer multiplet) model.

The transition from dissociative adsorption to CoO formation on the Co film can be
identified by the results of Ols XPS. It was found that the binding energy of the Ols peak is
shifted depending on the O;-exposure [5.35]. The profile of Ols spectrum is also useful to find
out the limit of saturation of CoO formation.

Figure 5.13 shows some of the Ols spectra for different oxygen coverage measured by using
AlKa radiation (hv=1486.6eV). In Fig. 5.13, the Ols binding energy positions are shifted
depending on the Oj-exposure. According to the Ref.5.30, the binding energy Ols from
crystalline (stoichiometric) CoO is about 529.5¢V. On the other hand, the binding energy for
non-stoichiometric oxygen is considered to be 530.4eV [5.37]. In Fig. 5.13(b), the spectrum for
O(25L)/Co(1ML) [the Co2p spectral feature for O(25L)/Co(IML) system will be discussed
latter) shows peak at about 529.6eV, From the comparison with the previous result [5.37], this
means that the formation of CoO is occurred at this stage. On the other hand, the spectrum for

O(103L)/Co(5ML) shows the peak shift towards a bit higher binding energy (529.75eV).
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Figure 5.13. (a) O1s XPS spectra for different O,-exposure on SML Co measured by using

AlKa radiation. The spectra for higher exposure show binding energy shift towards lower
energy sides. The shift of binding energy of Ols peak is clearly observed in the figure as
indicated by dotted lines. It is also noticed that initial sticking rate is very high if the spectrum
with ‘OL’ exposure (star) compares with spectrum for coverage ‘1L’ (open diamond). (b) Some

of the Ols XPS spectra for different systems (discussed in the text), which are used to identify

In the following table, the summary of the Ols peaks for various systems shown in

given altogether.
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Table 5.1. Summary of Ols peaks for different systems

103L Oz-exposure

System Reference Ols peak (binding Assignment
energy in eV)
CoO (bulk) [5.31] 529.5 Dx:fg{:n-in crystalline
CoO
CoO (after exposing [5.37) 5295 Oxygen in crystalline
bulk Co) CoO
Co (bulk with low O, [5.37] 530.4 Oxygen as chemisorbed)
exposure) Contamination
Co film (1IML) + 251 Present 529.6 Oxygen in crystalline
O;-exposure CoO
Co film (5ML) + 1L Present o 530.3 Oxygen as chemisorbed
O,-exposure
Co film (5ML) + 3L Present 530.3 Oxygen as chemisorbed
O;-exposure
Co film (5ML) + 38L Present 529.95 Oxygen in crystalline
Os-exposure CoO (partly formed,
unsaturated)
Co film (5ML) + Present 529.75 Oxygen in crystalline

Co0 (nearly formed,

almost saturated)

As it is shown in the table, Ols peak at binding energy 530.4eV and 529.5eV can be

considered to be the reference values for oxygen at chemisorbed state and at crystalline CoO,

respectively. By analyzing the tabulated value, it is possible to characterize the Ols spectra for

SML Co given in Fig.5.13 (a). For higher O,-exposure (>10L) in Fig. 5.13(a), the spectra show

the peak at binding energy 529.95e¢V. As this binding energy position is higher than that

(529.5¢V) of crystalline CoO, it can be estimated that the corresponding CoO phase is only

partially formed even for O(38L)/Co(SML). In the lower exposure range in the same figure, the

Ols peak position is found to be 530.4eV. This value is similar to that of chemisorbed phase



Considering the lattice constant of the bulk CoO (4.24A) [5.37], the 41L exposure on SML
Co film yields three to four atomic layers of CoO. In Ref.5.34, the saturation limit of the
formation of Co for bulk Co was estimated to be about six to eight atomic layers of CoO. The
present results shows that CoO is partly formed (not saturated) at 41L exposure. In case of
151, the thickness is 2.0-2.5 A, which is equal to one atomic layer of CoO. The results in Table
5.2 indicates that one atomic layer (2D) of CoO may be formed initially followed by higher

thickness of CoO.

5.3.11Ib. LEED pattern

Figure 5.14 shows several LEED patterns for clean Co surface as well as oxidized Co

surfaces with 3.2, 20 and 60L O, respectively. As it is discussed in the previous section, the

(h1) (b2) (b3)

Figure 5.14. LEED patterns for 0/Co/Cu(001) systems.
(al) Co(5ML)/Cu(001) at primary electron energy Ex=121eV.
(a2) O(3.2L)/Co/Cu(001) at Ex=110eV.
(b1) Co(SML)/Cu(001) at Ex=125¢V.
(b2) O(20L)/Co(SML)/Cu(001) at Exg=123eV.
(b3) O(60L)/Co(SML)/Cu(001) at Ex=123eV.,
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given in the table. This means the oxygen with exposure less than 10L adsorb dissociatively on
the Co surface, i.e., the oxygen atoms are in a chemisorbed phase on the surface.

The spectra for coverage ‘7L’ and ‘9L" in Fig. 5.13(a) show some complex structure. They
show a broad peak, which can be considered as the superposition of two peaks around 529.9-
530.4eV binding energy. This indicates that some Ols components from partially formed CoO
are also present along with the dissociative phase. This probably comes from the
inhomogeneous nature of the Co-surface. From the comparison of relative intensity for spectra
with ‘0L’ and ‘1L’ oxygen, it was found that the initial sticking rate was comparatively high.

In the following, the thickness of CoO crystal formed on the SML Co film surface is
estimated for different Os-exposure. The expression I,=], exp(-d,?) was used to estimate the
thickness. Here, I,= intensity of Co2p;p for pure Co at n-exposure, I,= initial intensity without
any oxygen, d,= thickness of overlayer (CoQ), A = attenuation length of photoelectron (taken
from the universal curve for the electron kinetic energy 473¢V). It should be noted that the
values would be used only for rough estimation because of some ambiguities. The sources of
these ambiguities are the difficultics to select the constant background for all the spectra and
the estimation of exact photoelectron escape depth in the present experiment. In the above
expression of I,, to determine the A, two values are considered at kinetic energy 473eV 1o
compensate the effect of width (band) in the universal curve. The values are 9 A (minimum)
and 11 A (maximum). Two values of thickness are therefore extracted that can be used for

estimation of probable error.

Table 5.2. Estimated CoO thickness for various Oz-exposure on SML Co film

Oxygen-| l I - |
exposure, 41 | 35 29 25 20 | 15 10 5
(inL) E |

Overlayer
(CoO) | 6.9-83| 6.1-7.5| 496 | 4.0-5 | 3239 2025 LI-1.4 0709

| thickness

(in A)
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structure in chemisorbed surface has ¢(2x2) symmetry that counterparts to the LEED pattern in

Fig. 5.14(a2) for 3.2L coverage. The LEED patterns in (b2) and (b3) for CoO phase on Cu

show the p(1x1) symmetry.

5.3.I1Ic. Co-thickness dependence oxidization

The oxidization was also carried out in order to study the nature of oxygen reaclivity

depending on the thickness of the Co film. Figure 5.15 shows the results from this experiment.

S — 200

Co2p XPS by MgKo.

0,(L) Co-thickness (ML)

Co-thickness

‘ 1.3 150 / (in ML)
j =13
—A—D 3

100 -

iy e

Photoemission Intensity (arb. units)

CoO component intensity (arb. units)

50 | A
| N e
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Binding energy (eV) O,-exposure (in L)

Figure 5.15. (a) Co2p XPS spectra for 1.3 (solid circles), 2.3 (up triangles), 3.6 (solid
squares) and 5 ML (open squares) Co film with O;-exposure 12, 15,15 and15L, respectively.
With every spectrum for oxidized sample, an additional spectrum of clean Co film (solid line)
is given for comparison. (b) Change of normalized intensity of the Co2psp peak (BE780.2¢V)

originating from CoO for the four different thickness of Co film as a function of Oz-exposure.

145



In Fig5.15(a), for four different sets of two Co2p spectra for Co(1.3ML) and
O(12L)/Co(1.3ML), Co(2.3ML) and 0(15L)/Co(2.3ML), Co(3.6ML) and O(15L)/Co(3.6ML),
Co(SML) and O(15L)/Co(5ML), respectively are shown. Spectra for clean samples in Fig.
5.15(a) are shown by solid lines. Here, the study was concentrated only to observe the early
oxidization process rather than to find out saturation condition.

The result in Fig. 5.15 (a) clearly shows that the oxidization process depends on the film
thickness. The 1.3 ML Co-film at 12L-exposure shows strong peaks around 780.2eV binding
energy (main) and 786.2¢V binding energy (satellite) that originates from the CoO. The
intensity of this peak is gradually decreasing with increasing the Co-thickness. For example,
even with higher O;-coverage (here 15L), the spectrum for 2.3ML Co does not show the same
intensity of the CoO component that for 1.3ML Co. This oxidization behavior is clearly shown
in Fig. 5.15 (b). In this figure, the normalized (by the same way as done for SML Co in
Fig.5.11) intensity of the CoO component for the Co2pap peak is shown. The result is different
from the previous result [5.37]. In Ref. 5.38, the behavior of oxidization process for different
thickness [n(ML)= 0.4, 0.7, 1.3, 8-10] Co film was reported. In the case of 1.3, 3 and 8-10ML
Co in Ref.5.38, it is concluded that the early oxidization does not depend on the Co thickness.

In the Fig. 5.15, the results from Ref.5.38 are shown.

Qs o 88 to 10’
050F  cubwo % 8230
o B=13
0.40
0.30
B=0.7
0.20 Sk
0.10 os-s CLEAN COPPER

EXPOSURE | langmuir}

Figure 5.16. Peak-to-peak intensity of the oxygen KLL Auger transition versus oxygen
exposure for differcnt Co thickness. Data are taken from Ref. 5.38. The result indicates that the
oxygen absorption does not depend on the Co thickness (0, ML) as the curves for 0 =1.3,3 and

8-10ML are superimposed.
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The probable reasons of this difference of the present result from the previous one are listed

below.
1.

In the present experiment, the variation of oxidization process was derived from the
analyzing of the photoemission intensity for CoO component. As no CoO component
is present at the chemisorbed state, the curves in Fig.5.11(b) and Fig.5.15 (b) for CoO
component should be considered as a direct indication of different adsorption stages of
oxygen. On the other hand in Ref. 5.38, the characterization of oxygen adsorption was
done by using fixed value of oxygen KLL Auger peak (512¢V) and Cu LMM Auger
peak (920eV). As they did not consider the effect on peak energy shift upon formation
of CoO, their result might be modified to some extent. As a result, small amount of
chemical change on the surface was probably ignored. In the present experiment,
however, it was possible to detect even a subtle change that was already shown in
Fig.5.12 for CoO contribution (also in table 5.2) for SML Co {film.

Another possible reason may be the condition of thin film growth in Ref. 5.38. It is
now well established that Co on Cu(001) shows p(1x1) symmetry [5.15]. In Ref.5.36,
it was reported that Co on Cu(001) shows a c(2x2) symmetry. There were some
possibilities to have some oxygen on the Cu substrate prior to the Co deposition.
During the deposition, the oxygen was transferred to the Co surface. Therefore,
oxidization was done in Ref. 5.38 on the reconstructed c(2x2) surface, not on the
p(1x1) fresh Co surface.

Final reason is connected to condition of the introducing the oxygen inside the
chamber. There might be some variations of estimating the amount of exposure if the

oxygen partial pressure is not kept in similar range in different experiment.

On the other hand, the saturation limit of CoO formation in the present experiment depends

on the Co thickness. The result is similar to the previous result [5.38]. Figure 5.17 shows the

saturated Co2p photoemission spectra of CoO for IML and 5ML Co films.  In Fig. 5.17,

though the spectrum (solid circles) for O(103L)/Co(SML) is overlapped with the contribution

of pure Co, it is considered to be a saturated spectrum as no additional intensity changes

upon exposing more oxygen. In the middle, the spectrum was derived from the upper

spectrum (solid circles) by subtracting the contribution of pure Co. The thickness of CoO for

SML Co film was found to be 12.4-15.2A, which was estimated by the same way as it was
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done in Sec. 5.6.111a. The value for saturated CoO in Ref.5.36 is also similar to this value. In
the bottom of Fig.5.17, the spectrum for 1ML Co with 25L oxygen exposure also shows
nearly similar feature as that of the middle spectrum and is also considered to be the
saturated one. The results from Fig.5.17 show that the saturation condition of CoO formation
is Co thickness dependent.

Though the two spectra (middle and bottom) are nearly same to each other, there are some
differences around the main peak (BE780.2eV) and the satellite peak (BE786.2¢V). For
example, both the main peak and the satellite peak for the spectrum (middle) of SML Co are
relatively sharper than those of 1ML Co film with 25L-O;. It is assumed that the difference
has come from the variation of site symmetry in these two cases. This will be discussed in

Sec.5.3.111d.

Co2p XPS by MgKo. L Pt

—— O(103L)/Co(5ML)
(Co0)

——o—— Co0 (subtracted)
[O(103L)/Co(SML)-Co(25%]]

—+— O(25L)/Co(1ML)

PES Intensity (arb. units)

1 L 1 L ] L 1 L 1 1 | L | L 1 n

810 805 800 795 790 185 780 775 770
Binding energy (eV)

Figure 5.17. Co2p photoemission spectra of saturated CoO phases. (Top) Spectrum (solid
circles) for O(103L)/Co(SML)]. In this spectrum, some contribution of pure Co is overlapped.
(Middle) Spectrum (open circles) for the contribution of CoO, derived from the upper spectrum
by subtracting the contribution of Co. (Bottom) Spectrum (solid circles) for 0(25L)/Co(1ML).

No signal from pure Co is present in this spectrum.

148



5.3.11Id. Two-dimensional (2D) CoO phase for 1ML Co

It is rather difficult to estimate the exact thickness of CoO in the 1ML Co film at the
saturated condition. Though it has been believed that Co grows on Cu(001) in a perfect layer-
by-layer mode [5.14], the nature of first ML growth is not ideal layer-by-layer one. By x-ray
photoelectron diffraction experiment [5.42], it was reported that the surface consists of 2ML-
high islands for the first monolayer deposition. It was also reported [5.43] by STM experiment
that the thickness of the most islands is one monolayer up to 0.3 monolayer. Upon deposition
of additional Co, some of the first monolayer islands grow in size, and before becoming the
complete first monolayer, growth of the second monolayer becomes significant. In such a case,
the first monolayer does not form a complete coverage on the substrate. Instead, the 1ML film
consists of ~10% 2ML islands, ~60% 1ML islands and ~30% uncovered Cu surface. The size
of the islands also depends on the time of deposition [5.42].

s e | s 2ML-Co island
[ Cu(001) He

B8 1ML-Co island

S

(b)
Figure 5.18. (a) The surface structure of IML Co film in this experiment, which is assumed
by comparing with the previous result. (b) STM image of IML Co film [4.43]. The white,
grey, and black areas represent the 2ML-high islands, IML-high islands, and uncovered Cu

surface regions, respectlively.
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Therefore, the IML Co film can be considered to be granular with islands of nanometer
diameter, which are scparated by uncovered Cu surface regions. The probable structure
(schematic with side view) of 1ML Co film is shown in Fig. 5.18. The IML film in this
experiment is thus considered to be a structure of some 1ML-high and 2ML-high islands with
some uncovered area as shown in Fig. 5.18(a). The STM result from Ref, 5.43 is also shown in
Fig. 5.18(b) for comparison.

For formation of CoO phase on 1ML Co-film, three separate cases can be considered. They

are shown in Fig. 5.19 (a-c) and discussed in the following:

| 3D CoO island

Cu(l)

gEmE 2D CoO island

(a) Casel

Cu(00

(b) Case 2

Cu(001)

(c) Case 3

Figure 5.19. Three proposed cases of CoO formation for IML Co film.

Case 1: Three-dimensional (3D) CoO islands are formed. Due to the strong Co-O bonding,
IML Co islands is changed into 3D CoO phase. Therefore, no 2D CoO phase is

present on the surface.
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Case 2: Both 3D and 2D CoO islands are formed on the surface while keeping the uncovered
Cu-surface as usual. The 2D CoO phase is formed in the region of IML Co on the
surface.

Case 3: Only 2D CoO phase is formed. In this case, it is assumed that oxygen releases its
energy for reconstruction of 1ML island on the surface and the saturated 2D CoO

phase is formed.

Among the three cases, the ‘Casel’ may be not the real situation if we analyze the Co2Zp
spectra in Fig. 5.17. Both spectra (middle one for SML Co and bottom one for IML Co)
represent the nearly saturated CoO phase. This was already verified in Fig. 5.13 (b) and in the
Table 5.1. But the spectral features of these two spectra are not exactly similar. It is expected
that another structure of CoO phase different from SML Co is present in oxidized 1ML Co
film. In Fig. 5.17, the broad and more flat structures in the satellite and also in the main peak
indicate that there may exist some mixing of multiplet structures originating from different or
multi-phases of CoO. If there is no mixing of multiplet structures, then the CoO phase on 1ML
Co is considered to different from 5ML case. Therefore, ‘Case2’ and/or ‘Case3’ are more
favorable. This means some different structure other than the CoQOs one (CoOs structure
represents the bulk or 3D situation) is also present in 1ML Co film after oxidization. In order to
reproduce calculation for the Co2p spectra in such a system with 2D CoO phase, it is urged
here that the planar CoO4 model may be appropriate.

For the results given in Fig. 5.17, some additional discussion is given here. It is well known
that the electronic structure in the thin film of monolayer range (<2ML) is different than that in
the thicker film or bulk system [5.16]. The simple interpretation is that the reduced co-
ordination number in the system (for example 1ML of Co film) results in narrowing of the d-
band. This narrowing causes a redistribution of the charges in the upper and lower part of the
d-band [5.44]. It was predicted by R. Miranda et al. [5.45] that for 2.1 Al (atomic layer) of Co
on Cu(001), the overall localized d-states might be increased due to the band narrowing.
According to Ref. 5.45, the situation of the d-band is that the band is accompanied with more
d-electrons with respect to the s-electrons than the bulk and less d-holes at the Fermi level. The
self-consistent theoretical calculations for unsupported monolayer of Fe, Co and Ni [5.46] and

Ni on Cu(001) [5.47] also suggest that the number of d-electron in the monolayer is larger than
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in the bulk. The effect of the d-d interaction in photoemission for a monolayer film is therefore
expected to be different.

In the Cu2p core level photoemission spectra for CuO (with d’-electrons) and Cu,0 (with
d'®-electrons), it was found that the former one show relatively stronger satellite peaks than in
the latter one [5.48]. In case of Cu;0, the feature of the satellite structure is relatively broad. As
the charge transfer process is the origin of the satellite peaks in the transition metal compounds,
the system with less populated d’-electrons must have large populated charge transfer from the
neighboring oxygen atoms. This will provides strong satellite feature in the photoemission
spectra.

Now for the results in Fig. 5.17, it can be said that IML Co might have more d-electrons that
in the SML Co (according to Ref. 5.45). Therefore, the spectrum for 1ML Co is accompanied
with less-populated charge transfer from the neighboring oxygen atoms. As a result, the
spectrum for 1ML Co shows relatively weak satellite peak than that for SML Co. Together
with this argument, different phases of CoO in 1ML oxidized Co film are also responsible for

the broadening of the satellite structure.

5.IV. Magnetism of oxidized Co film

The magnetic properties of the oxidized Co(SML) film was also studied by using magnetic
dichroism experiment. As already discussed in the chapter 2, the magnetic linear dichroism
(MLD) in angular distribution (AD) experiment is also possible to perform by using
unpolarized light. The result from this experiment will be used to reveal the unaffected
magnetic state in the oxidized thin film. In the previous cxperiment [5.39] where surface
sensitive spin-polarized photoemission measurement was carried out to study the magnetic

behavior of oxidized film, O(10L)/Co did not show any ferromagnetic property. The present
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result will show the existence of ferromagnetic state of oxidized Co film even at higher oxygen
exposure.

In Fig.5.20, the geometry of MUDAD experiment is shown. The light is coming at an angle
55° out of normal axis. The sample was rotated about 6° around X-axis along Y-axis. This
means that photoelectrons coming out at an angle 6° out of Y-axis are detected as shown in
inset. In this condition, the MUDAD signal was found to be maximum (in this experiment and
also in previous result with 8° [5.49]) due to the photoelectron diffraction effect. The sample is
magnetized along the Cu[110] direction which is the easy magnetization direction of Co-thin
film system [5.50]. The electric vector of the unpolarized light is considered as an incoherent

superposition of E; and (Ez+Es) components. E;is parallel to the [110] parallel to the [110]

Figure 5.20. The experimental geometry of MUDAD. The detailed description of this

geometry is given in the text. The directions of M+ and M- are shown along [110] direction.

direction and it has no contribution to the dichroism signal upon reversing the magnetic field.
The resulting electric vector component form E; and E; will actually contribute to the
dichroism signal. But, the maximum signal will be smaller of factor 2 than the usual MLDAD
signal. Figures 5.21 (a-d) show the MLDAD result for different systems. In each figure, two
photoemission spectra (in upper panel) were taken for two opposite magnetization directions,

M+ (solid circle) and M- (open circle). Two spectra show different profile both in the intensity
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Figure 5.21. MUDAD results in Co2p photoemission spectra excited by MgKa line for
clean Co SML film in (a), O(3.2L)/Co(SML) in (b), O(20L)/Co(SML) in (c) and
O(40L)/Co(5ML) in (d), respectively are shown. In each figure (upper panel), two spectra were

taken for M+ (solid circle) and M- (open circle). The asymmetry is shown in lower panel of

cach figure.
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and the energy position from each other. In the bottom, the dichroism signal is shown that is
referred as asymmelry i.e. the difference of the intensity of the two spectra divided by their
sum. The asymmetry is then shows a plus-minus shape for Co2ps;, and minus-plus shape for
Co2p;2. Fig. 5.20 (a) shows the dichroism results for clean Co film. In order to check the
effect of chemisorbed oxygen and the paramagnetic CoO phase on Co-film, MUDAD results
for O(3.2L)/Co(001), O(20L)/Co(001), O(40L)/Co(001) systems are shown in Figs. 5.21 (b-d),
respectively. As all the photoemission spectra were taken at zero magnetic field, the effect of
the magnetic field of the sample is neglected.

