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CHAPTER I GENERAL INTRODUCTION

Chapter 1

General Introduction

1.1 Problems in Tunneling Spectroscopy on High Temperature

Superconductors (HTSC's)
Tunneling spectroscopy discovered by Giaever [Refs. I, 2], is probably the most powerful

experimental method for studying the density of states in superconductors. By this technique the

tunneling current between two metals separated by a very thin insulator is measured as a function of

the applied voltage, and from tills the density of states is rather easily deduced with very high

energy resolution. The simplicity of the method and the wealth of information it yields have led to

many tunneling measurements on superconductors. Actually, the results constituted the most

detailed comparison of the Bardeen-Cooper-Shliefer (BCS) theory [Ref. 3] with experiments, and

became one of the most impOltant experimental proofs for the BCS mechanism.

In 1986, an oxide ceramic superconductor which has relatively high critical temperature (TJ was

discovered by J, G. Bednorz and K. A. Mli lIer [Ref. 4]. A series of compounds which have

similar layered structures containing CuO, planes were discovcred in a year, and some of them

showed higher T,'s than expected by the BCS theory, which would be called high temperature

superconductors (HTSC's). It was pointed out that the mechanism of superconductivity of these

materials may be different from the phonon-mediated coupling mechanism of the BCS theory, and a

great deal of work has been concentrated on investigations on tlle HTSC's.

It is natural to think that tunneling spectroscopy is one of the suitable ways to study thcse new

materials, and actually a number of tunneling experiments have been done so far. However, in the

early stage of the tunneling study on the HTSC's, this technique was less informative than expected

because of its poor reproducibility [Ref. 5]. The superconducting gap values observed were

scattered over a wide range, and the shapes of the spectra differed from one observation to another

showing irregular features such as a zero-bias conductance peak, bilateral dip SITucture and

multipeak structure. As the qualities of the specimens employed and the experimental techniques

were improved, the results became somewhat convergent. A certain consensus was reached about

the size of the superconducting gap [Ref. 5], and the better understanding of the origins of the

ilTeproducibility made it possible to distinguish extrinsic structures in the spectrum from intrinsic

ones.

Nevertheless, there still remain problems in this field as follows.

I) The superconducting gap structure tends to appear in a broadening shape.

2) Considerably high inner-gap conductance is observed.
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3) The background conductance of the spectrum, which is expected to be rather flat in the case of

normal metal, often shows linear feature (V-shape).

4) Unexpected dip structure appears just outside the peak of the superconducting gap structure,

which is enhanced in the occupied states.

These facts have been explained by means of new theories for the HTSC mechanism, e.g.,

resonating valence bond (RYB) model proposed by Anderson [Ref. 6] and marginal Fermi liquid

model proposed by Varma e tal. [Ref. 7].

However, even though experimental techniques of junction fabrication have been improved, there

seems to be technical problems originating from the characteristics of the HTSC. In the case of

break junction or point contact, small particles, which cause coulomb blockade [Ref. 8] and

charging effect [Ref. 9], tend to be created by breakage or chipping due to fragileness of the HTSC

materials. On the other hand, instability of the surface of the HTSC does not allow fabrication

process of a planar type junction to avoid chemical reaction or oxygen depletion at the interface

which causes poor characteristics of the superconducting gap structure.

Moreover, all these conventional tunneling techniques have macroscopic junction areas.

Therefore, in order to observe an intrinsic nature of the material, an ideal state should be realized

over the wide area of the interface, which seems to be difficult especially when the junction is

fabricated on the c-plane of the HTSC because of the extremely short coherence length along the

c-axis (~ , ) of this material [Ref. 10). If some regions of the junction area do not have ideal

conditions, the tunneling spectrum must have the contributions from such areas which cause the

broadening and the irregular structures of the spectrum, and this is more real than a perfect junction

in the case of these macroscopic junction methods.

Furthermore, there is a possibility that a superconducting order parameter has spatial variation

along the c-axis even in one unit cell of the crystal structure of the HTSC. The HTSC's are

fundamentally composed of conductive CuO, layers and electrically rather inert ionic layers stacked

alternately. A consensus has been reached about the fact that the CuO, layers are basically

responsible for the quasi two dimensional (2D) superconductivity of this system. If we consider

the ~, value which has been estimated to be as short as I to 2 A, the order parameter may vary in

the c-direction with a periodicity comparable to the atomic scale. This suggests that the tunneling

data of macroscopic junctions reflect the electronic nature of both superconducting CuO, layers

and other nonsuperconducting or weakly superconducting layers, which intrinsically makes it

almost impossible to probe the original superconducting state of this material by these conventional

tunneling methods. Tachiki et al. discussed this possibility in their layered model [Ref. II] and

predicted the intrinsic flux pinning [Ref. 12). Artemenko el al. proposed the pancake vortex model

considering these facts [Ref. 13). Recently, Kleiner el al. reported that they observed Josephson

coupling between CuO, double layers in Bi,Sr,CaCu,O, single crystals by direct measurements of

ac and dc Josephson effects with current flow along the c-axis, which indicates that this system

behaves like a series array of Josephson junctions [Ref. 14]. All these can be circumstantial

evidence of the spatial variation of the superconducting order parameter. However, in order to
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prove it directly, we have to observe the local electronic structure of the HTSC material with a

microscopic probe.

1.2 Application of Scanning Tunneling Microscopy and Spectroscopy

(STM/STS) to HTSC's
Scanning tunneling microscopy (STM) was invented by Binnig and Rohrer [Refs. 15-18] as a

probe to investigate surface topography of a material with atomic resolution. It was found that

STM is also useful as a way of tunneling spectroscopy. In this method, the area where tunneling

current flows is very small, which is considered as the order of an atomic scale (see Fig. 1.1).

Therefore, the information about the local density of states can be obtained. Furthermore, if both

STM and tunneling spectroscopy are done simultaneously, the spatial variation of the electronic

structure of the material can be probed with atomic resolution (STS: scanning tunneling

spectroscopy). Besides, the tunneling spectroscopy using STM has some other advantages. In this

technique, undesired chemical reaction or mechanical damage of the material surface can be avoided

because the tunneling barrier is vacuum, and the sample surface can be characterized by the STM

picture taken at the measuring position. All these characteristics of this technique are thought to be

very suitable for tlle observation on the HTSC which has peculiarities described above.

In order to observe a superconductor when it is in a superconducting state, it is necessary to

measure it at the temperature lower enough Ulan its T,. Although development of a cryogenic STM

apparatus which can be operated at liquid He temperature (4.2 K) has some difficulties as described

in section 3. 1. I, several groups have been successful in the development and tried cryogenic

observations on the HTSC's so far [Refs. 19-21]. However, most of these experiments were not

reproducible, and not so informative as expected.

Fig. 1.1 Observing area in STM.



CHAPTER I GENERAL INTRODUCTION

As mentioned above, the most significant characteristic of the tunneling spectroscopy using STM

is that the tunneling area is an atomic order, which is the reason why atomic resolution images can

be obtained by STM. Considering this, the conditions of small tunneling areas of both sides (i.e.,

the STM tip and the sample surface) are very important to obtain reljable tunneling data by using

STM. If the STM tip is not clean, accurate information cannot be obtained from the tunneling

spectra, and if the nature of the observed area of the sample surface does not represent the original

nature of the material, intrinsic properties cannot be derived from the data. Therefore, from this

aspect, the tunneling data obtained by using STM should be treated much more carefully than those

by macroscopic tUIUleling methods in which the tunneling spectrum gives information integrated

over the wide junction area. Any accurate information cannot be obtained based on the tunneling

data using STM without the ideal condition, and it is very dangerous to derive some conclu ions

from such data. From this point of view, the following points are fatally significant in this

measurement.

I) The observed area of the sample surface is stable and keeps the ideal condition, and this is

checked and secured by STM imaging.

2) The STM tip is well controlled not to crash onto the sample surface, and keeps its cleanness.

It seems that the sole way to estimate attainment of these requirements is to verify whether an

atomic resolution image can be obtained or not.

Most of the previous works employed specimens whose qualities were not 0 hjgh as those

obtained now, and actually they rep011ed that an insulating oxide shell was formed at the surface of

the specimen. In these experiments, the STM tip was contacted onto the sample surface, and

superconducting gap structure was observed only when the tip was driven into the surface layer

deeply and it was very rare. Besides, the superconducting spectra observed were of rather poor

quality sometimes with irregular structures described above. Atomic resolution STM imaging was

not achieved but only rough surface topographic images were obtained, thus it was nol clear

whether they are real surfaces of the observed materials or not. Taking these facts into

consideration, it seems to be difficult to derive intrinsic properties from these experiments because

STM was used as a probe without the ideal condition.

From these reasons, we began this study for the purpose of doing tunneling measurements at low

temperature on the surface well estimated by the atomic resolution STM imaging, which is thought

to yield reliable data reflecting the true electronic nature of the HTSC.

1.3 Organization of This Dissertation
In Chapter 2, we will discuss a theory involved in tunneling phenomena, which was studied

mainly in 1960's. We will also illU"oduce semj-phenomenological theories about quasipru·ticle

tunneling established by Giaever and Megerle [Ref. 22] and by Dynes el at. [Ref. 23]. In this

chapter, we will also make a general survey of the STMISTS technique and discuss a model

explaining the resolution realized in STM.

4
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The actual experimental details will be presented in Chapter 3. The design of our cryogenic STM

will be demonstrated clearing the problems cau ed by the cryogenic operation and the means to

solve them. Although the specimens employed in this work were provided by another group of

Kitazawa laboratory and Koinuma laboratory (Tokyo Institute of Technology), we will give a brief

explanation of the procedures of crystal growth and film deposition.

The results of observations on Bi2Sr2CaCu20 y single crystals and YBa,Cu30 y thin films will be

presented in Chapter 4 and Chapter 5, respectively. STM images of surface topography and atomic

corrugation and STS results, including the dependence of the spectra on temperature, oxygen

content, barrier width, energy resolution, will be demonstrated. Then we will focus on some

subjects which are still unclear in spite of their significance, and try some discussions and

speculations based on the data obtained in this work.

In Chapter 6, we will discuss some typical stnlctures appeared in tunneling spectra which are

thought to be caused by extrinsic effects. This kind of spectral features have been reported by a

number of groups, too [Ref. 5]. Some of them interpreted these structures as intrinsic ones, which

has made this field of study more complex to understand. We will explain the exu'insic origins of

them considering our experimental results.

Finally, in Chapter 7, we will explain the variation of the tunneling spectroscopic results

presented in Chapter 4 and Chapter 5. Then we will return to the problem discussed in section 1.1,

the anomalous behaviors of turUleling spectra measured on the HTSC's. We will try to interpret

these behaviors based on our experiments.

Although this field of research has become clearer and more convergent, it still seems to be quite

controversial. 1 hope this dissertation will give useful infonnation to all the researchers working in

this field.
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Chapter 2

Theories

2.1 Theories of Tunneling

2.1.1 Basic Concept of Tunneling [Ref. I]

Most of the features of tunneling phenomena in solids are essentially of a one-dimensional (I D)

nature. If the tunneling barrier extends in the x direction, the momentum in the y and z directions

can usually be taken to be constants, and hence are merely fixed parameters. In this section a basic

concept of tunneling by studying purely aiD problem is described. Almost all of our results have

wider ranges of applicability to real situations than 10 problems usually have.

We will, in fact, study the simplest of all I D problems, namely, square barriers and square wells

in one dimension. The Schrodinger equation have the simple fOlln

( L+V)'II=E'II
2m

(2.1)

where V is a constant in a given region. The general solution of Eq. 2.1 has the well-known form

lJI(x) =aeik< +be'ik<

fi
2e =E-V

2m

(2.2)

(2.3)

When E - V> 0 the wave functions are for plane waves. When E - V < 0 we will write k =iK: and

(2.4)

The wave functions are now exponentially growing and decaying waves characteristic of barrier

penetration problems. In the "square barrier" and "square well" problem which we will discuss V

changes abruptly from one constant value to another. The overall wave function is then constructed

out of pieces having the form of Eg. 2.2 by matching'll and d'llldx at the discontinuities of V.

