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1. General Introduction

1.1. Introduction

The microscope technique has advanced gradually aiming higher resolution, and the
method of obtaining a microscopic image has changed from with light to with electron. One
of the most useful methods is electron microscopy which is classified to Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM), and by using these
systems, we can approach to a nano world. But they have still a limit in resolution. We can
not see any smaller region than the wavelength of electron so far as the electron microscope
uses electron wave. In 1982, a new type of microscope was invented to make a break-
through for this problem by Binnig and Rohrer (!l The microscope is based on quantum
mechanical tunneling effect of electron and it is called Scanning Tunneling Microscopy
(STM). The fundamental difference between SEM or TEM and STM is that the former uses
free electrons and the latter uses electrons in a substance. Since the development of STM,
the method has been applied not only to surface science but also to various fields, quickly.
At the beginning, STM could be used only for conductive materials, but according to the
development of Atomic Force Microscope (AFM)2), insulating materials can be also
observed. In addition, many kinds of microscope (for example, Magnetic Force Microscope;
MFMB1E, Frictional Force Microscope; FFMB16), Scanning Ion-Conductance Microscope;
SICMY, Localized Charge Force Microscope; LCFMBLO Scanning Thermal Profiler;
STPIY and so on) have been avaitable. The environmental condition to use the mICroscope
has been less specified, that is, not only in atmosphere at room temperature, but also in
vacuum or in water, at low temperatures or at high temperatures. Moreover, not only surface
structure, but also electronic structure in atomic scale can be detected by Scanning
Tunneling Spectroscopy (STS).

STS which combines STM with tunneling spectroscopy can measure the electronic

structure of some real space portion with atomic resotution. The method is specially useful

for research of the energy structure near Fermi surface of materials and is the most direct and




reliable one to determine a superconducting gap which characterizes the nature of a
superconductor.

In recent years, such exotic superconductors as organic superconductors ' or copper
oxide superconductors!'?l have been discovered and it has been a very important subject to
understand the essential nature or mechanism of the superconductivity of these substances.
In this line, tunreling spectroscopic studies have been carried out for these materials by
using conventional tunneling spectroscopy techniques (see Table 4-1). Obtained and
reported results are, however, rather scattered in many respects, and still now it is in
controversial situation for understanding the superconductivity in these substances.

STM/STS could afford the most reliable and direct information on the
superconductivity in these substances if we had a complete Low-Temperature STM/STS
system. This is a motivation of this thesis work, and the objective of this work is to realize
the construction of a Low-Temperature STM/STS (LTSTM/STS). Several attempts for
LTSTM/STS have been reported!I3M14115116] but they have not yet been perfectly
completed. A complete LTSTM/STS means to measure a tunneling spectrum scanning the
probe from a point to point in a real space at an atomic resolution with observing STM
image at low temperatures.

In this thesis, essential features of STM and fundamental principles of tunneling
spectroscopy are described in this General Introduction. The second chapter is for
Instrumentation which is the most important part of this thesis work, and in the first place
the general features of a conventional STM (Nanoscope II, Digital Instruments) are
explained. In the second place, details of the construction of our LTSTM/STS system are
described; instrumentation, parts, electronics and some testing results. Every idea is quite
originally applied to this system. In the third place, the preparation of tunneling probe tips is
Stated, and ibe cruciai imporiance of tp conaiuons ror STM iechnique s clanhed.

The third chapter is for the presentation of examples of STM observation. Graphite is

a standard sample for STM and an atomic resolution is confirmed with it. Next examples are

(BEDT-TTF),X compounds because some of them are typical organic superconductors
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which could be used for LTSTM/STS experiment in future. Ce is also a very interesting
molecule and the structure of its thin film on graphite is observed for the first time.

In the fourth chapter, STM/STS technique is applied for a direct observation of the
electronic structure at a molecular resolution. This is very unique and useful technique for
analyzing microscopic natures of substances. Actually (BEDT-TTF),KHg(SCN), is
examined by this method and a two-dimensional electronic structure is clearly revealed for
the first time. The second example is a typical copper oxide superconductor, YBa ,Cuy0,.
Tunneling spectra of a YBa,Cu;0, single crystal is measured in superconducting state at
12K by using our home-made LTSTM/STS system. Obtained superconducting gap energy,
~58 meV seems to be reasonable comparing with other's data which were obtained by using
different or similar methods.

The construction of LTSTM/STS system has not yet been completely achieved, but

almost all obstacles have been overcome by original ideas and trial-and-error efforts. Details

of the procedure are described in this thesis.




1.2. Scanning Tunneling Microscopy (STM)
At a metal-vacuum interface, the wave function for an electron at Fermi energy does

not vanish outside the metal but rather decays exponentially as e*, where & = J—;ﬂ\/_ , X 18

the distance into the vacuum, m is the electron mass and ¢ is the metal work function!l7!, If
two conductors are very close to each other within a few tenth A, then electrons in one
conductor can move to another one. When a voltage ( V) which has lower energy than the

workfunction, is applied between two metals, the tunnel current density is

=%
. (Xﬁgf) Vv eﬂ,za-yz

j
z
o= f’—ﬁh— V2m 1 025 (AeV )y
g’_’
'B B Amh
- Qi+ ¢2
¢ 5

where z is the distance between two metals and # is Planck's constant'8l. Because the
workfunction of normal metal is ~ 5 eV, if z value is changed by only 1 /3\, the tunnel current
is changed by one figure as shown in Fig. 1-1. This mechanism is applied to STM. Therefore,
the resolution is less than 1 A, then an atom can be seen by using STM.

The principle of STM is shown in Fig.1-2. A tip is controlled three dimensionaily by
a piezoelectric element. When a distance between sample and tip is below 10 A and bias
voltage is applied between them, a tunneling current begins to flow. The tunneling current is
amplified by an operational amplifier then transferred to a control unit. An electronic
feadback loep i the control it iz used 1o beep ihe tunneling covrent constent by adjusting
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the tp-sample separation. This adjusting voltage is just correlated with surface structure in

the z-direction, and then an STM image can be obtained.
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The resolution of STM in the z-direction is very high as shown in Fig.1-3. Since the
typical tunneling current is 1 ~ 10 nA and the current of this order can be controlied and
detected within 1 % accuracy, the vertical resolution achieves about 0.1 A. On the other
hand, the lateral resolution is influenced by tip shape and is given by
A= J2AMR+:),
where R is the radius of curvature of tip and X is 2/0d('9. If the top of the probe would be

just one atom (R= | A), the lateral resolution could be ~3 A.
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1.3. Tunneling Spectroscopy

The tunneling spectroscopy provides not only a direct measurement of the
superconducting energy gap and/or the phonon density of states, but also of the electron-
phonon coupling strength. Therefore, it is a powerful tool for studying materials science, so
several types of tunneling spectroscopy have been investigated. In the case of face-to-face
contact type, the NIN (Normal metal-Insulator-Normal metal) structure was formed of a
sandwich structure of thin oxide film (~ 50 A) between sample and metal, but it is too
difficult to control the oxidation of film and also the spectra are obtained for the average
information all over the surface. In the case of a point contact type, the spectra would be
obtained from some microscopic regions, but sample, tip and oxide film over the tip are
easily damaged by contact pressure. Because the conventional methods have many
uncontrollable factors (for instance, film thickness, contact pressure), reproducibility and
reliability are always big problem. In this sense, the principle of STS which combines STM
with tunneling spectroscopy, is very attractive. The insulator is just vacuum (~10 A) and the
tip is guaranteed not to touch sample. Moreover, the microscopic electronic  structure is able
to investigate because the tunneling region can be confined within atomic level. Therefore
STS can give us many informations on materials. In the next place, the principle of the
quantum mechanical tunnel effect will be explained briefly (11,

The current /(V) and conductance di/dV =G(V) in structures, as shown in Fig. 1-4,
which 1s flowing between two metallic electrodes separated by a narrow potential barrier
Ufx) , will be calculated. When the voltage is applied between two metals, the tunneling
current begins to flow from one sitde to another side. In Fig. 1-4, the tunneling Hamiltonian
H" in the total Hamiltonian H,

H=H, +H, +H'
which is then regarded as driving Hamiltonian for electron transition from one side (1) to the

other (2). In the usual Fermi golden rule calculation W, (transition rate) is given by

)

No(£2)8(E2— E1—eV),

2m .
Wi (£) :?K%lfﬂ
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M2

Fig. 1-4 Schematic energy diagram of tunneling effect.

where W (£} describes the transition rate from a given state 1 to a set of states of equal
energy and density N,(E,) on the state 2, and N,(E,) is the density of states at £, . Then the

tunneling current from M, to M, is

2Ea.rEmiEzi\fz(Ez)f\.n(E.)é)‘(E;—Emev)f(El)[l—f(Ez)]

Ji2e 4%1(%1”’1%)

die
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, .

where Tz(uf,‘HT|w2) and f(£) is a Fermi distribution function. In the same way, the

tunneling current from M, to M, is

I - 4T”6|Tj2r AENWE)N2E +eV) f2(E +eV 1= fUE)].
l i

Therefore, the net current is given by difference between J,, and J,,:




J=Ju-Ja= %TEITIZJW dEN\(EYN2(E +eV)[ f(E)— f2(E+eV)].
: .

if the M, is a normal metal and can be regarded as N,(E)~N ,(0), the net current is written as

J :%|T|2N1(0)J:dENz(E+eV)[ FUE)= f2(E+eV)]
- %’E[TFNI(O) [ aENEY F1(E=eV) - f2(E)]

and differentiating the current with respect to voltage we have

2 o0 pa—
AT e Nyo) j_deNz(E)[——w—ﬁ—‘?f(E ev)}.

vk d(eV)
In the case of kT<<E,
[———W"ev)} = S(E—eV).

AeV)

Hence, we get
LA Na(eV)-IT| .
dv

The final equation means that the differential of tunneling current for voltage is proportional
to the density of state, N,(eV) at energy, eV. Therefore, if M, is a normal metal, the spectrum
depends on the density of state of M .