In case of both the clean Co and 0(3.2L)/Co, the feature of the asymmetry curve remains
same but slightly reduces in intensity for O(3.2L)/Co because the magnetic state changes on
the surface. Turning to the CoO phase (partial), both the spectra in (c) for 20L and in (d) for
40L also show dichroism signal, but weak. The present result differs from the previous result
[5.39], where 14 ML Co film with 10L oxygen did not show any spin-polarization signal for
the valence band. The present result can be compared with another spin-polarized
photoemission experiment [5.51] for hep Co film on W(110), which is rather bulk sensitive. In
Ref. 5.51, Co film with 40L oxygen also shows spin-polarization in valence band. So, on the
basis of the present result and the previous bulk-sensitive result [5.51], the following two
possibilities depicted in Fig. 5.21 can be proposed to estimate the origin of the dichroism signal

for higher oxygen coverage.

S

Co0, CoO+Co
paramagnetic
I Unknown '
. Co, Co,
Ferromagnetic Ferromagnetic
Cu(001) Cu(001)
(1) @

Figure 5.21. The two possibilities are proposed to explain the origin of MUDAD signal in
Fig. 5.19 (c) and (d).
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In case (1), photoelectrons for pure Co are considered to be originating from the unaffected
bulk Co-site and also from the interface of Co and CoO layer. CoO has paramagnetic stale at
room temperature with Ty=290K. But the nature of interface is unknown. For case (2),
photoelectrons may be coming only from the surface where some Co is still unaffected. But
after comparing with the previous surface sensitive result [5.39], it can be said that surface is
not the origin of the dichroism signal any more. On the other hand, the kinetic energy of
photoelectron in this experiment is around 480eV. The electron escape depth is about 9-11A,
which indicates the bulk sensitivity of this experiment rather than the previous one. So, the
first assumption is more favorable for the present result. This discussion reveals that, in Ref.
5.39, they actually did not find the any spin-polarization near the surface region. Information
from the bulk was not included in their results. This may be the difference with the present

experiment.

5.3.V. Conclusion

The above experiment showed the spectral variation of core level photoemission spectra as a
function of both the oxygen exposure and Co-thickness on Cu(001). It was found that the Co2p
core level was very useful to study the oxidization process. As the change of the electron-
correlated structure, such as satellite peaks, multiplet structures are very clear, the experiment
is considered to be a direct proof for the study of the oxidization. Both the main peak for Co in
CoO and the charge transfer satellite showed the pure element specific signal.

It was found that the oxidization stages are different depending on the Co-thickness. Both the
early oxidization and the saturation limit depend on the Co-thickness. Thinner films are more
reactive and show an early formation of CoO than that of thicker film. It can be predicted that
the narrowing of the d-band with increasing the density of states around the Fermi level may be
the origin of the early formation of CoO in thinner film. The result indicates that there are some
possibilities to grow the 2D CoO in the IML Co film together with 3D CoO phase. On the
basis of the present result, it is urged that planar type CoOs structure may be appropriate to
reproduce the Co2p photoemission spectra for 2D CoO phase. In order to gel the clear picture
of the local structures of oxidized 1ML Co film, it is therefore necessary to perform some
different measurements, such as STM (scanning tunneling microscope), photoelectron

spectromicroscopy with higher lateral resolution.
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Chapter 6

General summary
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In this thesis, the results of the photoemission experiment for rare earth compounds TmX
(X=S, Se and Te) and thin film systems of the 3d-transition metal (Ni films on Co/Cu and
oxidized Co films) were described. In both cases (4f- and 3d-systems), the evidence of the
effect of electron-correlation was found to be very prominent. In order to explain various
photoemission results for rare earth compounds and transition metal systems, the influence of
electron-correlation was introduced.

The most interesting observation in the chapter 4 (for RE core levels photoemission) in this
thesis is the variety of the spectral features for different photoemission spectra. This was
occurred due to the different kind of interaction between the core hole and the localized 4f
electrons. For example, in the 5p photoemission for the both on-resonant and off-resonant
conditions, the spectra show two sets of spin-orbit peaks. Though the spin-orbit splitting is not
so large for TmS3p, the spin-orbits peaks were nearly identified. The 5p (hole)-4f interaction is
not so strong enough to change the spectral features into a complex one. On the other hand,
several multiplet struclures appear in each spin-orbit peaks due to the core hole-4f interactions.
In the resonant photoemission, the features of the peaks are changed due to the presence of
multiplet structures and their individual resonance effect.

In case of Tmdd and Tmdp photoemission results, the situation has been changed for having
the similar principle quantum number to 4f electrons. But the nature of the 4d(hole)-4f
interaction and 4p(hole)-4f interaction are quite different. It was found that the 4d(hole)-4f
interaction is the most strong, and, therefore, the Tm4dd photoemission spectra do not show
actually any spin-orbit peaks. Instead, large number of multiplet structures are present in a
wide range of energy region (~40eV). These multiplet structures show lifetime broadening
effect. The lifetime broadening effect was also explained by the electron-correlation effect, in
other words, by the 4d-4fdf super Coster-Kronig decay process. In case of Tmdp
photoemission, the spin-orbit splitting is larger than that of Tmdd levels. This large spin-orbit
splitting primarily dominates the Tmdp spectral feature, which is not so complex as Tmdd is.
But, soon after the effect of the configuration interaction (CI) is introduced, the peak shape in
the higher binding energy is changed and smeared out. Here, the CI was described through the
4p-4d4d Auger type decay process and this process has different impact on “4p,” and
“4ps,”peak regions. The lifetime broadening effect in the 4p XPS was also discussed by

introducing configuration interaction (CI). It was shown that the broadening effect is not
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constant over the whole 4p binding energy range. The “4p,,” region was found to be more
smeared out than the “4ps,™.

Finally for Tm3d, the strength of the 3d(hole)-4f interaction is again decreased. Therefore, the
spin-orbit peaks are well distinguished. The lifetime broadening effect related to the af
electrons very weak. But, several multiplet peaks are still present in the each spin-orbit peaks
and the peaks are therefore locally broadened.

Thus, a rich information of the final state effects, such as multiplet splitting, lifetime
broadening, configuration interaction, valence fluctuation were derived from these core level
photoemission.

In case of transition metal Ni, the formation of satellite structures in the valence band
photoemission and its resonance behavior are the well-known effect of the electron-correlation.
Ferromagnetism is also a direct consequence of the spin-dependent electron-correlation. The
magnetic dichroism study is thus directly related to the spin-dependent electron correlation.
Though the calculated results were not shown for the Ni3d-MLD results, it can be assumed that
the spin-dependent electron-correlation has strong influence on MLD signal for the correlation
induced satellite structure.

The core level photoemission for CoO also shows the satellite structures. But in this case, the
origin of the satellite is considered to be the charge transfer mechanism. The mechanism is also
similar to that of metal and thus the satellite in CoO reflects the effect of strong electron-
correlation. The spectral weights of the main peak (Co2p) and the correlation-induced satellite
peak were found to be different in the oxidized Co-film depending on the oxygen-exposure or
Co-thickness. The presence of the correlation-induced multiplet structures is also verified by
comparing with the previous calculated results.

During the present study, a preparation chamber for epitaxial growth of thin films and
sample preparation was installed as an improvement of the photoelectron system. The
manipulator was also improved by constructing a He-cryostat for performing temperature
dependent photoemission experiments. Several experiments were thus successfully carried out
after all these improvements.

The results in the chapter 4 are summarized in the following:

1. In case of 5p level, the evidence of mixed valence was found in XPS and resonant

photoemission spectra. In the TmX, two 5p spin-orbit peaks (5p3z and 5piz) show the
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chemical shifts depending on the Tm-valence. The values of the spin-orbit splitting are
also different for two Tm valences and were estimated by the help of resonant effect
and calculation. The values obtained from the present experiment are considered more
reasonable than those of the previous reports. Especially by the resonant photoemission
study, the evidence of the presence of the multiplet structures is very clear for each 5p
peak.

. Tmdd shows multiplet structures and the different multiplets show different resonance
enhancement depending on the excitation conditions around the Tm 3d-4f absorption
edges (hv=1450-1550eV). The lifetime broadening cffect depending on the binding
energy is present in both the on- and off-resonant photoemission. Through this
experiment, the divalent and trivalent components in Tmdd were successfully separated
and identified. It was found that one of the decay channels after Tm3d-4f absorption
was a preferential one towards the Tm4d levels. This means that the among the several
decay channels, the contribution of one decay channel is significant for Tm4d resonant
behavior.

In case of 4p level, the evidence of effect of the configuration interaction (CI)
phenomenon was found in the photoemission spectra. Between two spin-orbit peaks,
the “dp,” peak region shows strong influence of the CI effect and this region is more
broadened and smeared out with short core hole lifetime. In order to clarify the CI
effect, the comparison with calculation was also shown.

. Tm3d core level was also measured for the mostly trivalent TmS. Because of the weak
3d-4f interaction, the spectrum is not so complex as Tmdd or 4p levels. It is found that
the spin-orbit peaks are separated and locally broadened due to the existence of
multiplet structures.

The probable origin of the deviation of mean valences in different measurement was
also discussed by considering the surface and bulk sensitivity of particular
measurement. The result shows the surface of TmS is not exactly the divalent as
predicted earlier. On the other hand, result indicates that surface of TmTe has trivalent

characteristics and TmSe is homogeneously intermediate valent.
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In the relevant chapter (ch.5) of the magnetic thin films, the results for Ni/Co systems were

described at first. Magnetic linear dichroism (MLD) in valence band and core level

photoemission was used to study the magnetic properties of Ni film on Co/Cu(001). The

results can be summarized as the following way:

1. The resonance effect is present on magnetic linear dichroism (MLD) for “6eV-

satellite” in valence band at Ni 3p-3d excitation edge. The present result is similar
to the previous MCDAD (Magnetic circular dichroism in angular distribution)
results for bulk Ni (110) sample, but not to MLDAD (L, linear) result.

The MLD result of Ni3p and Co3p core levels shows that the Ni and Co are
ferromagnetically coupled.

The present result also indicates that magnetization of the Ni films of 2.3, 8 and
11ML within the surface plane (in-plane magnetization)is possible.

Comparing with the MCDAD and MLDAD techniques, the MLD was also found to

be suitable for studying of the magnetic properties of thin films.

In the second part of the ch.5, the Co2p core level photoemission spectra were discussed in

order to show the modification of electronic and magnetic structures of oxidized Co film. The

results are as follows:

1.

It was found that the behavior of the early oxidization followed by saturated CoO
formation was different depending on the Co-thickness. Thinner films are more
reactive and show an earlier formation of CoO than that of thicker films. The
present result is different from the previous one where thickness independent
oxidization in the early stage was reported.

In the present study, it was estimated that two types of CoO phase depending on the
thickness were formed on Co surface upon exposing oxygen. The CoO phases are
two-dimensional (2D) and three-dimensional (3D). It is predicted that the generally
accepted CoO; model for 3D CoO phase might not be suitable for describing the
core level spectra in case of 2D CoO phase.

In the section of magnetism studies of oxidized Co film, MUDAD (U, unpolarized)
measurement in Co2p level photoemission was used. MUDAD signal was found
from the oxidized film even with higher exposure (40L). The result is different from

the previous spin-resolved photoemission result. The present result concludes that
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the MD signal for O(40L)/Co(5ML) system probably is coming from the deeper and

unaffected Co-site.

There are some future plans for thin film magnetism. Among them, the temperature
dependent magnetic dichroism study and oxidization of transition metal are of interest. In order
to measure the magnetic properties, the MCD and MLDAD techniques will be used because
the dichroism signal form these techniques is more intense than that of the MLD. The use of
the spectromicroscopy with higher lateral resolution and STM (scanning tunneling
microscopy) techniques is also planned in order to study the microstructures, especially for
oxidized transition metal thin films. The results for Ni MLD of the valence band including

satellite and Co MLD of core level will be compared with the calculation.
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Appendix A

Spectromicroscopy: Magnetic domain imaging of Fe(110)

The current appendix describes some spectromicroscopy results of magnetic domain that
were measured as the demonstrations of the VGESCALAB 220i-XL photoelectron system
[A.1]. Usual size of the magnetic domains on the ferromagnetic materials is rather large
(several hundreds pm), which is suitable to observe by the photoelectron spectromicroscope.
Magnetic contrast [2] in photoemission was used to perform this experiment. The origin of the
magnetic contrast is the same as the magnetic dichroism phenomenon that was described in
chapter 5. In this experiment, both the linearly polarized light (synchrotron radiation) and
unpolarized light (conventional laboratory x-ray gun) were used to excite the photoelectron
from the Fe2psz level. Namely, applied techniques are the MLDAD and MUDAD.

Before taking the domain image, the surface of the Fe(110) was scanned spatially by

photoelectron spectroscopy. The result is shown in Fig. A.1. In this case, the unpolarized x-
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Figure A.l. Small area (S0um x 50um) photoemission spectra (upper) from two different

regions (“A” and “B”) of the Fe(110) surface excited by AlKa radiation. The MUDAD signal

(asymmetry) is shown in bottom part. Maximum asymmetry is obtained at the binding encrgy
of 706eV.
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ray source AlKa (hv=1486.6eV) was used for excitation of the photoelectrons. Because of the
unpolarized light, the dichroism signal is small, but distinguished. The maximum asymmetry
was found at binding energy of 706.0eV near Fe2ps; peak. On the basis of occurrence of
dichroism signal upon reversing the direction of magnetic field for ferromagnetic material, it
can be said that the dichroism signal from two regions is obtained due to the antiparallel
directions of local magnetization of two regions. In other words, domains with different
direction of magnetic moments may exists in those two regions, “A” and “B”. The existence of
domain is shown in Fig. A.2 (using AlKa line) and in Fig. A.3 (using synchrotron radiation
from the BL7A at UVSOR facility).

Figure A.2. Magnetic domain image of Fe(110) surface by using MUDAD effect. AlKa x-

ray line was used for electron excitation. The Fe2pss photoelectrons at Eg=706eV and
Eg=704eV are corrected. The direction of the magnetic moment of each magnetic domain (“A”
bright) or (“B” dark) is indicated.

In Fig. A.2, the magnetic domain image of Fe(110) is shown. The magnetic contrast by using
unpolarized light was used for this purpose. After taking two images at Eg=706eV and
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Eg=704¢V, the subtraction and normalization process was done to get the final domain image.
The direction of the incident photon is shown by arrow in one cormer of the figure. The
expected direction of local magnetic moment for the domains “A” bright area and “B" dark
area are indicated when the easy direction of magnetization is considered to show along
Fe(100). Thus, MUDAD signal in photoelectron spectroscopy in Fig. A.1 can be observed
reflecting the magnetic domain imaging or vice versa. The MUDAD effect is not so large as
shown in Fig. A.1, the contrast of the image is therefore not so clear. That’s why the zone
boundary of two magnetic domains is not clearly visible. Instead, the image taken by linearly

polarized light shows more clear contrast as discussed below.
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Figure A.3. Magnetic domain of Fe(110) surface. Magnetic dichroism effect of the Fe2ps,

photoelectron by linearly polarized light (hv=1758¢V) was used. (a) and (b) represent images
for photoelectron at kinetic energy, E,=1046.2eV and at E,=1044.6eV, respectively. After
subtraction (in ¢) and normalization, the magnetic domain with opposite direction is obtained

(in d).
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In Fig.A.3, magnetic domain image was taken with MLDAD effect of Fe2ps, photoelectron.
The photon energy was 1758eV. The linearly polarized light was impinged from the bottom as
shown in (a). Initially two images were taken simultaneously for photoelectron at E,=1046.2¢V
(a) and at E,=1044.6eV (b). The magnification of each image is 120 times, where the detection
area was lmm x Imm. After subtraction (¢ = a-b) and normalization (d = c/(a+b)) of two
images, the domain structure (d) is obtained. Arrows indicate the probable directions of the
local magnetization. The contrast between the up magnetized region and the down one is

apparent.
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Appendix B

Test experiment by using He-cryostat

The following core level photoemission experiment in Eu-compound was carried out as a test
experiment of the newly constructed He-cryostat. The sample is the temperature-induced
valence transition material EuNis(Sip2sGegss)2 [1]. This is an intermediale valent type
compound. The valence transition is occurred at T=110K. Figure B.1 shows the Eu3d core
level photoemission spectra measured by using AlKa radiation for oxidized sample and clean

sample.

Eu3d-XPS by AlKa radiation
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Figure B.1. Eu3d core level photoemission spectroscopy measured by AlKco radiation. The
top most spectrum (solid circle) is for oxidized sample taken at 300K. The ratio Eu®*: Eu’* =
1:2.4. The other three spectra are for clean sample but at different temperatures. The valence
transition occurs towards trivalent with decreasing the sample temperature as seen in the three
clean sample spectra where the ratio is 1:0.31 at 300K (open circle), 1:0.40 at 83K (solid
square) and 1:0.43 at 33K (open square).
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In the resonant photoemission experiment of Eu-valence band at Eu 3d-4f absorption edges
[B.2], it was found that the photoemission signals belong to the trivalent Eu show the
enhancement at low temperature. The same kind of valence transition is occurred here in core
level photoemission. In order to get very low temperature, liquid He (constant flow) was
inserted inside of the cryostat. The minimum temperature 33K was achieved, which was
checked by Al-Cr thermocouple. By using liquid nitrogen in the same cryostat, the temperature
went down to about 83K. The clean sample was achieved by scraping the sample surface with
diamond filler in UHV condition.

In the figure, each spectrum shows two sets of spin-orbit peaks corresponding to two
valences. For spectrum (solid circle) of oxidized sample as shown in top of the figure, the ratio,
Eu®*: Eu’* is 1:2.4. This value was estimated from the total photoemission cross-sectional area
under the “Eu3ds;,” peak region. The ratio means that the oxidized sample shows more
trivalent nature than the clean sample, because of the existence of Eu;0s. But for clean sample
at 300K, the amount of trivalent component is reduced. The ratio was found to be 1:0.31 for
the clean sample (open circle) at room temperature. The estimated mean valence is 2.24. On
the other hand, the trivalent component was increased with decreasing the temperature. In the
figure, the ratio (Eu®*: Eu’*) is 1:0.40 at 83K (solid square) and 1:0.43 at 33K (open square).
The corresponding mean valences are 2.29 and 2.30, respectively. It is clear from this
measurement that the valence transition is occurred for the Eu compound depending on the

temperature.
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Appendix C

Electrochemical polishing

The electrochemical polishing was carried out in order to get mirror surface for Cu substrate.
After the mechanical polishing, usually some damages or some polishing materials and
lubricant are left on the sample surface. At this stage, even the ultrasonic cleaning is not
enough to remove them. As a result, the usual ultra high vacuum cleaning (sputtering and
annealing) is not sometimes enough to get the clean surface. The electrochemical polishing is
thus very essential to perform. Though the process itself has some risk to destroy the surface
partially and to produce some pits on the surface, it is very much effective to get cleaner
surface. In the present thin film measurement where the electrochemical etched Cu substrate
was used, the sample surface had some damages. But these damages did not affect the
experiment because the detection area of the photoemission measurement was less than 1 mm.

The procedure of electrochemical polishing is described below.

B e I + Power
G i supply,
— - 15V, 0.15
Cu-gasket — 1 - to 0.18A
N\ HNO; (N=63%): MeOH
e < 1)=12
McOH, Lig. Na, ) \ (Methy! Alcohol)
dry ice for keeping 1> i
temp. -30 o - ( _,H___ . SlE
60°C & m & Spinner
) Q

Magnetic stirrer \

Figure C.1. Arrangement of electrochemical polishing.
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The arrangement of the chemical polishing is shown in Fig. C.1. An acid solution [HNO;
(concentration, N=63%): MeOH = 1 : 2] was used for this purpose. The acid solution was kept
inside of a cool reservoir whose temperature was maintained at =50 to =60°C. Two electrodes,
the Cu-sample as cathode and a small Cu-gasket as anode, were used to supply the current. At
—50 to —60°C, the power supply was turned on with 0.15A and 15V for nearly 7 minutes.
During this time, a fresh Cu-surface was appeared due to the chemical reaction. Later, the

sample was washed by methanol and dried.
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Appendix D
Calculation details (done by Dr. H. Ogasawara in Prof. Kotani
group, ISSP, Tokyo University)

The calculations are done for Tm®* and Tm™ ions using an atomic model in the
spherical symmetric space. The initial state is taken to the Hund’s rule lowest state, which
is 2Fs for Tm®* (4f") and *H, for Tm™ (4f'?), respectively.