The basic matching problem can be done at a potential step as shown in Fig. 2.1. The matching

conditions are then conveniently described as a 2 X 2 matrix R operating on tile two-dimensional
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--IX,

Fig. 2.1 Potential step.

(2D) vectors

IT

which describe the wave function in regions I and II, respectively. We may write

R =~((kl +k,)exp[i(-k, +k,)x,] (k,-k2)exP[i(-k,-k2)X,])
, 2k, (k,-k,)exp[i(k, +k,)x,] (k, +k,)exp[i(k,-k,)x,]

(2.5)

(2.6)

Eqs. 2.5 and 2.6 are valid for eiU1er real or imaginaty values of k. The general problem of any

number of square batTiers or wells may then be briefly described in tenns of a chain of operators of

the fonn Rj"

We turn first to the square barrier problem of Fig. 2.2. We may write the solution

_-:_F' ~_kJ -

Fig. 2.2 Square barrier problem.



CHAPTER 2 THEORIES

(2.7)

Let us study the boundruy condition of an elecu'on incident from the lefL. There will be a reOected

wave in region I but only a transmitted wave in region 3, hence bJ = O. We want a, in terms of a,.

Eq. 2.7 then gives

(2.8)

Explicit evaluation of Eq. 2.8 with the use of Eq. 2.6 results in

[exp(ikJx, - ik,x,)](k,' + K/)"'(k,' + K,')'" [exp(ia + K,W)- exp(-ia- K,W)]
4ik,K,

Real plane waves are assumed in regions I and 3 and tunneling in region 2.

formula, we will neglect exp(-K,W) in comparison to exp(K,w). Then we have

(2.9)

(2.10)

To simplify the

(2.11)

(2.12)

qJ is a phase factor of absolute value I, which is ignored for the moment.

The quantity of physical interest to compute is the ratio of the transmitted current}, to the incident

current},

. _(11k,) ,J,- - a,
II!

We find

. _(l1kJ ) ,13- - aJ
III

(2.13)
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(2.14)

n'K,' =V,-E
2m

(2.15)

The dominant feature of Eq. 2.14 is the barrier penetration factor exp(-2K,W). In typical problems

of interest this factor may be 10·'- J0·' 0, so that it tends to dominate the prefactor.

2.1.2 Quasiparticle Tunneling
The semi-phenomenological theory of tunneling inu·oduced by Giaever and Megerle [Ref. 2] is

essentially a one-dimensional model which assumes that the quasi-particles can be treated as

independent Femli-Dirac particlcs occupying a given state of energy E with a probability f =
[I +exp(/3 E)]"'. The tunneling current from metal I to metal 2 is assumed to be proportional to the

density of occupied states at a given energy in the metal I and to the density of unoccupied statcs in

the metal 2, at the same energy. This current is also assumed to be proportional to the probability

for a given quasi-particle of this energy to tunnel through the barrier. When integrated over aU

energies this gives

i12 =(~)J~I'AJ;P,(I- J,)dEn -00

(2.16)

where M is the matrix element between states of equal energy in the two metals. By subtracting a

similar expression for the current from the metal 2 to the metal I, we obtain for the nct CUtTcnt

I =AJE!J'M(J; - J,)dE (2.17)

To adapt the analysis to tunneling with superconductors the following assumptions were made.

I) The density of states in a normal metal is a constant, p "= N (0).

2) The density of states in a superconductor p • at T =0 K is given by the BCS relation

!
N(O) lEI

A = --.lE'-,1'

o IEI<,1

10

(2.18)
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3) The matrix clement M is independent of energy in the region of interest and is indepcndent of

whether the metals are superconducting or not.

4) The difference between the Fermi energies of the two metals equals the difference in electrical

potential, V.

Measuring the energy in eV from the Fermi energy of the metal 1 the tunneling current becomes

I =Af~E)P,(E+ V)[J(E) - f(E + V)}iE

where A =(2J! ellillMI'. When both metals are normal, Eq. 2.19 reduces to

I" = AN, (O)N,(O) fWE)- f(E+ V)]dE

(2.19)

(2.20)

At low temperatures and voltages (l «bE", V« EF) the integral is easily evaluated and gives

(2.21)

where the constant, C,= AN,(O)N,(O), is the conductance for normal-normal tunneling.

When the metal 1 is superconducting and the metal 2 is normal, Eq. 2.19 gives

'" =~)f;'r f(E) - f(E + V)]dE
N,(O -~

Differentiating this expression with respect to the applied voltage, we obtain

d'" =~foo P(E)[ ,Bexp[,B(E+V)j ,JdE
dV N,(O) -00 ' {l+exp[,B(E+ V)]}

(222)

(2.23)

The second factor in this integral is a beJJ-shaped function which is synulletrical about its

maximum, ,B 14, which is located at E =-V. The magnitude of this maximum is proportional to liT

and at T =0 the function degenerates into a delta function and

II
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Fig. 2.3 (a) Schematic representation of the density of states in a superconductor-oxide-normal

metal tunnel junction at a finite temperature. (b) Current as a function of voltage for such a junction

at T= 0, TIT, =0.2T" and T > T,. From [Ref. 3].

Ic IVI
(dJ,,) = '-JV 2 _L!J 2

dV T-O

o IVI< L!J

(2.24)

If .1 is independent of energy these equations can be integrated to give

I =(C,-JV
2

-.1
2

'"
o

V;:O:.1

V<.1
(2.25)

Qualitatively this result can be understood from the density of states diagram of Fig. 2.3(a) and the

resulting tunneling characteristic of Fig. 2.3(b). At T =0 there evidently can be no current from the

superconductor until the applied voltage depresses the effective Fermi energy of the nOlmal metal

by an amount which is equal to .1. At that time current starts to flow and at higher voltages the

current asymptotically approaches the straight line of normal-normal tunneling. At a finite

temperature well below T, the exponential tail of the Fermi distTibution always gives a finite

conduction, but there remains a sudden rise for V -.1 as shown in Fig. 2.3(b) for TIT, =0.2.

When T'# 0 the BCS conductance from Eq. 2.24 is

dl" _ c, [500

lEI (!3eXP[!3(E+ V)] JdE
dV - N,(O) L!J -JE2 +.1 2 {1+exp[!3(E+ V)]}'

12
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+J-Ll_I£1_( tJexp[tJ(E+ V)] JdEJ
-00 ..J E' + ,1' {I + exp[tJ(E + V)]}'

(2.26)

This expression for the BCS conductance has been computed numerically by Bermon [Ref. 4] for a

large range of parameters tJLl and tJ V.

The expression for the current I .. in Eq. 2.22 has been shown by Giaever and Megerle [Ref. 2]

to be given by a series which converges rapidly for IVI < Ll

I .. = 2C,,1 "L,Hr' K,{mtJLl)sinh{mtJ V)
m=1

(2.27)

where K, is a modified Bessel function of the second kind. In the low-voltage limit Eq. 2.27

becomes

which in the low-temperature limit leads to

lim ~=(2ntJLl)I/'exp{-tJLl)
v....o. T--+O Inn

(2.28)

(2.29)

For the case of superconductor-superconductor tunneling, Eqs. 2.18 and 2.19 lead to the

following expression for the tunneling current

I =C Joo __1£1_ IE + Vi [f( E) - f( E + V)]dE
" '-OO~E'-Ll~ (E+V)'-Lli

(2.30)

This result was first given by Nicol el al. [Ref. 5], who numerically calculated sample

current-voltage curves and showed that at approximately V = ± Ill, - Ll I I there is a logaritlunic

singularity in the current of magnitude

I" -lnIV-{Ll ,-,1 ,)!

and at V=,1, + ,1, there is a finite discontinuity even at T'" 0

13

(2.31)
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(b)

o~o-===----;c/),~,./),;;-.-----'

ELECTRON VOLTS

Fig. 2.4 (a) Schematic representation of the density of states in a superconductor-oxide

superconductor tunnel junction at a finite temperature. (b) Current-voltage characteristic calculated

from the BCS theory. From [Ref. 3].

Jr:C"~ sinh[p(Ll,+Ll,)/2]

4 cosh(PLl,/2)cosh(PLl ,/2)
(2.32)

These features are shown in Fig. 2.4(b) and may be understood qualitatively by considering the

density of states diagram of Fig. 2.4(a) and how the product of occupied and available states of the

same energy changes as the voltage is changed. At T = 0 Eq. 2.30 reduces to

1 =C Ill. lEi IE + Vi dE
" "-V+Ll, ~E' -Ll ~ ~(E+ V)' -Ll i

(2.33)

Eq. 2.33 can be integrated and expressed in terms of complete elliptic integrals [Ref. 6]. The

discontinuity in the current at V = ±(Ll , + Ll ,) is at T = 0

LlI=(~)C"~ (2.34)

When Ll I = Ll , = Ll and V< 2Ll , Taylor el 01. [Ref. 7] have computed 1" numerically and have

shown that a negative resistance region (dVleli < 0) should appear at T < 0.3Ll Ik8 . When T « Ll

Ik8 and V < 2Ll, the current is welJ approximated by

1 =2cexP(-f3Ll)~ 2Ll (V+Ll)sinh(PV)Ko(PV)
"" V +2Ll 2 2
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For T =0 the discontinuity at V=2Ll is

Ll 1= Tr:C,Ll
2

(2.36)

2.1.3 Gap Broadening by quasiparticle recombination in a strong

electron-phonon coupling system
In a simple and clegant tunneling experiment on films of the extremely strong electron-phonon

coupling alloy Pbo.•Bio." Dynes el al. have directly obtained the quasiparticle recombination time 1:_

by measuring the corresponding temperature-dependent lifetime broadening of the energy gap edge

[Ref.8]. This effect can be seen directly in the 1- V curves of the symmetric strong-coupling

Pbo.Bio.,-I-Pbo.•Bio., junction, shown as a function of temperature in Fig. 2.5. The broadening

shown here, in contrast to the finite discontinuities retained at higher temperatures in the AI-I-AI 1- V

curves of Fig. 2.6 (Ref. 9], arises [rom the large inherent width [" =(h/2Tr: )11:_ of the quasiparticle

states due to strong electron-phonon coupling in this system.The strong temperature dependence is

expected from the relation

(2.37)

which corresponds to the two-particle nature o[ the recombination process, 111: _ [or a given particle

depends on the number of other particles, 11 ~ exp(-LllkBT).

Fig. 2.5 1- V characteristic of Pbo .Bio ,-I-Pbo.•Bio , tunnel junction at several different

temperatures. From (Ref. 8].
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Fig. 2.6 Experimental results for quasiparticle tunneling between identical superconductors.

From [Ref. 9].

These data have been analyzed using the S-l-S current expression

1= Cnf~JE)N{E+ V)[J{E)- f{E+ V)}IE (2.38)

The lifetime broadening is treated simply by adding an imaginary part r to the energy variable

I (E-ir) I
N{E,r) = Re [ ]"'

(E-ir)' -Ll'

OJ

,:,:::'~

u U t~'""'P z.o (I

.,. "'~r~o~~.... (I

t'~~""?

(2.39)

Fig. 2.7 The conductance dIldV YS. V determined from the data shown in Fig.2.5. From

[Ref. 8].
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Fig. 2.8 Plot of corresponding recombination time 'l" = (Ir 12fT: )/1 on log scale vs. liT. From

[Ref. 8].

Differential!- V curves (data points in Fig. 2.7) have been fit by variation of 1 , using Eqs. 2.38

and 2.39. The excellent fits correspond to the values of 1 shown in the figure. The recombination

times 'l" R = (Ir 12fT: )/1 are plotted (data points) semi logarithmically vs. liT, as appropriate to Eq.

2.37, in Fig. 2.8 and compared with the curve calculated by Kaplan et aJ.[Ref. 10]. based on the

cCF(OJ) function measured for Pbo.9Bio., by superconductive tunneling (Dynes and Rowell [Ref.

II]). The agreement is clearly excellent and does not involve parameters other than the measured

r values.