In Fig.1-5 schematics of energy bands structure and corresponding -V or dlidV-V
curves are shown. The cases of (a) and (b) are the case of two normal metals (NIN) and the
current-voltage characteristic, respectively. On the other hand, the cases of (¢)-(e) are for a
normal metal and a single superconductor (SIN). At T=0 the superconductor has a gap of 2 A
at the Fermi level where there are no allowed states for single electron. Therefore, at a bias
voltage across the junction of eV, < A, the electrons from the normal metal are unable to
wniel into the superconducior. At e¥g= 4, the eiectrons in tic metai sce a sharp vise in ihe
density of state in the superconductor {at T=0 there is an infinite discontinuity in the density
of state of a superconductor at A ). The corresponding /-V curve is shown in (d), also dfidV
vs V curve is shown in (¢). One can measure the energy gap and the density of state of the

superconductor directly from this conductance curve.
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2. Instrumentation
2.1. Introduction

An STM is a powerful tool to observe surface structures and to measure tunneling
spectra with atomic resolution. In order to achieve the atomic scale observation, it is
crucially important to make an environmental disturbance as low as possible. In this
direction, some improvements have been carried out, to reduce vibration, to cut off sound
wave, to cool down for decreasing thermal noise, to achieve high S/N ratio of electric
circuit, to make a good tunneling tip and so on. Figure 2-1, shows the relation between the
resonance frequency of STM unit and vibration isolation system's(!l, It is necessary to realize
the condition that the resonance frequency of STM unit is 100 times higher than the
vibration isolation system'’s, at least. But there are actual limits for each of them, i.e. — 30
kHz upper limit for STM unit and ~4 Hz lower limit for vibratiou isolation systern.
Therefore the STM unit should be designed compactly and rigidly.

It is also very important for low temperature experiment to design a compact
instrument because compact one has small thermal mass. Additionally, if the unit is very
compact, it is possible to do experiment in the magnetic field by combining with slender
dewar. In an experiment at low temperature, it is very difficult but important to decrease the
electrical noise in a long cable between sample and preamplifier.

A tunnel probe tip should be very carefully checked, because it is impossible to
obtain good STM image when the tip condition is poor. In this chapter, the STM system
which was used for the room temperature experiments is elucidates in the first place. The
design and construction of a low temperature STM are described in detail in the second part.

Then the electronics for tunneling spectroscopy is explained. And finally, the method for

making a good tip is stated.
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2.2. Scanning Tunneling Microscopel(2

The STM system, NanoScope II (Digital Instrument), consists of three major
components, the microscope, the control unit and the computer workstation. A simplified
schematic of the system is shown in Fig. 2-2.

The microscope consists of the piezoelectric scanner which is held by the head on the
stage, the preamplifier mounted on the head, the base which supports the head and sample,
the support structure for the base, the coarse adjust screws and the stepper motor to control
the fine adjust screw. The scanner is tube type which has four electrodes (+X, +Y, -X and -
Y) outside and one electrode (Z) inside, and controls 3D motion of the tunneling tip by the
applied voltage (within £220 V). The sensitivity of our piezoelectric tube for three directions

(X, Y and Z) are 20.9 A/V, 14.1 A/V and 20.0 A/V, respectively. The schematic electric

| . |

>
Head
FRFFEH: _AXY [16 it
u | N ~N D-A's [ ]
H Piezo Eg ' Signal Processor
B e 12 Bit
il T D-A
2y = 66+Meg. | | 640,480,8
| 72 | j Z 1 \64Bit Drive display
Base 9 DA
Z
ot 1 Motor drive =
Stepper
D-A

Microscope Contra! unit Computer Workstation

Fig 2-2 The block diagram of RTSTM (NanoScope 1)
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circuit is shown in Fig. 2-3. The sample bias that is variable DC voltage is applied to the
sample, then the tunneling current (typical current is ~1 nA) flows into the ground through
the tip and the resistance (R;: 1 MQ). The voltage converted by R, is amplified 100 times

(Ry: 1 k€, Ry 100 k).

-------------------------------

L ;I"\ —0 Out put
R 1 /

Wy

R3

<

-----------
-------------------

o)

"= Em B M = m om m o®m m om m s omom m om o=

Fig. 2-3 The electronic circuit of operational amplifier for RTSTM.
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The fine approach is achieved by the combination of lever, screw and step motor,
The ratio of lever is 8:1. The screw goes ahead 0.32 mm per pitch and the step motor rotates
0.45 degree/step. Therefore, the tip moves to sample with 500 A/step, as shown in the next

equation.

-3 :
1,,0.32x10 (pltch)x 1 (wm) o deg ) o A ‘
8 1 turn ; 360\ deg step step

Figure 2-4 shows microscope and vibration isolation system. The microscope should

be isolated from sources of vibration in the acoustic, sub-acoustic frequencies and so on.
This requirement can be relaxed somewhat for large scale images, but atomic scale work is
very sensitive to ordinary room vibrations. In order to isolate the vibration, the microscope is
based on a pad of soft silicon rubber that is slightly larger than the microscope base and
about half an inch thick. Moreover, the microscope with the pad is put on the vibration
isolation system which has a large mass. On the other hand, in order to isolate the air current
and sound, the microscope is covered by a metallic cap. The whole system including
microscope, pad and vibration isolation system is finally covered by the cage made of the
sound-absorbing and sound-isolating material.

The control unit 1s an analog/digital interface of the system, acting as the gateway
between the computer workstation and microscope. The computer workstation consists of
the 80386 PC/AT-compatible computer, color graphics monitor, monochrome text monitor,
video printer, dot printer and mouse. The microscope is controlled by the computer
workstation.

The basic function of the instrument is to move the tip in an X-Y raster scan across a
conducting sample while scanning the tunneling current between the tip and sample. A
feedback loop uses the current as an input to control the height of the tip by applying a
voltage to the scanning piezo (the £ drive voltage). The raster scan and tiwe ieedback loop
arc controlled by the digital signal processor (DSP) in the workstation. The DSP passes Z
and/or current data to the 80386 processor (CPU) and graphics processor in the workstation
for display or storage. The CPU sends operator commands for controlling the raster scan or

feedback loop to the DSP. The operator has to control the tunneling current, the bias voltage
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on the sample and the gain parameters of the feedback loop. The tip height is controlled by
the feedback loop and/or spectroscopy software and is typically less than 10 A.

If the tunneling current is input, new X, Y, and Z voltages are outgoing as a output at
a sampling rate of 63 kHz (typical). The X and Y scan voltages are triangle wave outputs
analogous to the horizontal and vertical scans on a CRT monitor. The scan frequencies and
amplitudes can be varied by the operator. Offsets can be added to the scan voltages to move
the scan to different areas of the sample surface. The scan voltages are carried from the
control unit to the microscope by the flat ribbon cable and are connected directly to the
electrodes on the piezoelectric scanner.

The feed back loop passes from the microscope through the control unit to the DSP
and back again. The tunneling current from the microscope enters the control unit and is
sampled at a 63 kHz rate, then converted to a digital binary representation and transmitted
over by the flat ribbon cable to the DSP. The DSP then uses this value to calculate a new Z
value that is transmitted back to the control unit where it is converted to an analog signal
and amplified with a high voltage amplifier, and applied to the Z electrode of the microscope
piezoelectric scanner.

The actual manual of operation is as follows:

1) Hold the sample on the base by a metal clip. When the sample is too small to
hold, fix the sample on a copper plate with gold paste.

2) Insert a new tip into the tip holder on the piezo electric tube and mount the head
onto the sample holder.

3) Adjust the two coarse approach screws until the tip comes within 0.25 mm from
the surface as shown in Fig. 2-5. Try and adjust the screws such that the head is not
tilted to one side or the other.

4) Set many parameters {tunncling current, bias voltage, fecdback gain, scan size
and so on ) on the STM menu.

5) Engage.
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Fig. 2-4

Fig. 2-5

The photograph of STM unit on the vibration isolation system.

The photograph is taken after coarse approach with an optical
microscope of the tip/sample junction. The reflection image of the tip is

seen on the graphite sample.
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2.3. Low Temperature Scanning Tunneling Microscope (LTSTM)

LTSTM/STS is extremely useful for studying microscopic natures of a
superconductor. Elrod was the first to develop an LTSTM and he used it to measure the
spacial variation of the energy gap in Nb,SnB3). This system had an STM mounted in a high
vacuum can that was immersed in a liquid helium dewar. Since Elrod's initial report, seveal
other groups have built and operated LTSTM “10GME! Kirtley et al.5], de LLozanne et a/.l8) and
Hasegawa er all7i, have used an LTSTM to measure the energy gap in the high Tc
superconductors. It is still very diffcult to get STM images at liquid helium temperature with
atomic resolution and this performance has been achieved only by a few groups in the worid.

Hasegawa et al.l® observed STM images and tunneling spectra for cleavage plane
(ab plane) of Bi,Sr,CaCu,0, crystals, but they have not yet succeeded in STS along the
perpendicular plane to ab plane. This measurement is crucially important to know the
anisotropic nature of superconductivity in this kind materials. Bando et al. ®! constructed a
LTSTM to observe the superconducting gap of (BEDT-TTF),Cu(NCS),, organic
superconductor. In this case LTSTM/STS has also not yet accomplished. Each group has
developed each own instrument rather independently and there has been no general
consensus for the design of LTSTM/STS system yet. Kirk compared in his thesis 10 several
types of LTSTM machines developed at Stanford University and he claimed that it was the
need to adopt to new environment, just as in Darwinian evolution.

In our LTSTM machine the special features for designing are the following:

1. Compact and rigid-type.

o

. High-performance piezo elements.

3. Ultra low noise circuits and cables.

4. "Fine" coarse approach with a diffrential screw,
5. FRP cryostat (without liquid nitrogen).

6. Operation in a magnetic field.

7. Electrochemical treatment for probe-tip.

The details of our system is described in the following part.
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This section summarizes the design of our LTSTM system {(~liguid helium
temperature operation). The system consists of the control unit, the computer workstation,
the tunneling spectroscopy system and the microscope unit. As for the control unit and the
computer workstation we utilized the part of Nanoscope 11 STM of room temperature
operation (see 2.2.). The tunneling spectroscopy system is described in the next section (see
2.4.). In this section, the microscope unit is explained in detail.

The schematic of the whole LTSTM system is shown in Fig. 2-6 and 2-7. As a
cryostat is made of FRP (fiber-reinforced plastics) material, the heat insulating is very
effective without the dual structure for liquid nitrogen. For example, it takes more than 30
hours until 3 liters liquid of helium evaporate up. And also, the bottom of the cryostat was
designed as a slender type (OD = 90 mm¢) to be able to do experiment in a magnet. In order
to isolate the vibration, the cryostat was put on the rubber plate. The step motor to adjust a
fine approach is fixed on the stage which is set on the flange. The step motor is controlled by
computer, and rotates 0.05 degree by one step. Inside of the tube was evacuated to ~1x10-
Torr by diffusion pump for a low temperature experiment. In this tube, there are six coaxial
cables (+X, +Y, -X, -Y, Z and Ground), a thermocouple (AuFe-Chromel), heater, the driving
shaft, and two carbon coated double shielded cables (Signal and Bias). The STM unit was
hung to the tube by four springs to isolate the vibration.