The total Hamiltonian consists of three parts,
H=H+H.AV,, (D.1)
where H., represents the spin-orbit interaction, He.. the electron-electron interaction, and
I, the optical transition, respectively.

The spectrum is calculated by the formula
2 -
F(e,v) = Zi(kﬁ IT|g)| 6(hv +E, —E;1)5(e -¢,), (D.2)

where hv represents the incident photon energy, € the kinetic energy of the photoelectron,
lg> the ground state of Hy, E, its energy, |kf> the final states, and Eys their energies. Here
the interaction between the photoelectron and the Tm system is ignored, so that the final
states kB> and their energies can be decoupled as [kf>=|k>|> and Exs = & + Eg, where >
and g represents the photoelectron state and its energy, and |> and Eg the final state of the
Tm ion and its energy, respectively. The operator T is the t-matrix, which is the optical
transition in off-resonance case or the electron-electron interaction plus optical transition in

On-resonance.
The Cowan’s program suits [D1] was used to abtain parameter values and reduced

matrix elements.

1. Tm 4p photoemission

As mentioned above, the 4p photoemission spectra of the rare-earth elements show
strong configuration interaction (CI) effect. In this calculation, the configuration
interaction between two configurations 4p°dd'4f" and 4p°4d°4f ™' is considered. It is
assumed that the CI counterpart is below the continuum threshold, because it is found from
atomic Hartree-Fock calculations that the energy position of configuration 4p°4d4f Vef is
several rydbergs higher than the 4ptadtaf™’.

The system Hamiltonian consists of spin-orbit and Coulomb-exchange interactions

within each two configurations and the electron-electron interaction between them (CI).
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The t-matrix is the optical transition. The parameter values required in this calculation are
given in the Table 1. These values are obtained by Cowan’s Hatree-Fock program with
relativistic corrections. The values of F(4d,4d), F'(4f,4f) are reduced to 80%, F(4p.4f),
FX(4d,4f) to 75%, G"(4p,4f), G*(4d,4f) to 66% and R*(4p4f.4d’) to 90%, respectively.
The energy distance between the two configurations defined as

AE= Epy (4p°4d*4f™") - Exu(4p*4d"'4f ") (D.3)
is also required in the calculation. The calculated values are 16.3eV for Tm® and 16.4eV
for Tm®*, respectively. The AE is treated as a free parameter, because AE might be

different from the atomic value in solid.

2. Tm 5p resonant photoemission

The 5p resonant-photoemission spectra in the 4d resonance region was calculated. In
this case the system Hamiltonian consists of the spin-orbit and Coulomb-exchange
interactions within a single configuration, while the f-matrix consists of the Auger and the
optical transitions. 1t is expressed as

T= Vg + Vu [1/(z-Hg)]T (D.4)
with
z=hv+E+in (n—=+0), (D.5)
where optical transition Vo up to the first order and the Auger transition V4 up to the
infinite order are taken into account. The detail of the calculation method was given in
reference [D2].

Three major decay channels, which are d4d-dfdfeg, 4d-4fSsep, and 3d-4d5pe(s, d, g)
Auger decay processes are considered. The kinetic energy of the photoelectron is
determined so as to keep the total energy of the system conserves. Although results are not
shown in this paper, 5s and 4f resonant photoemission are obtained. The result for af
resonant photoemission was already published [D2].

The parameter values used in the calculation are given in Table II.
The values of F'(4f,4f) are reduced to 80%, F(4d,4), F(5p.4f) to 75%, G (4d.4f),
GX(5s,4f), G*(5p,4f) to 66% , respectively. The other values are used in raw values.

3. Tm 3d photoemission
The 3d photoemission spectrum is also calculated for Tm™ ion. In this case, the system
Hamiltonian consists of the spin-orbit and Coulomb-exchange interactions within a single

configuration, and the t-matrix is simply the optical transition. This is the most basic model
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without CI and resonance effect.
The parameter values used in the calculation are given in Table IIL. All the Slater

integrals are reduced to 80%.

4. Tm 4d resonant photoemission

The on- and off-resonant photoemission spectra of 4d core level for Tm** and Tm™
ions were calculated using an atomic model with spherical symmetry. The initial states are
taken to the Hund’s rule lowest states, which are “Fs for Tm ** ion (4f%) and *He for Tm®"
ion (4f'%), respectively. The method is the same as that used in Tm5p resonant
photoemission. The final states of 3d—4f XAS (X-ray absorption spectra) are identified by
several intermediate states of resonant photoemission with 3d’4f ™' configuration (n= 12
or 13). There are one and four intermediate states for Tm? and Tm®" ion, respectively.

There are a lot of decay channels from the intermediate states. The most important
channels are 3d-4f4f, 3d-4d4f and 3d-d4d4d Auger decay. Three channels in the calculation
are included for simplicity. This is a fair approximation, because the decay process other
than 3d-4d4f affects indirectly the resonant 4d photoemission spectra through the lifetime
broadening in the intermediate state. The parameter values used in the calculation are
given in table IV. A linearly energy dependent function I" = 0.1(Es-Eg) eV, (where Eq is the
lowest binding energy in the 4d XPS) is used to approximate the lifetime broadening effect
of 4d photoemission final states, taking into account that the lifetime of 4d XPS strongly

depends on the multiplet term.
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Table 1. Parameter values used for 4p XPS.

given in the unit of eV.

]

;Fm?** _

—

All values are

Tm?2+

ground state

F2(41,41)

13.18

F4(41,41)

8.26

Fo(4f,4f)

2.94

C af

0.33

0.31

final state
4p54d104{12

4p64de4fl13

4p54d104f13

4po4deas

F2(41,41)

14.01

F4(41,41)

8.83

[ Fofay |
F2(4d,4d)
F4(4d,4d)

6.37

C af

0.36

€ 3p

31.63

C od

F2(4p,4f)

14.89

G?(4p,4H)

11.36

 G4(4p4f)

7.87

F2(4d,41)

F4(4d,41)

G2(4d,41)

G4(4d,41)

GS(4d,41)

R!(4p4f,4d’)

22.55

22.17

R3(4p4f,4d’)

14.08

13.81
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Table II. Parameter values used for 5p resonant XPS. F, G, C
are

given in eV, R in (eV)1/2, (4d|ff4f) in Bohr radius as, (nl|rlel’) in as
/ (eV)1/2,

| I ’[‘In3+ -'Trn2+
Intermediate states R
- 4d944{13 4d24{14
€ af 0.34
C ad 3.29 3.27
F2(4d,4f) 13.85
F4(4d,41) ~ 8.85
G2(4d,41) 14.30
G4(4d,41) 9.01
Go(4d,4f) 6.38
(4d [r[4) -0.575 -0.576
final state _ -
4f11¢] (exin=10.2Ry) | 4f'2¢l (exin=11.7Ry)
F2(41,41) 13.86 13.18
F4(41,41) 8.73 8.26
Fo(41,41) 6.29 ~ 5.94
C af 0.35 0.33
R!(4f2,4deg) -0.80 -0.82
R3(412,4deg) -0.43 -0.44 ]
R5(412,4deg) -0.29 -0.29
(4f| | £8) 0.044 0.043
5s814f12¢] (exin=6.4Ry) | 5814f13¢] (erin=7.6Ry)
F2(41,41) 13.44
F4(4f,4f) 8.44 -
F6(4f,41) 6.08 T e
Eoar 0.34 0.34
G3(5s,41) 2.72 2.75

179



180

Ra!(4f5s,4dep) 042 0.41 i
R.2(415s,4dep) 0.15 0.15
(5s|rlep) 0.0090 0.0085
- . m 5p54112l(exin=8.7Ry) | 5p54{13el(exin=9.8Ry)
F2(4f,41) 13.37
F4(4f,44) 8.40
F6(41,41) 6.04
C ar 0.34 0.32
L sp 4.12 3.78
F2(5p,41) 5.34 5.15
G2(5p,4f) | 2.29 2.34
GH(5p,4f) 1.80 1.79
Ra!(4f5p,4des) | 0.13 0.12
Re3(4f5p,4des) 0.077 0.072
Ra!(4f5p,4ded) 0.43 0.41
Ra3(415p,4ded) 0.26 0.14
Re!(4f5p,4ded) 0.13 0.13
Re*(4f5p,4ded) 0.14 0.14
Ra3(4f5p,4deg) 0.25 0.24
Ra5(415p,4deg) | 0.14 0.14
R (415p,4deg) 0.13 0.13
R.3(415p,4deg) 0.11 0.11
(5plr|es) 0.012 0011 |
(5p|r|ed) 0.0033 0.0029
(Ss|r|eg) e T



Table III. Parameter values used for 3d XPS. All values are

given in the unit of eV,

| | Tm3* Tm?2*
final state
- F2(4f,41) 14.33
F4(4f,44) 9.03
F6(4f,44) 6.51
€ at 0.39 0.37
€ 34 18.0 18.0
F2(3d,41) 9.52 9.09
F4(3d,41) 4,54 4.31
G!(3d,4f) | 7.05 6.68
G3(3d,41) 4.14 3.92
G5(3d,4f) | 2.86 ‘ g

Table IV. Parameter values used for 4d resonant XPS.

Tm3+ Tm2+
4f numbers 12 N 13
5{@ 4f) 13.9 13.2
(4f 4f) 8.7 8.3
F°(4f, 4f) 6.3 5.6
& 0.35 0.33
Lo 53 3.3
i 18.1 B 18.1
F(4d, 4f) 14.3 13.9
F'(4d, 4f) 9.2 8.9
G'(4d, 4f) 14.8 14.3
G’(4d, 4f) 9.4 9.0
G’(4d, 4f) 6.6 6.4
F°(4d, 4d) 17.6 17.6
F(4d, 4d) 11.8 11.8
F’(3d, 4f) 9.1 o
F'(3d, 4f) 4.3 -
G'(3d, 4f) 6.7 :
G’(3d, 4f) 3.9 -
G°(3d, 4 2.7 B -
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R'(3deg, 4f) 0.19 0.18
R’(3deg, 4F) 0.12 0.12
R'(3deg, 4f) 0.09 0.08
R’(3ded, 4d°) 0.11 0.11
R%(3ded, 4d°) 0.09 0.09
R*(3ded, 4@{1 ) 0.05 0.05
RJ (3def, 4f4d) 0.12 0.12
Ri'(3def, 4f4d) 0.05 0.05
Rdj(.?dﬁﬁ 4f4d) 0.03 0.03
Reﬂ{.i'dEﬁ 4f4d) 0.04 0.04
REZ(.?dEﬁ 4f4d) 005 0.[:'5
R.(3def, 4f4d) 0.03 0.03
(4flr|3d) 0.12 0.12
(eg|r|4h 0.0015 0.0014
(eflr]4d) 0.0028 0.0028
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Abstract

We report the results of 44 core-level photoemission spectra for thulivm monochalcogenides, TmX (X = §, Se, Te) around
the 3d-4f absorplion edge. The resonance effect for Tm 4d emission occurs through partial decay channels of the 3d-4f
excited stawes. The lifetime-broadening phenomenon, which depends strongly on the binding energy, is also employed here for
elucidation of 44 photoelectron speciral features. The behavior of a particular decay channel, referred to as 3d-4d4f, followed
by preferential excited states was studied extensively, © 1998 Elsevier Science B.V.

Keywords: Resonant photoemission; Rare earth compounds; Lifetime broadening; Core level

1. Introduction

Photoemission spectroscopy has been widely uti-
lized to characterize the final-state multiplet structures
of the inner electronic shells of atoms with fundamen-
tal interest [1,2]. Tts importance is enhanced especially
for rare earth systems, where the multiplet structures
are complex owing to the existence of the unfilled and
localized 4f shell [1-3]. Considerable attention has
been paid to observing the inner-shell line width in
photoemission by introducing the relaxation and
decay of core holes [4,5]. The dynamics of a core
hole collapsing to its ground state can be observed
directly through lifetime-broadened features in
the core-level photoemission spectra. Recently,

' Visiting scientist on leave from Physics Depanment, University
of Cukurova, 01330 Adana, Turkey.

Ogasawara and co-workers studied the lifetime effect
on the multiplet structure of 44 X-ray photoemission
(XPS) spectra for heavy rare earth systems [6]. They
showed that the lifetime-broadening effect on the
multiplet structure of the 4d XPS spectra varies
strongly with binding energy. It would be very
interesting to know the effect on the final state through
lifetime broadening in core-level photoemission
depending on the excitation conditions. In order to
investigate these complex features of core-level
photoemission spectra in more detail, the resonant
photoemission technique may be useful,

Resonant enhancement is generally caused by the
coherent superposition of a direct electron emission
and an Auger-like emission followed by Coster—
Kronig or super Coster—Kronig decay. This spectro-
scopic process has already been established as an
essential technique for investigating the behavior of

(0368-2048/98/519.00 © 1998 Elsevier Science B.V. All rights reserved

Pl 50368-2048(27)00183-7
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strongly correlated electrons; for example, 4f elec-
trons in rare earth metals and their compounds [7-9].
The thulium ion in thulium compounds is known to
take two forms: Tm® and Tm™. Because of the
different ionic states of thuliom, these compounds
show different physical and electrical properties.
Recently some resonant pholoemission studies were
reported for thulium compounds. It was found in these
experiments that a large resonant enhancement occurs
in Tm 4f emission around the Tm 44 absorption edge
[B,2] and alse around the Tm 34 absorption edge
[10,11]). The valence structures of these compounds
were investigated precisely by those experiments. The
results are consistent with those obtained from other
experiments such as magnetic susceptibility measure-
ments. It was found that metallic TmS can be con-
sidered as almost trivatent, TmTe is divalent and
shows semiconductor nature, and TmSe s treated as
homogeneously mixed valence [12]. In the resonant
photoemission, it is supposed that the core hole may
decay via several routes following the absorption pro-
cess. In the case of 3d-4f absorption, every possible
decay channel to 34 core holes causes excitation of the
3ds;; (only at the 3dy, edge), 4f, 4d, 4s, 4p, 55, Sp or
some satellite electrons to a continuum state [7,10].
So far, most of the resonant photoemission experi-
ments on thulium compounds and others based on
heavy rare earth elements were mainly confined to
studying the 4f and 5p levels around the 44 absorption
edge. The resonance behavior of deeper core levels,
such as the 44, has not been studied so extensively,
The results by Laubschat et al. represent a preliminary
report related to the resonance effect in the 44 photo-
emission at the 34 absorption edge for some heavy
rare earth compounds [10]. Although they explained
the resonance effect in Tm4d photoemission by
means of the energy distribution curve (EDC) and
constant initial state (CIS) results for the trivalent
compound TmAl;, they did not discuss the existence
of 44 multiplet structures and the corresponding
resonance behavior. There are also some results dis-
cussing the 44 core-level resonant effect for europium
[13,14]. For example in [13], the authors discussed the
resonance effect of the Eu 44 core level at the excita-
tion energies of the 3d-4f absorption edge. The 4d
multiplet structure in the final state was not observed
in their results. But we must consider the final-state
multiplet structure in the 4d core-level photoemission

of any heavy rare earth system to discuss its resonance
behavior. Furthermore, in the case of thulivm com-
pounds, the contribution of divalent and trivalent
components should be included o describe resonant
photoemission completely. This requires a detailed
study for Tm 44 resonant pholcemission by con-
sidering the multiplet structure and different valence
COMpOnEents.

In this paper, we present the results of a 3d-4f
resonant photoemission study of the 44 level for
TmS and TmSe. We discuss the lifetime-broadening
effect in the 44 emission depending on the multiplete
structure, Al the same time, we give an explanation of
the different decay channels connected to the peaks of
the 44 multiplet and thulium valences followed by the
3d resonance absorption. The results of theoretical
calculations are compared with the experimental
ones at every stage,

1. Experiment

The experiments were performed in the same way
as described in our previous report for the 3d-4f
resonant photoemission of TmX [11]. The 4d photo-
emission experiments around the 34 absorption edge
of TmX were performed at the beam line, BLTA, of
the UVSOR facility, which employs a YBy double
crystal monochromator. A VG ESCALAB-220i-XL
photoelectron analyser systern, with a base pressure
of less than 2 x 107" torr, was connected to the beam
line for these experiments. The overall energy resolu-
tion of the core-level photoemission spectra was less
than | eV both for on- and off-resonant conditions.
The surfaces of the single-crystal samples were
cleaned by Ar-ion bombardment or by scraping.
Oxygen contamination was checked by monitoring
the O (1s) XPS peak and found to be negligible.

3. Calculation

We have caleulated the on- and off-resonant photo-
emission spectra of the 4d core level for Tm*™* and
Tm?* ions by using an atomic model with spherical
symmetry. The initial states are taken to the lowest
states given by Hund's rule, which are Fap for Tm ™
ions (4f'") and *H for Tm® ions (4f'%). The method is
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the same as that used in another report [9,11]. The the intermediate state. The parameter values used in

final states of 3d — 4f X-ray absorption spectra the calculation are the same as those in [11]. A linear

(XAS) are identified by several intermediate siates energy-dependent function I' = 0.1(E — Ey) eV,

of resonant photoemission with M*-If”"cnnﬁgur:ttiun where Eg is the lowest binding energy in the 44

(n =12 or 13}, There are one and four intermediate XPS. is used to approximate the lifelime-broadening

states for the Tm® and Tm> ion, respectively. effect of 44 photoemission final states, taking into
There are many decay channels from the inter- account that the lifetime of 4d XPS depends strongly

mediate states. The most important channels are 3d- on the multiplet term [6].

Afaf, 3d-4d4f and 34

=4d4d Auger decay. We include only these three 4. Results and discussion

channels in the calculation for simplicity. This is a

fair approximation, becavuse decay processes other 4.1. XPS§ specira of the trivalent Tm 4d core level

than the 3d-dd4f affect the resonant 44 pholoemission

spectra indirectly through the lifetime broadening in As mentioned in Section 1, TmS is known 1o be an

Tms|  |® ™s| |© Tms | (d) Tms

by MgKa C(ON)
(hv=1253.6eV) J | 1462.5¢ h
: D(ON)
1465.0eV
B{ON}

A(OFF} 1460.5eV
m-:ns? mv

i 1* /\k

T

Photoemission Intensity (arb.units)

4

225 210 195 180 165 225 210 195 180 165 225 2]0 195 180 165 225 1210 195 ll!ﬂ- 65
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2 TmS
-
E‘ TY (exp.)
z 1 —
= TY (cal ), Tm” .
2 - 1 1 'l L 1 2
=1450 1460 1470 1480 1490 1500 1510 1520

Photon Energy (eV)

Fig. 1. (a)=(d) Tm 4d resonam photoemission spectra of TmS. {a) shows the off-resonant spectrum along with the XPS spectrnm excited by
Mg K, radiation; (h)—(d) show the on-resonant spectra, All solid curves represent the calculated spectrum for each resonance condition of 1he
trivalent thulium ion. (e} 2d-4f ioal photoebectron yield spectram for the mostly trivalent compound, TmS. B, C and D indicate the resononce
peak maxima, comresponding to the three resonant conditions of the tnvalent thulium ion, and A shows the off-resonant condition, The
calculated absorption specirum for & trivalent thulivm ien is also shown for comparison.
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almost trivalent compound. In order to study the 44
core-level photoemission spectra for a trivalent ion,
we show the results of TmS in this section. Fig. 1(a)-
{d) show the on- and off-resonant 4d core-level photo-
emission results for TmS at various photon energies
along with the XPS spectrum excited by Mgk,
radiation. The specira show almost trivalent nature,
but with a small amount of the divalent component.
The backgrounds are subtracted by Shirley's method
for all photoemission spectra [15]. The excitation
energies indicated by letters (A 1o D) are selected
from the TY (total photoelectron yield comresponding
to absorption) spectrum shown in Fig. 1{e). Three of
these excitation energies (B to D) represent the
resonant conditions of the trivalent thulium ion, ie.,
corresponding to 3Hb, "G, and 'H; intermediate
states. It is noticed that the 4d spectra are greatly
enhanced (about 10 limes the off-resonant one)
under the 3d-4f resonant condition. The resonance
effect of the spectra in Fig. 1{b)-(d) is explained by
considering the interference between the direct 4d
photoemission and the 44 excitation to continuum
state due to the decay channel, 3d'°4d'%4f"% + hw —
3d°4d"%4f" — 34"°44%f'? + el This is one of the
autoionization channels taking place in the 34 core-
hole decay process as described in Section 3. A
similar phenomenon (but with a different number of
4f electrons) has been reported for europiom [13].
Instead of a single 4d peak in [13], we observed
several multiplet peaks in both off- and on-resonant
spectra as in Fig. 1(b)-(d). Each 44 multiplet spec-
trum is extended over the binding energy width of
40 eV [6]. Every possible final state in the 44 muli-
plet for the Tm™ ion was calculated from linc spectra
in [6]. The measured 4¢ spectrum was considered as
the convoluted form of these line spectra by lifetime
broadening and the experimental resclution. The off-
resonant spectrum excited by Mg Ko radiation in
Fig. 1(a) also shows the complex multiplet structures.