2.2 STM/STS Technique
In this section, we will make a general survey of the STMISTS technique.

2.2.1 Local Probe Method
There are two major methods to perform experiments on a single microscopically small object or

part thereof. In the first method, a lens system connects the microscopic object with the world of

the macroscopic observer or experimcnter. In the second method. the microscopic part of the object

under investigation is addressed by a small probe in close proximity to the object. This is the local

probe method, which probes a local property of the object or produces a local, reversible or

irreversible modification via some interaction between the probe and the object. It is a natural and

conceptionally the simplest way to perform a local experiment and, together with the scanning

capability of the probe, to image a microscopic object. STM pioneered this technique for imaging

and making local modifications on a nanometer scale. In STM, imaging is performcd by scanning
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a probe over a fixed sample, and the drives for probe are generally built from piezoelectric

components. Tripods [Ref. 12] or tube [Ref.13] drives cover fields of view from a few thousand

'A up to several ~m.

The major instrumental problems are the vibration isolation of the local probe-object distance and

the coarse positioning of the probe within the range of the piezo drives. Vibration isolation is

achieved by either protecting the instl1.lment as a whole from its environment [Refs. 14-16] or by

making the lowest eigenfrequency of the mechanical path between object and local probe much

higher than any mechanical vibrations of the environment. Various coarse-positioning methods

have been used since the "louse" [Ref. 14]. Many of them are variations of reductions by lever

systems [Refs. 17, 18], often combined with some kind of differential spring and screw systems.

Convenient, remote coarse positioning over macroscopic distances in threc dimensions, as done in

the bioscope [Ref. 19], and at high mcchanical eigenfrequencies for fast imaging are chal1enges for

future versatile instmmentation. An interesting approach in this direction are the micromechanical

insll1.lment [Refs. 20, 21] or "beetle" type instl1.lments [Ref. 22].

2.2.2 Resolution
The cl1.lcial elements for the lateral resolution of local probe methods are the size of the probe, the

distance between probe and object and its control, and the distance dependence and lateral variation

of the interaction under consideration. Therefore, the resolution depends on the local sample

propenies, so it is not possible to give simple general resolution criteria. evenheless, we can get

a feeling for the resolution by considering the width L of the interaction filament, which contains

1-1/1) of the total interaction intensity, as shown in Fig. 2.9. For the distance dependence of/(d)

'" exp(-/(d), we obtain

(2.40)

for STM [Refs. 23, 24]. The value of 1) depends on the ratio of intensity change due to the object

and that due to noise. Stoll [Ref. 25] obtains

(2...l1)

Where a is the minimum period of a corrugation of height Ii. which can be detected and 8 the noisc

in tenms of distance fluctuations. The interaction used for STM imaging is tunneling (Fig. 2.10).

The resolution limit can vary appreciably according to the property probed and the smallest

practicable probe size. Atomic resolution is generally achieved in STM, in which the apex atom of

the probe tip serves as a local probe.
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A B

Fig. 2.9 Interaction fed ) between a spherical tip of radius R and the surface of an object at

distance s with a geometrical feature at A and an interaction inhomogeneity at B. From [Ref. 26].

The tunneling current is a measure of the overlap of the electronic wave functions of the tip and

the sample in the gap between them, i.e., the tip wave functions probe the object wave functions.

In the approximation of Tersoff and Hamann [Ref. 23], the tip probes the local density of states at a

distance R+s from the surface. The tunneling current depends exponentially on the separation

between the probe tip and the sample

I =Bexp(-/u)

The decay length llle is related to the effective average tunnel barrier height ¢

K= {2,11# =A#ffl

(2.42)

(2.43)

In the case of a vacuum barrier, III is the free electron mass and A = 1.025 k leV' I". At large

distances, e.g., s ~ 20 A, ¢ closely corresponds to the work function, while at small distances the

average tunnel barrier decreases with decreasing s (Fig. 2.10). B is proportional to the local

TUNNELING

.~) C( exp-(K'S)

S

Fig. 2.10 Interaction in tunneling.
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density of states involved in the tunneling process, which are selected by the voltage applied

between probe tip and object, i.e., the sample's occupied states when thc electrons tunncl out of the

sample, the empty states when they tunnel into it. Band K are the local electronic sample

properties of interest in an STM investigation. For metallic densities, 1:= I nA for s := 6 A, ¢ := 5

eVand V= I V.

2.2.3 Free-Electron Model
There are several model calculations (Baratoff [Ref. 27], Garcia el al. [Ref. 28], Tersoff and

Hamann [Ref. 23], Stoll el al. [Refs. 24, 25]). The first two relied on a perturbation approach to

tunneling, whereas the latter two consider the transmission of plane waves through a rectangular

potential barrier with corrugated boundaries. The former approach is in principle beller suited for

treating real surfaces and for making contact with the electronic structure of specific materials. The

latter one has the advantage of being more direct and u'ansparent, and is not restricted to low

transmissivity. In particular, valuable insight into the principle and resolution of STM can be

gained since the spatial distribution of the current density can be computed and displayed explicitly.

The dependence of Eg. 2.40 is obtained in both of lalter two. Here, we introduce Stoll's model.

Their purpose is to elucidate general features and trends of tunneling between a fine tip and a

periodic sample surface. To simplify matters they consider a potential barrier of constant height U

between periodically corrugated metallic electrodes, which are treated as free-electron metals.

Furthermore the temperature is assumed so small that for all practical purposes all states below the

Fermi energy EF are occupied and those above EF are empty. For a sufficiently small applied

voltage V between the tip and the sample, the change in the potential is negligible, and the net

tunneling current arises from states within an effective energy window where eV« E,- near E",

Adopting the same way introduced by Garcia el al. [Ref.28], the tip is replaced by an array of tips

whose period is a multiple of the fundamental periodicity of the sampled surface [ ee Fig. 2.1 I].

For a sufficiently large period of tlle array, the calculated conductance per supercell approximates

well that associated with a single physical tip. This formal u'ick transforms tlle problem into that of

scattering and transmission of plane waves incident on a periodically modulated slab, a slight

generalization of diffraction by a corrugated hard wall, a time-honored problem for which several

numerical methods of solution have been proposed and compared [Refs. 29, 30].

Considering first the situation in which electrons tunnel from the sample into the tip(s), for each

incident plane wave we assume

(2.44)

where III is the electron mass. To keep the notation simple, both metals are assumed identical. As

in standard surface scattering problems [Ref. 29] the wavevector k, of the incident wave is split
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Melal 2

lllR)

Fig. 2.11 Geometry of the two-dimensional cormgated sample and tip array with boundaries Z =

Zt,2(R) , and wavevectors of the incident, reflected and transmitted plane waves. From [Ref. 24].

into components parallel and perpendicular to the surface

ki =(K, kJ

Thus the incident wave (normalized per unit volume) is

lfIi(r) =exp[i(KR - k,z)]

(2.45)

(2.46)

As illustrated in Fig. 2. J I, an infinite set of scattered or reflected waves, labeled by the reciprocal

lattice points G, is generated

lfI,(r) =2>Gexp{i[(K +G)R+k'Gz]}
G

(2.47)

The total wavefunction lfI = lfI i + VI, must be matched to the appropriate solution in the barrier

region, which is conveniently represented as

lfIb{r) =2,[a~exp(-/(Gz)+ a~exp(/(AFxp[i(K + G)RJ
G

21
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Similarly we can describe the waves transmitted into the tip array

1I',(r) = ICGexp{i[(K+G)R-k'Gz]}
G

(2.49)

To guarantee energy conservation the components k'G and KG in Eqs. 2.47-2.49 must satisfy the

following conditions

k'G =[k,' - (K + G)']'"

and

where

(2.50)

(2.5 I)

(2.52)

The assumption of a step-like change in the potential at the electrodes leads to the condition that

the wavefunction and its derivative normal to the surfaces, defined by

Z= z,(R) j= 1,2 (2.53)

must be continuous. These conditions lead to the following equations

(2.54)

(2.55)

where summation over repeated indices is implied, and the matrices M U) and IVO) and the vectors

EU) and a are defined in the following way

(2.56)
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wJg =eXP[i(RG±ZAG)](_ I )
+k'G/k,

with the upper(lower) sign referring to j = I(2) and

(2.57)

(2.58)

The equations describing tunneling from the tip array into the sample are obtained by changing the

signs in front of k, and k'G' and interchanging I and 2 in the above equations.

For computational purposes the sums in Eqs. 2.47-2.49 are truncated, e.g., only a finite number

of waves with IGI $ 2 n NG/ L are kept, resulting in there being N =2NG+ I independent coefficients

of each type (I\;, a~, aG, CG ). The basic idea of the so-called GR-method is to impose Eqs. 2.54,

2.55 at N regularly spaced colJocation points inside the supercelL

Retuming to Eqs. 2.54, 2.55, where MOl and \1"> are now 2Nx2N and 2NxN matrices,

respectively, one may consider them as a system of linear equation for the 4N unknown

coefficients or, alternatively, first eliminate aG• We then solve the system

(2.59)

and can compute aG, if desired, from

(2.60)

2.2.4 Operating Mode
Tracing the contours of constant interaction intensity with the probe tip is so far the easiest and

most widely used control and imaging mode. It produces a "constant interaction surface". In this

mode, the deviation from a set interaction intensity is corrected by constantly adjusting the

separation of tip and sample via a feedback system. In STM, this is called the "constant current

mode" [see Fig. 2.12(a)]. In region A, the interaction is homogeneous and the tip trace

corresponds to the surface topography up to resolution broadening. In B, an inhomogeneity in the

interaction changes the tip trace accordingly. In C, the local property is affected by the proximity of

the tip. Shown is the effect of an elastic response of the object surface to an attractive force

between the tip and the object, which induces a reversible change of the surface geometry. Effects

of possible tip-surface interactions on the imaging should always be given due consideration.
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~
(a)

A

B

(b)

A

i)
B

Fig. 2.12 (a) Constant current and (b) constant height mode. From [Ref. 26].

The imaging speed is limited by tile motion of fie probe tip in vertical or z-direction. This motion

should only have frequency components smaller than the mechanical resonance frequency of fie

mechanical path connecting the probe tip and the sample. For a resonance frequency of 5 kHz and

a pixel size of I A, fie scan speed should be considerably less than 5000 Nsec.

The imaging speed can be increascd substantially by keeping the z-position of the probe tip

constant and recording the change in intensity [Ref. 31] [see Fig. 2.12(b)]. In practice, the time

constant of the feedback loop is made suflicienUy long or, if the relative z-position of the tip and the

sample remains stable in time, the feedback loop is disabled. The limiting factor is then the scan

frequency. Tltis is called "constant height mode". It has to be applied to relatively flat parts of a

sample due to the limited dynamic range of the control electronics. For instance, four orders of

magnitude in the tunnel CUITent at a tunnel barrier height of 2 eV allow maximal height differences

of about 6 A. Constant height images give a qualitative topography, for conversion to a quantitative

topography fie detailed distance dependence of fie interaction is required, which is not known a

priori.

Of prime importance in nticroscopy are the lateral and, for topograpltic structures, also the

venical sizes of specific features. They are obtained [rom the calibrated displacements of the probe.

However, the absolute probe-object distance, s, is required when carrying out deconvolution

procedures, since the lateral resolution depends s. In other experiments, such as those aimed at the
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general distance dependence of an interaction, s is even a primm-y parameter.

In one approach, contact between the probe tip and the objcct surface is taken as s =O. This

seems straightforwm'd and guite natural. In practice, however, contact is a rather delicate and nOl

well understood problem. In tunneling, contact is usually associated with a discontinuity in the

current vs. distance relation [Ref. 32]. Since such a discontinuity is not accounted for by theory, it

is associated with a mechanical instabiliry due to rearrangements or displacements of the probe and

object atoms in the contact area. The discontinuity at contact can vaJ-y appreciably, from less than a

factor of two in the current on clean metal surfaces [Ref. 32] up to two orders of magnitude in an

electrolytic environment. Moreover, the predicted flattening of the I(s) curvc in the 2 A region

before contact is not always observed [Ref. 33]. Thus, contact is in practice a somewhat fuzzy

concept, at least experimentally on a subangstrom scale.