The materials used for the STM unit are hestelloy (metal) and Macor (a machinable
ceramics) whose thermal expansion coefficients are close to the piezoelectric element's, The
unit which consists of a fine approach mechanism, a piezo holder, a piezo element, a tip
holder, sample holder and a coarse approach mechanism, is designed compactly and ngidly
with 20 mm in diameter and 110 mm in length as shown in Fig. 2-8. In order to realized the
fine approach a differential screw was used whose pitches were 0.8 mm and 0.75 mm,
respectively as shown in Fig. 2-9. The screw, therefore, pushes down the piezo hotder with

the rate of 0.05 mm/turn. As a result, the shift of the tip by one step 1s :

A
o.os(mm)x L) o.05 <8 |=6.9x107 == |= 70| 2=
turn/ 360\ deg step step step
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Fig. 2-6 The schematic of the whole low temperature STM system (a) and

photograph of dewar (b).
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Fig. 2-7 The schematic of the microscope part of LTSTM.
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Fig. 2-8 The schematic of STM unit for low temperature system (a) and its

photograph (b).
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Fig. 2-9 Photograph of a differential screw for the fine approach . These pitches

are 0.8mm and 0.75mm, respectively.
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Fig. 2-10  Photograph of the coarse approach screw with 1.25mm pitch.

25



The piezoelectric tube was C-82 type (electrostriction constant (X102 m/V): dy,=-260,
d4,=540, d,5=750, resonance frequency ~150 kHz). The size is ID = 6 mm, OD = 8 mm
{w=1 mm) and height (L)=20 mm (in Fig. 2-11.). The movable distance is given by :

—260x107?x200%x8x107

AL=d, XV xL+w=
1x107

=—416 %107 = -400(nm)

with V=200(V). The maximum signal that can be applied without damaging the tube is 250
V/mm. The piezoelectric response is reduced by cooling from room temperature to 4K with
a factor about one tenth. The fine approach mechanism at low temperature must be enough
to bring the sample towards the tip with step size of ~400A , to ensure that the tip does not
crash into the sample.

On the outside surface of the piezoelectric tube, there are five electrodes +X, +Y, -X,
-Y and Z, as shown in Fig. 2-11. There is one electrode for a ground terminal on the inside
surface of the tube. The coarse approach system consists of the screw with 1.25 mm pitch
and the ball bearing to prevent the sample holder from rotating during coarse approach (in
Fig. 2-10.). The procedure for approaching the sample into tunneling range is quite simple.
First, at room temperature, the coarse approach screw was rotated to reach within 5 pm from
the tip with the aid of an optical microscope. The long tube in the STM unit was shielded by
indium seal and pumped down to 1x10- Torr and finally filled with helium gas. It was
cooled first in liquid nitrogen because the thermal mass of the system is large. The STM unit
was cooled down to ~77K (liquid nitrogen) or ~4.2K (liquid helium}, and the fine approach
was carried out . A coaxial rod inside the tube can be rotated from outside of the dewar. The
step motor controlled by computer rotates the coaxial rod until the assigned tunneling
current starts to flow.

The electric circuit for tunneling current detection is shown in Fig. 2-12. There are
some dirferences from ihe case of room tewnperataic STM (RTSTM) which was showa in
Fig. 2-3. The operational amplifier has threc resistances to change amplification; R ;= 100
k€2, 500 x€2 and 1 MC, respectively. Sensitivity was improved so that the amplification was
a 100 tmes to 1000 times. In this case, the [-V converter which has a better element was put

between the STM unit and the operational amplifier. The source of electric power for this
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(b)

Fig. 2-11

< | =20mm——

The piezoelectric element of tube type (a) and its photograph (b). There

are five electrodes outside and one electrode inside.
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Fig. 2-12 The electronic circuit for tunneling current detection of LTSTM. These
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Therefore amplification is a 100 times to 1000 times.




system was two dry batteries (3V) ,then the stability of electric source was much better than
the RTSTM case in which rectified DC + 15V from AC voltage was used. When the sample

bias is V,

bias» @0d the resistance to transform the tunnel current 7 into voltage is R, the sample

voltage (V) 18

|4

sample =

Therefore, V,

1

V. - R, (Fig. 2-3).

bias
ample Was under the influence of a voltage drop of R/, and was unstable under
the current image ,in particular. On the other hand, in the case of new circuit, as shown in

Fig. 2-12 (b), A the sample voltage is
V

sample ™

Vpias -
because the point A is virtual ground. The circuit is hard to be influenced by a high
frequency wave.

Some STM images at low temperature were obtained by using the above system.
Figure 2-13 shows the HOPG (see 3.2.) image at 77K (liquid nitrogen). The corrugation of

carbon atoms was recognized, sO we can say that the atomic resolution was achieved at low

temperatures.
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Fig. 2-13

The STM image of HOPG at low temperature. (~77K)
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2.4. Electronics for Tunneling Spectroscopy

There have been many kinds of differential circuits that are of simple but high
accuracy. One of the most famous one was developed by Hebard and Shumate (11, In our
system, the similar circuit which was designed by Nanba and Akimitsu 2] was used. In this
circuit, switch capacitor filter: S.C.F. was used instead of a lock-in amplifier, but it has
enough sensitivity for our experiment.

The principle of the differential circuit is shown in Fig. 2-14. In order to measure a
conductance (d//dV = G) at a point (A), alternating voltage (dV) is superimposed with DC
voltage (V), then
V= VyetVisin(ogt), and V<<V
The current through the tunneling gap (junction) can be developed in a Taylor series as

HV)=G(V)V

_ : 1 dG; ) .2
IV)Y=G(Vpe)Vpc+G VDCV151n(a)0[)+EE{/‘ Vo Visin® (wof)

[+dl

JRVAN

[

A
\J_\/

S

V+dV

Fig. 2-14  The principle of the differential circuit.
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where G(Vp)Vpc is the direct current through the junction resulting from a dc bias voltage

(Vpe), and Gl is the differential conductance of the junction. In this system, because the 4V
is always controlled to constant value by the feedback circuit, the G, is proportional to the
alternating current (df).

The block diagram of this circuit is shown in Fig. 2-15. The 4V signal (about 500 Hz)
from an "oscillating circuit” passes the "voltage controlled amplifier: V.C.A.", and it is
mixed with the super low frequency signal for sweep. The mixed signal applies the sample
through the "current buffer”. The voltage between both ends of sample is amplified by the
differential amplification and is transferred to the dV detection circuit. The output voltage
from the dV detection circuit is compared with standard voltage, and turns back to the V.C.A

to keep constant value of 4V on the sample. The output voltage of the differential

f Current
Oscillator [ V.C.A [
buffer

T T | Low

100t 501 frequency
oscillator
Standard dv Differential

voltage | voltage

source detector amplifier
J) Ly

N .

0O dl ” . I-v
detector converter
L—o

dl/dv \% S)E I J:

Fig.2-15  The block diagram of the differential circuit.




amplification corresponds to the parameter (V) of X axis. The current through the sample is
transformed to the voltage (/) by "I-V converter” and the divisional voltage ( dl) is obtained
by the df detection circuit. It corresponds to the parameter of Y axis. By using an output for
reference signal from the curcuit, a lock-in amplifier can be also used in order to increase the
signal-to-noise ratio (S/N) of the measurement.

The speed of the sweep of the DC bias signal is determined by taking into account
the frequency of the modulation voltage, time constant and the scannig voltage width. The
width of changeable frequency was 0.001 ~ 100 Hz. The width of sweep voltage was (0 ~ 10
V. For the divisional voltage, the amplitude and the frequency were 0.1, 0.5, 1 and 5 %, for

the width of sweep voltage and 1.5 ~ 400 Hz, respectively.
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2.5. Electrochemical Etching of STM's tip

It is very important for an STM experiment to make a good tunnel probe tip, but it is
very difficult to make a single atom tip. The wrong tip is often produced unstable and
strange STM image. Even if the tip condition is stable, a double tip shape sometimes leads
false images as shown in Fig. 2-16. In our case, several methods for preparation of tip were
examined; those are mechanical cutting, mechamical polishing and electrochemical
etching13),

The easiest method for making a tip
Is the cutting off the wire by a cutting

pliers. In this method, a good image with . Trace line

atomic  resolution, e.g., HOPG is

sometimes  provided. The  scanning

electron microscopy (SEM) images of the Surface line

tip, are, however, not so fine, as shown in
Fig. 2-17. The shape and surface are
irregular and the shape of the tip-end is
broad. This method may not always resuit Fig. 2-16 The effect of double tip.
In good stable images.

Mechnically polished tips somtimes
give good quality images with atomic ievel
topography but sometimes do not. This means that this method is unrehable. The Digital
Instruments supplies this type of tip commercially. The SEM images of this Pt/Ir tip (Digital
Instruments), are shown in Fig. 2-18. The shape of tip is sharper than the above-mentioned
up. Although the tip end image is very rougii and the vadius ol curvawne is not smali.

In contrast to above two methods, the electrochemical etching Pt/Ir tip gave fairly
better SEM images as shown in Fig, 2-19. The tip surface looks rigid and smooth. It has a
longer slender portion near the tip-end of which shape is so sharp that the radius of curvature

is ~ 500 A. Observed STM images were much better and more stable, so we mainly used this
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(a)

(b)

Fig. 2-17  SEM images of cut tip with magnifications of 100 (a) and 300 (b)

times.
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(b)

Fig. 2-18

SEM images of mechanically polished tip with magnifications of 100

(a) and 300 (b) times.
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(b)

Fig. 2-19

SEM images of electrochemically etched tip with magnifications of 250

(a) and 1000 (b) times. The radius of curveture is ~500 A.
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types of tip in this work.,

The schematic of electrochemical etching method was shown in Fig. 2-20. The 80:20
Pt/Ir wire of 0.3 mm¢ was used and it was dipped by ~1.5 mm into 60 ml of etchant solution
consisting of saturated CaCl,/H,O/HCI(60%/36%/4% in volume). The Pi/Ir wire was etched
against a carbon rod at 25V mms. ac for ~5 min. until bubbles from the tip ceased emerge.
The etchant must be periodically refreshed since the attack deteriorates as the chloride ion
concentration was depleted with the formation of a platinum chloride complex. After
etching, the tip is rinsed in distilled water to

remove the residual etchant solution.