In order 1o describe the resonance effect of the 44
multiplet peaks we have to consider the preferential
decay channels of individual excited states, i.e., the
decay process of an intermediate state. Some of
the final states are considered to take part strongly
in the decay excitation process and show relatively
stronger resonant enhancement. For example, in
Fig. 1(b), the spectrum at hr = 1460.5 eV shows two
dominant enhanced peaks with binding energies of

~180.5 eV and ~185.5 eV. Calculation also shows
almost the same feature. In the second and third
resonance conditions (at hr = 1462.5 and 1465 eV,
respectively), the higher-binding-energy parts are
more enhanced than lower-binding-energy parts.
This distinction of the resonant effect in 4d multiplet
peaks depends on the strength of the relevant Auger
decay of the individual excited state. At the same
time, the shape of both on- and off-resonant spectra
is affected by the lifetime of the 4d core hole as
described below. Accordance between the experiment
and the calculation seems to be fairly good, but some
differences between the observed results and calcula-
tions still exist for the on-resonant condition. For
example, in Fig. 1({b) and {c}, the peak al the binding
energy of ~200 eV in the calculated spectra is not as
intense as it is in the experimental ones. The possible
reasons for this are discussed later,

We have already mentioned in Section 1 that the
lifetime broadening of the several core states in the
multiplet structure varies strongly with their binding
energy. Because of the strong coupling between the
core hole and the localized 4f shell [1], the constant
lifetime concept [5] can be rejected for the complex
multiplet structure. Therefore the lifetime of the core
hole depends on the super Coster—Kronig (sCK) tran-
sition rate involving 4f electrons [4]. Tt has already
been noted that the 4d photoemission depends on
the preferential decay channels in the 3d-4f reso-
nance. So we can assume that the sCK trunsition
rate depends on the resonance-induced 44 final state,

The broadening effect according 1o seleclive Auger
transition can be easily understood by the spin selec-
tion rule and the electron correlation effect [4-6]. The
lower states are described with spin-parallel elecirons
(holes) separated by the Pauli exclusion principle. The
states with spin-antiparallel electrons stay at the
higher-binding-energy side and these electrons inter-
act strongly. This higher-order interaction, which is
denoled as the “‘configuration interaction™ between
continuum  states by sCK decay, causes more a
broadened feature in the higher-binding-energy side,
The general tendency of the 44 spectrum is 10 be more
broadened at higher binding energy than at lower one,
so that the lower-binding-energy peaks are sharp with
a long lifetime as shown for the spectrum excited by
Mg Kee in Fig. 1(a). However, the linearity between
the spectral broadening and the binding energy does
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not hold exactly in the higher-binding-energy region
[6]. This is considered to be the reason why some of
the multiplet peaks in the calculation do not show
similar features to the experimental ones. To get betler
agreement between the calculated and experimental
results, some kinds of modification considering the
influence of preferential decay channels is needed.
Further, it is noticed that the 44 photoemission
channel is a preferential one in the 3d-4f excitation,
which is understood from the CIS results for 4d
photoemission spectra {not shown here). The CIS
spectra for the "H intermediate state show a large

enhancement for each 4d multiplet peak, whereas
the CIS spectrum for the 4f emission shows a smaller
resonance for the *H intermediate state.

4.2, XPS spectra of the divalenr T 4d core level

In order to study the resonant effect for divalent
components, we have measured the 4d spectra for
TmSe, a typical mixed-valence compound. Unfortu-
nately we could not get a clean TmTe (typical divalent
sample) surface during the beam time, and therefore
we show here only an off-resonant XP5 for TmTe by

( (b)

TmSe

Photoemission [ntensity (arb.units)

X9 ‘hﬂ K

a)

by MpKa

hv= 1(OFF) 2(0N)

1251.6¢ 1456.5¢V 1459 6eV \

1
s 1
! i F
TmTﬂ \ ’_/ .I"\ 'lk!l II[ t xl =

TmSel (c) TmSe

¢

- jxl 5. ; : ...-"; ;

225 210 195 180 185 225 210 195 18O 165 225 210 195 180 165
% Binding Energy (eV) BE(eV) BE(eV)
‘g TmSe
2 TY (exp.) e
R i e e R T T
E | i 1 M | i 1 ! l M

1450 1460 1470 1480 1490 1500 1510 1520

Photon Energy (eV)

Fig. 2. (a) The XP5 spectra of Tm5, Tm5e and TmTe excited by 1

he Mg K, line, The spectra are shown for reference 10 the off-resunant

spectrum (b) and for clarifying the divalent and trivalent nature of the dd core-level spectra. (b), () Tm 4d core-level pholoemission spectr
near the 3d-4f excilation conditions for TmSe. The excitation condition of specirum (c} comespends to the on-resonant condition of Tm®™
ions, The doned curves represent the calculation for T ions in each excitation condition. Because TmSe is mixed valence, the calculated
spectrum of the Tm™ jon (solid line) is also shown in the off-resonant spectrum. (d) 3d-4f wotal photoeleciron yield spectia of TmSe. The
encrgy positions | and 2 indicated by arrows show the off- and on-resonance conditions for divalent thulium ions. The calculated result for the

divalent thulium ion is shown,
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using the Mg K, line. Fig. 2(b) and {c) show some of
the 4d resonant XPS results for Tm5e around the 34
excitation region. In order to ¢larify the divalent com-
ponent of the 4d core level, the off-resonant XPS
spectra for TmSe, TmS and TmTe are shown together
in Fig. 2(a). The TY spectrum for TmSe in Fig. 2(d)
has to be considered as a superposition of trivalent and
divalent peaks. The dominant features of the TY
spectra are similar to those of TmS in Fig. 1(e): ie.,
trivalent peaks at the photon energy of 1460.5, 1462.5,
1465 and 1508 eV. In addition, there obviously exits a
shoulder at the photon energy of 1459.6 eV which
belongs to the divalent component [11], as shown in
the calculated curve. This is the condition for obtain-
ing the on-resonant photoemission spectrum of the
divalent 4d core level in Fig. 2{c). Since the resonance
condition of the trivalent peak is very close to that of
the divalent one, it is rather difficult to separate
completely the divalent parts from the trivalent
ones. The photoemission spectra of TmSe at the tri-
valent resonant condition are not shown here because
their spectral features are almost the same as those of
TmS in Fig. 1. From the comparison with the calcu-
lated spectrum, it can be said that the spectrum in
Fig. 2(c) shows almost divalent nature with a small
amount of trivalent nature. The spectral shape of the
buried trivalent part in this condition may be similar to
that in Fig. 1(b). It is concluded that the 44 core level
originating from the divalent thulivm ion is also
enhanced. It is clear from the comparison of experi-
mental and calculated results that the lifetime
broadening depending on the multiplet structure is
also affected by the resonant condition as in the case
of trivalent 4d spectra.

Since the off-resonant spectrum in Fig. 2(b)
shows mixed-valence nature, we could not separate
the divalent components. The calculated results for
bath divalent and trivalent parts are shown for refer-
ence. From the comparison of the off-resonant XPS
spectra for the three samples in Fig. 2({a), we can
estimate that the divalent part of 4d peaks stays at
the lower-binding-energy side of the trivalent one.
The peak at the binding energy of ~172.5 eV can
be considered as the first peak of the divalent part.
However, it is difficult to clarify other peaks because
the multiplet peaks from the divalent component are
superposed on the trivalent one at the higher-binding-
energy side.

5. Summary

We have presented resulis concerning resonant
photoemission of the 44 core level for thulivm mono-
chalcogenides around the 3d-4f excitation pholon
energy. [t was found that the final-state multiplet of
the 44 core level belonging to both the rrivalent and
divalent components resonates strongly at the 3d-4f
absorption edge. The resonance behavior of 4d multi-
plet peaks is attributed to the involvement of the
preferential decay channels of individual excited
states after 3d-4f resonant absorption. The spectral
features of the 4d muliplet in the final stale vary
according to the excitation conditions and different
thulium wvalences. At the same time, the lifelime-
broadening phenomenon 15 also  introduced to
describe this variation of spectral shape. This means
that the lifetime-broadening effect, which is explained
by considering the spin sefection rule and the electron
correlation effect between core holes and valence
electrons, can be employed for both off- and on-
resonant conditions. [t does specify that the lifetime
broadening of the multiplet states changes strongly
with binding energy by the help of the resonant effect.
Calculations in which such decay processes are
considered contain the same arguments as our
experiments.
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Abstract

The magnetic linear dichroism (MLD) was uwsed to study the magnetic properties of Ni-ultrathin film grown on
ferromagnetic substrate Co{001). The MLD in photoemission has been measured for either the valence Nild states around
the Nidp threshold or 3p core level, Our dichroism measurements of the valence Nild states conclude that the resonunce
effect is present on MLD for "6eVesatellite’ in the valence band photoemission whereas the main valence band peak shows
nearly same MLD signal for the both on and off resonance. It is shown for the thinner film that the dichroism from Ni and
Coldp core levels shows same sign wilh each other. This means that the Ni and Co are ferromagnetically coupled. © 999

Elsevier Science BV, All rights reserved.

Keywords: Thin film; Ferromagnetic substrate; Linear dichroism; Ge\lsatellite

1. Introduction

It is now well known and firmly established that
the ulirathin film in nanometer range of 34-materials
often shows very interesting and striking magnetic
properties different from its bulk. Because of rich
varicty of unusual magnetic properties, the thin film
magnetism is getting much more interest to both
experimentalists and theoreticians [1-4]. By varying
the preparation conditions, i.e. different substrates
(non-magnetic, magnetic or semiconductor), sub-

"Vigiting scientist on leave from Physics Depariment, University
of Cukurova, 01330 Adana, Turkey.

*Comcsponding author. Tel: +81-564-557403; fax: +81-564-
547079 e-mail: nath@ ims.ac jp

strate temperatures or film thickness, one can modify
the electronic structures as well as the magnelic
properties of the film,

Magnetic dichroism (MD) measurement in baoth
the photoemission and photoabsorption is considered
to be one of the most powerful methods (o study
such kind of magnetism [2,3]. It provides infor-
mation of both the surface and interface magnetism.
The absolute value of MD intensity can be used (o
identify the degree of magnetic ordering, since it is
proportional 1o the net magnetization of the system
[4]. The study of element specific magnetism select-
ing different electronic levels is very useful when the
thin film system consists of more than one element.
MD experiment in the photogleciron speclroscopy
can be performed by using circularly, linearly, or

O36B-2048/99/% - sce front matter © 1999 Elsevier Science BNV All rights reserved.
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unpolarized light [2-7]. A variety of experimental
peomelry has been introduced so far to carry oul
several dichroism experiments. According 1o the
experimental condition, the available technigues are
known as MLD (magnetic linear dichroism), MCD
(magnetic circular dichroism), MLDAD or MCDAD
(AD: angular distribution) in photoemission and
absorption. When we use linearly polarized (s- and
p-polarized) or unpolarized (mixed state of s- and
p-polarized) light, the experiments are performed
only by changing the directions of magnetization
keeplng the endre geomerry fixed. In a ploneering
work, Roth et al. [6] studied the MLD and MLDAD
effect for Fe(001) using linearly s- and p-polarized
light. In the case of MLD, the plane of two orthogon-
al magnetization directions is nearly parallel to the
plane of electric vector (E) of s-polarized light, Buwt
in MLDAD, the plane of electric vector (E) of
p-polarized light is perpendicular to the magneti-
zation plane. In this case, the magnetization direc-
tions are opposite to each other and the dichroism
signal is affected by photoelectron diffraction effect.
To perform the MD in photoemission experiment by
our apparatus [7], the geometry of MLD is more
suitable. In the present study, we report the resulis of
the MLD in valence band and 3p core level photo-
emission spectra for Ni/Co(001) system.

The reasons why we choose the Ni/Co system are
as the followings. At first, it concemns the element
specific photoemission for Ni3dd states. It is now
experimentally established that the Ni on Cu(001)
substrate shows a transition of magnetization from in~
plane to owt-of plane, This transition starts at 6.7 ML
(monolayer is derived from the interlayer distance,
d=1.70 A and nearest neighbor distance a,=2.51 A)
and continues up to 11 ML [2]. In our experiment,
we wanted lo concentrate on only in-plane mag-
netization region by avoiding any in-plane to perpen-
dicular transition for Ni-film. So Ni on Cu confines
our option into a limited thickness range below 6.7
ML, In the case of Ni film of less than 6.7 ML on
Cu(001), the Ni3d emission is overlapped with Cu3d
emission. Especially, the Ni 6-€V satellite structures
are overlapped with the tail of the broad 34V-Culd
emission. As a result, the element specific emission
is not possible for Ni g¢V-satellite peak from Ni/Cu
system. Instead, if we use different substrate, for
example Co, then we can gel satellite peak as a pure

i

T,

_ emission _
clement specific study because there is no Co

T:-ieaion around the satellite region.

Secondly, although Ueda et al. [9] reported the
MLDAD and the MCDAD effect for the bulk
Ni(110) sample around the 3p excitation threshold, it
is interesting o know whether the resonant effect on
the MLD signal for the valence band of Ni-thin lilm
system occurs or not.

Finally, it is very curious to study the capability of
epitaxial growth and corresponding magnetic phases
of Ni on ferromagnetic Co. Comparing the magnel-
ism of any uncoupled film (ferromagnetic film on
non-magnetic substrate, Ni/Cu) with coupled film
(ferromagnetic film on magnetic substrate, Ni/Co) is
also technologically influential. The MNi/Co sysiem
has not been extensively studied like Ni/Cu system,
The MUDAD result for Ni2p level for 12 ML Ni on
Co was reported by Schneider et al. [10]. This can be
considered as a primary result of this system. So il is
important to study the magnetism of Ni/Co for
different Ni-thickness.

2, Experiments

The experiments were performed on the plane
grating monochromator  beamline BL5B  at  the
UVSOR facility, Institute of Molecular Science,
Okazaki. The ¥YG ESCALAB 220i-XL [7], a com-
mercial electron analyzing system with base pressurc
of 2x107"" mbar, was connected to the beam line.
The total energy resolution of the photoelectron
spectra al photon epergy of 67.2 ¢V was about 300
meV, which was estimated from the widith of the
Fermi level in the Ni wvalence band spectra. The
photoemission experiments and film evaporation
were carried oul al room temperature. The Cu (001)
substrate was prepared by several cycles of Ar ion
sputtering and subseguent careful annealing until
sharp LEED pattern was observed. The magnetic
substrate Co was grown on Cu to thickness of
approximately 10 ML. The Co film is known 1o
exhibit a tetragonally distoried FCC structure having
layer spacing of ~1.73 A along Co [001] direction
[11]). The Ni film evaporated on the FCT Co(001)
also shows same LEED pattern as Co on Cu(001).
We use some considerations lo estimate the (il
growth structure of Ni on Co. The Co-film on Cu
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grows in a nearly perfect layer by later mode, On the
other hand, Ni on Cu shows also tetragonally dis-
lorted FCC structure with vertical layer spacing
=],70 A (for 5-11 ML) [12]. Because the close
lateral lattice match between Co and Cu, we expect
that Ni/Co(001) exhibits similar structures to those
of Ni/Cu{001), Here we do not consider the effect of
interface energies and surface free energies of Ni/Co
and Ni/Cu that may modify the details of growth
mode. High purity (4 N) Ni and Co rods were used
for the evaporation. The deposition rate, ~0.8 ML/
min, was calibrated by a quariz thickness monitor
placing the same position of sample before and after
the deposition,

The geometry of the MLD experiment is shown in
Fig. 1. The sample surface is determined to be
parallel to the XY plane. Cu[100] direction is along
¥-axis. The s-polarized light with electric vector (E)
impinges on the sample surface al an angle a=15"
along Y-axis out of XY-plane. Photoelectrons are
collected at an angle #=8° oul of the sample Z-axis
(see inset). The film was magnetized along X- and
Y-axis. It is not confirmed about the easy mag-

netization direction for Ni/Co(001) system because
sufficient information has not been reporied about
this system. But in the present study, we successfully
magnetize the sample along [100] direction and
observe the MLD, Two spectra, f(M,) and (M),
were recorded individually afier the magnetization of
the film along the X and Y-dircctions in the XY-
plane. The dichroism signal is obtained by calculat-
ing the asymmetry, i.e. the difference between those
two spectra divided by sum of them, [/[(M )= /(M )]/
(M, ) +1(M,)],

3. Results and discussion

3.1. Ni-3d MLD

In Fig. 2(a), we show the photoemission spectra of
valence hand region for different thickness (n=ML)
of Ni on Co(001) at 3p-3d resonant condition;
hv=67.2 ¢V. The photoemission spectra except for
n=0 show the two dominant peaks. One is located
near the Fermi level known to be as main band peak

Fig. 1. Schematic geometry of MLD experiment (See the text),
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Fig. 2.
resonant condition. The varation of

: {a) Photoelectron inlensities of Nidd states for different thickness (n=ML) of Ni grown on Co(10 ML)/Cu(001] at Mip=3d on
tellite peak imensity as a funciion of Mi thickness is shown in inset. The satellite intensity is

normalized by the intensity of maximum thickness (n=12). (b, c) Photoemission spectra (upper part) and corresponding asymmetry {lower
part) at on and off resonant conditions, respectively, The thickness of Mi-film was =8 ML. In these photoelectron spectra, the full circle
represenis the J(M ) for MJ|X, i.e. (M]|E) and open circle does J(M ) for MY, i.c. (M LE). The photon energies were 67.2 eV {on resonance)
and 63 eV (off resonance). The intensity is normalized so as 1o obtain the same background count rates of the two spectra for the higher

binding energy side.

with Ni3d® configuration. Other peak stays at 6 &V
below the main peak. This is the "6fgV-satellite’ peak
assigning as Ni3d" final state configuration. This
satellite peak shows a strong resonant enhancement
at the 3p-excitation energy that was explained via
super-Coster—Kronig (sCK) decay process [13].
From these spectra, it is clear that the faeV-satellite
emission is not overlapped with any signal from
Co-site. Thus the satellite peak can be considered as
a pure element specific emission. The satellite peak
intensity in these spectra is increased with i mm‘easmg
the film thickness. But at nearly 4.5 ML (8 A), the
intensity shows almost saturated value [see inset]. In
the case of Ni3d” main peak, we could not general-

ize the variation of peak imensity because the Ni-
main peak is overlapped with Co3d band emission.
If we correlate the changing nature of satellite peak
lo the main peak, same behavior can be estimated for
main peak. Besides, the electron mean free path with
Kinetic energy around 60 €V is not more than § A.
So, above 4.5 ML of Ni, the Nidd” main peak is
considered (o be Co-free emission.

In Fig$.2(b) and (c), the MLD results for Ni(8
ML)/ Col10 ML}ICH{}B'B? taken at the photon cner-
gies of 67.2 &V {un esnnancn} and 63 &V (off
resonance) are shown, respectively. It is assumed
here that no Co-emission is present in the whole
energy range of photoemission as explained above.
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In the upper panels [Figg.2(b) and (c)], the lwo
spectra represent the intensities for two different
magnelized states, one is along to X-axis (full circle)
and another is parallel to Y-axis (open circle). The
lower panels in Figs. 2(b) and (c) show the
asymmetry between those two spectra. The observed
MLD signal is the direct evidence of the magnetism
(in-plane magnetization) of the Ni/Co(001) system,

In the lower panel of Fig. 2(b), both the main peak
(3d°) and the satellite peak (3d®) show asymmetry
(i.e. MLD) but in opposite direction to each other. In
the previous study, Ueda et al. [9] reported the

results for MLDAD and MCDAD measurements for |

the bulk Ni(110) sample. In MLDAD, the 6pV-
satellite does not show any prominent dichroism
signal whereas the main peak shows signal at 3p
excitation threshold. On the other hand, the MCDAD
is rather strong for both the Gp¢V-satellite and the
main peak with opposite sign. Our result is similar to
that reported for the MCDAD result. The shape of
asymmetry for the main peak is almosi same for the
off resonant condition in Fig. 2(b) and on resonant
condition in Fig. 2(a). But the dip structure (marked
by arrow) at the binding energy of ~1.2 €V of off
resonant condition is stronger than that of on reson-
ant condition. Probably this variation may arise from
the photon energy dependence from different Nidd
states and its polarization effect on the MD signal.
The asymmetry for satellite peak at off resonance is
not so strong as the on resonance one, although it
shows the opposite trend from the main peak. It can
be interpreted that the 34-3p resonant process
mainly guides intensity of the asymmetry for 64Y-
satellite, We could not estimate the contribution of
dichroism signal from different multiplet peaks
around the satellite region. A detailed theoretical
interpretation needs for clear understanding of di-
chroism behavior in the satellite region,

We also measured Nidd MLD for 11 ML Ni film
on the same Co(001) substrate at Ni3p resonance
(not shown here). This thicker film also shows
dichroism with positive direction for main peak and
negative direction for satellite peak. So, 11 ML Ni
film on Co{001) also indicates the presence of in-
plane magnetization. But in the case of Ni film of 12
ML on Cu(001), we did not observe any dichroism
for the both main peak and satellite peak under the
same experimental geometry. This indicates that 12

ML Ni film on Cu does not show any in-plane
magnetization that agrees with the results reported
previously [8].