A second approach uses an extrapolation from a region where the distance dependence of the

interaction is believed to be well known. In tunneling, one method uses the field emis ion or

Gundlach resonance [Refs. 14, 34,35] or the fact that in the field emission regime, I - exp(-¢ '"

IE), where E = Vis, as long as the radius of curvature of the tunnel tip R is lm'ge compaJ'ed to s.

Still another estimate is based on the Tersoff-HaJnann model and compares a measured surface

corrugation amplitude with a calculated one.

2.2.5 Imaging
An image closest to the topography or geomeu'ical sUucture is obtained as a constant interaction

surface, provided the interaction itself and the response of the object to it are homogeneous. This is

usually the case for clean metallic surfaces. On electronically inhomogeneous surfaces, the central

task is to separate the inhomogeneity effects, like those at Band C in Fig. 2.12, from geomeuic

features. In STM of clean metal surfaces, the constant interaction surface reflects the surface

structure. In many others, however, the vaJ'iations in the interaction dominate the image contrast.

It is the local electronic properties contained in Band K of Eg. 2.42, which make the interaction

inhomogeneous. The imaging methods concerned with Band K m'e STS with its vmiations and

work-function profiles.

2.2.6 Spectroscopy
STS is concerned with the local density of elcctron.ic states, which appears in the prefactor B of

Eg.2.42. The electronic states of interest m'e selected by the voltage applied between thc tip and the

sample. A cenain "com'se selection" is made by the energy dependence of the tunneling probability

as Shown in Fig. 2.13. The simplest type of STS consists of taking two constant currcnt images at

reversed polarity [Ref. 36]. We thcn obtain an image each of predominantly occupied and empty

states, respectively. In the case of GaAs, As appears in the image of tile occupied states, Ga in
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Fig. 2.13 Tunneling transmission is highest between occupied states at EF 1 and the empty states

at EF2+V. From [Ref. 26].

those of the empty states. In a second mode, images taken at different voltages are compared,

where the voltages are chosen such that specific electronic features are particularly evident in the

corresponding constant current images [Ref. 37].

An elegant variation of this approach is the current imaging tunneling spectroscopy (CITS) [Ref.

38]. There, the z-position of the tip is controlled in the constant CUlTent mode at a set current and

voltage 10 and VO' respectively. The control is disabled intennittently to record 1- V curves at every

pixel. Besides the constant current image at Vo' a series of images of 1-/0 at V-Vo are obtained,

which should exhibit the relevant electronic features. The art of the method consists of choosing Vo

such that the constant current image is electronically as homogeneous as possible. Hess el al.

observed the superconducting vOltices in 2H-NbSe, with this technique [Ref. 39].

The classical way of performing STS entails measming dI/d V (or better d(ln l)/d(ln II) for

normalizing purposes) simultaneously with the topographic mode so as to obtain the local density

of states at an energy E,.±V, depending on polarity, and at a distance from the surface given by the

set current and the set voltage [Refs. 31,40-42].

Finally, we call a special mode of CITS, which we developed, as AST (atomic site tunneling

-spectroscopy). The uniqueness of the AST technique is that the tunneling spectra are all taken at

various positions predetermined optionally during a single scan of atomic imaging. Therefore, once

a shot of STM image is observed, we have a number of tunneling spectra of which measuring

positions are known on the image taken simultaneously with an atomic scale. In the case that the

specimen has the spatial variation of local electronic structure in an atOinic scale, this technique

becomes a powerful tool to detect it. Hasegawa el al. have already showed such kind of

observation on the b-c plane of a Bi,Sr,CaCu,Oy single crystal [Ref. 43].
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Chapter 3

Experimental

3.1 Design of Cryogenic STM

3.1.1 Hardware
Cryogenic STM apparatuses developed by a number of groups can be roughly divided into two

types. One approach to building a cryogenic STM system is to refolm an usual ultrahigh vacuum

(UHV) type STM for the operation at cryogenic temperature [Refs. 1-6]. The other is to design a

special type of STM which can be dipped into a liquid He storage Dewar [Refs. 7-13]. The fonner

type allows an observation in UHV, so that a good surface condition of a specimen can be obtained

relatively easily. Since the same ways of approaching and vibration isolation are available, the

developmental efforts can be focused on how to cool the STM unit and prevent the sample surface

from adsorption. This way seems to be ideal except a heavy cost. The latter type allows cooling

the whole system down to 4.2 K (or below by pumping) by steeping it in liquid He. By using a

superconducting magnet, an observation under high magnetic field is possible. It is one of the

advantages of this way that the expenses can be cut down. However, this needs special design

which is completely different from ordinary STM apparatuses. We chose the second way.

Three facts which stand in the way of the development of cryogenic STM are cited as foUows:

I) Thennal expansion and contraction of the STM unit.

2) Limited space for vibration isolation in the insert chamber.

3) Decrease of the piezoelectric coefficient at cryogenic temperature.

When we use the STM in the temperature range between liquid He temperature (4.2 K) and room

temperature, i. e.. temperature difference of about 300 degrees. thermal expansion and contraction

of the STM unit become a problem. If the STM unit is composed of materials which have various

thermal expansion coefficients spreading over a wide range, it may be destroyed by sU·iction. Since

thennal drift of I Aof the distance between a probe tip and a sample changes the order of tunneling

current, the demand for the stability of the temperature during the measmement is very strict.

Therefore, we should use materials whose thermal expansion coefficients are small, and make tile

STM unit as small as possible, and design it to be a symmeU'ic shape which cancels x-y drift.

In the narrow space of the insert chamber, it is difficult to provide a sufficient vibration isolation

system. In order to make the STM unit itself have resistance against mechanical noises such as an

aCOustic wave and vibration of the building, it is effective to raise the resonance frequency of the

unit higher than noise frequencies by making it small and rigid.
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At 4.2 K, thc piezoelectric coefficient of the PZT material, which is a component of the scanner,

decreases to about 1110 of that at room temperature. Accordingly, at cryogenic temperature, it

becomes difficult to reduce thc tip-sample distance within the tunneling region avoiding a crash.

possible methods to cope with this problem are to adopt a PZT material whose piezoelectric

coefficient is large, and to provide a system which magnify the movement of the PZT, e.g., a

mechanical lever, and to make one approaching step shorter than usual.

We had built our first STM using the same method as originally presented by Smith and Binnig

[Ref. 7]. With this STM, Hasegawa ef al. got tunneling spectra which showed superconducting

gap dimly on the cleaved surface of Bi2Sr2CaCu20 y [Ref. 14], but no atomic resolution images

were obtained. The approaching system using a spring and a flexible sample holder did not work

reproducibly but caused z-drift. The adjustment operated by hand almost could not escape from

collision between the tip and the sample. The single copper tube in which the STM unit was fixed

was sensitive to bubbling of liquid He, and easy to propagate the vibration. We reformed it and

built new machines several times, and finally we reached a system which is quite different from the

original one. Figs. 3. land 3.2 show the current cryogenic STM system.

(c)

Fig. 3.1 Cryogenic STM unit (airtight type).
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A scanner is composed of four piezoelectric rods, which are arranged almost like the tube scanner

[Ref. 15], and a tip holder on the top of them [Fig. 3.1 (a)]. The piezoelectric rod employed is a

special type which is formed by piling small chips of PZT (Tokin Corporation, NLA 2x3x 18), and

has very large piezoelecu'ic coefficient of 1200 NY. It has the maximum applied voltage value of

130 Y, which allows maximum expansion of 1.56 ~Lm even at 4.2 K. The tip holder is insulated

from PZT's with MACOR to cut off the electric signal applied on PZT's during the scanning. All

higher voltage electrodes of the four piezoelectric rods are connected to the longitudinal z-drive, and

two lower voltage electrodes of one and adjacent PZT's ~l.re connected to the lateral x- and y-drives,

and the other two to the ground. In the z-axis motion, all the PZT's move. In order to scan. two

PZT's corresponding to the x- and y-axes expand and contract, and a probe tip mounted on the

holder moves like nodding. With this scanner, we obtain a wide scanning area more than 1.5x 1.5

~m even at 4.2 K, which is sufficient for the observation of a macro-scale structure.

The scanner is fixed on the 3D stage with which the tip position can be adjusted easily.

Moreover, the x-stage can be moved by using a worm gear and a rotaJy shaft driven by a stepper

motor even during the measurement, and we can change an observed aJ'ea with a large distance.

This allows us to find a suitable area of the sample surface to observe and increases the probability

of success per one measurement. In addition to the PZT' building the scanner, extra four outer

piezoelectric rods connected to a DC bias are provided. These PZT's make it possible to

compensate for a large tip-saJrnple distance change due to thennal or mechanical drift in the

z-direction, by using them manually. It is also desirable to use these PZT's to make the tip take

refuge when the mechanical systems, which cause vibration, are working.

Fig. 3.1(b) shows a sample holder. A specimen is nipped between an electrode and a glass plate

pushed by'a spring. This saJrnple holder is fixed on a spindle of a micrometer head [Fig. 3.I(c)].

We adopt a differential type micrometer head using two screws which have different but very close

pitches (Mitsutoyo Corporation, MHF2-2.5). A 360 degree rotation of a handle gives 50 flm linear

motion of the spindle. The handle is driven by a stepper motor via a rotaJY shaft. The stepper

motor has harmonic gears and 0.0036 degree steps. Finally, this mechanical approaching system

gives a calculative approaching step of 5 A, which is much smaller than the maximum span of the

z-PZT motion of 1.56 flm at 4.2 K. Even if this did not work as we calculate, it seems to be

sufficient.

Fig. 3.I(d) indicates the setting procedure of the STM unit. Finally, the scanner and the saJnple

holder are covered with a tube, and the unit itself works as a airtight chamber. There is a hole for

gas exchange beside the micrometer head, and a val ve fixed at the spindle closes or opens the

airtight chamber. This airtight structure is designed in order to observe chemically unstable

materials. Some of the HTSC materials aJ'e degraded if they aJ'C exposed to the air. H20 and CO2

in the air are thought to react on these materials. After the exposure, an insulating shell is formed

and an STM observation becomes almost impossible. With this airtight unit, we can observe these

unstable specimens with thc following procedure.

I) Set a specimen in a glove box filled with inert gas.
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2) Closc the airtight unit in the glove box.

3) Fix the unit in the insert chamber [see Figs. 3.2(a) and 3.2(b)].

4) Evacuate the insert chamber with a rotary pump.

5) Open the ailtight unit and evacuate it.

6) The inselt chamber and Ole airtight unit are filled with thennal exchange gas (He).

7) Dip the insert chamber in the liquid He storage Dewar to cool it down to 4.2 K.

By following this procedure, the specimen can be subjected to a cryogenic observation without

exposure to air. It is well known that the depletion of the surface oxygen occurs if the HTSC

material is storcd in an UHV chamber. Edwards el al. repOited that they obtained atomic resolution

on a YBa,CuJOy single crystal after cleavage at 20 K, and if they raised the temperature higher than

60 K, they could not get a clear atomic image [Ref. 16]. This result is consistent with the results of

photocmission spectroscopy (PES) [Refs. 17 , J8]. With our airtight unit, we have to neither

exposc the specimen to air nor store it in UHV. Therefore, we believe, our method is superior to

UHV STM systems as long as this problem is concerned.

For vibration isolation, the Dewar is put on a platform of an air damper which is supported by

four pncumatic vibration isolation legs, and the STM unit is suspended by three springs inside the

insert chamber (see Fig. 3.2). During the approaching process using the micrometer head, the

STM unit is locked between an upper stationary ring and a lower movable stage which is pushed by

(a) (b) (c)

Fig. 3.2 Cryogenic STM apparatus.
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a micrometer head. After the adjusunent of the tip position, the probe tip is brought far from the

sample surface by expanding the outer piezoelecu'ic rods for manual use, and the stage is moved

down by the micrometer head driven by a stepper motor via gears and a rotary shaft. After the

STM unit is completely released, the probe tip is carried into the tunneling distance again, and then,

we staJt to measure.