©
Other than the Pt/Ir tip, tungsten tip was
P SRR TP l 25VAC
sometimes used. In the case of W tip, good tips I ©
Electrode :
were made by almost similar etching method, but Wire

were used different solution that is 1 molar KOH

using distiled water!*). The W wire is easily

etched compared with Pt/Ir wire. Although, the

tip is not recommended because the tip is more ) i _ )
Fig. 2-20  The schematic of chemical etching.

eastly oxidized than Pt/Ir tip.
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2.6. Conclusion

In order to obtain good STM image with atomic resolution, a lot of care should be
taken to isolate many noise sources in the environment. As a result of considering of some
counterplan for noise, it was understood that various kind of vibrations, tip condition and
surface condition of the sample are the most influential factor for noises. It is particularly
important to make a good tip. Electrochemical etching method was most successful to get a
good tip, even 1f 1t is not always successful. More relevant etching method should be
developed, in order to obtain better STM images.

In the LTSTM system, the noise sources increased, in particular, the vibration by
bubbles of cryogen and the electrical noise due to longer cable between sample and
operaticnal amplifier. As a result of several improvements, the total S/N ratio was enhanced,
and tunneling spectra at low temperatures have been successfully measured. It is, however,
still not so easy to obtain a stable STM image at low temperature. The most difficult point to
develop LTSTM is that there is no general principle or way for stable operation, and we
have to solve each problem case by case. In our case at the present stage we should extend
the length of sample holder for more stable operation at liquid helium temperature. Such

extension may issue another noise problem, and then we have to overcome it, and so on.
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3. Surface Structure Observed by STM

3.1. Introduction

Since the discovery of STM, it has become a most powerful tool in the study of
surface science. The reason is not only its high resolution but also the difference of method
taking image between electron microscopy and STM. In the case of electron microscopy, it
is only possible to observe in vacuum, and a sample surface is damaged by collision of free
electron, On the other hand, STM can be used not only in vacuum but also in air, in water or
in gas, and a sample surface is not damaged. The bias voltage is less than workfunction, that
is, it is ImV~1V. Because the tunnel current is 1nA ~10nA, eleciric power 1s 1pW~10nW.
The low power prevents samples from damaging. Assuming that tunnel current flows
through one atom at the end of the tip, the density of currentis ~107 A/cm?. In this case, the
velocity of electron is ~6x10% number/sec and the time of passing tip for an electron is
2x10-19 sec. The time is longer than scattering time of electron in sotid (10 **~1013 se¢). As a
result, the temperature of sample surface does not increase by observation.

Therefore the surface observation has carried out not only for inorganic materials, but
also for organic materials and biological samples as DNAM, liquid crystal(21B)
phthalocyanine!), high conductive organic crystal such as BEDT-TTF salt or proteins. In
this chapter, studies on surface structures of some important functionality materials at room
temperature will be described. At first, highly oriented pyrolytic graphite (HOPG) which is
usually used as a standard sample and substrate in STM experiments, was observed. The
next section, single crystals of six types BEDT-TTF salts which are known to be layered
structure organic conductors or superconductors were studied. Moreover, C,, films
evaporated on HOPG by MBE technique were observed. The C, molecule is taken interest
in the process of growth on substrate because the molecules rotate tn bulk at room
temperature. In addition, phthalocyanine films made by spin coat method were observed.

The sample had high resistance itself and moreover, the film was not enough thin for STM
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experiment. It is expected that to obtain the STM image of this films are very difficult and

need some contrivance.




3.2. Highly Oriented Pyrolytic Graphite (HOPG)

The crystal structure of graphite is shown in Fig. 3-1. In this figure, it is recognized
that the six carbon atoms form hexagon like a benzene ring, and spread all over the plane as
a honeycomb. In this plane, there are strong sigma { ¢) bonds and pi (7) bonds. On the other
hand, in the side view of graphite, the distance between first fayer and second layer is 3.37
A. 1t is easy to cleave plane (0001) of graphite and to make a clean surface because the
bonding force between layers is weak van der Waals force. Therefore, the graphite has been
used as a standard sample for the STM observation.

In this figure, there are three types for carbon atoms (¢,B,y). A carbon atom in the
first layer which is just above a second layer's atom is called " ¢ atom”. A carbon atom below
which no carbon atom is present in the second layer is called " B atom"”. The carbon atom in
the second layer which is below the center of a hexagon in the first layer is called " y atom”.

In Fig. 3-2, one dimensionai carbon image is shown along X-axis of HOPG. The
amplitude of the corrugation was 1.6 A. By spreading this line scan image along Y-axis, a
two dimensional image was obtained as shown in Fig. 3-3. Moreover three dimensional
surface image, as shown in Fig. 3-4, was obtained by computer graphics. In this figure, the
scan size was 10 A x 10 A and sample bias and tunneling current were -20 mV and InA,
respectively, and the bright parts correspond to carbon atoms. The distance from peak to
peak is 2.4 A and it is different from real atomic distance (1.42 A). If the crystal structure of
graphite overlapped with this image, it is recognized that, only three carbon atoms among
six atoms of a benzene ring can be seen in the STM image. The reason is the following Bl
The tunneling current of STM is predominantly determined by the density of state near the
Fermi surface. In the case of graphite, there is 7 band around Fermi level and the state of
density of the band is very effective for the tunneling current. At the position of o atom, the
7 band may split from the Fermi surface into the bonding orbital and the anti-bonding orbitat
by the interaction between this atom and second layer's atom. As a result, it is casier for
tunneling current to flow into the 3 atom than to the o atom. It 1s most difficult to flow into y

atom.
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Fig. 3-1 The crystal structure of graphite and sectional side view along A-B.

There are three type positions (a, B, ¥).
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Therefore, in the case of graphite, only f3 atom can be seen by STM, and the STM image
shows triangle lattice with 2.46 A period.

Figure 3-5 shows larger scan image for HOPG. In this figure, scan size was 100 A x
100 A, and applied bias voltage and tunneling current were -20 mV and 1 nA, respectively.
The regular arrangement of carbon atoms can be seen. The two dimensional spectrum
filtered by fast Fourier transform (FFT) for this image is shown in Fig. 3-6. In this figure, the

hexagonal spots for HOPG are clearly recognized.

(0.08 nm/div)

Z axis

X axis {0.10 nm/div)
Fig. 3-2 The one dimensional line image of HOPG.
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Fig. 3-3

Fig. 3-4

The two dimensional line image of HOPG.

The three dimensional surface image of HOPG with crystal structure.

Scan size was 10 A x 10A, and bias voltage was -20 mV. The bright

parts correspond to carbon atoms.
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Fig.3-5  The wide area surface image of HOPG with 100 A x 100A. The sample

bias and tunneling current were -20 mV and 1 nA.

NP e

Fig. 3-6 The two dimensional spectrum filtered by FFT for HOPG.
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3.3. Bis{ethylenedithio)-tetrathiafulvalene (BEDT-TTF) Salit

Some of the BEDT-TTF salts, (BEDT-TTF),X, are known to be layered structure
organic conductors or superconductors. In particular, the (BEDT-TTF) ,Cu(NCS), is the most
famous for its high trapsition temperature (Tc = 104 K) among the organic
superconductors(8!7l. The two dimensional (2D} crystal structure was reported with X-ray
crystal analysis!®), and the 2D character of the electronic structure has also been clarified by
the magneto electrical measurements®l, However, it is still interesting and worthwhile to
observe direct images of molecules at the surface of these crystals by STM because the
crystal structure revealed by an X-ray analysis is an average structure for the bulk of the
crystal. STM could directly reveal existing defects or impurities while it is impossible for X-
ray diffraction to detect such non-periodic structures. Furthermore, STM images are
predominantly reflecting a spatial distribution of HOMO-LUMO or Frontier electron
densities while the structure by a conventional X-ray analysis corresponds to a spatial
distribution of atomic nuclei or core-electrons positions, so each structure is not always
coincident with each other. Two-dimensionality (2D) in the electronic structure of these
crystals have been indirectly inferred based on several experimental and theoretical results
which can be explained by assuming 2D anisotropy. Applying STS for these crystals, we
could directly reveal the 2D character in the electronic structure. This is another importance
to carry out STM/STS experiments for this type of layered materials, e.g. (BEDT-TTF),X
type organic superconductors or copper oxide superconductors.

In our experiment, the three types of salts were used; (BEDT-TTF),Cu(NCS),,
(BEDT-TTF),MHg(SCN), (M= Cs, Rb, K and NH,) and (BEDT-TTF),Li, Hg(SCN),(H,0),.
In this senes of compounds, the size of anion was systematically changed and the
corresponding effect for crystal structure or electronic properties was the subject to be
studied. The X-ray analysis for crystal structure was going on for the latier two types crystals
by Mori et al.l'% and they were claiming the difference of crystal structures among these
crystals. So, it was worthwhile to confirm the X-ray analysis results by our STM method as a

collaboration. Single crystals were prepared by Morn ef al. with the electrochemical
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oxidation of BEDT-TTF in a 1,1,2-trichloroethane solution under the constant current of 1.5
LLA at room temperature using potassium thiocyanate, copper(l) thiocyanate, and 18-crown-6
ether as the supporting electrolytes and platinum rods as the electrodes. These single crystals
were black colored and typical size was 0.1 mm X 1 mm X 1 mm in the directions of a*
(perpendicular to the bc plane), b and ¢ axes, respectively, and their crystal structure
parameter which was determined by X-ray diffraction analysis is shown in Table 3-1 with
other properties!1¢l, ‘

A single crystal of (BEDT-TTF),X was fixed on a copper plate by gold paste because
the sample was too small to hold by metal clip. Then sample bias was applied through the
copper plate. The STM current images were obtained at room temperature in air with a
NanoScope [] (Digital Instrument) (see 2.2.). The Ptlr tip was used in all these experiments
and the crystal surface was observed without any cleaning treatment. Optically shinning
surfaces (2D plane) usually gave good STM results. On the other hand, it was very difficult
to obtain the image of the side view of a crystal, because their crystals were very thin and
rough in this plane. In this case, the flat crystal was fixed to side-face up with gold paste.
Therefore the coarse approach should be carried out carefully to make a soft landing to the
side face with a high resolution optical microscope. Figure 3-7 shows the distribution of the
highest occupied molecular orbital (HOMO). The high concentration of the electron density
i1s clearly on the sulphur atom , therefore the sulphur atoms expected to be seen more easily
than other atoms.