3.2, Ni-Co core level (3p) MLD

In the case of thinner film, for example, 2.3 ML (4
jn} on Co(001), the photoemission intensity of Nildd
states does not have saturated value. At the same
time, the Nidd main peak emission is not totally free
from Co-valence band emission as shown in Fig.
2{a). As a result, some ambiguilies are appearcd Lo
find out the true MLD signal for Ni of the both main
peak and satellite peak. The magnetic propertics
from this kind of multilayer system can be easily
studied by the core level spectroscopy, which is
considered as an element specific measurement
[4,14]. In Fig. 3, we show the MLD :esulduf for Nidp
and Col3p core levels that are measured simultan-
eously for 2.3 ML Ni-film. The experimental gecome-

——[{M,)
——1(M,)
hye=] 20V

Colp

Morm. PES Intensity (arb. units)

Asymmetry (%)

TRT 66 &4 62 %0 58 5t
Binding energy (V)

Fig. 3. : In the upper pan, Nilp and Colp photoelectron specie
for two magnetized states measurcd simultaneously at the same
experimental geomerry are shown. The Ni-film was ~2.3 ML (4
A) on 10 ML Co{001) subsirate. The photon encrgy was 129 eVl
The lower part shows the asymmetry where the MLD sign for two
elements is in the same direction.
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iry was the same as Ni3d MLD measurement. The
excitation photon energy was 129.0 ¢V. The lower
panel in this figure shows the dichroism signal
{asymmetry) for the both Co and Ni. The features of
dichroism signal for the both Co3p and Nilp levels
consist of a sharp positive peak at lower binding
energy and a broadened negalive structure at the
higher binding energy. The shape of Co3p MLD
signal can be compared with the previous MLDAD
results measured for Co-film on Cu{100) [15]. In the

case of Ni3p MLD, our result is nearly similar to the
experimental and calculated MCD results for bulk
Ni(110) sample reported by van der Laan et al. [16].
Besides MCD [16], our Ni3p result is also compar-
able with the previous MLDAD result for the same
bulk sample [17). The same MLD signs (positive
peak at lower binding energy) for these two elements
indicate that the Ni-Co interface has ferromagnetic
coupling. But from this result, we could not separate
the individual contribution of MLD signal from Ni-
surface and Ni—Co interface.

4. Conclusion

The magnetic properties of Ni ultrathin film of
different thickness grown on ferromagnetic Co-sub-
strate are studied by magnetic linear dichroism in
element specific photoemission. We tried to identify
the nature of MLD signal for different Nild states
around the MNidp-3d resonance. The measurement
shows the dichroism signal for the both Ni main
peak and satellite peak at on resonance condition of
& ML Ni on Co. The sign of MLD for main peak is
opposite to that of satellite peak. The dichroism
signal for satellite region at off resonance condition
is not so sirong as that of the main peak. Thus it is
predicted that the 3p resonant effect is present on the
MLD of the fa¢Vesatellite. We also studied 11 ML Ni
in the same way. The result shows the same MLD
feature as that of 8 ML Ni, In the case of 2.3 ML Ni,
we select the 3p core level photoemission instead of
valence band emission to ensure the element specific
emission. It was found from the MLD signal that Ni
and Co are ferromagnetically coupled at the inter-
face. All Ni-films studied here show in-plane mag-
netization. In future, the magnetic and electronic
states of the Ni on Co will be compared with the
calculation.
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Abstract

Photoelectron spectromicroscopy experiments have been started at the UVSOR facility of the Institute for Molecular
Science. The commercial system (FISONS instruments, ESCALAB 220i-XL) has been connected to two beamlines which
cover the photon energy range of 10 eV-3 keV. It is expected that spatial resolution of 2 pm for the imaging mode and 20 um
for the spectroscopic mode can be achieved. In conjunction with monochromatized (and polarized) synchrotron radiation light
from the UVSOR storage ring, it is planned 1o undertake some experiments using this apparatus, not only for surface science

but also for spectroscopy of small samples.

As a demonstration of the apparatus, the magnetic domain image of Fe(110) surface with magnetic dichroism effcet is
shown. The photoemission spectra from small organic materials (DI-DCNQI-M (M = Ag, Cu) are also presented, © (998

Elscvier Science B.V. All rights reserved

Keywerds: Microscopy: Photoelectron spectroscopy; Imaging: Magnetic domain; Organic materials

1. Introduction

Recent advances of photoelectron microscopy are
very productive. Especially in the third generation
synchrotron radiation (SR) light sources, the develop-
ment of the photoelectron microscope with high
spatial resolution becomes one of the most important

* Corresponding  author: e-mail: toyohiko@ims.ac jp: fax:+E1-
564-54-T079,

' Presented at the Todai Symposium 1997 and the 6th [SSP Inter-
national Symposium on Frontiers in Synchrotron Radiation
ngtmsmpy. Tokyo, Japan, 27-30 Ocioher 1997,

Present address: Institule of Matenals Structure Science, High
Energy Accelerator Research Organization (KEK) Oho -1,
Tsukuba 305, Japan.

* Present address: Department of Material Science, Faculty of
Science, Hiroshima Universily, Kagamiyama 1.3, Higashi-
Hiroshima 724, Japan.

plans in the community of the researchers of 5R.
Combining spectroscopy technique with microscope
technique may give us a lot of advantages such as
element-specific imaging of sample surfaces,
possibility of studying very small samples, getting
precise information from inhomogeneous surfaces
and so on. For these kinds of studies, not only spatial
resolution but also energy resolution {of photons and/
or electrons) is the important factor. That is why we
are using the term spectromicroscopy according Lo the
review by Tonner et al. [1] and references therein.
So far, two types of photoelectron spectromicros-
copies have been developed to achieve micro-analy-
sis. One combines a micro-beam of photons obtained
by a zone plate system or a mirror system with a
conventional photoelectron analyzer. To get an ele-
ment-specific image of the sample, the photoelectron

0368-2048/98/519.00 © 1998 Elsevier Science BV, All rights reserved
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signal is recorded from every position of the sample
surface which is moved in very small steps. This is
called a scanning photoelectron microscope. The
other uses a special electron energy analyzer and an
electrostatic lens elements and/or a magnetic lens ele-
ments to obtain a magnified image of the phaoto-
electrons, in which light with normal beam size
(several mm) can be used. There are also two
possibilities of getting an element-specific image.
One takes photoelectron signals as a function of
photon energy without electron energy anmalysis,
which has been established as photoelectron emission
microscope (PEEM). Another analyzes the energy of
photoelectrons, but spatial resolution is poorer than
that of PEEM. Now the spaiial resolution of these
microscopes is almost coming to the region of several
or several tenths of a nanometre [1].

Although it is rather difficult to construct photo-
electron spectromicroscope equipment with high per-
formance at the UVSOR facility, a second generation
SR light source, there still exist many interesting s-
ubjects for photoelectron spectromicroscopy. In this
paper, we introduce our photoelectron spectro-
microscope equipment (with an electron energy
analyzer) and show two examples of our results.
One is magnetic domain imaging with linearly polar-
ized or unpolarized light, and another is photoe-
mission spectroscopy of small samples (DI-
DCNQI);-M (M = Ag, Cu).

2. Photoelectron spectromicroscopy equipment at
the UVSOR facility

Since it is rather difficult to obtain a micro-beam of
photons with enough intensity at the UVSOR for
bending magnet beamlines, we have chosen a way
of magnifying the photoelectron image by an electro-
static and magnetic lens system. As reviewed by Holl-
dack and Grunze [2], a commercial system of
photoelectron spectromicroscopy is now available.
They used the ESCASCOPE (FISONS Instruments)
for X-ray photoelectron spectromicroscopy and per-
formed some successful experiments at the BESSY.
In their system, lateral imaging for defined kinetic
energy electrons by multi-channel plate with a flores-
cence screen is possible (imaging mode). Photo-
emission spectroscopy for the defined area is also

possible (spectroscopic mode), Recently, FISONS
Instruments modified the system and developed a
new system called the ESCALAB 220i-XL. We con-
nected this modified equipment to the UVSOR beam-
lines. The concept of the equipment is almost similar
to the ESCASCOPE, but the performance is very
much advanced. Especially, by using the additional
magnetic lens (XL lens), the count rate of photo-
electron signals and the spatial resolutions became
better. In addition to the commercial system, we
attached some components.

The schematic view of the system is shownin Fig. 1.
It consists of a hemispherical electron analyzer with a
radius of 150 mm, an electrostatic lens system, a mag-
netic lens system, an X-ray tube (MpK,, AlK,) for
photoexcitation, a sputtering gun, and so on. In
order to prepare well-ordered surfaces, the sample
preparation chamber with low energy electron
diffraction (LEED) optics, the evaporators, the quarlz
thickness monitor and the sample transfer system are
attached to the main chamber. It is expected from the
commercial argument that spatial resolution of 2 pm
for the imaging mode and 20 um for the speciro-
scopic mode can be achieved. The experiments are
performed at the two beamlines BL3B [3] and
BL7A[4] at the UVSOR. By using these two
beamlines, we can perform  photoelectron

Fig. 1. Schematic view of the photoeleciron spectromicroscopy
equipment at the UVSOR (FISONS ESCALAB 2208-XL). To
impinge SR light from oblique angle, the whole sysiem is rotated
by tilting the platform of the system. For preparation and
characterization of samples, such as a LEED oplics, evaporatars,
an ion gun, @ quanz thickness monitor etc, are attached.
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spectromicroscopy experiments with a very wide
range photon energy region (from 10eV to 5 keV).
To impinge the SR light at an oblique incidence angle,
we set-up the whole system on a rotary stand and
connect the port to the end port of the beamline via
a bellow tube. The maximum rotation angle is o =
7.5%, which is imited by the inner bore radius of the
port for SR incidence in the analyzer chamber.

3. Application to magnetic domain imaging with
linearly polarized or unpolarized light

In this section, we show the magnetic domain
image with magnetic dichroism. The usual size of
magnetic domains of ferromagnetic materials is
known to be several hundred um, which is suitable
for the observation by the photoelectron spectro-
microscope. There were several experimental
examples in which the magnetic domains of the
ferromagnetic films and surfaces were observed by
photoelectron microscope. Most of the experiments
were to observe the magnetic circular dichroism
(MCD) effect in the spectra around absorption edges
or in the pholoemission spectra or in the Auger signals
[1,2,5]. Recently, the possibility of observing the
magnetic domain using linearly polarized light has
also been sugpested. Actually, the new type of mag-
netic linear dichroism (MLD) was observed [6] in
total electron yield (absorption) spectroscopy. The
magnetic domain image of the Fe(001) surface
based on this effect is shown in [7], where the
commercial PEEM system was used for imaging of
secondary electrons. It has been shown that the com-
bination of the MLD with the MCD gives us the over-
all information about the local magnetic moment of
each magnetic domain,

Not only the MLD effect of absorption edges but
also the MLD effect at pholoemission peaks can be
used for the magnetic domain imaging. Namely, the
MLD [8] or magnetic linear dichroism in angular dis-
ribution (MLDAD) [9] effect of photoemission spec-
tra may be useful for the magnetic domain imaging.
We have succeeded in observing the magnetic
domains of the Fe{110) surface using the MLD effect
around the Fe 2pyn photoemission peak at BLTA [10].
The observed image is similar to that shown below (in
Fig. 2a), but the contrast is clearer,

Since the unpolarized light can be considered as the
incoherent superposition of s- and p-polarized lights,
it is also possible to observe the magnetic dichroism
effect in angle-resolved photoemission by using a
conventional X-ray twbe or a discharge lamp
[11,12]. The effect is called as MDAD. In [12], the
MDAD signal caused by Fe 3p photoemission spectra
from the different sample positions was observed. We
have taken the magnetic domain image of the Fe(110)
surface by recording Fe 2p photoelectrons at Ey =
706 eV and at Ep = 704 eV hinding energies as
shown in Fig. 2(a). As discussed below (Fig. 2b),
the maximum asymmetry difference of the MDAD
was observed at this condition. The acceptance
angle of photoelectrons was less than 6°. The emission
angle of the photoelectrons was about 5° from the
surface normal along the (100) direction, in which
the maximum of the MDAD effect has been reported
[11,12]. By considering the direction of easy axis of
magnetization (100), the expected directions of the
magnetic moment for the domains A" (the bright
area) and **B"" (the dark area) are indicated. The
imaging process accords to the way discussed in [2].
Fig. 2(b) shows the Fe 2p photoemission spectra (the
detection area being 50 pm) from two different posi-
tions of the sample surface. The MDAD effect is
observed reflecting the direction of the magnetic
moment of each magnetic domain (“'A"" or “'B"").

Because the MDAD effect is not so large as shown
in Fig. 2, the contrast of the image is not clear. This is
one of the reasons why the zone boundary of two
magnetic domains is not clearly observed. The MLD
effect is also not as large as the MCD. Therefore, we
plan to measure the MCD using a new beamline for
circularly polarized undulator light at the UVSOR
facility (BL5A) [13]. The experiment would be valu-
able for further studies of magnetic thin films.

4. Photoemission speciroscopy of very small
samples

As an example of the photoelectron spectroscopy
experiments of very small samples, we show here the
valence band photoemission spectra of (DI-DCNQI) ;-
M (M = Ag, Cu). Although some photoemission
results for similar organic materials, (DMe-
DCNQID-M  salts, have been reported [14], no



168 T. Kinoshita et al.fowrnal of Eleciron Specrrascopy and Related Phenpmeng 92 (1999) 165- 169

(n)

120

3

100 |

BD

3

Yz . =

60

1

m [ [ I: : : i i 7

B |

Area "A"

o -=== Arga "B"

Intensity ( x103 counts )

Asymmetry ( % )

730 I 720 . 710 700
() Binding Energy (eV)
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the two spectra for both the higher binding encrgy side and the lawer binding energy side. The MDAD signal can be ohserved reflecting the

magnelic domain information.

photoemission studies have been performed for (DI-
DCNQIY-M, It is rather difficult to synthesize big
samples for these kinds of materials. The size of
samples used here was smaller than 1000 x
100 um?. It is expected from the NMR, conductivity
and magnetic susceptibility measurements [15] that
the (DI-DCNQI);-Ag should show the localized
nature of Ag 4d electrons, whereas that of Cu should
show the itinerant nature of Cu 3d electrons.

Fig. 3 shows the comparative photoemission spec-
tra of (DI-DCNQI)-Ag and -Cu taken at hv = 70 eV,
The detection area of the photoemission spectra was
50 pm, which is smaller than the sample size. The

needle-shaped samples are mounted like bridges on
the 1 mmg diameter holes of the sample holder. The
photoelectrons were counted only when the detection
area was fixed just on the sample, whereas no elec-
trons were detected when the detection area was not
on the sample. It is noticed from the figure that the Ag
4d bands are located around a 5 eV binding energy
and localized within a 2.5 eV width. On the other
hand, the Cu 3d bands seem to be situated around
3.5 eV and show a broader band width. The result is
a direct evidence of the localized nawre of Ag 4d
electrons and the itinerant nature of Cu 3d electrons.
We have also measured the photon energy
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Fig. 3. Valence band photoemission spectra for (DI-DCRQI-Ag
and {DI-DCMQI);-Cu samples taken at kv = T0eV, The detection
arcs was 30 pm.

dependence and the polarization dependence of the
spectra, which will be described elsewhere [16].

It is known that these kinds of organic materials are
easily damaged by radiation. If we use a micro-beam
with high intensity, the spectral features may be
immediately changed. In this sense, there still exists
an advantage in performing the photoemission
measurements for such kinds of small organic
materials at the UVSOR facility using our speciro-
microscopy system,

5. Summary

We have started photoelectron spectromicroscopy
experiments at the UVSOR facility. The image of the
magnetic domain of the Fe(110) surface with
magnetic dichroism effect at the Fe 2pa, core level
photoemission was presented. The valence band
photoemission spectra for the small samples (DI-
DCNQI-M (M = Ag, Cu) were also shown.
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Abstract

We have swdied 4f photoemission spectra of thulivm monochalcogenides at excitation pholon energies ol the Jd-4f
resonance region (hy = 1450-1520 eV}, The experimental results are compared with theoretical calculations. The contribu-
tions from the 4f divalent part and the trivalent part in the 34-4f resonance are more clearly distinguished and reselved than
for the 4d-4f resonant photoemission. The calculated results are in good agreement with the experimental ones both for
divalent and trivalent features of thulium ions. We have estimated the mean valence of TmS, TmSe and TmTe samples from
34 absorption spectra and from off-resonant pholoemission spectra. The latter should reflect more bulk-sensitive information
than that reporied for the 4d—4f resonance region. [t is concluded that the 34-4f resonant photoemission is a more useful
technigue to investigate 4f electronic structures than the 4d-4f photoemission, when we perform the experiments with
relatively higher energy resolution. € 1998 Elsevier Science B.V.

Keywords: Thulium compounds; 34-4f resonance; Photoemission

1. Introduction '

Rare earth metals and those compounds character-
ized by an electronic structure of incompletely filled
and localized 4f states have been studied by photo-
emission spectroscopy for the last two decades. The
resonant photoemission technique, in particular, has
been used to study 4f electronic structure since it is
suilable for showing the enhancement of weak
emissions and easily separates the emissions from
different valence states {as well as core levels) [1].
The enhancement of the 4f emission may be

T Visiting scientist on leave from Physics Depanment, University
of Cukurova, 01330 Adana, Turkey.

interpreted as an interference effect between the direct
photoemission from 4f states and an nd—4f excitation
(n =3 or 4) followed by Coster-Kronig (CK) or
super Coster-Kronig (sCK) decay. Depending on
the excitation energy of the respective absorplion
peak, the resonance behavior can be used 1o separate
that particular valence emission.

It is known that thulivm has two ionic con-
figurations: i.e., Tm® [4f'(5d6s)"} and Tm™ [4f'(5d
65)°). Some resonant photoemission work has been
reported to date for the thulium compounds. Most of
these studies are concerned with the dd-4f resonant
excitation [2]. Recently, we also performed a
systematic study of resonant photoemission of TmX
{X =S, Se and Te) compounds, both experimentally

0368-204K/98/519,00 © 1998 Elsevier Science B.V. All rights reserved
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and theoretically, around the Tm 4d absorption edge
[3]. In that report, we discussed the resonance of 4f
emissions and separated the states for both divalent
and trivalent parts. We estimated the mean valences
from the off-resonant spectra and the absorption (total
electron yield (TY)) spectra. We also compared the
experimental spectra with the theoretical calculations.
It was concluded that the experimental and calculated
results agreed quite well.

In the presenmt paper we report the results of a
similar study but around the Tm 34 absorption edge,
as a complementary study. The advantages of
performing a 3d-4f resonant photoemission study in
addition to the 4d-4f study are as follows. First, the
kinetic energy of the photeelectrons is higher and
the results should reflect bulk-sensitive information.
Second, the absorption peaks of Tm 34 are much
sharper than the 44 edpe peaks and show well-
separated muliiplet structures (4-7]. Since the
intrinsic cross-section of 4f photoemission is very
small in this photon energy range, the resonant pholo-
emission spectra might show very obvious enhance-
ment for each peak., (The cross-section of other
valence electrons should be much smaller than that
of the 4f electrons.) These advantages are of great
importance for the study of mixed valence materials.

However, resonant photoemission work around the
3d excitation threshold of heavy rare earth compounds
is not so easy. So far, only a limited number of 3d—4f
resonant photoemission swdies have been done for
heavy rare earth compounds [8-12]. This is due to
the difficulty in obtaining a photon fAux with high
intensity and high resolution in these photon energy
ranges (fiw = 1.215-1.6keV). The range is just
situated in the area between those covered by a crystal
monochromator and by a grazing-incidence grating
monochromator. Recently, the YB g, monochromator
crystal became available for use in spectroscopic
studies over the 1.2-2 keV range at the UVSOR
facility [13]. We used the Y B, double crystal mono-
chromator to excite the Tm 34 edge and obtained
resonant photoemission spectra with relatively higher
energy resolution. In this report, we show the resulls
of 4f electronic structures of divalent and trivalent
ions of TmSe. We have also obtained the 4d core-
level photoemission data for TmS and TmSe in
these resonance energies, which are described else-
where [14]. The experimental resulis are compared

with theoretical calculations to explain the resonan
behavior of each multiplet structure for both the
divalent and trivalent components. The mean valence
values estimated from the TY and off-resonant energy
distribwtion curves (EDC) for TmX are also presented.

2. Experiment

The spectroscopy experiments were performed
with the double erystal monochromator (DXM)
beam line BL7A of the UVSOR facility. At the
BL7A, wiggler radiation with 4 T magnetic field is
provided to obtain a higher photon flux around the
soft X-ray region [15]). We used a pair of YB , crystals
[13] as the monochromator crystal to cover the
photon energy range around the Tm 3d excitution
threshold, i.e., 1450-1520eV. A photon llux of
about 10* photons/s was obtained. The photoelectron
spectroscopy system is a commercial one (Fisons,
ESCALAB-220i-XL), which is suitable for a pholo-
electron microscope with higher performance. By
using this higher performance hemispherical analyser
with the large area detection mode, photoemission
experiments became possible in spite of such a
lower photon flux. X-ray absorption spectra (XAS)
were measured by the total phomehzctmn yicld (TY)
method, by recording the sample drain current as u
function of photon energy. The energy resolution of
the light was estimated to be less than 0.7 eV around
hy = 1.5 keV. The overall energy resolution was about
0.8-0.9eV for both the on- and off-resonant con-
dition. This energy resolution is almost comparable
with that obtained by conventional X-ray photo-
electron spectroscopy (XPS). In order to check the
cleaniness and stoichiometry of the sample surfaces
and to measure the off-resonant spectra with higher
statistics, we also uvsed the Mg K, (he = 1253.6 eV)
line. The base pressure of the system was less than 2 x
107" mbar. The excitation spectra for EDC peuks,
namely constant initial state (CIS) spectra, were
obtained by plotting the corresponding peak intensity
normalized by photon flux as a function ol photon
energy.