3.1.2 Probe Tips
A probe tip is one of the most important parts of an STM apparatus, because it is a key to

whether atomic resolution is achieved or not. Generally, mechanically ground or chemically etched

wires (W, Pt, etc.) are used for STM. Although the probe tip still remains a mysterious paJt of

STM, recent calculations conclude that a normal atomic image reflecting real atomic arrangement

can not be obtained unless the end of the tip has a single atom, and that an atomic image is distorted

when the tip is out of perpendicular to the saJTIple surface [Refs. 19-25]. In practice, we often

experienced that the atomic images observed on the same material varied with distortion depending

on the measurements. Comparing with these experience, the conclusions of the calculations seem

to be worth believing. One group, which insists significance of estimating the state of the tip,

realizes the single atom tip by using field ion microscope (FIM) [Refs. 26-30]. Now, this is a very

rare case, however, the estimation of the probe tip may be going to be demanded as evidence for

reliability of the STM data in the near future.

At the early period of this study, we employed mechanically ground Pt09lrO 1 tips (Digital

Instruments, Inc.), but did not obtain sufficient reproducibility from the viewpoint of atomic

resolution. Therefore, we use chemically etched tips which we make by ourselves now. Wor Au

wire of 0.3 mm in diaJneter is employed for this purpose. We prepare KOH (l mol/I) or

CaCllHCI (CaCI2 220 g, HCl 40 ml /1) distilled water solution and use Pt wire or carbon rod as a

counterelectrode for making W or Au tips, respectively. The etching process is the same for both

materials, as follows:

I) Pour 50 mI of the solution into a very clean beaker.

2) Insert the counterelecrrode into the beaker.

3) Submerge the wire I mm into the solution.

4) Adjust the Variac Auto Transformer for 35 V, and with it off, connect one output to the

electrode.

5) Connect the other output of the Variac to the wire.

6) Turn on a Variac and etch the wire. While the tip is etching, the solution will bubble

violently, and the end of the wire will glow.

7) The wire will be constricted just below the surface of the Iiquid, and this pm-t will be etched

faster than other pa.Jts of the wire.

8) The constricted part will begin to glow. Stop etching when the glow becomes bright, i.e.,

the constriction becomes narrow.
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Fig. 3.3 FE-SEM picture of an electrolytically etched Au tip for STM.

9) Reduce the Variac lower than I V and turn on it and re-etch the wire observing with

an optical microscope. Continue to etch the wire until the constriction becomes very

narrow.

10) Repeat turning on and off the Variac, and stop it when the wire is cut at the constriction and

the end drops.

II) Rinse the tip with the distilled water.

12) Dip the tip into acetone and clean it by using ultrasonic waves.

By this method, we can make a tip whose end has a radius of 600 A reproducibly, as shown in a

field emission scanning electron microscopy (FE-SEM) picture (Fig. 3.3). It takes 3-5 minutes to

prepare one tip. We can also make P~.9IrO I tips with this technique, but it takes more than 10

minutes and the tips obtained tend to have ends of larger radii. Therefore the Au tip is the best

because of its sharpness and chemical stability. The end of the W tip is thought to be covered with

an oxide or hydroxide layer. In this case, the presence of the surface states may cause resonant

tunneling, and the tunneling spectrum possibly does not reflect intrinsic nature of the specimen

[Refs. 31-33]. Hence we should be very careful with W tips, which probably need after treatment,

e.g., baking in UHV, to obtain intrinsic data.

3.1.3 Electronics
Fig. 3.4 shows a diagram of the whole STM system. The tunneling current which flows

between the tip and the sample is picked up and amplified by a preamplifier, and the current signal

is transformed into a voltage signal. The main electronics is an analog feedback circuit composed

of a series of operational amplifier Ie's (Fig. 3.5). We built this main electronics based on the
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- - - - - Feedback Loop

Data

D/A

D/A

D/A

Fig. 3.4 Schematic diagram of the feedback system for STM.

L-- -o~> moo'

Fig. 3.5 Analog circuit for feedback of the STM.
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method originally presented by Park and Quate [Refs. 34, 35]. The tunneling signal (1,) is

compared with a reference voltage manually determined (Vo) by AD524. The difference is

amplified by another AD524 via an RC filter and applicd to the higher voltage electrodes of thc

z-PZT's (V,) via a high voltage power supply, which makcs thc z-PZT's move to keep the

lunneling currenl constant. A computer generales x, y scanning signals, which is applied to the

lower voltage electrodes of the X-, y-PZT via a computer interface which provides digital to analog

(D/A) converters. During the scanning, an analog to digilal (NO) converter takes the z-data into a

memory buffer, and a CPU transfers the z-data into a main memory and display it on a screen.

There are two modes of data acquisition. The first mode is to take data from the output of the

first AD524 by monitoring the variations in the tunneling current, while we scan at high speed with

slow feedback. In the second mode we take data after RC filtering to record the actual tip

displacements, while we scan slowly with fast feedback. The first mode and the second one

generally correspond to the constant height mode and the constant current mode discussed in

Chapler 2, respectively. An image can be taken in a short time using the first method, where the

thennal drift and vibralion problems are not significant. This melhod can be used when Ihe sample

is atomically flat so that there is no danger of bumping the tip, and graphite is the only material

whose atomic images can be obtained with this method as far as we tried. In the second mode, we

can take atomic images of all materials if their surface conditions are good, but we have to provide

environment of low vibration and stable temperature.

When we measure a tunneling spectrum, the feedback loop is opened by a switch IC (Q I in Fig.

3.5) and a condenser holds the output voltage applied to the z-PZT's (V) for several ms. During

this period, 1- V characteristics can be measured by changing the voltage between the tip and the

specimen and recording the variations of the tunneling current. A tunneling spectrum (dI/dV- V

curve) is obtained if we calculate differential conductance (dlldV) value for each voltage (V) over

the measuring voltage range based on the 1- V curve. We found that this calculation method gives

the same result as the direct measuremcnt of the dllelV-V characteristics by using lock-in technique.

We adopt this method because of simplicity.

3.2 Sample Preparation

3.2.1 Crystal Structures and Electronic Natures of HTSC's
Generally, HTSC's have perovskite-Iike layered structures composed of several kinds of layers

which contain CuO, sheets of corner-linked square-plane coordinated copper and oxygen atoms,

and the other spacer atom layers interleaving the CuO, sheets. Figs. 3.6(a) and 3.6(b) indicate the

crystal structures of Bi,Sr,CaCu,O, (BSCCO) and YBa,Cu,O, (YBCO), respectively. In real

crystals, the oxygen atom has nonstoichiometry and the spacer atoms, which range from Ca, Sr,

and Ba, to Y and the rare earths, have cation disorder. BSCCO has incommensmate modulation
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Fig. 3.6 Crystallographic structure of BSCCO and YBCO.

structure along the b-axis whose periodicity corresponds to about 4.8 times the b-spacing [Refs.

36-38J. The Bi-03 bond, which joins adjacent sheets in the Bi2 0 2 bilayer, is long and weak. This

weak bond parallel to the c-axis results in very weak intcrlaycr bonding and mica-like mechanical

behavior, which allow cleavage of the crystal. The specific feature of the YBCO system is the

existence of one dimensional CuO chain layers which do not have oxygen between Cu atoms in the

a-direction but have in the b-direction. Owing to this CuO chain layer, YBCO has the

orthorhombic phase (OItho I) with large oxygen content. As the oxygen content decreases, the

orthorhombic superstructure phase (Orlho II), in which oxygen is completely absent from every

second CuO chain, appears, and finally it changes to a non-superconducting teu'agonal phase [Refs.

39-42].

Fig. 3.7 shows a general electronic phase diagram of the HTSC. It is widely believed that the

Cu01 network is the principal site of electronic activity of this system. At the left end of this

diagram, copper ions in the Cu02 sheets are in a Cu2
' valence state with a Cu3d 9 decU'onic

configuration which corresponds to a half-filled dx'_r' band. Although the system is expected to be

a metal at tltis can'ier density, the real material, e.g., La2CuO" turns out to be an insulator with

long-range anti ferromagnetic order. This insulating nature of the undoped system is understood as

a result of strong electron correlation on the Cu sites of the Cu02 network. A sU'ong on-site

Coulomb repulsion U leads to splitting of ti,e band into all upper and a lower Hubbard band as
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Fig. 3.7 Model phase diagram of the high T, cuprate system.

shown in Fig. 3.8(a). In the case of the cuprates, the 02p band is located in the Matt-Hubbard gap

owing to the atomic energy level proximity, which makes the actual situation more complicated.

The Fermi level lies in the energy gap between the 02p band and the upper Hubbard band of Cu3d

character. Therefore, the lowest electronic excitation energy Ll is charge transfer from the occupied

02p band to the empty Hubbard band [Fig. 3.8(b)]. This is categorized in the charge transfer type

insulator according to the Sawatzky-AUen-Zaanen scheme [Refs.43, 44]. Charge carriers are

introduced into the parent material by doping. Hole carriers are doped by cationic substitution or by

oxygen intercalation. Even a relatively small number of holes destroy the antiferromagnetic long

C1I3d

Cu3d
02p

u

(a)

Cu3d

(b) (e)

Fig. 3.8 Models of the electronic stlUcture of the Cu02 plane. (a) Band model. (b) Mott

Hubbard insulator. U: Matt-Hubbard gap. Ll : charge transfer gap. (c) Reconstruction of the band

structure. In-gap states are formed around the Fermi level.
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range order, although strong spin correlation remains up to high doping levels [Ref. 45]. It was

elucidated by the results of optical measurements [Refs. 46, 47], PES [Refs. 48, 49], electron

energy loss spectroscopy (EELS) [Refs. 50, 51], and X-ray absorption spectroscopy (XAS) [Ref.

52] that hole donation causes the reconstruction of thc band struclure and in-gap slates are fOlmed

around the Fermi lcvel decreasing both the conduction and valence bands of the parent matcrial

[Fig. 3.8(c)]. As the hole concentration is increased, a insulator-mctal transition occurs and

superconductivity emerges with the T, rising up to a maximum. With further hole doping, the T,

decreases, although the system keeps becoming more metallic. In the electronic phase diagram

(Fig. 3.7), the lower (higher) carrier density side of OlC optimally doped composition which gives

the maximum T, is called the underdoped (overdoped) region.

BSCCO has the oxygen nonstoichiomeuy which determines the hole concenu'ation in the Bi20 2

bilayer, and YBCO has in the CuO chain layer. Fig. 3.9 indicates the dependence of T, on the

oxygen content for BSCCO [Fig. 3.9(a)] and YBCO [Fig. 3.9(b)], respectively [Refs. 53, 54]. As

shown in Fig. 3.9(a), the curve of T, vs. hole concentration in the phase diagram of the BSCCO

system can be easily fit by a parabolic curve. A universal curve, which is applicable to La, Bi and

Tl superconductors, was found to be the parabola TjT/max)=l-82.6( p-0.16)2 wherc p is the

number of holes per Cu [Ref. 55]. In the case of the YBCO system, the situation is more complex.

There are two phases namely thc 90 K and the 60 K phases, which correspond to the 011ho 1 and

Ortho II phases described above, respectively. Therefore, the curve has a plateau as a result that it

is composed of two parabolic curves contributed from the two phases [Fig. 3.9(b)].
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Fig. 3.9 The variation of T, with oxygen stoichiometry for (a) BSCCO and (b) YBCO system.

From [Refs. 53, 54].
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3.2.2 Bi2Sr2 CaCu2 0 y Single Crystals
Single crystals of BSCCO were kindly offered by Mr. N. Motohira (Kitazawa Laboratory,

University of Tokyo). They were grown by a floating zone method [Ref. 56]. Sintered feed rods

were first prepared by solid state reaction using high-purity Bi,O), SrCO), CaCO) and CuO as

starting materials. A nominal composition of the rods was Bi2.2SrJ..CaCu,Oy' An infra-red heating

furnace equipped with a double ellipsoidal mirror and two halogen lamps (Nichiden Machinery

Ltd., SCI5-HD) was used for the crystal growth. The growth was done at a speed of 0.5 mmlh

and in the oxygen pressure of I atm.