In conclusion, arrangement of molecules at the surface of this type of crystal almost
coincides with the bulk structure observed by X-ray diffraction within the molecular site
resolution. We can tell nothing more of atomic [evel resolution in this experiment, but a
surface effect might be revealed with atomic level resolution, if any. Anyhow, the
differences m crysial struciure among ihese samples claimed by X-ray atinaction analysis
are confirmed by our STM observation, Details of the results are described in the following

section,
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Fig. 3-7 HOMO structure of BEDT-TTF molecule.

(a) (b)

Fig. 3-8 The crystal structures of (BEDT-TTF),Cu(NCS),. (a) The bc planc

corresponds  to the 2D plane and BEDT-TTE molecules are
sandwitched with anion layers. (b) The top view of (BEDT-

TTF),Cu{NCS),. The dotted lines show S--S contacts.
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Table 3-1

The color, shape, electrical conductivity, crystallographic data and other

properties for mercury thiocyanate salts based upon BEDT-TTF (ET) with Cu, Rb, NH » K,

Li and Cs.
(ET),Cu | EDRb | (ED,NH, | ET)KHg | FDlos | &1 ¢
Samples Hg(SCN),
(NCS), Hg(SCN), | Hg(SCN), (SCN), Hg(SCN),
....... - i Oy |
a(A) 16.284 10.050 10.091 10.082 12.583 20.903
b 8.440 20.566 20.595 20.565 19.721 22.097
C 13.124 9.965 9.963 9.933 36.395 4.459
o (%) ©0.0 103.57 103.65 103.70 89.05 90.01
R 110.30 90.57 90.53 50.91 103.29 96.14
v 90.0 93.24 93.30 93.06 89.07 77.36
color black black black black black black
shape plate plate plate plate block plate
conductibity
(Sem ) 2.5 6 110-380 20-100 9 5
system monoclinic triclinic triclinic triclinic triclinic triclinic
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3.3.1. (BEDT-TTF),Cu(NCS),

The crystal structure of (BEDT-TTF),Cu(NCS), ,is shown in Fig. 3-8, which was
determined by X-ray diffraction/®l. The system is monoclinic and lattice parameters are a=
16.248 A, b= 8.440 A, c= 13.124 A and B= 110.30 °. The layered structure where BEDT-
TTF conductive sheet stacks on a Cu(NCS), anion layer alternately, can be seen in Fig. 3-
8(a), and its period along the a-axis is 16.248 A. The top view of the crystal structure is
shown in Fig. 3-8(b) , in which the X type arrangement of (BEDT-TTF) molecule can be
recognized. Moreover, there are short S-S contacts between intra- and interpair to construct
the two dimensional layer.

A typical example of the STM observation for a (BEDT-TTF),Cu(NCS), crystal is
shown in Fig. 3-9. In this figure, (a) is the 30 A x30 A image for the bc plane that
corresponds to the 2D metallic plane. The applied bias voltage was -23.5 mV. Since the
similar image was obtained for the inverse bias voltage (23.5 mV), the electronic structure
should be metallic, and this image corresponds to the 2D BEDT-TTF molecular
arranngement, which is in good agreement with the reported crystal structure determined by
X-ray diffraction. Intermolecular couplings of the electron clouds through S-S bonding can
be recognized in this figure.

On the other hand, the side-view image of this crystal is shown in Fig. 3-9(b) as the
120 A x 120 A image for the plane along a-axis. The image was obtained when bias voltage
was 50 mV and tunneling current was | nA. This image clearly shows the alternating stacks

of BEDT-TTF conductive layers and Cu(NCS), anion nonconductive layers, and the spacing

period is about 15 A that is in good agreement with the lattice constant of a-axis (16.24 A).




(b)

Fig. 3-9 STM images of (BEDT-TTF),Cu(NCS), single crystal; (a) for the bc
plane with a sample bias of -23.5 mV and a scanning area of 30 A x 30
A, and (b) for the plane along a-axis with a sample bias of -50 mV and

scanning area of 120 A x 120 A.
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3.3.2. (BEDT-TTF),KHg(SCN),

The crystal structure of (BEDT-TTF),KHg(SCN), was determined by X-ray
diffraction!'), as shown in Fig.3-10. This crystal belongs to triclinic system, and the
crystallographic data are a= 10.082 A, b= 20.565 A, ¢= 9.933 A, o= 103.70 °, B= 90.91 °
and = 93.06 °, respectively (as shown in Table 3-1). In this salt, 2D plane is ac plane.

Typical STM image for the ac plane of this crystal is shown in Fig. 3-11(a). which
was obtained by the constant current mode (sample bias: -22.3 mV, tunneling current: 3 nA
and scan area: 60 A x €0 A). The arrangement of o-type can be recognized. When the
inverse bias was applied (22.3 mV), the image did not almost change, therefore it was
considered that the image corresponded to the 2D BEDT-TTF molecular arrangement and
the image is in good agreement with the crystal structure determined by X-ray diffraction. In
this image, there seems to be two types' molecules; the bright line of molecule and a little
dark line of molecule ordered alternately. This is explained as the influence of anion
layerl12l. Figure 3-12 shows the top view of the BEDT-TTF cation layer where the position
of K and Hg ions in the top layer are also marked. There are four type positions of molecules
which are labeled A to D. On the line of A-B, the anion ions sit on the center between A and
B, but on the line of C-D, the anion ions sit just above BEDT-TTF molecules. Therefore, the
molecules at A and B look brighter than the molecules at C and D.

On the other hand, the current image for side view is shown in Fig. 3-11(b) with 110
A x110 A area, -41.8 mV sample bias and 8.2 nA tunneling current. This image clearly
shows the alternate stacks of BEDT-TTF conductive layers and KHg(SCN), anion layers,
and the spacing period is about 20 A that is in good agreement with the lattice constant of b-

axis (20.565 A) obtained from X-ray analysis.
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Fig.3-10  The crystal structure of (BEDT-TTF),KHg(NCS),.
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Fig. 3-12  The top view of (BEDT-TTF),KHg(NCS), with K and Hg ions in the

top anion layer.




(b)

Fig. 3-11

STM images of (BEDT-TTF),KHg(NCS), single crystal; (a) for the ac

plane with a sample bias of -22.3 mV and a scanning area of 60 A x 60
A, and (b) for the plane along a-axis with a sample bias of -41.8 mV

and scanning area of 110 A x 110 A.
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3.3.3. (BEDT-TTF),RbHg(SCN),

The crystal structure of (BEDT-TTF),RbHg(SCN), was determined by X-ray
diffraction, as shown in Fig.3-13{1%). The crystal belongs to triclinic system, and the
crystallographic data which are almost similar to the (BEDT-TTF),KHg(SCN), salt, are a=
10.050 A, b= 20.566 A, c=9.965 A, o= 103.57 °, B= 90.57 ® and = 93.24 °, respectively,
and ac plane corresponds to the 2D plane.

The STM image for ac plane is shown in Fig. 3-14(a) which was obtained by the
constant current mode (sample bias: -23.5 mV, tunneling current: 4.6 nA and scan area: 40 A
x 40 A). When the inverse sample bias was applied (23.5 mV), the image was not influenced
also. Therefore the STM image is corresponding to the 2D BEDT-TTF molecular
arrangement, and the image 1s in good agreement with the crystal structure determined by X-
ray diffraction. In the case of this image, also two types' molecules (bright image molecules
and little cark image molecules) can be seen, by the same reason described above (see
3.3.2.).

On the other hand, the current image for side view is shown in Fig.3-14(b)} with 210
A x210 A area, -20.1 mV sample bias and 6.1 nA tunneling current. This image clearly
shows the alternate stacks of BEDT-TTF conductive layers and RbHg(SCN), anion layers,
and the spacing period is about 20 A that is in good agreement with the lattice constant of b-

axis {20.566 A),
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The crystal structure of (BEDT-TTF),RbHg(NCS),.
The crystal structure of (BEDT-TTF),NH Hg(NCS),.

Fig. 3-13
Fig. 3-15




(b)

Fig. 3-14  STM images of (BEDT-TTF),RbHg(NCS), single crystal; (a) for the ac
plane with a sample bias of -23.5 mV and a scanning area of 40 A x 40
A, and (b) for the plane along a-axis with a sample bias of -20.1 mV

and scanning area of 210 A x 210 A.
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3.3.4. (BEDT-TTF),NH,Hg(SCN),

The (BEDT-TTF)L,NHHg(SCN), becomes superconductor at 0.8 K. The crystal
structure, which was determined by X-ray diffraction, is shown in Fig. 3-151191 and its system
is triclinic. The crystallographic data of the salt are almost same the above two salts, and
lattice parameters are a= 10.091 A, b= 20.595 A, ¢= 9.963 A, o= 103.65 °, = 90.53 ° and
v=93.30 °, respectively. In this salt, 2D plane is ac plane, also.

The STM image for ac plane is shown in Fig. 3-16(a) which was almost same above
two salts. The image was obtained by the constant current mode, and the parameters were as
follows; sample bias was -29.9 mV, the tunneling current was 1.0 nA and scan area was 100
A x 100 A . The arrangement of o-type can be recognized as similar as the above case. When
the inverse sample bias was applied (29.9 mV), the image was almost unchanged, The
arrangement of molecules is in good agreement with the crystal structure determined by X-
ray diffraction. In this image, we can sec two types' molecules as similar as the above
described (see 3.3.2.)013),

On the other hand, the current image for side view is shown in Fig.3-16(b} with 410
A x410 A area, -51.9 mV sample bias and 1.0 nA tunneling current. This image clearly
shows the alternate stacks of BEDT-TTF conductive layers and NH Hg(SCN), anion layers,
and the spacing period is about 20 A that is in good agreement with the lIattice constant of b-

axis (20.595 A).
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(b)

Fig. 3-16

STM images of (BEDT-TTF),NH, Hg(NCS), single crystal; (a) for the

ac plane with a sample bias of -29.9 mV and a scanning area of 100 A x
100 A, and (b) for the plane along a-axis with a sample bias of -51.9

mV and scanning area of 410 A x 410 A.
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3.3.5. (BEDT-TTF),CsHg(SCN),

The crystal structure of (BEDT-TTF),CsHg(SCN),, which was determined by X-ray
diffraction, is shown in Fig. 3-1704. Though the salt belongs to triclinic system, there is a
little difference compare with above three salts. The crystallographic data are a= 20.903 A,
b= 4.459 A c=22.097 A, o= 90.01 °, B= 96.14 ° and v= 77.36 °, respectively , and the 2D
plane is bc plane. The arrangement of molecule belongs to o'-type, and there are four
molecules in a unit cell along c-axis as shown in Fig. 3-17.