The samples were the same ones as used for the
previous 4d-4f resonant photoemission measure-
ments [3]. TmX (X = 5, Se, Te) single crystals were
grown by the Bridgman method. These samples were
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characterized by the Debye—Scherrer method and by
magnetic susceptibility measurements. The mean
valence values obtained from the susceptibility
experiments were 2,799, 2.530 and 2.017 for Tm5,
TmSe and TmTe, respectively. These values are
almost the same as those reported before [16,17].
Clean sample surfaces were obtained by Ar-ion
sputtering or by scraping with a file at room tempera-
ture. The cleaning process was repeated frequently to
keep the sample surface clean.

3. Calculation

We have calculated the resonant photoemission
spectra for Tm™ and Tm® ions by using an atomic
model with spherical symmetry. The initial state is
taken to be the lowest state given by Hund's rule,
which is Fyy for Tm** (4f) and *H¢ for Tm™
(4f'"). The method of calculation is almoest the same
as that used before [3]. The Hamiltonian is written as

H=Hs+V,+V, (1

where H, describes the thulium ion system, V, the
radiative dipole transitions and V, the Auger decay
transition.

The spectrum of the resonant photoemission is
wrilten as

Fle,v)= kj_; WkBITIgH*8(ho + E, — Ey ) 8(e— &)
(2)

where hv represents the incident photon energy, & the
kinetic energy of the continuum electron, Ig) the
ground state of Hg, E, its energy, &8) the final states,
and E g their energies. Here we ignore the interaction
between the continuum electron and the thulium
system, so that the final states, 1kA), and their energies
can be decoupled as [kB)=Ik}B) and Eip = &, + Ej,
where k) and £, represent the ! continuum electron
state and its energy, and |8} and Ej the final states of
the thulium ions and their energies, respectively. The
aperator T is the t-matrix, which is defined as

T=V,+ V[l /(z=-Hy)|T (3)

with

=hw+Eg+in (n— +0) (4)

where we take into account V, up o the first order
and V, up to the infinite order,

After some algebra, we obtain, from eqns (2) and
(3), the expression

Fie,v)= kE.'E |{ kBIV, e} + ..,E.,- {EAV, ) (o Glae')
(bt
* <cr1'|.-", Ig>+ ,E ! '

% e~y
X &(hv+ Ey = Eg)b(e—gy) (5)

where !a) represent the intermediate states with
344! configuration (n = 12 or 13} and E, their
energies. la) correspond to the final states of the
3d — 4f XAS. There are one and four intermediate
states for the Tm?* and Tm™ ion, respectively. The
Green's function, {elGla’), is obtained by matrix

inversion from
ki3 > <.ﬁ‘.!3 o >
(6)

e
<.:.

=(2=Eq)bua = *sz 2-E g
There are many decay channels from the intermediate
state. The most important channels are 3d-4fdf, 3d-
4d4f and 3d-4ddd Auger decay, We include only
these three channels in the calculation for simplicity.
This is fair approximation, because decay process
other than the 3d-4f4f affect the resonant 4f
photoemission spectra indirectly through lifetime
broadening in the intermediate state.

The parameter values are given in Table 1. These
parameters and the reduced matrix elemenis required
are obtained by Cowan’s program suits [18].

vﬁ

G—l-

Va Va

4. Results and discussion
4.1, 3d-4f resonant photoemission of TimSe

In this section, we report the results of 3d-d4f
resonant photoemission of TmSe. Since TmSe is
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Table 1
Pararmeter values wsed in the calculation. F, & and { are given in
eV, R in eV, (4 1r13d) in ag (Bohr radius), and (elirlal) inagf eVl

Tm™ Tm™*
4f numbers 12 13
Fleay, 4 13.9 13.2
FYAf, an 8.7 8.3
FYar. 4 6.3 56
far 0.35 033
Fad 33 33
iy 18.1 18.1
Fad, 4f) 143 139
Fiad, 40 9.2 8.9
G'(4d, 40 14.8 14.3
G4d, 4f) 2.4 9.0
G*(4d, 4 66 6.4
Fiiad, 4d) 17.6 176
Fiad, ad) 11.8 1.8
F(3d, 4 9.1 _
F'(3d, 40) 43 i)
G'(3d, 4f) 6T _
G(3d, 4 15 —
GHad, 4H 27 -
R 3deg, 4) 0.19 0.18
R (3deg, 4 012 012
Ri(3deg, 4% 0.09 [
R"(3ded, 4a”) Qi 0.1
R¥(3ded, 4d”) 009 0.09
R*'{3ded, 4d") 0.05 0,05
Ry(3def, 4fdd) 0.12 0.12
RAOdef, 4fdd) 0.05 0.05
RA(3def, 4fad) 0.03 0.03
Ry (3def, d4fdd) 0.04 0.04
RI(3def, Afd) 0.05 005
RE(def, 4/4d) 0.03 0.3
(dflead 012 012
(eglrlan 00018 0.0014
(eflridd) 00028 0.0028

known to be a material with mixed valence, ie.,
including Tm?" and Tm®" ions, this material can be
a typical example to explain the resonant behavior of
both divalent and trivalent peaks. Fig. 1{a) shows the
valence-band photoemission EDC spectra of TmSe in
some representative conditions with different photon

energies both on- and off-resonance around the Tm 3d
excitation threshold. Excitation photon energies were
selected from the TY spectrum shown in Fig. 1(b),
which are indicated by numerical labels. The inten-
sities of the spectra were normalized by the incident
photon flux. The calculated spectra for divalent and
trivalent thulium ions are shown for comparison both
in EDC and TY spectra. The calculated line spectira
are convoluted with a Gaussian width of 0.9eV
(FWHM) to mimic instrumental resolution, In
Fig. l{c), the 3d-4f CIS spectra of each EDC peak
(A-E in Fig. 1(a)) are also shown together with the
theoretical calculations for divalent and trivalent
thulium 1ons for comparison. The CIS spectra are
obtained by plotting the normalized peak intensity
in Fig. 1{a).

First, we discuss the TY spectrum in Fig. [(b). Itis
noticed from the figure that the measured TY spectra
of TmSe are understood as a superposition of the
divalent and trivalent absorption peaks of theoretical
calculation. This is consistent with the mixed valence
nature of TmSe. The trivalent spectrum is composed
of four peaks at photon energies of 1460.5, 1462.5,
1465 and 1508 eV, which are identified with the
transition to the final states 'Hy ‘Gs, 'Hs and “Hs,
respectively. Meanwhile, the divalent single peak
(D45) is observed as a shoulder at 1459.2 eV over-
lapped with the trivalent *H, peak. We performed
curve fitling to estimate the mean valence by changing
the relative intensity of the theoretical absorption
spectra for each divalent and trivalent component,
The resulis of the mean valences will be presented
later, together with those obtained from the XPS
spectra.

The photoemission spectrum oblained at position |
corresponds to the almost off-resonant spectrum. The
spectral features are composed of both divalem and
trivalent components. Spectrum 2 is the on-resonant
one for almost only the divalent component. It is
obvious that very sharp peaks belonging to the
divalent component (0-5.6 eV binding energy) arc
enhanced whereas the trivalent peaks are very weak,
The spectra at conditions 3=6 are the on-respnant ones
for the trivalent component (5.6-14eV binding
energy). Spectrum 3 still shows the divalent
nature, because this is also within the divalent
resonant condition. Spectra 4, § and 6 seem 1o show
almost only trivalent nature and almost no divalent
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Fig. 1. (a) 3d—4f resonan photocmission spectra of TmSe. The specira are taken al the representative photon energy postlions indicaled by
numbers in the absorption (TY) spectrum in Fig. 1(b). The results of thearetical calculation for divalent (dot) and trivalent (solid) Tm ions wre
also shown for comparison. Since the resonant enhancement is so large, the factors multiplying o the arbitrary intensity are given for easier
comparison of the specira between on- and off-resonance. The excitation condition 1 is not completely off-resonance one but the correspand-
ing calculation was performed for off-resonant specira. The intensities of the calculated specta are normalized as those of the on-resonont
conditions, being unity both fer divalent and ivalent components. The mean valence value is not considered Tor the intensity nonmalization
process. (b) Jd—4f TY spectrum for TmSe. The calculated XAS specira for divalent and trivalent contributions are also shown. The intensily
ratio of the caleulated spectra for divalent and trivalent components reflects the mean valence value in Table 2. {c) 3d-4f CIS specira for
TinSe. Each CIS curve is obtained by plotting the normalized intensity of ihe peak positions labeled in the phatoemission spectra in Fig. 1(a)
as a function of excitation photon energy. The calculated CIS spectra for divatent and trivalent contributions are also shown. The factors
multiplying Lo the CIS intensities derived from both the measured and the calculaled EDC resulls in Fig. 1ia) are common for divalent and
trivalent componenis,

peaks are observed. We noted both from the experi- We also notice in Fig. 1{a) that a very sirong
mental and calculated spectra for the trivalent com- resonant enhancement of the trivalent component
ponent that the spectral features depend on the occurs (about 62 times the off-resonant spectrum).
excitation conditions. It is concluded from the figure Since the condition 1 is located on the tail of peaks
that the calculated results are in good agreement with 2 and 3, in a slightly on-resonant condition, the

the experimental ones. enhancement ratio of on-resonance to completely
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off-resonance should be much larger. As expected
from a comparison of calculations carried out at com-
pletely off-resonant condition and the on-resonant
cne, the factor should be 84 for the trivalent com-
ponent. This value is much larger than that for the
4d—4f resonant photoemission, We can conclude
from these results that the contributions from the 4f
divalent part and the trivalent part are more clearly
distinguished and resolved than for the previous 4d-
4f resonant photoemission [3].

In Fig. 1{c) we did not take many data poinis for the
CIS spectra but the agreement between the calculated
and experimental results seems to be gualitatively
good. The shape of the CIS spectra is almost in
accordance with the TY spectrum. Every trivalem
CIS spectrum shows four peaks (the fourth peak at
1508 eV is very weak but exists) and the divalem
ones show a single peak, although the divalent CIS
spectrum for B shows additional structure owing to a
strong background effect from the trivalent part. Peak
E for the trivalent component and peak B for the
divalent component show the strongest enhancement
both in calculated and observed spectra. Although the
CIS spectral features for each multiplet component

show almost the same shape as those for TY spectra,
the trivalent first CIS peak at 1460.5 eV, correspond-
ing to the *H final state in the absorption spectrum, is
weaker than that of the TY spectrum both in the cal-
culation and experiment. (In the CIS spectra for C, the
first peak is larger. This is due to the background
effect from the divalent peak B.} Instead, the CIS
spectrum for the trivalent 4d photoemission peak
shows a strong peak at 1460.5 eV [14]. This means
that the 3d-4f excitation states at 1460.5 ¢V decay
preferentially to the 4d photoemission channel as
reported for TmAl, [11], whereas the 44-4f excitation
states decay mostly to the 4f channel [31.

4.2, Off-resanant XPS spectra of TmS, TmSe and
TmTe

Fig. 2 shows the off-resonant 4f XPS spectra for
TmS, TmSe and TmTe taken at iir = 12536 eV, As
discussed in the previous study [3], the metallic nature
of Tm$ and TmSe and the semiconducting nature of
TmTe are confirmed from the emission around the
Fermi level. The calculated EDC curves of 4f elec-
trons for Tm** and Tm®" ions are compared with the

TmS TmSe

]
T

|' Tm'™ ALXPS

o |'u|' i Tm' 4E-XP5

5 10 s o0 15 10
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e
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TmTe

i'rj Ili’,
AN 1l
| M"IIE” ki
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Tm" 4LXPS
T

Binding Energy (eV)

T

3 g

Binding Energy (V)

Fig. 2. XPS spectra of TmS, TmSe and TmTe. The theoretical calculations for divalent and trivalent 4f components al the off-resonant

candition are shown for comparison.
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Table 2

Mean valence values of TmS, TmSe and TinTe estimated by 4d TY spectra, 3d TY specira. EDC a1 the excilulion energy of ke = 140 eV and
EDC 4l fiv = 12536 eV, The mean valence values determined from the inverse af the magnetic susceptibilities (x} are shown us a refercnce.

We did mot measure the 3d TY spectrum for TmTe

4d TY MTY EDC EDC x
he = 140 eV he = 12536V
TmS 291 282 193 2.88 2.79%
TmSe 279 2.63 2.68 2.69 2.530
TmTe 215 - 135 2.05 207

measured spectra, where the Gaussian width of 0.6 eV
{(FWHM) is used. The absolute energy position of
divalent and trivalent peaks cannot be determined
from the theoretical calculation. We set the energy
positions of the calculated peaks to fit the experi-
mental peak positions. As confirmed in the previous
section and previous reports [4,5], we set the divalent
peaks in the 0-5.6 eV binding energy region and the
trivalent peaks in the 6-15 eV region, The agreement
between the calculated and the measured resulls
seems to be satisfactory on relative peak positions
and intensities.

In our experimental condition of ~0.9 eV energy
resolution, the surface shift reported previously [19]
could not be observed. This means that the spectral
features in Fig. 2 include components of both surface
and bulk. However, the results should reflect bulk
information rather than the previous results of 44-4f
resonant photoemission  because of the deeper
penetration depth of electrons with higher kinetic
Energy.

We tried to estimate the mean valence of each
material from the intensity ratio between divalent
and trivalent components in the off-resonant XP3
spectra, The curve-fitting procedure is the same as
used previously [3]. The values are shown in
Table 2, together with the values obtained by other
methods [20]. The EDC of 140 eV is the most surface-
sensitive of the four kinds of estimation method,
whereas the EDC of 1253.6 eV is rather bulk-sensitive
as are the TY methods.

5. Conclusion

We have systematically studied the resonant
photoemission spectra of TmX (X = S, Se, Te) com-
pounds around the Tm 3d threshold. The resonant

behavior of the photoelectron spectral features of 4f
levels is in good agrecment with those calculated lor
divalent and trivalent components. The contributions
from the 4f divalent part and the trivalent part arc
more clearly distinguished and resolved than for pre-
vious results of 4d-4/ resonant photoemission. The
CIS spectral features for each multiplet component
show almost the same shape as those for TY spectra,
but show a difference in the lowest photon energy
peak. This means that the decay channel of the 3d-
4f excited state is not only to the 4f photoemission
channel, but also preferentially to other core-level
emission channels. In addition, we have estimated
the mean valence of TmS, TmSe and TmTe samples
from 34 absorption spectra and from off-resonant
photoemission spectra. The latter should reflect
more bulk-sensitive information than that reported
for the 4d-4f resonance region,
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Electronic structures of thulium monochalcogenides (TmS, TmSe, TmTe) were studied Laoth
experimentally and theoretically using a resonant photoemission Lechnique in the photon energy
ronge around Tm dd edge (100-190 ¢V}, The experimental resulis show a large resonant enhance-
ment of 4 photoelectron emission around the 4d threshold with sharper multiplel structures
than those reported before. The calculated results are in good agreement with the experimental
ones both for divalent and trivalent features of Tm jons. We observed different types of valence
structures for Tm3, TmSe and TmTe compounds, due o change in mean valence. We have
estimated the mean valence of each sample from absorplion spectra and from ofl-resonant pho-
toemission spectra. The meaning of these values is discussed as compared with these for the

values oblained from the measurements of magnetic susceptibilities.

KEYWORDS: resonant photoemission, TmS, TmSe, TmTe, mixed valence

§1. Introduction

Rare earth (RE) metals, characterized by electronic
structure of incompletely filled and localized 4f states
which overlap the extended 5d6s valence orbits, have
been studied by photoemission spectroscopy for more
than two decades. At the same time rescnant photoe-
mission has been efficiently utilized to study this in-
teresting electronic structures of rave earth metals and
their compounds.’”!?) Enhancement of weak emissions
and separation of emissions from different valence states
(as well as core levels) are the common implements of
resonant photoemission.'? The enhancement of 4f emis-
sion occurs as one of the consequences of d-shell res-
onant absorption® #1113 into the localized 4f shells.
A core clectron from 4d or 3d shell is excited into an
empty 4f orbital with the photon energy near the ab-
sorption edge. In the 4d case, this process can be wril-
ten as 4d'04 f*+hw—4d®4 "1, in which the final state
is treated as the intermediate state of resonant photoe-
mission. Following absorption, the created 4d hole state
may decay via several ways, for example, by creating
a 4f photoelectron (e 4a®4f"t! = 4d'%4f"14e7).
The process after absorption is termed super- Coster-
Kronig (sCK) decay which combines with direct 4f
photoemission. The interference between the direct pro-
cess and sCK process is the origin of the resonance of 4 f
photoemission. Because of electrostatic interactions of
4f electrons and 4d core holes, the resonant absorption

* Pormanent address:  Physics Department, University of
Cukurova, 01330 Adana, Turkey, E-mail: ufuk@pamuk ce.cuodu.tr

is spread over a particular energy range showing multi-
plet structures 11 13) The existence of multiplet structure
at absorption features relates to the cxcitation of partic-
ular valence state.?) As a result, the resonance behavior
of any particular valence state depends on the excitation
energy of respective absorption peak. This can be used
to separate that particular valence emission.

In this paper, we report the resulis of the resonant pho-
tocmission study of thulium monochalcogenides, TmX
{X=3, e and Te). It is known that Tm, a member of
heavy RE series, has two ionic ground state configura-
tions: Tm?* (4'?) and Tm3* (4f'?). The intermedi-
ate states of resonant photoemission for these two ionic
states lead Lo simpler photoabsorption spectra. There-
fare thulium is considered as a simple system to study
the resonant photoemission where the number of decay
channels is relatively less. Previous photoemission re-
sults clearly showed two final state valence multiplets,
4f*7 and 42 excited from 412 and 42 initial states.
respectively, where the 4'? final states stay near the
Fermi edge.14"1") This unique series of isostructural com-
pounds (NaCl type) showing antiferromagnetic order-
ings at low temperatures’®2®) was selected because of
their extrenely varied physical and electron transport
properties. It is determined by specific heat measuve-
ments?!) that the ground state of TmS has a metallic
character. The measurements of transport properties
and the photoemission results'® indicate that Tm5 is
mostly a trivalent compound. TmSe is a mixed-valent
compound which was determined by photoemission ex-
periments!® 1618} and also by measurements related to
magnetic properties, resistivity and specific heat **"*%
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TmTe, mostly a divalent compound, has semiconduc-
tor property which is confirmed by photoemission stud-
jag, 14-16)

Most of the photoemission experiments for Tm
metal and its compounds were related to the study
of Tm valence structures,'® '617.1%.27) yalence fAluctua-
tion, ¥ 1%:17) coordination dependent valency®® and sur-
face effect of 4f emission.’® Whereas experiments re-
lated to dd-4f resonant photoemission are few. Johan-
son, Allen and Lindau'® bave done limited photoemis-
gsion measurements for Tm-metal in the photon enevgy
range of 100-200¢V without providing resonance infor-
mation, though they observed the resonant absorption
features. Nicklin and co-workers®®) have observed the 44-
4 f resonant photoemission spectra for Tm thin film. But
in their report, the relative positions of photon energies
for tri- and divalent maxima at 4d-4f absorption spectra
are different from those of other results®1113) Among
these three TmX compounds, only one resonant photoe-
mission study has been reported which related results for
TmSe.” They noted the behavior of each multiplet pho-
toemission peak as a function of photon encrgy. But in
ref. 3, cach component of 4 final state multiplets is not
so clear like off-resonant previous results.'® '%) So it can
not be considered as providing a complete information
about the resonant behaviors of every 4f state. That
means we do not have full information concerning the
resonance effect of these Tm compounds. We have done
this systematic experiment with relatively higher encrgy
resolution for the first time, which aimed to accumulate
all different resonance behaviors for diffevent Tm sys-
tems. We have also performed theoretical caleulations
to explain resonant behavior of each multiplet structure
both for divalent and trivalent components. The absorp-
tion spectra will also be discussed.

2. Experiment

The spectroscopy experiments were performed at the
Qrasshopper beam line (BL2B1) of the synchrotron ra-
diation facility UVSOR, a 750 MeV ¢lectron storage ring
at the Institute for Molecular Science, Okazaki, Japan.
X-ray absorption spectra {XAS) were measured by to-
tal photoelectron yield (TY) method by recording the
sample drain cwrent as a function of photon energy.
Photoelectron spectra were measured with a double-pass
eylindrical mirror analyzer (DCMAY). The overall energy
resolution was less than 0.5¢V. Experiments were con-
ducted inside an ultrahigh vacuum chamber with the
base pressurc of less than 2 x 107'%torr. We have also
measured the excitation spectra for energy distribution
curve (EDC) peaks, namely, constant initial state (CIS)
spectra.