One zone-melted rod, which is 7-8 mm in diameter and 60-70 mm long, is composed of a

number of single crystals piling up in such direction that their c-axes are perpendicular to the rod's

axis. Crystals were separated from the rods and selected under an optical microscope. They were

rectangular platelets parallel to the a-b plane, while Ule c-axis was along the thin direction. A

typical size of the crystals is 5x5xO.5 mm [Fig. 3. 10(b)], which is suitable for the observation on

the a-b plane. These crystals were characterized by X-ray diffraction (XRD) analysis and

magnetization measurement, indicating exceUent quality. A BSCCO crystal has cleavage which

occurs between a double BiO layer. Therefore, we can get a clean surface just before the

measurement by using adhesive tape very easily.

The as-grown BSCCO crystal exhibited Meissner transition onset at 88.9 K. The oxygen content

of as-grown BSCCO employed in this work is thought to be in the over doped region. In order to

increase the information obtained by observations, we prepared five kinds of specimens with

different oxygen contents by annealing the as-grown single crystals under high-pressure 02' I atm

0" air, 2' and Ar atmosphere. Heat treatment conditions and Tc's determined from the onset of

magnetic susceptibility were listed in Table 3.1.

Besides these specimens, to make a comparison, we measured single crystals

Bi, .Pbo,Sr, .CaCu,Oy (Tc -82.9K) in which Pb atoms substituted for the Bi sites dope holes.

(a) (b)

Fig. 3.10 Pictures of (a) BSCCO single crystals and (b) YBCO thin films.
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specimen atmosphere temperature Tc

200 atmOz 600°C, 12 h 74.5 K
1 atmOz 850°C, 30 d 83.6 K
1 atmair 800°C, 20 h 88.4 K
1 atmAr 700°C, 7 d 86.5 K

Table 3.1 Heat-treatments and Tc values of four BSeeO specimens.

3.2.3 YBa2 Cu30 y Thin Films
All the YBeo thin films employed in this work were kindly supplied by Dr. M. Kawasaki, Dr.

J. P. Gong, Mr. K. Fujito, and Mr. R. Tsuchiya (Koinuma Laboratory, Tokyo Institute of

Technology).

The (001) oriented YBeO films were deposited on SrTiOJ (STO) single crystal (100) substrates

by ArF excimer laser ablation from the stoichiometric target. The growth conditions were 0,

pressure between 200 and 400 mTorr, substrate temperature between 700 and 730' C, and laser

nuence of I Jlcm'. The thickness of the films was between 50 and 300 nm. The as-grown films

were cooled down to room temperature after annealing in an 0, atmosphere of 700 mTotT at

substrate temperature of 400'C for 30 min. Every YBCO epitaxial thin fl1m prepared under the

described condition had excellent superconducting properties with Tc of 90 K, critical CUlTent

density Vel higher than 106 Ncm' at 77 K, and normal resistivity ratio [p (300 K)/p (100 K)] of 3

(Fig. 3.11). XRD patterns measured on these films showed a full width at half-maximum of the

(005) peak as narrow as 0.11' (Fig. 3.12). Rutherford backscattering spectrometry (RBS) gave tile

aligned-to-random ratio X m;" as low as 3.5 % (Fig. 3.13).
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Fig. 3.11 Normalized resistivity vs. temperature curve of a YBCO film.
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Fig. 3.12 (001) XRD patterns of a 300 run thick YBCO ftlm prepared under the conditions of

substrate temperature of 725 "C. oxygen pressure of 400 mTorr, and laser iluence of 110 mI. The

substrate was SrTi03(100).

Channel number

Fig. 3.13 Random and aligned RBS data of a 200 run thick, (001) oriented YBCO ftlm grown on

SrTi03(100) substrate. The He' incident energy was 1.5 MeV.

The (l1O) oriented YBCO films were deposited on STO(llO) substrates. Because the c-axis

length of STO is longer than that of YBCO, 100 nm thick PrBa2Cu30 y (PBCO) template layer was

deposited at 600" C before YBCO deposition. YBCO was deposited under the same growth

conditions as those of the (001) film growth described above. The thickness of YBCO layer was

COntrolled from 50 nm to 300 nm. The films before annealing in O2 atmosphere had low T, of - 50

K because of the stress effect [Ref. 57]. After annealing in °2 , the c-axis length decreased and

cracks were fonned in parallel along the (001) planes as shown in a field emission-scanning

electron microscope (FE-SEM) picture (Fig. 3.14). The T, was raised up to 85 K which was,
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(a) (b)

Fig. 3.14 FE-SEM pictures of YBCOfPBCO bilayers deposited on SrTi03(100) substrate. (a)

YBCOIPBCO =300 nm/IOO nm, (b) YBCOfPBCO = 100 nm/50 nm.

however, lower than the maximum Tc of this system, 90 K suggesting the possibility of the

presence of residual stress.

The as-grown films were subject to the STMISTS measurements without surface preparation.

Details about these films are described in [Refs. 58-60].
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CHAPTER 4 OBSERVATIONS ON BSCCO SINGLE CRYSTALS

Chapter 4

Observations on BSCCO Single Crystals

4.1 Introduction
BSCCO is the most intensively studied HTSC material by STM. A BSCCO single crystal is

cleavable so that an atomically flat clean surface which is suitable for an STM observation can be

easily obtained by cleaving it. Actually, very clear atomic resolution STM images with the

modulation structure along the b-axis were obtained on the cleaved surfaces of BSCCO single

crystals in UHV at room temperature [Refs. 1-4]. The topographical features observed in these

works are qualitatively consistent. A detailed analysis [Ref. 2] revealed that the corrugations

observed in these images agree very well to the lattice structure of the BiO plane in the bulk derived

from XRD [Ref. 5]. This confirms that the cleavage plane of the BSCCO single crystal is the BiO

plane.

STS studies on the cleaved surface of BSCCO have shown that the surface BiO layer is

nomnetallic [Refs. 2, 4, 6]. Hasegawa el al. have achieved an atomic resolution STMISTS

observation on the cross-sectional surface (b-c plane) of a BSCCO single crystal at room

temperature in dry 2 atmosphere [Ref. 7]. The STM images show higher and lower layers which

have been assigned to be (CU02)2 and (BiO)2 layers, respectively [Figs. 4.I(a), 4.I(b)]. As the

bias voltage is decreased, the (CU02)2 layer is enhanced relatively to the (BiO)2 layer, implying that

the density of states near the Fermi level (EF ) in the Cu02 layer is substantially higher than that in

the BiO layer. The STS result indicated that the BiO layer in the bulk is semiconducting with a

band gap energy of 0.1 eV while the Cu02 layer is essentially metallic [Fig. 4. 1(c)].

On the other hand, the local-density-approximation (LOA) band-structure calculations predicted

the contribution to the density of states at the Fermi level [N(EF)] from both the Cu02 plane and the

BiO plane [Refs. 8-10]. There are two distinct types of bands which intersect EF [Fig. 4.2(a)].

The first corresponds to a nearly degenerate pair of antibonding Cu3d,l.,1 -02p,.y states which

disperse above EF toward the X point in the Brillouin zone, leaving them less than half filled. The

second represents the lowest band from the Bi6p",02p"y manifold which intersects EF and form

the electron pockets ~ear the Ai and L points. The calculated Fermi surface in an extended zone

scheme shows the two nearly degenerate hole surfaces expected for the Cu-O bands centered at the

X point and the Y point indicating nesting feature, and a small rounded square electron surface

fonned by the Bi-O band centered at the Ii and L points [Fig. 4.2(b)]. Massidda el al. [Ref. 8]

found that in the absence of interactions between the Cu-O band and the Bi-O band, there are two

Bi-O bands crossing three Cu-O bands below EF in the region near Ai and L [Fig. 4.2(c)], and the
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(a)

(b)

(c)

-0.4 -0.2 0.0 0.2
Tip Voltage [V]

0.4

Fig. 4.1 STS observation on the boc plane of a BSCCO single Clystal measurcd at room

Icmperaturc [Ref. 7J. (a), (b) Bias voltage dependence of STM images. Tip bias vollages were (a)

-1.5 Y, and (b) +0.1 V, respectively. (c) Tunneling specu'a observed on BiO and Cu02 layers.
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Fig. 4.2 Results of LDA band structure calculation by Massidda et al. [Ref. 8]. (a) Energy

bands of BSCCO along the main symmetry lines of the face-centered orthorhombic Brillouin zone

shown as an inset. (b) Fermi surfaces of BSCCO in an extended zone scheme. (c) Schematic

drawing of the band structure near Mand near the Fermi level for "non-interacting" bands. and

"interacting" bands. (d) Schematic of the Fermi surfaces corresponding to "non-interacting" bands.

and "interacting" bands. (e) Total and projected DOS for valence bands.
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Fermi surface consists of two distinct Cu-O surfaces and two distinct Bi-O surfaces which touch

each other in the r -2 direction [Fig. 4.2(d)). These calculation results indicate that the BiO layer

1V0rks as a conducting reservoir of carriers, which disagree to the STS results.

From the same reason as the case of the STMISTS measurement, BSCCO is suitable for a

photoemission specu'oscoPY (PES) experiment which demands smoothness of the sample surface.

Actually, a great deal of PES experiments have been performed on this material [Refs. 11-27).

PES gives the density of states of the material so that the obtained data can be directly compared to

STS data. The difference between these two methods is that PES gives the infOlmation in the

k-space as described below, on the contrary, STS gives the information in the real space, i.e., local

density of states. Therefore, PES and STS have a compensational relation, and it is valuable to

compare the data obtained by these two methods.

PES has a capability to examine band dispersion if the angle resolve technique is used (ARPES).

The fIrst interest of this fIeld of study was concentrated on the band stmcture of this material,

especially on tile comparison with the LDA calculation result described above [Refs. 8-10).

Takahashi el al. insisted the insulating BiO feature which is not consistent with the LOA calculation

result predicting the BiO-like electron pocket around the M point [Ref. II). On the contrary, most

of other results agree to metallicity of the BiO plane concluded by tile LOA calculation [Refs.

12-15). Wells el af. found that the metallic feature of the BiO plane was not observed on as-grown

specimens but observed on the specimens annealed in 12 atrn 0, atmosphere [Ref. 18). This

explained both previous results.

ext interest was focused on the low energy quasiparticle excitations reflecting a

superconducting state [Refs. 12-17). As high angular and energy resolution was achieved, the

difference between the spectrum taken along the r -M direction and that along the r -X direction

received scientifIc attention. The diplike feature which appeill'es at tile region centered at 75-90 meY

below the Fermi level (EF) became also a problem. Oessau el af. reponed that the diplike structure

appeared below the T, in the specu'a taken along the r -M direction but did not in those taken along

the r -X direction [Ref. 19). In addition, they found that some spectral weight in the dip formed

region of the spectmm in the r -M direction was transfered to the pileup peak of the

superconducting gap stmcture of the spectrum in the r -X direction during the superconducting

transition. These features were remarkable for the H,-reduced sample but Ie s pronounced for the

O,-annealed sample. On the other hand, Hwu el al. reported the diplike structure at the energy

corresponding to 3.1 (2.1 : superconducting gap energy) in the specu'a taken both along the r -M

direction and along the r -X direction, and the spectral weight was conserved in any directions

[Ref. 20). Although these two results contradict to each other, it seems to be Ul.le that this diplike

structure is illl intrinsic feature for high temperature superconductivity of the BSCCO system. This

diplike feature has been explained by existence of two bands in close proximity to each other,

strong electron-phonon coupling [Refs. 28, 29), the resonating valencc state [Refs. 30, 31), and

the marginal Fermi liquid phenomenology [Ref. 32, 33).