The STM image for bc plane is shown in Fig. 3-18(a) which was obtained by the
constant current mode (sample bias: -41.8 mV, tunneling current: 6.8 nA, and scan area: 50
A x 50 A). The arrangement of four molecules in a unit cell is clearly recognized. In this
case, 1if the inverse sample bias (41.8 mV) was éppiied, the image was almost unchanged,
also. The 2D unit cell size is 22 A x 4.5 A and is in good agreement with the crystal
structure determined by X-ray diffraction.

On the other hand, the current image for side view is shown in Fig. 3-18(b) which
was taken at 200 A x200 A area, -22.0 mV sample bias, and 2.2 nA tunneling current, This
image clearly shows the alternate stacks of BEDT-TTF conductive layers and CsHg(SCN),

anion layers, and the spacing period is about 20 A that is in good agreement with the lattice

constant of a-axis (20.903 A).




Fig. 3-17  The crystal structure of (BEDT-TTF),CsHg(INCS),.

Fig. 3-19  The crystal structure of(BEDT-TTF};Li, Hg(SCN),(H,0), .




(b)

Fig. 3-18  STM images of (BEDT-TTF),CsHg(NCS), single crystal; (a) for the bc
plane with a sample bias of -41.8 mV and a scanning area of 50 A x50
A, and (b) for the plane along a-axis with a sample bias of -22.0 mV

and scanning area of 200 A x 200 A.
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33.6. (BEDT-TTF),Li, Hg(SCN),(H,0),

The crystal structure of (BEDT-TTF),Li, ;Hg(SCN), (H,0), which was determined
by X-ray diffraction is shown in Fig. 3-1914], The salt belongs to monoclinic system, and the
crystallographic data are a= 12.583 A, b= 19.721 A, c= 36.395 A and B= 91.50 °,
respectively. In this salt, 2D plane is ab plane.

Typical STM image for ab plane is shown in Fig. 3-20 which was obtained by the
constant current mode (sample bias: -35.7 mV, tunneling current: 5.6 nA and scan area: 60 A
x 60 A). When the inverse sample bias was applied (35.7 mV), the image was almost
unchanged, also. The image is in good agreement with the crystal structure determined by

X-ray diffraction.

Fig. 3-20  STM image of (BEDT-TTF),Li, sHg(SCN),(H,0), single crystal for the
ab plane with a sample bias of -35.7 mV and a scanning area of 60 A x

60 A.
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3.3.7. Conclusion

In this section (3.3), we presented STM images for the series of (BEDT-TTF},X in
which the size of antons was systematically changed. For X=Cu(NCS), salt anion size is
smallest and the lattice constants are also small. Consequently, 2D intermolecular interaction
(x-type) fairly large and it shows highly metallic character. On the other hand, for
X=MHg(SCN), (M=Cs, Rb, K and NH,) salts the lattice constants become lager depending
on the size of anions. In the case of M=Rb, K and NH ,, it was known by X-ray analysis that
the crystals are all isomorphous and molecular arrangement in 2D plane is o-type. These
features are clearly visualized tn STM images. Because of the increase of the anion layer
thickness, 2D character in donor layer becomes stronger and the layer alternation contrast
becomes more evident (see Fig. 3-11(b)). All three salts are metallic even at very low
temperatures (2D character). M=Cs salt has a different crystal structure, Very large cation
size (Cs*) may make the 2D interaction weaker and rather 1D column structure is visualized
in STM image (Fig. 3-18). Consequently this salt shows metal-insulator (M-I) transition at
210K. Although in M=Li salt cation size is small, the inclusion of water molecule
(Lig sHg(SCN),(H,0),) may deform the crystal structure and also 1D like structure is
predominant. This salt also shows M-I transition at 170K.

In conclusion, all features in the crystal structure obtained by X- ray analysis are
almost faithfully visualized in STM images for (BEDT-TTF),X salts and some of the
features are even more evidently recognized in STM images. Thus, we can use STM

technique for crystal structure analysis very effectively.
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3.4. C,, Films on HOPG

The discovery of the method of preparing macroscopic quantities of the pure carbon
molecule Cg 31 has stimulated numerous studies to determine the bulk and surface
structures of the condensed phases of this molecular material. The availability of a solid
form has made studies possible using infrared and ultraviolet absorption spectroscopy, X-ray
and electron diffraction!!6], NMRI7MI8 and Raman spectroscopy '9M20121 all of which
provide evidence that supports the proposed "soccer ball “ structure of Cg,. Recently, real-
images of C, films have been obtained using high-resolution microscopy techniques such as
STMEAE3LEANESLEZOLENR8LE9T - AFMIB0L31L52) and TEMB3! on thin films of high-purity C
and of Cg/C,y mixtures prepared on metallic, semiconductor and insulating substrates. In
this section, we describe on the soccer ball (Cgy) image on HOPG substrate which was
obtained directly by using STM 1n air.

Ultra thin films of Cg, was prepared by the Molecular Beam Epitaxy (MBE)
technique. The base pressure in the MBE vessel was about 1 x 10 - Torr. Powder C,, was
evaporated slowly (1A/min) on HOPG substrate, and the tota} thickness was ~10 A which
corresponds to monolayer of C,.

The grain size of Cg, film was estimated to be several hundred A by SEM image as
shown in Fig.3-21. Figure 3-22 shows an STM image of the film with 300 A x 300 A area at
tunnel current of 0.49 nA and sample bias of -799.9 mV. In this figure, two islands were
recognized as ~300 A size which is in agreement with result of SEM image. Moreover,
various clusterings of Cg, molecules were seen around the boundary of island. Figure 3-23
shows a higher magnification view of the film with 100 A x 100 A area. In this figure, one-
dimensionally ordered clusters was seen more clearly, and distance between two molecules
was ~i0A which is close (o the termolecular distance vi C g i ic crystai.

Why does the onc dimensional arrangement occur? There are two interpretations

which are the possibility of epitaxial growth and/or the influence of boundary dislocation
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line on the substrate. The other image for this film is shown in Fig. 3-24. The figure shows
not only C, arrangement but also substrate graphite carbon atom arrangement in which the
angle between C, line and graphite carbon line is ~23° The schematic image to consider
the possibility of epitaxial growth is shown in Fig. 3-25. A vector which has 10.72 A in
length and 23.4° degree to graphite carbon line, is drawn from the center of graphite
hexagon. The position of arrowhead is equivalent to the start point. This result means that
there is a possibility of epitaxial growth of C 4 on HOPG. In order to occur the epitaxial
growth, there should be some interactions between C ¢ and graphite. Chen et al.[24] reported
that such packing arrangement as short linear chains was obtained in the STM images for

Cg, film on a gold substrate and described the weakness of the bonding force among the

000002 KV

Fig.3-21  SEM image of Cg, film on HOPG. The grain size was estimated to be
several hundred A,
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Fig.3-22 STM image of C,, film whose thickness was10 A, on HOPG with a
sample bias of -799.9 mV and a scanning area of 300 A x 300 A.

Fig.3-23  STM image of C, with more high magnification (100 A x 100 A). A

Cy, cluster was recognized more clearly.
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Fig.3-24  STM image of C; film on HOPG with a sample bias of -199.9 mV. In
this figure, not only C g, arrangement but also carbon atoms of substrate
were recognized. The angle between C g, line and graphite carbon line

was ~23° ,and the distance between two molecules was ~10 A.

Fig. 3-25  The possibility of epitaxial growth of C ¢ on HOPG.
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molecules 1n the monolayer films, In addition, Liu et al.[?8 obtained STM images of C, film
on HOPG. In this report, they described that the molecular arrangement could be explained
for a monolayer of C,, on graphite surface by using a C.-graphite and C,,-C,, two-body
potential which include both van der Waals' and dipolar electrostatic but not inductive terms.
The result was suggested that C,;-graphite interactions involve charge transfer. Mikami et
al.3 carmed out the simulation of the growth for Cg, film on HOPG and obtained the
growing direction of the C, film which is tilting about 17° degree to graphite carbon line (b-
axis).

On the other hand, our present result stated above can be explained if we assume the
contribution of fairly strong interactions between C ., and graphite. Ionization potentials of
Cg molecule and graphite are 7.6 eV and 4.6 eV respectively, so there may take place
electron transfer from graphite to C,, which results in charge transfer or Coulombic
interaction between them besides the van der Waals interaction. The charge transfer
interaction could fix and stop the rotation of C ., molecules even at room temperature, which
may lead to a preferred directional interaction between C, molecules. This situation results
in one-dimensional arrangement of C,, molecules on graphite if we take into account of the
most favorable relative arrangement for maximum stability of both interactions. A realistic
model is shown in Fig. 3-25. If the first molecule (left-hand side) may sit on graphite so as to
fit "naphthalene” part of C,; (red color) to a hexagon of graphite (yellow color), then there
may be four equivalent sites (green color) on the graphite for the most favorable positions
for the second molecule to make intermolecular interaction strongest. As for the third
molecule there remains only two “equivalent” positions, on the same direction and on the
46.8° deflected direction (blue color). If the second molecule may be deformed by the effect
of the first molecule, the same direction could be a preferential site for the third molecule.
Actually straight one dimensional arrangement was most frequently observed, but some
deflected linear arrays {not shown in the figure) were less frequently but definitely observed.
These observations may support the above model. This mode! i1s just a qualitative

speculation and actual simulative calculation is absolutely required.
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General situation of discussions on epitaxial growth of thin fiims is very preliminary
in any cases, especially on C,, and a further study on this problem is off course interesting
but it is a separate subject beyond the scope of this thesis work at the present stage. The
most important point is a finding that there exists one-dimensional array of C ., molecules on
a surface of graphite at the early stage of vacuum deposition. In addition, the substrate used

has many microscopic boundaries because of artificial graphite. Therefore, the probable

ordering along such boundary dislocation lines may not be excluded.