TmX (X=8§,5¢, Te) single crystals were grown by
Bridgman method with a sealed tungsten crucible and
a high frequency induction furnace. High purity Tm
(99.9% Ames Lab. USA) and S, Se and Te (99.999%)
metals with the respective compaosition ratio were used
as starting materials. Those samples were characterized
by Debye-Scherrer method and magnetic susceptibilities
measurement. The lattice constants were 5.41 A, 5.69 A.
and 6.35 A for TmS, TmSe and TmTe, respectively. Ef-

Jd-4f Hesonant Photoemission of Tm Monochalcogenides

2019

feetive Bohr magneton (up) estimated from the suscep-
tibility from 100K to 300 K were 7.066, 6.328, and 4.609
for TmS, TmSe and TmTe, respectively. The mean va-
lence values abtained rom those experiments weve 2.799,
2.530 and 2.017 for TmS, TmSe and TmTe, respectively,
These values are almost the same as those reported be-
fore.3:19. 22, 30)

The samples were mounted on sample holders which
can be transferred between main chamber and prepara-
tion chamber. It is known that cvystals with NaCl struc-
ture are easily cleaved. We tried to cleave the samples
to obtain clean surfaces. Unfortunately, the cleaved sur-
faces were not clean enough, because the sample proba-
bly has had crack already at the cleaved position. There-
fore, a clean surface was prepared by scraping the san-
ple with a diamond file at room temperature. This
process was repeated every 2hours to keep the sam-
ple surface clean. Possible oxygen contamination was
checked by monitoring the O (1s) photoemission peak
(at her = B00eV). After the measurement period of up
to 2hours the peak intensity of oxygen was within the
noise level. The Fermi level was determined by measur-
ing an Au film which was evaporated on the sample at
the end of the beam run.

§3. Calculational Details

We have calculated the photoelectron spectra and
their excitation spectra for Tm** and Tm** ions using
an atomic model with spherical symmetry. The method
of calculation is almost the same as that used for the La
compounds.®’) The ground state is the Hund's rule low-
est state, which is 2Fyy3 for Tm?* ion (4'%) and *H,
for Tm®* ion (4f'?), respectively. The corresponding
Hamiltonian can be written as

H=Hy+V, 4V, (1)

where fHy describes the 4f and 4d electronic state of
the Tm ion which includes the Coulomb, exchange and
spin-orbit interactions, V. the radiative dipole transi-
tions of dd — 4f and 4f — el (g being the continuum
electron of symmetry), and ¥V the Auger transition of
{4d®4 1 e |4d 04 = Lel) (n =12 or 13).

The spectrum of the resonant photoemission is written
as

Fle, v) = Z kBIT g} 28(he + E, — Eia)
kg

® Glg =€), (2)

where hu represents the incident photon energy, ¢ the
kinetic energy of the continuum electron, |g) the ground
state of Hp, E, its energy, |[k8) the final states with
4f"'el configuration, and Eyp their energies. llere we
ignore the interaction between the continuum electron
and the Tm system, so that the final states |k3) and
their energies can be decoupled as |[k3) = |k)|8) and
Eyg = £x + Ep, where |k) and ) represents the &l con-
tinwum electron state and its energy, |8) and Ejz the
states with 47! configuration and their encrgics, re-
spectively. The operator 1" is called the t-matrix, which
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is defined as
T =V, + V,[1/(z — Ho)|T (3)

where

:=hr+ E;+in (n—+0), (4)

Yiksel UFUKTERE el al,

{Vel. 67,

we can take into account Ve up to the first order and ¥,
up to infinite order,

After some algebra, we obtain the expression from
eqs. [2) and (3},

Fie,») =Y \wﬁlmg} + 5 (kBIVala)(alGla')
Eg

; o Vel K B) K Vilg) \ [ )
x ({u Vila) + .?:-.; e ‘_SEW | 'ﬂ})| 8(hv + E, — Eup)ble = &), (5)

where |a) represent the intermediate states with
4d*4f"*! configuration, and E, their energics. o) cor-
respond to the final states of the 4d —+ 4f XAS. There
are one and four intermediate states for the Tm®* and
T+ ion, respectively, according to dipole selection rule
AJ =0, £1. The Green’s function (a|Gla’} is abtained
by matrix inversion from
1
z-E,

{a| Vi lk3) (k3| (AL,
z - Epp

(a|Gla") = faar +

1
z—FE,

x ¥,

k.g,at

{a”|Cla’}. (6)

The required parameters are the Slater integrals
FY(4f, 4f) for the 4f Coulomb interaction, F*{dd, 4f)
and G*(4d, 4) for 4d-4f Coulomb and exchange intcrac-
tions, R*(4del, 4/2) for the Auger process, the spin-orbit
coupling constants 4y for 4 and ua for 4d orbital, the
radial integral (4d|r|4f) for transition to intermediate
states, and (4f|r|el) for 4f photoelectron emission.

These parameter values are estimated by the Hariree-
Fock method with relativistic corrections.®® Values of
FH(4f, 4f), F*(4d, 4f) and G*(4d, 4f) are reduced lo
0%, 75% and 66%, respectively. These reduction ratios
are typical values to reprocluce the experimental multi-
plet structure of rare earth 4d — 4f XAS.'!) The density
of states of the continuum is assumed to be constant over
the whole incident photon energy. Kinetic energy of the
continuwum electron is decided so that the Lotal average
energies of dd?4 ™" and 44'%4 "~ 'el configurations are
identical. There are two symmetries which are allowed
by dipole transition (! = d, g) and five by Auger tran-
sition (I = s, d, g, 1, [} for the continuum electron. We
only consider the g-symmetry in this calculation, because
it is the most dominant path.

The parameter values are given in Table [. The re-
duced matrix elements in eqgs. (3) and (6) are obtained
by one of the Cowan's program suit.*?) Those matrix ele-
ments are passed to the resonant photoemission program
which caleulates the value Fle, n). EDC spectrum is de-
rived from F(e, n) as a function of the binding cnergy
(Ep = hv —¢) for a fixed wvalue of v and CI5 as a func-
tion of v for fixed Eg. The TY spectrum is obtained by
integrating F(e, v/) over emitted electron energy &,

Iw{y}zfdsf-‘{a ). (7)

§4. Results and Discussion

4.1  Absarption spectra of TmS, TmSe and TmTe
Figure 1 shows the absorption (TY) spectra of Tms.
TmSe and TmTe, respectively. We compare the exper-
imental results with the theoretical caleulation. In the
upper pancl, we show the theoretical spectrum of Tmd*
with the experimental spectrum of TmS for compari-
son. In the middle, the calculated spectrum for ‘Tm?+
is shown with experimental TwTe spectrum. The shape
of the theoretical spectra is similar to the experimental
ones. But it is noticed from the figure that the mea-
sured TY spectra of TmX have features of the Loth di-
valent and trivalent absorption peaks. The spectrum for
TinS originates mostly from trivalent features. We ob-
served three peaks at photon energies of 171.2, 174.3 and
178.2¢eV. The spectrum of TmTe shows mostly divalent
single peak at hv = 173 eV with weak trivalent 3 peaks.
We note that the position of the absorption peaks is dif-

Table 1. Parameter values used in Uhe caleulation for the grovnd,
intermediate and final states, F, &, ¢ are given in eV, B in veV,
{4f|ri4d) tn ag (Bohr radius), and {gir|4f) in agfveV.

Tmdt T+
4f numbers 12 14
Faaf, af) 13.2 -
FAaf 1) B3 -
FUHaf, 4f) 59 =
Cag 0.33 0.1
F34f, 4} 13.2 -
FAag, 4f) 8.3 -
Fe(4f, 41) 5.9 =
Cayf 0.33
Cad 33 3.2
F?(4d, 4f) 13.8 -
Fi(ad, 4f) 8.1 —
Giad, 4f) 11.3 -
G3(4d, 4f) a0 L
Go(4d, 4f) B.A —
FRaf,4f) 134 13.2
FAAf, 4f) 87 5.3
FEAS, 4f) 6.3 5.9
Cir 0.35 .53
R {ddeg, 457) -0.82 -(.80
Fd{ddeg, 45%) =044 -3
RS{ddeg, 4J7) —-0.29 —0.29
(4 f|r[ad) ~0.58 —0.58
{eglridf) 0.043 0.043
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Fig. 1. Total yield (TY) spectra (salid curves) for TinS (top),
TmnTe (middle) and TmEe (bottem) around the Tm 4d edge. It
is shown 1hat the § 2p peak for TmS and the Se 3p peak for TmSe
overlap in the pre-threshold region of the spectra. Caloulated X-
ray absorption spectra of Tm?* and Tm®+ ions are indicated by
the dotted lines in the top panel and the middle, respectively.
Transilione Lo the final states 3 Mg, *Ws, 3Gs for the trivalent
ion and !D;.l,rz for divalent ion are labeled, respectively.

ferent from that reported by Nicklin ef al*® but almost
the same as other reports.® "' 13} The absorption spee-
trum of TmSe shows both divalent and trivalent features.

We performed curve fitting to estimate the mean va-
lence by changing the relative intensity of theoretical ab-
sorption spectra for each divalent and trivalent compo-
nents. The procedure is as follow. First, the intensities
of two experimental peaks of 3Hg and *Gs were fitted
from the theoretical trivalent curve because the divalent
component is nol dominant in these peaks. Secondly,
the experimental spectra were subtracted by the fitted
theoretical curve. Finally, the subtracted spectra were
fitted by the theoretical divalent curve. The ratio be-
tween multiple factors to theoretical trivalent and diva-
lent curves gives the mean valence. The resulis are 2.91
for Tm5, 2.79 for TmSe and 2.15 for TmTe, respectively.
These values are almost consistent with those obtained
in the previous studies® 1*'% and our measurements of
susceptibilities. The small differences of the values might
originate from the difference in surface sensitivity of each
method, which will be discussed later. In particular, the
deviation of the value for TmTe from the obtained value
by susceptibility measurements seems to be due to sur-
face component of Tm trivalent jons.

In the above fitting procedure, we have assumed that
the TY spectrum of mixed-valent Tm compounds is
given by a simple superposition of the spectra in Tm?**
and Tin** ions, If the hybridization strength is large as
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Fig. 2. Valence band photoemission spectra of TmX measured
at off.resonant condition at he = LiDeV. Caleulated results of
divalent and trivalent Tm ions are shown for comparizon,

the case of mixed-valent Ce compounds, the configura-
tion interaction between the different 4f configurations
would modifly the spectral shape from the simple super-
position. In the case of Tm compounds, however, the
hybridization strength is small enough to localize the 4 f
states owing to the contraction of the 4 f wave function,
50 that our assumption is considered to be reasonable.

4.2 Off-resonant pholoemission spectra

Figure 2 shows the valence band photoemission spec-
tra for TmS, TmSe and TmTe respectively taken at
hr = 140eV. The measurement at he = 140eV cor-
responds to off-resonant condition, which is easily con-
firmed from the absorption spectra. The valence band
spectra of TmS and TmSe show density of state at the
Fermi level due to the metallic character of both samples.
In the spectrum of TmTe, the onset of the EDC is located
0.43 eV below the Fermi level, which shows that TwmTe
is & semiconductor and is consistent with previous re-
sults.’® '™ The calculated EDC curves of 4 f electrons for
Tt and Tm®* ions are compared with the measured
spectra. It is known from the calculation that the EDC
for the Tm*t comprises 69 final states allowed for the
4f% (2Fy49) = 4f'22g dipole transition. The EDC of
Tm**t consists of 211 final state components. The calou-
lated line spectra are convoluted with Gaussian width of
0.5eV (FWHM) to mimic instrumental resolution. The
absolute energy position of divalent and trivalent peaks
cannot be determined from the theoretical caleulation.
We set the energy positions of the calculated peaks to fit
the experimental peak positions. The evidence that the
divalent peaks are situated in 0-5.6 eV binding encrgy re-
gion and the trivalent peaks in 6-15¢V is confirmed by
resonant behavior of each peak described in the following
sections and by previous results.® !4 16:29)

As in the case of TY spectra discussed in the previ-
ous section, the overall spectral features of TmX is un-
derstood as the superposition of divalent and trivalent
components. For TmS, the trivalent parts are dominant
in the spectrum, whereas the divalent ones are domi-
pant for TmTe. The spectrum of TmSe shows almost
equal contribution of both divalent and trivalent com-
ponents. In our experimental condition of about 0.5¢V
energy resolution, the surface shift reported previously'®
could not be observed. This means that the spectral fea-
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tures in Fig. 2 include both components of surface and
bulk. However, we can resolve each multiplet component
rather well as compared with the spectra in ref. 3. The
agreement between the theoretical and the experimen-
tal results is satisfactory on relative peak positions and
intensities.

1t is noted that the peak positions of trivalent multiplet
for TriTe is very different from those of TmS and TmiSe.
This might be due to surface shift as will be discussed in
subsection 4.5.

We tried to estimate the mecan valence of each ma-
terial from the intensity ratio between divalent com-
ponent and trivalent one of the off-resonant spectra.
The evaluation method is described as the followings.
First, the background due to the secondary elections
is subtracted from the experimental spectrum. Sec-
ondly, the components of divalent and trivalent are
separated, and integrated respectively. Finally, the
mean valence is ealculated according to the formula
of 241(Tm**)x13/[I(Tm**+)x1241{Tm**)=13]. Here,
I{Tm?*) and I{Tm3*) are the integrated intensities of
the Tm** and Tm3+ components, respectively. The es-
timated values ave 2.03 for TS, 2.68 for TmSe and 2.35
for TmTe. As discussed above, we could not separate the
surface contribution from the bulk one. Therefore, the
obtained mean valence includes information both from
the surface and bulk. It is known that the TY spectra re-
flect more bulk information than photoemission spectra.
{Of course, the values obtained from transport properties
or magnetic susceptibilities are mostly bulk sensitive.)
This means that the values obtained by photoemission
may deviate from intrinsic ones due to surface effects. In
addition to the surface effect, the existence of other va-
lence electrons such as ligand valence clectrons and 3d6s
electrons may be an origin to deform the curve fitting
results, since the cross section of other valence electrons
may not be negligible in this energy range of off-resonant
condition. In this sense, we have to perform the curve
fitting for photoemission spectra excited by higher pho-
ton energies. These experiments for the same samples
have been already carrvied out around the Tm 3d-4f ex-
citation region.3¥) The cross section ratic between the
4f electrons and other valence electrons around 1-2keV
photon energy range is expected to be very large. We
ohserved decrease of the trivalent 4f peak while the di-
valent peak increases in intensity of the TmTe spectrum
in ref. 33, The obtained values are close to those obtained
by the 4d absorption spectra. For TmS and T'mSe, the
obtained values are not so different from those obtained
by the 4d XAS and the preseni photoemission spectra,
i.e., within small error of the estimation procedure.

In ovder to discuss the resonant behavior of each mul-
tiplet peak easily in the following sections, we name the
representative peaks by alphabet (a-i) for TmS, (A-G)
for TmSe and by numerical number (1-9} for TmTe as
shown in the figure. For peak O of TmSe, we did not
measure the CIS spectrum but caleulated it. TmSe in-
cludes both Tm?* and Tm** components and is a typ-
ical example to explain the resonant behavior of both
divalent and trivalent peaks.

Yiikael UFUKTEFE of al.
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Fig. 3. Representative valence band photoemission spectra of
TmSe at on (he = 171, 174 and 178eV) and off (he = 169eV)
resonant conditions.

4.9  HResonant photoemission results of TmSe

Figure 3 shows the valence band photoemission EDC's
of TmSe in some representative conditions with differ-
ent photon energies both on- and off-resonance around
the Tm 4d threshold. Excitation pholon energies were
selected from the TY spectrum in Fig. 1, namely he =
169 eV for off resonant condition and three resonant con-
ditions of he = 171, 174 and 178eV, respectively. The
intensity of the spectra is normalized by incident photon
flux. For the help to discuss the spectra easily, the off-
resonant spectrum at 169 eV is shown in every panel. It
is noticed that our spectra show much multiplet 4 struc-
turcs thau these reported in ref. 3 even in the resonant
conditions because of higher resolution. As discussed
in above section, the divalent part (4f!? Bnal state) of
the TmSe spectium was estimated to be situated from
0 to 5.6 eV binding energy (B.E.) and Tm 4f"" trivalent
state in 5.6-14c¢V B.E. range. We observed large res-
onant photoemission intensity enhancement from both
divalent and trivalent parts of Tm 4f final state mul-
tiplets at 174eV. At 171 and 17BeV, mostly trivalent
parts are enhanced. Further, comparing the off-resonant
spectra at Ay = 169¢V with the spectrum at 140eV in
Fig. 2(b), we notice that the intensity ratio between the
trivalent and divalent components is rather different in
spite of the fact that both condition should bLe off veso-
nance. At 169V, the divalent peaks are stronger than
that at 140eV. These phenomena can be explained as
follows, Namely, the 4d absorption spectrum for divalent
is relatively wider, Therefore, the position at 169eV is
gtill in the tail of resonant condition of divalent compe-
nent. The single broad * Dj; peak seems to overlap with
the relatively sharper *Hjg peak of trivalent jon, wluch
can be scon in the caleulated TY spectra in Fig. 1. Be-
cange of the broadness of the 4d TY spectra for both
Tm?* and Tm3t, it is rather difficult to separate the
Lrivalent components and the divalent ones by a subtract-
ing procedure. The 3d-4f resonant photoemission study
may be more usefu] to separate the divalent and trivalent
contributions because of very sharp and well separated
absorption peak structures of Tm 3d edge. The detail
will be described elsewhere.?®

In order to discuss the resonant behavior in more de-
tail and in order to justify the valency of each EDC peak,
we show the experimental results of the CIS spectia in
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Fig. 4. (a) Upper: CI8 spectra for D-G EDC peaks of TmSe in
Fig. 2(b). Lower: CIS spectra for A-C EDC peaks of TmSe in
Fig. 2(b). (b) Upper: Caleulated CIS spectra for Tm** corre-
sponding -G EDC peaks. Lower: Calculated CIS spectra [or
Tm?t perresponding A-C EDC peaks. Spectrum for O peak is
also caleulated but not measured.

Fig. 4{a). The CIS spectra of TmSe were obtained for
representative peaks A-G labeled in Fig. 2(b). It is ob-
vious in Fig. 4{a) that three resonance peaks exist in
the CIS spectra for trivalent part (D-G) and only one
peak for the divalent part (A-C) similar to the Fano line
shape.?) This can be again a proof of the justification for
the valence.

The caleulated CIS spectra are shown in Fig. 4(b).
The lower panel of the figure shows CIS curves for the
Tm?* ion. They are caleulated at peaks A to C shown
in Fig. 2(b), which correspond to experimental result of
lower panel of Fig. 4(a). In addition, we showed the
CIS spectrum for the peak O. Peak O is at just below
the Fermi level, which is observed in the experimental
EDC. But we did not measure the CIS spectrum for
peak Q. These CIS have one resonance peak, because
there is only one intermediate state (dd®4f1; 2 D5 52) by
dipole selection rule. The final states with J=7/2, and
9/2 give uniform background. The enhancement ratio is
different, depending on the multiplet terms in the final
states. It is especially found that the peak C shows the
largest enhancement, which is observed both from the
calculation and the experiment. These results are con-
sistent with the previous analysis for Yb3* ion, which
has the iso-electronic configuration as Tm** ion %)

The upper pancl of Fig. 4(b) shows the calculated CIS
curves for the Tm*t corresponding to the peaks D to G
of the EDC. It is seen that there are three resonance
peaks in the CIS curves as well as the TY spectrum. In
fact, there are four intermediate states, but one of them
is too weak Lo be observed. These four states are *Hy,
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Fig. 5. Same as in Fig. 3, but for Tm5.

37, ' He, and *Hg. The three states with J=3 are nol
pure LS terms but slightly mixed with each other by
spin-orbit interaction. The Hg, *H; and G5 terms cor-
respond to the first, second and the third intermediate
states. The highest energy intermediate state ' Hy is the
weakest one, becaunse this is the singlet level and only
dipole-allowed through the spin-orbit coupling. There
are no J=7 intermeadiate states so that the J=7 final
states do not have resonance. The difference in the shape
of each CIS curve for Tm?* is due to the multiplet strue
ture and the multiplet dependence of the Auger matrices.
It is also noticed that the agresment between the caleula-
tion and experimental results is quite well. For example.
the CIS for E indicates that the middle peak is smallest
both in calculation and experiment. The CIS for D shows
that the dip between the * Hg and *H; intermediate state
peaks is remarkable,

When we compare our results with the corresponding
ones in rel. 3, we noticed that our EDC spectra have vich
structures and detailed information about the resonant
behavior because of better resolution. The stoichiome-
try of their sample in rel. 3 scemed to be different from
purs, namely more divalent character. These might be
reasons why they did not get a clear result of CIS spec-
trum for trivalent EDC peak especially at 6.2¢V B.E
which corresponds to peak D in our spectra.

4.4 Resonani photeemission results of TmS

Figure 5 shows the valence band photoemission EDC
of TS with different photon encrgies hoth at on- and
off-resonance around the Tm 4d threshold, which were
obtained in the same way as Fig. 3. It is noted that
the trivalent parts of the spectra show big resonance at
three peak positions of trivalent TY spectrum. On the
other hand, the enhancement of the divalent part is not
so clearly visible even in its resonant condition at hy =
174 eV (*D5;3 intermediate state).

In order to see the modulation of the valence band
emission more clearly, the CIS spectra of divalent and
trivalent part peaks are shown in Fig. 6. The corre-
sponding EDC peak binding energies (at hv = 140cV)
are indicated in Fig. 2(a) by alphabet (a-i). The CIS
spectra show three main peaks for the trivalent part,
and single maximum for divalent part, which is similar
to the vesult of TmSe. One may expect that the CIS
spectra for ¢ (3.5¢V B.E.} and d {4.5eV B.E) should
behave as divalent component. But in Fig. §, we observe
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Fig. 6. CIS spectra for T3S around Tm 4d edge. The labels a-i
refer to the peak positions of the EDC in Fig. 2(a).

that the two C13 spectra show three peaks, i.e., behave
as trivalent emission. This might be due to weak emis-
sion of divalent parts. Namely, the emitted electrons at
3.5¢V and 4.5¢V B.E. mostly seem to come from the tail
of trivalent peaks situated at higher B.E. side.

