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Study on Magnetic Circular Dichroism of Ni, Co, Fe Metals
and (Ni, Co, Fe)-Pd Alloys

Serng-Yerl Park

fnvestigation on metallic magnetism has been a controversial subject of
modern science for a long time. The magnetic properties of metals and alloys
have usually been considered by two models. One is a localized model where
electrons with the magnetization have an atomic character, and also have a state
similar to those in an atom inside the crystal. Hence the electrons with respect to
the magnetic moment are regarded to be localized in the atomic site, and the
total spin is ruled mainly by Hund's rule. Thus the magnetic moment of
respective atom is produced, possibly giving rise to ferromagnetism. The model
has well described the magnetic properties of rare-earth metals, because 4f
electrons with the magnetic moments are well Jocalized inside the atoms, and
the orbital is not superposed on the orbitals around an adjacent atom. The other
is an itinerant model where the electronic structure for magnetic materials was
described by the energy band structure. The itinerant model explains magnetic
property as the difference of occupancies by up-spin and down-spin electrons
ncglecting the orbital moments, thus giving rise to ferromagnetism. Since early
theories of magnetism based on these two mutually opposite models had
complementary merits and demerits, famous controversies over these two
modcls have lasted for quite a long time. In the early 1970s remarkable process
was madc by the success of self-consistent renormalization theory of spin
fluctuations. The concept of spin fluctuations which also include the Stoner

cxcitation in special cases is now generalized to include both the local and



extended moment limits and a theory of interpolation between them was
cxpected to lead to a unified description of magnetism.

On the other hand, one of the most striking difficulties of the Stoner
excitation theory was found by H. C. Siegmann in the spin-polarized
photoemission experiment in nickel. If the Stoner splitting AE exists in Ni, it
necessarily generates a negative polarization at the Fermi energy. AE does not
appear in the energy distribution curves of photoelectrons from Ni, and quite
consistently with this, one does not find any negative polarization of
photoelectrons. Therefore more independent and straightforwardly interpretable
measurements are required. Because effects of the crystal field largely affects
the orbital magnetic moment separation of a spin and orbital parts has become a
major experimental target. One of the interesting results has been obtained for
this purpose using magnetic circular dichroism (MCD). Here circular dichroism
(CD) is the difference between the optical response for the right circularly
polarized and the left circularly polarized lights that have the same wave length.
Especially CD with magnetic field is known as MCD. Along with the recent
development in the circularly polarized synchrotron-radiation, MCD has
increasingly become more and more important, both experimentally and
theoretically.

In this research we have made MCD experiments in the Ni, Co, Fe 2p, 3p
and Pd 3p and 4p excitation regions for Ni, Co, Fe and (Ni, Co, Fe)-Pd alloys.
The MCD spectra in the Ni, Co, Fe 3p and Pd 4p excitation regions were
measured using an‘apparatus with permanent magnet flipper at the beamline,
BLZ8A, of the Photon Factory. The MCD spectra in the Ni, Co, Fe 2p and Pd 3p
cxcitation regions were measured with the same apparatus at the beamline,
NEIB, of the TRISTAN Accumulation Ring (AR). At both bcamlines circularly

polarized light was supplicd with a helical undulator, with which almost 100%



circularly polarized light would be obtained at the peak of the first harmonic of
the undulator radiation. The MCD measurements on the 4d — 4f, ef excitation
region of rare earth materials were also performed to clarify the origin of the
extended MCD and to show the characteristics of the localized moment systems.
Furthermore we constructed an advanced chamber equipped with the deposition
system with two e-beam evaporation sources, and with a moving
photomultiplier detector. Using this chamber we extend our study to thin films
of Ni-Pd alloys.

First the starting samples are bulk alloys which were made using an Ar
arc furnace and annealed. We obtain the MCD signal which was recorded by
measuring the total photoelectron yield, and was normalized with the photon
flux determined by the measurement of the total photoelectron yield of Au. The
method reported here detects the total yield of electrons as the sample drain
currents using a pico-amperemeter. The MCD spectra were measured in such a
way that the drain currents were measured for both directions of the applied
magnetic field at each photon energy scanned by the monochrometer. The
sample surfaces were filed in the vacuum chamber before a series of
measurements.

Secondly, thin films of Ni-Pd alloy were prepared on Si(111) substrate by
e-beam evaporation. The Si(111) substrate was attached on the sample holder.
The evaporation was carried out in the evaporating chamber. The alloy films
were obtained by simultaneous cvaporation with two evaporation sources.
Composition of samples was controlled by adjusting the deposition rate, where
both the crystal of the thickness monitor and the substrate were cooled by liquid
nitrogen. After evaporation was carried out, MCD measurement with the

photoclectron yield was immediately performed in the main chamber.



On the other hand, we have also made MCD experiments in the
photoabsorption by the thin films of rare-earth metals. We found that Gd or Eu
showed disappeared orbital magnetic moment by 4f electrons, and that Tb, Dy,
and Ho have non-vanishing orbital magnetic moment. The extended MCD
signals were clearly seen in the photon energy regions lower than the
prethreshold and higher than the giant structure for Tb, Dy, and Ho. We
additionally found that the Gd or Eu could have small orbital magnetic moment
by 5d electrons.