All the ARPES studies showed gap anisotropy in tile a-b plane, i.e., the lill'ger superconducting
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Fig. 4.3 High resolution ARPES data at k locations along the Brillouin zone edge and the zone

diagonal by Wells et al. [Ref. 23].

gap in the r -M direction than in the r -X direction [Refs. 19, 21-24, 26], except one early study

observing an isotropic gap [Ref. 13]. These results ruled out an isotropic s-wave symmetry of the

superconducting order parameter of the BSCCO system. Wells et al. [Ref. 23] concluded a

d-wave symmetry [Ll (k) -cosk,a-coskya] or a mixed symmetry with a strong d-wave component

[Refs. 34-44] from their result showing an anisou'opic gap (Fig. 4.3). However, they could not

exclude the possibility of a s+id mixed order parameter [Ref. 45] because the observed gap in the

r -M direction was larger than expected if a node exists in the gap symmetry. They attributed lhis

ambiguity to the finite observing range of k space in the ARPES measmement which makes it

impossible to establish whether a node exists or not. In the following work by Shen et aI., they

observed a very small or null gap in the r -Y direction which strongly suggests the existence of Ule

node and claimed that the d-wave symmetry was suitable for Uleir result [Ref. 24]. Recent study by

J. Ma et al. reported that the size of the gap in the r -X direction varied WiUl oxygen concenu'ation,

ranging from 0-2 meV for underdoped or optimally doped samples to 8-12 meV for overdoped

samples [Ref. 26]. They also measured the temperature dependence of the spectra taken along the

r -M and r -X directions and compared them (Fig. 4.4). They found that the gap opens quile

rapidly below T, in the r -M direction, and, on the contrmy, the gap begins to open slowly well

below T, in the r -X direction, which means the gap anisotropy has temperature dependence in this

material. Based on these observations, they concluded that the simple type of d-wave symmetry

order paranleler should be ruled out, and the Hid symmetIy is favorable. Furthermore, most

recent work by Ding et al. with much higher angular and energy resolution derived the
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Fig. 4.4 Temperature dependence of the superconducting gaps measured along the r -X and

r -M directions by Ma et af. [Ref. 26].

conclusion that the gap minimum direction deviates from the r -M direction which suggests an

extended s-wave symmeuy [.1 (k) -cosk,a+coskya] of the order parameter [Ref. 27].

Moreover, a recent ARPES study by Dessau e t af. made it clear that the Fermi surface detemlined

by the LDA calculation indicating metallic nature of the BiO plane [Refs. 8-10], which was once

established[Refs. 12-15, 18], is not true [Ref. 25]. Their recent result did not show the small piece

of Fermi surface with strong BiO character centered around the M point, and partially agree to the

Fermi surface composed of two strongly nested pieces of the Cu02 Felmi surface centered around

the X (Y ) point and the r (Z) point (Fig. 4.5) calculated by artificially ignoring the interaction

between the BiO states and the Cu02 states [Ref. 8]. This implies that the elecU'onic states near EF

are mainly Cu02 derived and the BiO bands remain above E,. for all k, which is consistent with the

result from the STS experiments [Refs. 2, 4, 6,7] measured at room temperature. They also found

the presence of two flat bands within 30-50 meV of E,.mound the Ai point, and speculated that this

flat bands at EF may playa significant role for the high temperature superconductivity of tltis

system.

As discussed above, the field of PES study on BSCCO is currently driven into a state of chaos.

The keys to get out of tltis state are probably the angular' and energy resolution of tlle appar'atus

which stili seems not to be enough, the technique to keep a clearl sample surface during the

measurement, the quality of the specimen especially concerning twins, and the oxygen content of

the crystal which should be the sanle about the data compar'ed. This seems to give instructions for

tunneling measurements.

Now, our interest is how the electronic structure of BSCCO is observed at cryogenic temperature

below the T, with the STS technique. Our experiments on the BSCCO single crystals presented

below were done during the period from 1990 to 1991. When we started, no otller groups

SUcceeded in obtailting atomic resolution on BSCCO at cryogenic temperature. After we succeeded
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Fig. 4.5 The Fermi surface of BSCCO experimentally detennined with ARPES by Dessau et al.

[Ref. 25].

in the cryogenic observation with atomic resolution for the first time [Ref. 46], a number of groups

also succeeded [Refs. 47-52]. Most of their data can be categorized in some cases of our results

although the conclusions of some groups are different from ours, which will be discussed in

Chapter 7.

4.2 STM Observations on Cleaved Surfaces of BSCCO Single

Crystals
As described in section 3.2.2, we prepared BSCCO single crystals armealed in various

atmospheres. We observed cleaved surfaces of these specimcns. and whether atomic resolution

could be achieved or not strongly depended on the annealing processes of the specimens. We often

obtained atomic resolution images on the Air- or O,-annealed crystals, but nothing on the as-grown

crystals or the specimens annealed in N, or Ar atmosphere.

It is clear that annealing treatment changed some propelties of the BSCCO single crystals, which

determined whether atomic resolution STM observations were allowed or not. Annealing treatment

seems to have two kinds of effects on the crystals. For one thing, annealing treatment is thought to

improve the homogeneity of the crystals. The crystals must contain a great deal of microscopic

defects. And. if we cleave the crystal, the cleaved place must correspond to defective place in the

crystal. Therefore. the surface BiO planc cannot be complete. but has defects. steps and regions

Where another planes beneath it appear. It is natural to think lhat the possibility of getting atomic

resolution by STM increases if Ule homogeneity of Ule crystal is improved by annealing with the
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(a)

(b)

Fig. 4.6 STM images on the cleaved surfaces of BSCCO single clystals at 4.2 K. (a) Wide scan

image measured with Vb = -0.75 Vand I, = 5 nA. (b) Narrow-scan image measured with \1;, =
-0.75 V and I, =5 nA.
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result that the completeness of the surface layer is made better. Another possible effect by

annealing process is changing oxygen contents of the crystals. BSCCO has nonstoichiometry of

oxygen mainly on the BiO planes, which is varied by annealing depending on the annealing

conditions, especially the atmosphere, and electrorlic nature of the BiO planes is determined by the

oxygen content. As de cribed below in section 4.3.4, the surface BiO layer became more metallic

as the oxygen content increased, which is consistent with the change of electronic nature of the

whole crystal.

The specimen dependence of getting atomic resolution can be explained as follow. Atomic

imaging is allowed only on enough homogeneous crystals which are obtained by annealing

treatment so that atomic images could not be obtained on the as-grown crystals. And the annealing

conditions, i.e., temperature and O2 pressure, in Ar or N2 atmosphere were not suitable ones.

Another possibility is that the specimens whose surface BiO plane's electronic nature is comparably

metallic are suitable for STM observations, although the reason is not clear at the present moment.

However, whether atomic resolution can be achicved or not depends not only on the specimen but

also on the STM tip. Hence fUI1her investigations should be done in order to make this subject

clear.

Figs. 4.6(a) and 4.6(b) show STM images of the cleaved surfaces of BSCCO single crystals

measured at 4.2 K with different scanning areas. The tip bias voltage and tunneling currcnt were

-0.75 Y and 5 nA, respectively, with both images. The figures clearly demonstrate atomic

corrugations corresponding to Bi atoms with an average interval of 0.35 nm, similar to the

observations at room temperature under ultrahigh vacuum (Refs. 1-4]. Fig. 4.6 also indicates the

modulation structure along the b-axis, which is seen as the waving of background with the

periodicity of about 2.7 nm. In the bright regions of the images, Bi atoms concentrate. According

to the refinement of the crystal structure of BSCCO by a Rietveld method (Ref. 53], this

modulation structure is not real waving of the Bi atoms, but reflects the variation of local density of

states caused by the concentration of the Bi atoms.

Kirk el at. repoI1ed that a missing row of Bi atoms occurs either every nine or ten atomic sites in

both (lID) directions, and accounted for the incommensurate periodicity of the modulation SUl.Icture

[Ref. I]. However, we have never observed such missing rows in the images of the cleaved BiO

planes. Shih el aL. repoI1ed that they observed atomic rows depressed downward only when the

bias voltage was higher than I Y, which seems to be consistent with both of the results (Ref. 54].

The fact that atomic images were taken seems to guarantee the achievement of the condition of

complete vacuum tunneling. Tunneling measurements on the HTSC's using cryogcnic STM had

already been repOI1ed (Refs. 55-61]. However, the condition of vacuum tunneling had not been

secured in these experiments resulting in a lack of atomic resolution. Actually, in these works, the

tunneling tip had been in contact with the sample surfacc, i.e., the STM tip had becn used in the

mode of the point contact. We can claim that the present observations were done under the secured

Condition of vacuum tunneling, therefore the spectroscopic data obtained are reliablc if compared to

the former repOI1ed results.
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4.3 STS Measurements on Cleaved Surfaces of BSCCO Single

Crystals

4.3.1 Atomic Site Tunneling-Spectroscopy (AST) Measurements on

Surface BiO Layers
Fig. 4.7 shows a result of an AST measurement at 4.2 K performed on the cleaved surface of a

BSCCO single crystal annealed in Air. Fig. 4.7(a) shows the 64 spots where the tunneling spectra

were taken during the imaging. In the image, the arrangement of Bi atoms can be observed,

although it is distorted. In the AST measurement, the feedback is turned off during the

measurements of tunneling spectra, therefore this measurement is very sensitive to mechanical

noises. This technical problem is thought to cause the observed distortion of the image. Fig.

4.7(b) superimposes the 16 tunneling spectra chosen among the 64 spectra at random. Tunneling

spectra obtained at the locations marked in the figure do not show difference but demonstrate

basically the same feature with a band gap of about 0.1 eY independent of the measuring locations,

indicating that the surface BiO layer was uniformly semiconductive even below Te. The same result

was observed on an O,-annealed specimen (Fig. 4.8). Fig. 4.9 indicates the tunneling spectra with

higher energy resolutions measured on the Air-annealed specimen [Fig. 4.9(a)] and the O,-annealed

one [Fig. 4.9(b)]. These spectra clearly indicate semiconducting features with band gap structures.

We concluded that the surface BiO layer has semiconductive electronic stlUcture even in the

superconducting state.

This conclusion is consistent with the tunneling results, which were measured by STM at room

temperature, reported so far [Refs. 2, 4, 6, 7], but disagree to LOA band-stlUcture calculations

[Refs. 8-10] which predicted existence of the electron pocket, i.e., metallic BiO bands. On the

other hand, from ARPES studies, Takahashi et al. reported a semiconducting nature of the BiO

plane [Ref. II], but Olson et al. [Refs. l2-14] and Oessau et al. [Refs. 19,21] insisted that the E

vs. k dispersion relationship of the BiO band intersects the Fermi level at the same k position as the

band calculation predicted. Wells et al. [Ref. 18] found that the surface BiO band can be either

metallic or nonmetallic depending on the oxygen-annealing process. However, we measured the

specimens treated with different annealing processes and observed basically same semiconducting

behavior, although the band gap energy was changed depending on the oxygen content as will be

described in section 4.3.4. It should be noted that the most recent ARPES results with high angular

and energy resolution [Refs. 24, 25] did not observe the electron pocket and reported the Fermi

Surface which corresponds to the result calculated ignoring the interaction between the Cu-O band

and the Bi-O band [Ref. 8]. Considering the STS results and the recent ARPES results, the

semiconducting nature of the BiO layer seems to be true. The fact that the LOA calculation result

does not reflect the real BiO nature is possibly attributed to nonstoichiometry of oxygen, Sr

Substitution on the Bi site, and the incommensurate superstmcture along the b-axis, which were not

taken into account.

55



CIJAPTER 4 OBSERVATIONS ON BSCCO SINGLE CRYSTALS

(a)

(b)

-0. 25 O. 00 O. 25 O. 50
Tip Bias Voltage [V]

Fig. 4.7 AST measurement on the clcaved surface of an air-annealed BSCCO single crystal at 4.2

K. (a) STM image taken with Vb = -0.75 V and If = j nA. Black dots in the figure rcprescnt the

spectroscopic measuremenl locations. (b) Tunneling spectra measured at the locations marked in

the image with Vb =-0.75 V and I p = InA.
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-0. 25 O. 00 O. 25 O. 50
Tip Voltage [V]

(a)

(b)

Fig. 4.8 AST measurement on the cleavcd surface of an oxygen-31l11ea]cd BSCCO singlc crystal

at 4.2 K. (a) STM image taken with Vb =-0.75 V and I, = I nA. Black dots in thc figure represent

the Spectroscopic measurement locations. (b) Tunncling spectra measmed at the locations marked

in [he image with Vb =-0.75 V and Ip = ] nA.
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Fig. 4.9 Typical examples of the tunneling spectra showing a semiconducting feature measured

on the cleaved surfaces of (a) air-annealed and (b) oxygen-annealed BSCCO at 4.2 K. Vb = -300

mV and I p =2 nA.