3.5. Phthalocyanine Fitms on HOPG

The generation of high quality, thin, continuous films is a major objective of the
modern electronics industry. Phtalocyanines, in general, exhibit high thermal stability and
sublime at temperatures in excess of 450°C. This property lends itself readily to the
relatively simple procedure of thin film deposition, not applicable to functionalized
phthalocyanines. Structures can be fabricated in a layer-like arrangement by sequential
deposition and the use of masks. Another way of generating thin films of phthalocyanines is
to use a technique borrowed from the field of polymer processing, spin coating, suitable for
thermally unstable compounds. For the spin coating technique, materials need either to
exhibit a liquid phase or as in the case of the sample in this study, solubility in relatively low
boiling solvents. One way of solublising phthalocyanines is to substitute the periphery with
medium length (6 to 10 carbon atoms) hydrocarbon chains. Octa- substituted
phthalocyanines have been prepared which are either metal-free or substituted with nickel or
copper. These phthalocyanines are by-products of various synthetic routes to prepare
materials suitable for the deposition of Langmuir-Blodgett films. An aim 1s to generate
materials that have physical properties suitable
for spin deposition and also have good electrical R / \ R
properties. The two types of phthalocyanine
were used and their structure is shown in Fig. 3-
26, where R is CgH |, or OC,H,. It is convenient
to use abbreviation for the otherwise rather long
name. Throughout this discussion the following
abbreviations will be used: octaocty- metal free

phthalocyanine  (OUMF) and octaneptyl-oxy

metal free phthalocyanine (OPOMF). Fig.3-26  Molecular structure  of
The solution for the spin coating method OOMF (R=C,H,,) and
was toluene. The basic principles of this method OPOMF(R=0C,H,).

involve the rapid drying of a selution as 1t rotates
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and spreads on a substrate revolving at speeds of approximately 2000 rps. A single drop of
solution is allowed to fall onto the surface of a cleaned dust free substrate that is rotating. As
the drop makes contact with the substrate it fragments into minute droplets that then move
on the surface under the influence of centrifugal forces. As the liquid moves over the
surface, the solvent evaporates rapidly leaving, if conditions aré correct, a smooth, continuos
film. Films deposited in this way are of the order of 500 ~1000 A thick, depending on the
particular material, and are clearly visible to the naked eye.

The surface observation of the films had been carried out several times but a good
image had not been obtained. The reason is that the sample had high resistance itself and
moreover, the films was not enough thin for STM experiment. Accordingly, in an attempt to
improve conductivity, the samples were exposed to iodine vapor for 24 hrs, this also had the
advantage of making the films visible and it could be obtained some STM images. The
image of OOMF was, as shown in Fig. 3-27, obtained at -624.4 mV bias voltage and 1.0 nA
tunneling current. The scan area was 150 A x 130 A , and & molecule size was about 25 A,
The distance between molecules was about 35 A. On the other hand, in the case of OPOMF ,
the arrangement was seen in Fig. 3-28. The line extended one dimensionally, and the length

was about 100 A.
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Fig.3-27 STM image of OOMF film with a sample bias of -624.4 mV and a
scanning area of 150 A x 150 A,

Fig.3-28 STM image of OPOMF film with a sample bias of -52.8 mV and a
scanning area of 250 A x 250 A,
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3.6. Conclusion

This chapter summarized the experiments of surface structure for some functionality
materials in air at room temperature.

In the case of HOPG, the images had atomic resolution and showed triangle lattice
with 2.46 A period, which is caused by the interaction between first layer's atom and second
layer's atom.

In the case of BEDT-TTF salts, the surface images of all crystals were in good
agreement with the crystal structure determined by X-ray diffraction. Therefore it suggests
that the surface structure is almost the same as the crystal structure in bulk. We observed the
images of BEDT-TTF molecules directly, and also we could indirectly assign the position of
molecules in the insulating anion layer through the two types of bright and dark images of
BEDT-TTF molecules. The resolution was rather at molecular level than atomic level. The
reason may partly ascribe to the condition of the sample surface. In our case, all samples
were not specially treated to make it clean. Moreover, surface observations were carried out
in air.

In the case of C,, some images were obtained in which one-dimensional clustering
of Cg, molecules was detected. There are some possibilities for epitaxial growth due to the
interactions of C-Cg, and C,-graphite involving the charge transfer. More study is required
1o make it clear.

In the case of phthalocyanine films, it was too difficult to obtain good images. We
could improve an image of phthalocyanines by doping iodine, but still we could hardly

distinguish phthalocyanine from iodine definitely.
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ture Studied by STM

4. Electronic Struc

4.1. Introduction

Since Giaever's first measurement of the superconducting energy gap using an Al-
Al,O;-Al planar junction, tunneling spectroscopy has become one of the most powerful
techniques for studying the properties of superconducting materials!!ll. Tunneling
spectroscopy provides a direct measure of the quasiparticle density of state at and near the
Fermi level. It also measure of the pair potential of the Cooper pairs and the spectral density
of the coupling strength, ©?F(w). The characterization of samples can be made by
performing tunneling experiments as a function of temperature, magnetic field, transport
current and crystal orientation. Giaever's experiment was supported Bardeen, Cooper and
Schreiffer's (BCS) theory of superconductivity, which predicted a gap in the quasiparticle
density of state at the Fermi level. BUS theory predicts the equation: 2 A/KT, = 5.52, where &
is Boltzman's constant. This ratio is a measure of the coupling strength of the Cooper pairs.
Gieaever and others found that Al, Nb, V, In, Ta and other materials have the ratios quite
close to the predicted value!?l, But the most notable exception to this rule is Pb and
tunneling was again the key to understanding the disparity for this strongly coupled
superconductor.

Giaever also found that 24/kT, was 4.3 for lead, then Gieaever et. al. considered that
there is a discrepancy between BCS theory and the density of statc measured by tunneling
spectroscopy!®l. Eliashberg derived a theory which could account for strongly coupled
superconductors in terms of o?F(w)*. McMillan and Rowell used this theory and showed
that this modification of the BCS theory was enough to account for tunneling characteristics
of most superconducting material within a few percent &1,

Almost immediately after Bednorz and Miiller discovered superconductivity in
copper oxide!®!, several groups in the world performed experiments to determine the nature
of the superconductivity in these materials. At the time of Bednorz and Miiller discovery,

several groups had low temperature STM and were immediately employed to measure the
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energy gap of the high 7, materials 7M8.°), Low temperature STM/STS is the best tool to
study superconductivity itself, so in this chapter, we applied room temperature STM/STS for
a organic conductor and low temperature STM/STS for a YBa,Cu,O, high T,
superconductor. At first, the electronic structure of (BEDT-TTF),KHg(SCN), for the plane
along b-axis was measured at room temperature. In the next section, the energy gap of

YBa,Cu,0, single crystal was determined by using our LTSTM/STS.
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4.2. (BEDT-TTF),KHg(SCN),

Two-dimensionality is very essential to get a metallic organic conductor or
superconductor with the suppression of metal-insulator transition at low temperatures. The
STM image for the plane along the b-axis (perpendicular to 2D plane) of (BEDT-
TTF),KHg(SCN), crystal in Fig. 3-11(b) shows the alternate stacks of BEDT-TTF
conductive layers and KHg(SCN), anion layers. The cross-sectional curve, as shown in Fig.
4-1, clearly exhibits the corrugation with the period of 20 A. The thickness of anion layer of
this compound is rather large compared with Cu(NCS), salt and therefore, the strong two-
dimensionality in the electronic properties is expected because of its weak interlayer
coupling. In other to clarify the local two-dimensionality experimentally we applied
STM/STS technique which is the most relevant and unique method for this purpose.

The STS measurement was performed as follows: The tip was fixed at a position,
e.g., the mountain position (a) in Fig.4-1 , and (df/dV)-V was measured, then the tip was
moved along b-axis by about 2.5 A step after measuring the (d//dV)-V curve at each point.
This process was carried out from mountain to next one through the valley. The results of
this STS measurement are shown in Fig. 4-2 in which the ordinate indicates (dl/dV)/(IiV),
i.e., proportional to the normalized electron density of states. As the tip was moved by about
10 A, the linear line (a) changed to a concave curve (e), and when it was moved by about 10
A more, the curve returned to the linear line again. The period, 20 A, coincides with the
lattice constant of b-axis and, the linear and the concave curves may correspond to BEDT-
TTF metallic conduction layer and KHg(SCN}, insulating layer, respectively, and these
results indicate that this crystal actually has 2D electronic structure as well as 2D crystal
structure,

This is tite tirsi finding of microscopic clectronic structure ior an orgamc conductor
and it is impossible to get the exactly corresponding data by any macroscopic method. Mort
et al. recently reported the persistence of metallic conductivity down 1o 0.6K ', and Osada
et al. demonstrated the 2D character of this crystal with the high-ficld magneto transport

measurement!'!l, Qur finding described above is just consistent with these results and
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moreover, it directly assures the weak interlayer coupling and strong two-dimensionality in

this substance for the first time.
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b axis (1.0 nm/div)

Fig. 4-1 The cross section curve of (BEDT-TTF),KHg(SCN), along b-axis

which is perpendicular to 2D plane.

di/dV (arb. units)

Voltage (mV)

Fig. 4-2 The STS measurement along the b-axis for an (BEDT-
TTF),KHg(SCN), single crystal. The tip was moved by a 2.5 A step

from (a) to (e).
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4.3. Y-Ba-Cu-0O

Since the discovery of high temperature superconductivity in the layered copper
oxides by Bednorz and Miiller{®), there have been huge number of reports of
superconductivity in this new class of oxides with T.'s in the temperature range of 40-130 K.
A number of experimental methods have been applied for the study of these new
superconducting compounds, including transport, magnetic susceptibility, low temperature
X-ray crystallography, calorimetry and farinfrared transmission and reflectance
spectroscopy. In particular, superconducting gaps A were studied by infrared transmission,
reflectance measurements, NMR, Raman scattering, heat capacity and tunneling
spectroscopy! 121131014},

The tunneling spectroscopy has traditionally been an important method for the study
of superconductivity. The method provides not only a direct measure of the superconducting
energy gap and the phonon density of states, but also of the electron-phonon coupling
strength, which plays a crucial role in the mechanism of superconductivity. Therefore this
method is considered to define the best superconducting gap among all methods above-
mentioned. In order to measure tunneling spectra, such types of tunneling junction have
been used as planar junction, point contact, break junction and STM. In the planar junction
method, it is difficult to control the insulating film thickness and it is measuring all over
electronic structure. Point contact and break junction methods give the local information but
the sample surface is damaged easily under pressure. Therefore, STM is the most powerful
tool for the moment because STM is non contact type and has atomic level resolution.