Next we measured the MCD spectra for Ni, Co, Fe metals and (Ni, Co,
Fe)-Pd alloys. First we observed the MCD spectra at the Ni, Cd, Fe 2p
excitation regions and Pd 3p excitation region of the above systems at AR. In
the Ni, Co, Fe 2p excitation region (L2,3) the MCD signal is negative in the
lower energy region and positive in the higher energy region. Also the MCD
signal of Pd 3p is similar; it is negative in lower energy region and positive in
the higher energy region. This shows that the spin orientation of Pd is the same
as that of corresponding metals.

At the L23 edges the energy integrated value of the MCD in the alloy
increase with incrcasing Pd concentration. Through the linear relation between
the mtegrated MCD signal and the orbital angular momentum <Lz>, we know
that the MCD signal at the L2.3 edges shows an enhanced orbital moment
compared to that in the pure 3d metals. In pure Ni we also observed the "6 ¢V"
hole-hole correlation satellite in the photoelectron yield spectrum, and these
correlation effects appear a distinct shoulder (4 eV satellite) in the MCD
spcctrum. On the other hand, the number of 3d holes was estimated as the
spectral intensity divided by the concentration of corresponding 3d mectal. It is
easy to estimate the spectral profile after subtracting an arc tangent-like

function, which is often adopted in analysis of photoclectron spectra. Also we



assumed that the number of 3d holes is proportional to the total magnetic
moments. In NixPdi-x (x=1, 0.5, 0.2) series, the orbital momentum increased
with increasing Pd concentration, but for x=0.2 concentration the number of 3d
holes seemed to be decreased. We consider that this is caused by the s-like to d-
like electron transfer from Ni atomic site to Pd atomic site due to mixing
between Ni 4s and Pd 4d states. This strongly induces us to think about a case
where the local charge is not conserved in alloying. In CoxPdi-x (x=1, 0.53,
0.32) series, the number of 3d holes does not increase, although the orbité]
momentum increase for the increasing Pd concentration. However, in FexPdi-x
(x=1, 04.46, 0.23) series both the number of 3d holes and the angular momentum
increase with decreasing x. These results show variety of the change transfer
depending on the elements and the concentration of the present alloy systems.
We also observed the MCD spectra at the Ni, Co, Fe M2,3 edges and at the
Pd 4p excitation region of the present systems. The main band of the 3p MCD
show the negative sign. In pure Ni 3p excitation region, we do not see the
positive contribution in the higher energy region (Mz2), which is predicted by
localized model. Therefore we see that the spectra in the 3p excitation region
should be considered with the itinerant model in one aspect. However we
observed the small extended MCD signal which is the characteristics of the
localized model. This is not in good agreement with the calculation by G. van
der Laan et al., which is based on the impurity Anderson model with
configuration interaction between 3p353dI0L state and 3p53d9 state, considering
full atomic multiplets. On the other hand, in Pd 4p excitation region the MCD
spectrum of the 3d metals was changed by Pd. Especially the MCD spectrum of
Co 3,Pd g3 alloy has a sharp pcak at Co 3p edge. We consider that this is partly

caused by the spin-dependent band spectrum resulting from the effect of the



density of state and that it also reflects many-body screening effect due to spin-
dependent core hole potential.

It is important to notice that the apparent difference of the estimated
number of 3d holes as well as the 3d orbital moments between the L2.3 data and
M2.3 data comes from the fact that we see more of the s-like final states in M2.3
measurements. Through the comparison with the M2,3 and the L2,3 data we can
obtain the detailed information on the direction and the amount of the electron
transfer and its symmetry (s-like or d-like).

Finallvae also obtained similar MCD spectra Ni 3p and Pd 4p excitation
regions for Ni-Pd thin films on Si(111) substrate, which indicates that the bulk
materials are still good for the present measurements.

In conclusion it has been found in the study:

1) Comparison between 3p MCD and 2p MCD of 3d transition metals clarifies
the details of the charge transfer and the magnetic moment due to alloying.

2) In fact the electron transfer from Pd 4d states can make a 4s-like state around
Ni, Co, or Ni atomic site and 3d states can make a 5s-like state around Pd due to
one-body mixing. The direction and the amount of the transfer are checked both
by the estimation of the number of 3d holes and the orbital moment.

3) In the present system the above transfer depends on the 3d elements. There is
no systematic tendency which could be predicted by a localized model, though
the spin dependent density of states plays the essential role to determine the
number of 3d holes.

4) The cxtended MCD in the low encergy data for rare earth mctals is strong
atomic character of 4d — 4f, ef cxcitation and the subsequent relaxation process.
S) The above extended MCD were also observed in 3d metal-Pd system,
indicating that the atomic continuum states should be considered even in the

atomic modcel to explain the experimental results.



6) There is no satisfactory theory to explain the MCD spectra of the present
alloy system. For example, the band calculation based on the conservation of the
local charge with d-symmetry does not hold in interpretation of the present
MCD spectra.

7) Thus the present results could be explained considering both the atomic and
itinerant characters. They would give warning to the band theory which explains
the magnetic moment only in terms of the difference between the up-spin and
the down-spin occupancy, while they also gives criticism to the atomic model

based on the impurity Anderson model.
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