From the comparison with the results of TmSe, we
note that the trivalent parts of TmS behave as almost the
same way as those for TmSe. We notice the differences in
the divalent part between the results of TmS and TmSe
as dezcribed follows.

First, the peak “a” just below the Fermi level which
corresponds to the peak (shoulder) "0 in TwmSe is more
clearly observed in spite of the weak intensity. This can
be explained by the effect of surface shifted peak. Since
the TmS and the Tm3e are metallic, the part of the low-
est B.E. peak is situated above the Fermi level. It can
be supposed that the position of the maximum of the
bulk component may be situated in the unoccupied re-
gion. This may be a reason why the peak *0" of TmSe
is weaker than peak “A” whereas the intensity of the
lowest B.E. peak is strongest in the calculation (Fig. 2).
it has been reported by Kaindl ef al'®) that the sur-
face component of the divalent peak is shifted to higher
B.E. about 0.3¢V as compared with the bulk component.
If the contribution of the peak “a" mostly comes from
surface component, the position of the maximum of the
peak can be shifted below the Fermi level. As a vesult,
the density of states just below the Fermi level should
become stronger and be clearly observed.

Second difference from the result of TmSe is that the
resonance for divalent part seems to be weaker. As dis-
cussed above, the cross section of the other valence elec-
trens such as 5d6s of Tm and ligand’s (S) valence elec-
trons is not negligible in this photon energy. Ilence the
part of the intensity between 0-5.6eV B.E. emission may

Yiikse! UFUKTEPE ef al
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Fig. 7. Same asin Fig. 3, but for TmTe. The resonant condition
of divalent component is he 2 173 eV,
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Fig. 8. Same as in Fig. 6, but for TmTe. The numerieal laliels
refer to the peak positions of the EDC in Fig. 2{c).

not come only from divalent 4 f component but also from
others, ac being due to 4f-5d hybridization. Similar hy-
bridization cffects have been obscrved from othier rave
earth metals.’? This may be a reason why 1he clear 1eso-
nance is not observed in divalent features region in TS,

4.5  Resonani photoemission results of TmTe

We have measured resonant pliotoemission spectra for
TmTe under the same cxperimental conditions as for
TS and TmSe. Figure 7 shows the valence band plo-
toemission EDC of TmTe with different photon encigics
both at on- and off-resonance around the Tm 4d thyesh-
old. The CIS spectra obtained in the same way as those
for TmS and TwSe arve shown in Fig. 8.

In general, the strong resonant photoemission en-
hancement of divalent part is observed whereas the triva-
lent part shows less resonance. The CIS spectra for diva-
lent components (0.9-5.2eV B.E,; numbered 1-5) show a
strong single peak. Especially, the No. 5 peak shows the
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bigpest resonance, which is consistent with the calcula-
tion as shown in the subsection of TmSe but more clearly
observed. The shape of the CIS spectra for trivalent
peaks (7.3-8.9eV B.E.; numbered 6-9) is not completely
consistent with these expected for Tm**. Probably, the
most of Lthe intensity of the electron between 7.3-8.9eV
B.E. is due to strong background clectrons originating
from the divalent part. This may deform the shape of the
CIS spectra. From these results, we can conclude that
Tm ion in TmTe has mostly divalent character but with
small amount of trivalent ion. This result is consistent
with some of the previous reports'® %% but is con-
trary to an earlier report!™ of off-resonant photoemis-
sion. They argued that the valence structure of TmTe is
completely divalent. They observed small peaks around
the trivalent B.E. region. But their explanation was that
the origin of these peaks is not from trivalent but from
surface oxidized component or shake up (two hole) satel-
lite.

The valence structure of such kind of samples strangly
depends on the stoichiometry. The mean valence of our
sample obtained from the result of magnetic susceptibil-
ity measuremnent is 2.017. This value means that there
should be almost no charvacters of trivalent for TmTe.
The mean valence values obtained in this study by TY
(2.15) and off-resonant photoemission spectra (2.35) as
well as the CIS measurements suggest the existence of
trivalent component. This means that the trivalent com-
ponent observed in our spectra mainly comes from sur-
face. The peak positions of the trivalent multiplet of the
spectra in Figs. 2(c) and 7 shift to higher B.E. than those
for TmS and TmSe. The shift is move than I'eV. This is
not only due to the semiconducting nature of TmTe but
also the surfoce shift of the trivalent componeut. The
trivalent surface component of Tm'Te is not discussed in
the earlier report.’® But the trivalent surface compo-
nent of Tm films was observed.?”2% In the refs. 27-20,
the shift for Tm film is also in the same direction as in
our results, i.e., higher B.E. with 0.7 eV.

§5. Conclusion

We have systematically studied resonant photoemis-
sion spectra of the TmX (X=85,3e Te) compounds
around the Tm 4d threshold. The experimental results
showed a large resonant enhancement of 4f photoelec-
tron emission around the 4d threshold with sharper nul-
tiplet structures than those reported before. The caleu-
lated results are in good agreement with the experimen-
tal enes both for divalent and trivalent features of Tm
ions. The resonaut behavior of the photoclectron spec-
tral features of 4f levels is in good agreement with those
calculated for divalent and trivalent 4f components. The
CI5 spectral features for cach multiplet component show
almost similar shape to that for TY spectra.

It was confirmed that the photoelectron spectra of
TmS originate mostly from trivalent Tm 4f electrons
with small surface component of Tm®* ion. TmSe
showed mixed valent chavacter of both divalent and triva-
lent 4f features as reported before. TmTe shows mostly
divalent character but there are some evidences for that
trivalent Tm 4 f electrons exist in TmTe owing to surface

4d-4f Hesonant Photoemission of Tm Monochaleogenides
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effect.

We liave estimated the mean valence of cach sample
fromi absorption spectra and from off-resonant photoe-
mission spectra. The meaning of these values is dis-
cussed as compared with that for the value obtained from
the measurements of magnetic susceptibilities. The es-
timated mean valence includes some ambiguitics due to
the surface effect and the contribution of other valence
electrons. Further detailed resonant photoemisgion ex-
periments with higher energy resolution are necded Lo
understand the clectronic structure of these samples to
separate the surface effect more precisely. The subtrac-
tion procedure of the contribution of other valence elec-
trons may also be necessary.
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Soft X-ray spectra have been measured using a pair of YBgg(400)
monochromator crystels at the double-crystal monochromator
beamline BLTA of the UVSOR facility, where the wiggler
radiation has & magnetic field of 4 T. Deformation of the YBy
crystal due to heat load from the synchrotron radiation is almaost
negligible. The photon flux is about 10* photons s~* (100 mA) ™
in the energy region 1.2-2 keV and the energy resclution is 0.7 +
0.1 eV around kv = 1.5 keV. These results show that the YBg
erystal is suitable for wse as a monochromator crystal. Ns
application to soft X-ray spectroscapy is discussed.

Keywords: soft X-ray beamlines; YBys crystals; double-crystal
monochremators; wigglers.

1. Introduction

¥Beg [2d = 11.76 A for (400) reflection] is known to be one of the
best monochromator erystals covering the soft X-ray region from
1.1 ta 2 keV, with high performance (Wong er af, 19%0) such as
high-energy resolution, no absorption structures originating from
the elements of the crystal in the photon energy range, resistance
to radiation damage eic. So far, only the SSRL (Stanford
Synchrotron Radiation Laboratory) group has used a YBgy
crysial (Rowen et al,, 1993), since there arc several difficulties

t Present address: Department of Chemistry and Maierial Technolagy,
Faculty of Engineering and Design, Kyoto Instilute of Technology, Kyoto
&06-8583, Japan.

¢ Visiting scientist on leave [rom Physics Depariment, University of
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associated with the use of YBgg crystals in synchrotron radiation
facilities. One of the difficulties is that a single crystal of sufficient
size has net, until very recently, been available, The other diffi-
culty is that such a crystal has a very low thermal conductivity
and is easily deformed by the high heat load from synchrotron
radiation from & high-n!nerg}l machine. Even in the S8R L [acility,
there seems to be some difficulty in using the crystal for spec-
troscopy experiments because of the heat load.

The storage ring of the UVSOR facility is operated at a rather
low energy (730 MeV) and is expecied to produce a lower heal
load than a high-energy machine. For example, at the double-
erystal monochromator beamline BL1IB of the Photan Factory
{2.5 GeV), the power density was estimated as 33 W mm™* an
the first crystal (Funabashi er al, 1989). However, the density in
the present case is Jess than 0.03 W mm™>. A wavelength-shifier-
type wiggler with a 4 T magnetic field (Makamura er al, 1995) is
installed at the UVSOR beamline BL7A (Murata e al., 1992) to
provide a high photen flux in the seft X-ray region. This
prompled us to examine the performance of a YDB, mono-
chromator crystal at the UVSOR facility. The crystal (10 x 20 x
I mm size) is a commercial product, synthesized by Crystal
Systems Inc., Yamanashi, Japan.

2. Overview of tha wiggler beamline at UVSOR

Fig. 1 shows a schematic view of the double-crysial mono-
chromator {DXM) beamline BL7A. The superconducting magnel
wiggler is installed in the straight section upstream of ihe
bending-magnet section BT, When the higher-energy light from
the wiggler is used with crystals such as InSb(111) and Ge(111),
the beamline is fixed just downstream of the straight section (0F
ling). In the case of synchrotron radiation from the bending
section, the XM accepts synchrotron radiation emitted at a
point on the electron orbit that is 2° downsiream of the edge of
the bending section. In order to avoid radiation damage (o the
insulator crystals of, e.g. beryl and quariz {encrgy being covered
0.8-2 keV), we use bending-magnet radiation. Between the use of
wiggler radiation and bending-magnet radiation, the beamline
set-up is changed from the (F line to the 2° line YBg is a
semiconductor and may be better at withstanding radiation
damage than insulator crystals If we succeed in using a YBg
erystal in the lower photon energy region, it will not be nccessary
to change the beamline between the wiggler and bending lines.
This will enable us to provide high-performance beamiime 1o
ugers,

3. Perlormance of the YB,, monochromator crystal

Fig. 2 shows the throughput of the monochromator with the use
of ¥ Bes(400). The absclute value of the photon flux was obtained
by measuring the photocurrent from a Si photodiode (Interna-
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Flgure 1
A schematic view of the soft X-ray beamline BLTA at UVSOR.
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tional Radiation Detectors Ine., USA) whose quantum elficiency
has been calibrated absolutely. When radiation from the wiggler
is used, the photon fux is approximately 10° photons
57 (100 mA)~', The decrease in the flux at lower photon
energy is due 1o the cut-off of the Be foil. A Aux of 10°-10°
photons 5™ (100 mA)~" is obtained with bending-magnet radia-
Lion,

The X-ray absorption fne-structure (XAFS) spectra for Mg
and Al oxides in Fig. 3 were measured by the total photoelectron
yield method as described previously (Murata er al., 1992). The
step width of the monochromator scanming was O.01°, which
corresponds to about (L15 eV at hv = 1310 eV, The reproducibility
of energies was within the step width. The spectra obtained using
the YBg crystal show almost the same features as those obtained
using beryl and quartz crystals During the spectroscopy
measurements, we also checked the effects of the heat load. We
monitored the beam intensity at the sample position and tuned
the angle of the second monochromator crystal 1o maximize the
intensity. The angle deviation originating from the change of the
lattice spacing in the first crystal was estimated by measuring the
deviation of the tuning angle of the second crystal. The angle
correction due to the heat-load effects was estimated to be less
than 0.01°, which corresponds to energy shifis of less than 0.15 eV
around Av = 1.3 keV. The value of the energy shift is much less
than that in the SSRL, where an approximately 3 eV shift is
reported (Wong, private communication). It is concluded from
the above result that the effect of heat load at BL7A is almost
negligible for spectroscopy measurements.

We have tried to measure the rocking curves of the YBy
crystal by rotating the second crystal in order to estimate enérgy
resolution (not shown here). The rocking curves showed some
mulli-structures and were wider than those reported before
(Rowen et al, 1993). This may resull from the muli-domain
structures of the crystal, as will be discussed below. If we assume
the multi-structures are a convolution of single peaks, the width
of each single peak is estimated to be about 0.7 £ 0.1 eV around
hv =15 keV, This value is equal to the deconvoluted value of the
photoemission resolution discussed in §4 and almost comparable
with that in the SSRL beamline under standard conditions. We
have also observed the image of output light with the fluores-
cence screen, The image was nol homogeneous. These results
mean that the crystal is not an ideal single crystal, but instead
consists of multi-domains. The effect of the multi-domains is not a
serious problem. For example, we have obtained reasonable
spectra [except for the problem of the (600) reflection as
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Figure 2
The throughput of the double-crystal monochromator with ¥Bg, (400},
Radiation from the wiggler and the bending-magnet seclion is used.

described below] with higher-energy resolution than that of
beryl crystal, as shown in Fig. 3. If we could obtain a crystal with
single domain, the intensity and resolution may be improved.

These results show that the YBy; crystal is suitable lor usc as
monochromator  crystal. However, there remains  anothe
problem which needs to be solved in order 10 use the Y T3, crysti
for spectroscopy. The problem is that two posilive glitches ¢
1385.6 and 1438 eV are observed in Figs. 2 and 3(a). These glir
ches are known to be due to the sharp reflectivity increas
associated with anomalous scattering of the (6040) reflection at th
Y Ls-edges (Tanaka er al, 1997). The ariginal [{400) refectio
light] peaks are also observed in Fig. 2 at 2080 and 2136 b
respectively. In order to record more precise extended XAF
spectra, the high-energy component of the light must be reduce
for the next step of the beamline improvement. We plan to insta
a pair of pre-focusing mirrors coated by 5i between the B
window and the front end. The Si-coated mirror system i
expected to be useful not only as a focusing system but also as
high-cut filter.

4, Applicallon ta speciroscopy

We have applied the light monochromated with the Y B, crysta
not anly to measurements of absorption spectroscopy but also o
photoemission measurements. We present here, as an example
the resonant photoemission study of heavy rare-earth compound
(Kinoshita er al., 1998). Although the photon intensity is not grea
enough, the photoemission study becomes possible by using
high-performance electron analyser (Fisons, ESCALAB220i
XL}

Fig. 4 shows the 3d-4f resonant photeemission result for TmSe
which is typically known to be a material of mixed valenc
Despite the advantages of studying 3d-4f resonant photoemission
for heavy rare-earth compounds, in addition to 4d-4f resonance
only a few investigations have so far been performed. The reasm
why such experiments are difficull is thal graling mono
chromators cannot cover such high-energy light with high-energ
resolution and high intensity. As shown in Fig. 4, the spectra hav
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Flgure 3

{a) Comparative X-ray abtorption speetra of MgO around the Mg K-ed
taken by YHy and beryl erystals (&) Comparative X-ruy absorpte
specira of A0y around the Al K-edge taken by YDy, and quartz crysiz
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Figura 4

The phatoemission spectra af TmSe et an excitation photon energy of the
3d—4f resonance reglon. The photoemission spectrn were measured at the
photon energies of the points indicated by arrows in the shaorption (total
photoeleciron yield; TY) spectrum (bottom).

been obtained with a resolution of 0.9 & (.1 eV and a reasonable
/M ratio in the photon energy region 1.45-1.52 keV. The reso-
lution of the data seems to be better than that obtained for a
TmAl; sample with a beryl monochromator crystal (Laubschat e
al, 1990%, especially in off-resonant conditions. It is clearly
observed that the divalent peaks (located at a binding energy less

than 5.6 eV) and the trivalent peaks (Jocated at a binding ene
greater than 5.6eV) show resonance at different excital
energies.

&, Conclusions

We have succeeded in measuring soft X-ray spectra using
¥ By monochromator crystal at the DXM beamline BLTA of
UVSOR facility. The combination of the YBg crystal and
wiggler at such a low-energy storage ring performs well in soft
ray measurements. The YBg crystal may be very valuable for
in future studies of soft X-ray spectroscopy at UVSOR, The ¥
crystal has already been used by some users. Photoabsorpt
and photoelectron spectroscopy experiments in such a pho
energy region are now possible.

The authors would like 1o thank the stafl of the UV3
facility for their support, TK and YT thank Dr T. Tanaka and
J. Weng for invaluable discussions.
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Abstract

The electronic structures of thulium monochalcogenides (TmX; X = 5§, Se, Te) were studied both experimentally and
theoretically using resonant photoemission around the Tm 4d and 3d absorption edges. The fupdamental clectronic
structures and the mean valences are analyzed. © 1998 Elsevier Science B.V. All rights reserved,

Keywoerds: Rare carth chalcogenides; Photoemission

Rare-earth compounds have been studied very well
because they show characleristic properties. Ce** com-
pounds are studied more than other rare-carth compounds.
¥b'* and Tm** compounds are also siudied because
occupied and unoccupied clectronic states of Ce?* com-
pounds are interchanged in Yb** and Tm®* compounds.

Tm monochaleogenides (TmX; X =5, Se, Te) have
been studied from 19705 and many papers were pub-
lished. As for the results, TmS shows a Kondo lattice-Jike
behaviour [17, TmSe shows a valence Muctuation [1] and
TmTe is a semiconductor with an energy gap of 0.4 eV
[2). From a recent study, it is seen that TmTe becomes
metallic in the pressure of about 2GPa and a Kondo
elleet appears above the pressure [3].

Many photoemission studies of TmX have also been
done until now [4-8]. However, mosl of the studies were
limited 1o the experiments at fixed photon energy, exeept
for that done by using 4d-4f resonance of TmSe [4]. In
this study, we measured resonant pholoemission spectra
around the encrgies of the Tm 4d and 3d absorption edges.
We divide the spectrul components between Tm?* and
Tm** slates and determine the mean valence of TmX,

TmX single crystals were grown by the Bridgman
micthod wsing o scaled tungsten crucible and a high-

* Corresponding author. Fax: 4 B1 564 34 7079; e-mail:
Eimurataims.acjp.

frequency induction furnace [%]. The photoemission
measurements were performed at the synchrotron radi-
ation facility, UVSOR, of the Institute for Molecular
Science. 4d-4f resonant pholoemission was measurcd
at BL2Bl with a grasshopper monochromalor and
a double-pass cylindrical mirror electron analyzer, 3d-4
resonant photoemission measurement was done at BLTA
with a double YB;g crystal monochromator and a hemi-
spherical electron analyzer. The total energy resolutions
of these spectroscopic systems were less than 0.3 eV for
dd-4 and less than 1 eV for 3d=4f measurements. The
clean surfaces of the samples were obtained by scraping
using a diamond file or by Ar sputiering.

Obtained total-yield spectra of TmX around 4d and 3d
absorption edges are shown in Fig. la and Fig. 1b, respec-
tively. In the figures, calculatied absorption spectra of
Tm?* and Tm** jons are also given. According o the
line-shape fitting analysis, the mean valences are deler-
mined. The obtained mean valences are shown in Table 1.

From the energy distribution curve (EDC) of ofl-reson-
ance photoemission at the excilation energy of 140 and
12536 eV (Mp Ka ling), the mean valence can also be
derived. First, the divalent and trivalent 4l states should
be divided. The peak character can be determined by the
valence band EDC of TmSe. For instance, a series of
EDC at the excitation energy of the 3d absorption edge is
shown in Fig. 2. It is noticed from the fgure thal the
peaks in the binding encrgy range of 0-5.6eV were
enhanced at the resonanit condition of Tm?* ion whereas

OA04-BRSVORS 100 w1998 Elsevier Science B.V. All righis reserved
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wcan vilences of TmS, TmSe and TmTe determined by 4d absorption (4d XAS), 3d absorption (3d XAS), EDC at the excitalion energy
of 140 eV and EDC al 12536 ¢V, The mean valences determined Irom the magnetic susceplibilities (x) are shown as the relerence
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Fig. 1. {a) Total yield spectra of TmS, TmSe and TmTe at the 4d
ahsorpiion edge and (b) those of TmS and TmSe at the 3d
absorption cdpe in comparison with theoretical one.

the peaks of 7=13 ¢V at the condition of Tm?*. This is
an evidence that the peaks at 0-5.6eV originate fromn
Tm** 4?2 stales and those al 7-13 eV from Tm** 42,
Then we derive the mean valence from ofl-resonance
EDCs at the excilalion energy of 140 and 1253.6 ¢V,
The meun valence is derived lrom the function, (mean
vialenee) =2 + H{Tm** )= 13/ [H{Tm**) =12 +
fTw?* )% 13], where I{Tm**) means the intensity of
Tm?* 40" * peaks. The estimated mean valences are also
shown in Table 1.

The estimated mean valences of TmS and TmSe are in
pood agrecment with those of magnetic susceptibility
dutae However, TmTe has & weak trivalent componenl,
which is dilferent from the magnetic susceplibility data.
The EDC of 140 ¢V excitation is mostly surface sensitive
in the four kinds of estimation methods, Therefore, the
trividency of Tm might be attributed (o the surface prop-
erties or 1o be due 1o the contamination on the surface.
The result is in the same situation of YbBg [10, 11].
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