The BCS ratio, 24/kTe, is an important factor to characterize the nature of a
superconductor, and it is known that the standard value of BCS ratio is 3.52 in the weak
coupiing Limit for convemional superconduciors. The values of BCS rauo of YBa ,Cu;0,
high Te superconductor have been determined by scveral groups as shown in Table 4-1. The

data were obtained not only by tunneling spectroscopy but also by difterent techniques for

single crystal, sintered pellet or film samples. These values are scattering over the range of 2




Table 4-1

Gap measurements for YBa,Cu,0,

resistance transition

| Investigator Method Sample Te 2A/KT
Mori et al. STM/S Single crystal | 88K:magnetic 7.6+0.4
(Present work) susceptibility
Kirkl13) et al. Point contact Sintered pellet | 90K:assumed 8~ 10
Edgarl!l et al. Point contact Sintered pellet | 91.7K:zero gap 5
point
Kirtleyll?l et al. Point contact and Single crystal | 90K:assumed 3.7~56
infrared absorption and sintered 1.6~34
pellet
Moreland('®l e al. Break Junction Sintered pellet | 93K:midpoint of 4.8
resistance transition
Leel? et al. Planar junction 60K:zero gap point | 8
Iguchil?l et al. Planar junction Sintered pellet | 60K:zero gap point 10.5
Collins(?!l er al Infrared 90K:zero gap point | 8
Cooperl®?l et al. Raman scattering Single crystal | 90K:magnetic 75~9
susceptibility
Gallagher(?3 et al. STM/S Sintered pellet | 88K:zero resistance | 13
Lozanne? et al. STM/S Film 84K:zero resistance | 11
Betum!! et al. Point contact Sintered pellet | 84K:mid point 3.2

86




to 13 in terms of 2A4/kTc. There are some reasons of a scattering of these values. One reason
is the sample quality. The best quality sample such as single crystal or epitaxial film should
be used. The second reason is the vagueness in determining the transition temperature. Most
of high temperature superconductors have comparatively wide transition. Transition
temperature defined by resistivity measurement has relatively large uncertainty. The better
value of transition temperature is given by a sharp magnetic susceptibility transition detected
by SQUID magnetometer. The third reason may be the existence of anisotropy of the gap. In
the case of YBCO system, the ratio of the gap for c-axis (perpendicular to Cu-O plane) to ab
plane (parallel to Cu-O plane) was reported as 1.5~1.7 by several methods of tunneling
spectroscopy(26L271128] farinfrared reflectance(?®), Raman scattering®! and NMRBIL
Therefore, the gap energy obtained by optical measurement or planer contact junction may
correspond to a superposition of the values for c-axis and ab plane. In order to determine a
reliable value of BCS ratio, it is necessary to use high quality sample and to measure 7c¢ and
gap with most reliable methods. In this sense, a single crystal should be used, and STM/STS
and SQUID meter may be the best combination for determining A and Tc.

In this experiment, a single crystal of YBCO superconductor was studied by our
LTSTM. The crystal structure is shown in Fig. 4-3 and the ab plane is parallel to the Cu-O
plane. A single crystal of YBa,Cu,0, was supplied by Prof. M.Sato. The size of the crystal is
8x4x3 mm3, as shown in Fig. 4-4. The magnetic susceptibility measurement was carried out
by using SQUID magnetometer (SHE Vriable Temperature Susceptometor (VTS) 900 series,
Biomagnetic Technologies, inc.} with the help of Dr. Y. Nakzawa and Mr. H. Ogata, and the
superconducting transition temperature ( 7¢) of the sample was detected at 88K as a sharp
and clear diamagnetic response (Fig. 4-5.). The sample was fixed on copper plate with gold
paste and was set in the LTSTM unit. The typical result of tunneling spectroscopy at 12 K
on the ap plane s shown in Fig. 4-6. The absolute value for the density of state (ordinate)
can be hardly determined in usual tunneling spectroscopy because the tunneling current may
be substantially disturbed depending on the measuring conditions, e.g. surface conditions.
The spectral energy, however, is relatively unaffected by such surface conditions, so the

qualitative features are not so sensitive to surface conditions. Several spectral scans are
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Fig. 4-5 Magnetic susceptibility curves of YBCO single crystal taken in the

field of 10 gauss and 100 gauss. The on set of superconductivity is at

approximately 88K.
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Fig. 4-6

dl/dV (arb. units)

-0.4 -0.2 0 0.2 0.4

The dI/dV vs V measured at 12K for YBCO single crystal by LTSTS.
The superconducting gap is clearly recognized. The five scans traced
almost identical structure, which indicates fairly well stability in this

micasurcment. See the text on the ordinate scale.




shown in this figure. As shown in this figure, the superconducting gap is clearly recognized.
The stability of the measurements was relatively well and the error-bars of the 2A value are
within £6%. In order to determine average value of 2 4, four different scans are plotted in
Fig. 4-7 with expanding energy scale. Assuming the constant density of states upon
transition, each 2A was determined graphically (The area of a valley should be equal to that
of the hill.). The average superconducting gap 24 was estimated to 58+3.5mV and
correspondingly 2A/kTc=7.6£0.4. The value is larger than 3.52 which corresponds to a
conventional weak coupling superconductor in BCS theory. It is a critical problem that this
large value might be within the strong coupling regime or extending beyond BCS theory.

High Tc copper oxide superconductors have more or less two-dimensional structure,
and anisotropic nature in superconductivity, if it exist, should be most interesting point in
the study on these substances. Hasegawa et al. reported the different gap energies for ab
plane and perpendicular plane to it of Bi,Sr,CaCu,0, by STM tunneling spectroscopy 321,
Photoelectron spectroscopy, however, has issued an opposite result with respect to the
anisotropy in gap energy 3. In our case, since we have not yet succeeded in measuring a
tunneling spectrum for different planes, we can discuss only on a wider gap for ab plane
(conducting plane). This may be one reason for large BCS ratio. Tc is uniquely determined
without any anisotropy, and the physical meaning of BCS ratio may become quite obscure in
the case of anisotropic superconductor. Anyhow, such large value for 2ZA/kTc may imply that
the mechanism for superconductivity could be somewhat beyond the electron-phonon
coupling (not only strong coupling). It remains still challenging, so we have to complete
LTSTM/STS at least.

In conclusion our result is considered to be a reliable data for YBa ,Cu,O, on the ab
plane because single crystal was used and the transition temperature was determined from
the sharp transition curve of magnetic susceptibility by using SQUID magnetometer, and
STM which is the best tool for measurernent of an energy gap was used. Our value, 7.620.4,

seems 1o be reasonable judging from the Table and the discussion described above.
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Fig. 4-7

di/dV (arb. units)

Voltage (V)

The superconducting gap is estimated to be 2 A~58meV. Using Tc of

88K then 2A/kT¢ is 7.620.4 which is indicating strong-coupling regime.
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4.4. Conclusion

The STM/STS has shown to be a unique tool for studying electronic structure of
some materials. For the (BEDT-TTF),KHg(SCN), salt, electronic property of molecular
level region could be revealed, that is, alternation of metallic layer and insulating layer was
clearly displayed by this method. On the other hand, for a single crystal of YBa ,Cu,0,, the
superconducting gap measurement by L.TSTM/S showed that it might be a strongly-coupled
superconductor with 2A/kT =7.610.4.

Qur LTSTM/STS machine has not vet been completed because LTSTS function is

still not completely available. The atomic resolution and stability should be improved more

at low temperatures.
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Summary

A Scanning Tunneling Microscopy (STM) is a new type of microscopy with atomic
resolution. The microscopy is based on quantum mechanical tunneling effect of electron and
has been applied to vanous fields. Now, we can use the technique not only in atmosphere at
room temperature but also in vacuum or in water, at low temperatures or high temperatures.
Moreover, not only solid state structures but also electronic structures of a surface can be
detected in atomic scale by Scanning Tunneling Spectroscopy (STS). An STS  which
combines STM with tunneling spectroscopy can reveal the electronic structure of some real
space portion with atomic resolution., The method 15 especially useful for detecting an
energy gap structure near Fermi surface of materials in superconducting state. A complete
STM/STS system for low temperature operation, however, has not been available so far. In
this hesis wvoih, the zumace and clectronic sucturcs o sowad funclionality moiccuiar
materials are studied by STM firstly at room temperature, and in parallel an STM/STS
system for low temperature has been designed. In final part of this work, electronic
structures of a high Tc¢ superconductor has been tried to study with using the newly
constructed low temperature STM (LTSTM) system.

In our LTSTM, there are three features. 1) The unit is designed compactly and
rigidly. As the result, the unit can reduce the influence of vibrations and can be used in the
magnetic field by combining with slender dewar. 2) Although a piezoclectric response s
reduced by cooling from room temperature to 4K with a factor about one tenth, the fine
approach mechanism at low temperature by using a step motor and differential screws is
enough to bring the sample towards the tip with step size to ensure that the tip does not crash
into the sample. The fine approach achicves about 70 A stroke per one step. 3) It is very
difficult but important to decrease the electrical noise tn a long cable between sample and
pre-amplifier, We use the I-V converter which has better performance. In the system, the

electric source is two dry batteries, then the stability is much better than the commercial

STM case.
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The surface observations has been carried out for some functionality materials in
atmosphere at room temperature with the use of conventional STM. In the case of BEDT-
TTFE salt single crystals, all images are well corresponding to their crystal structures
determined by X-ray diftraction. In the case of Cg films on HOPG, a soccer ball is
recognized and one-dimensional clustering of C, molecules is detected. In the case of
phthalocyanine films on HOPG prepared by spin coating method, we can improve STM
images by doping iodine.

The electronic structures of (BEDT-TTF),KHg(SCN), (organic conductor) and
YBa,Cu,0, (oxide superconductor) have been studied. A (BEDT-TTF),KHE(SCN), salt
has 2D crystal structure in ac plane. The step-wise measurements of tunneling spectra along
the b-axis clearly show a 2D character in the electronic structure. In the case of YBa,Cu,0,,
the superconducting gap 2 A at 12K is recognized to be ~58meV by our LTSTM. This result
shows that it might be a strongly-coupled superconductor with 2 A/kT =7.6+0.4, which is

almost consistent with the reported value.
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