4.3.2 Superconducting Energy Gap
Fig. 4.10 demonstrates 12 tunneling spectra measured at different locations on the cleaved

surface of BSCCO at 4.2 K, which show clearly different behavior from those in Figs 4.7-4.9.

These spectra basically indicate a same feature independent of measuring locations. It is clear that

these spectra reveal a superconducting energy gap structure. This type of spectra were often

measured on the as-grown specimens, but very rarely on the Air- or 02-annealed ones. And, when

these spectra were measured, a signal which was strong enough relati vely to the noise level was not

recorded with scanning so that a clear STM image could not be obtained.

Considering these matters, it is clear that when the supercoducting spectra were observed, the

Surface condition was different from that under which the specU·a showed the semiconducting

behavior. Another clear point is that, in this case, the density of states near the EF was metallic and

supcrconducting, and there was no contribution from semiconductive bands around the EF' Onc

Possible assumption is that the surface layer was not the BiO layer but the Cu02 layer. However, it

is questionable that the Cu02 layer which is not covered with the hole donor layers becomes
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-0.10 -0.05 0.00 0.05 0.10 0.15
Tip Voltage [V]

Fig. 4.10 Typical examples of the tunneling spectra showing a superconducting feature

measured on the cleaved surface of an as-grown BSCCO single crystal at 4.2 K. 12 superimposed

spectra were obtained at different measuring locations with Vb =-200 mV and I" =20 nA.

superconducting. Furthermore, there is no reason why an atomic resolution image cannot be

obtained on the Cu02 layer. Actually, Hasegawa el at. previously observed atomic cOIrugations of

the Cu02 layer on the b-c plane at room temperature [Ref. 7]. It is most likely that the surface layer

which covered the superconducting Cu02 layer had an insulating nature, and the edge energy of the

band gap was higher than the operating tip bias voltage, so that there was no conu'ibution from this

top layer to the observed energy region near the EF• There are two possible cases. The first case is

that the specimen contained lots of defects and the cleaved top layer of the observed area was not

the BiO layer but the SrO layer beneath it. The LDA calculation predicted that the Sr is ionic and

has an insulating nature. If the SrO layer originally has an insulating nature, or if it became

insulating because of oxygen depletion, the tunneling spectra reflected the superconducting

electronic structure of the underlying Cu02 layer as shown in Fig. 4. 10. The second one is that the

crystal had variation of the oxygen content and the cleaved place cOlTesponded to the oxygen poor

region in the crystal. In this case, the surface BiO layer had a small oxygen content resulting in the

insulating nature with a wider band gap compared to the specimens on which the semiconducting

Spectra were observed as shown in Figs. 4.7-4.9.

The fact that a clear STM picture could not be obtained can be explained as follows. For one

thing, the STM tip could not perceive the surface insulating layer and was very close to or

elastically touched it, which did not allow the tip to tracc the contour of the electronic density

originating from the underlying Cu02 layer because of the interaction between the tip and the

surface layer (see Fig. 4.11). Another effect which should be taken into account is that the surfacc

inSUlating layer might make the tunneling balTier between the Cu02 layer and the STM tip lower

than the vacuum barrier. TIle band gap cnergy, which determine the balTier height in the region of
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Fig. 4.11 Schematic of the tip and sample condition when the surface is covered with an

insulating layer.

the surface layer, is thought to be lower than the vacuum work function of a metal which is

typically 4-5 eV. Therefore, the average barrier height between the CuO, layer and the STM tip

becomes lower in the case that the CuO, layer is covered with the surface insulating layer (Fig.

4.12). This is a very similar case to the metal surface covered with an oxide layer. In such a case,

the tunneling current does not show the exponential decay as a function of the tip-sample separation

which is expected on a non-degraded metal surface, and significant tunneling currents still remain

after withdrawing the tip far from the sample surface. This makes tile sensitivity of the tunneling

current to the tip-sample separation worse, i. e., the resolution in the z-direction becomes lower, so

that it becomes very difficult to trace atomic corrugations. Fig. 4.13 demonstrates the comparison

between the plot of the tunneling current as a function of the tip-sample separation measured on an

as-grown YBCO thin ftlm and that measured on a degraded film after exposure to air [Ref. 62).

Moreover, as the result of these two effects, the position of the STM tip is kept further from the

euo, plane than that when the CuO, plane appears on the surface even with the same bias voltage

~
(b)

!{leo, S !{leo ,r !{leo ,0 !(leo , 2

~Sample Tip~ ~M1
0 V

Tip~

Fig. 4.12 Idealized tunneling barriers (a) between two metals with different work functions. (b)

Composite barrier with oxide layer, 0, and vacuum gap V. From [Ref. 25).
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Fig. 4.13 Plots of the tunneling current from a Pt-Ir tip into a pulsed-laser-deposited YBCO film

as a function of the tip-sample separation measured after mounting a sample onto the STM in an

inert-atmosphere glove box (solid curve), and after an 8-min exposure to ambient air (dotted curve).

From [Ref. 62].

and the same tunneling current. As discussed in section 2.2.2, the resolution of STM can be

expressed by

(2.40)

This equation indicates that the larger thc tip-sample distance (s in .the equation) is, the lower the

resolution is, which is consistent with the observed tendency about atomic resolution.

Murakami et ol. recently reported their STMISTS observations on cleaved surfaces of BSCCO

single crystals with a cryogenic STM in an UHV system [Ref. 52]. They found a step stlUcture

composed of two upper and lower terraces, whose separation corresponded to the BiO-BiO

separation of BiO-SrO-CuO,-Ca-CuO,-SrO-BiO sequence, and another middle telTace between

them. They obtained atomic images indicating the BiO feature and semiconductive spectra on the

upper and lower terraces which are thought to be the BiO layers, and superconducting specu'a

without an atomic image on the middle terrace which corresponded to a different kind of layer.

Their result directly confirmed legitimateness of our first assumption. On the other hand, we

performed STS measurements on cleaved surfaces of thc BSCCO single crystals which had been

Stored in the vacuum chamber for 12 hours in order to deplete oxygen of the surface BiO layer. As

will be discussed below in section 4.3.5, the spectrum is composed of the separated BiO (or SrO)

bands and residual density of states with a superconducting gap structure originating from the CuO,
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band in the band gap region (Fig. 4.23). This proved the second case of our assumptions

described above to be true. Therefore, both cases discussed above are realized in actual

experiments obtaining supereondueting spectra on the cleaved surfaces of BSCCO single crystals.

We will discuss the sharpness of the superconducting gap structure in the spectrum which is

thought to depend on which the terminating layer is the BiO layer or the SrO layer, in Chapter 7.

Fig. 4.14 shows a typical example of the 1- V curve and Ule tunneling spectrum indicating a

superconducting energy gap. This spectrum has a flat background and a clear gap structure with a

flat bottom and sharp peaks at Ule edges, revealing the feature of the BCS function. Considering

the very narrow tunneling area in STM of an atomic order and uncertainty principle, this tunneling

result on the BSCCO system strongly suggests an s-wave superconductivity with a gap which

completely opens up at the Fermi surface. (We will discuss the gap symmetry in detail in section

5.6.4.) However, the superconducting spectra measured on the cleaved surface of BSCCO have

some features contrary to the BCS theory at the same time. The superconducting gap (the way of

estimating the gap value will be discussed in section 4.6.1) takes the gap encrgy 2.1 of 70-90 meV

which corresponds to Ule reduced gap 2LllkBT, of 9-12, if we take the peak-to-peak separation.

~ 004
.s
~ 0.02

:s
o 0.00
Ol
c
ID -0.02
§
~ -0.04

OL--'_--'-_--'--_--'-_~_..J

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Tip Voltage [V]

Fig. 4.14 Typical 1- V and differential conductance curves showing a superconducting featw'e

measured on Ule cleaved surface of a BSCCO single Clystal at 4.2 K with Vb =-300 mV and I" =
0.1 nA.
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This value is much larger than that predicted from the BCS theory, i.e., 2Ll /k.T, =3.52. (It is not

dear whether this simply means the strong electron-phonon coupling or not.) Although the

temperature of the measurement was much lower than the T, of the specimen, the smearing of the

gap structure is quite remarkable. Furthelmore, there often appears a diplike structure outside of

the superconducting energy gap. which is enhanced especially in the occupied states (positive tip

bias voltage) being consistent with the ARPES experiments. Tlus structure can not be explained by

the BCS theory. These anomalous features are also reported by other tunneling studies [Refs. 48,

49, 52; 63-65] and ARPES studies as discussed above [Refs. 18-27]. These features will be

discussed in section 4.5, section 4.6.2 and Chapter 7.

4.3.3 Temperature Dependence of Superconducting Energy Gap
Fig. 4.15 demonstrates temperature dependence of the superconducting energy gap measured on

the cleaved surface of an as-grown BSCCO single crystal. As the temperature increases, the

-0.1 0 0.1

Tip Voltage (V]

Fig. 4.15 Temperature dependence of the tunneling spectrum showing a superconducting gap

measured on the cleaved surface of a BSCCO single crystal at4.2 K with Vb =-200 mV and I p =20

nA.
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Fig. 4.16 Comparison between the tunneling spectra measured at 4.2 K and 97 K on the cleaved

surface of a BSCCO single crystal with Vb =-200 mV and 1" =20 nA.

conductance inside the gap increases and the peaks are depressed. The peak position does not

change, and, near the T" it seems to shift to rather higher energy. The peak in the dlldV curve

should be shifted towards values larger than Ll Ie, because the spectrum should be broadened by

thermal smearing and there is no density of states inside the gap in the superconducting state. From

this reason, we cannot take the peak-to-peak value as the superconducting encrgy gap value 2Ll

when we discuss its temperature dependence.

In order to examine the temperature dependence of the superwnducting energy gap, it is

necessary to normalize a tunneling spectrum by the normal conductance curve at the temperature of

the measurement and remove the thermal smearing effect. However, the critical field H" of

BSCCO is very high at the temperature which is lower enough than the T" so that it is impossible

to obtain the nom1al conductance curve by breaking the superconducting state with a magnetic field.

A possible way of compromise is to normalize by the normal curve just above the T,. The

spectrum at 97 K (> T, = 89 K) in Fig. 4.15 seems to be depressed around V = 0 with negative

curvature. Fig. 4.16 superimposes the spectra measured at 4.2 K and 97 K with a larger energy

scale. This result indicates that, basically, the gap structure still remains at 97 K which is higher

than the T,. This structure may be caused by strong fluctuation of the superconducting state ncar

the T,. Another possible idea is that the intrinsic normal density of states of this material has the V

shape as predicted by some theories [Refs. 30, 32] and observed in the previous work [Ref. 7],

although the observed negative curvature (not linear) cannot be explained from ti:tis point of view.

According to the I-J model proposed by Fukuyama el al. [Refs. 66-68], the superconducting state

appears under the T, which is detcrn:tined by the lower one between the temperature of the

Condensation of spinons into a spin singlet state (TRV") and the temperature of the Bose

Condensation of holons (T.) (see Fig. 4.17). In the underdoped region where TRV " > T. = T" the
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Fig. 4.17 Phase diagram according to the t-J model.

condensation of spinons occurs at higher temperature (TRvn) than T, which is said to be observed

by nuclear magnetic resonance (NMR) as the spin gap [Refs. 69-73J. On the other hand, in the

overdoped region where T. > TRvn =T" the Bose condensation occurs in the electron system at T.

> T,. It is not clear how this is observed, however, the as-grown specimen, on which the

temperature dependence of the spectrum shown in Figs. 4. I5 and 4.16 were measured, is thought

to be in the overdoped region, and the gaplike structure observed above T, may possibly be related.

Although the origin of the spectra depressed around V = 0 measured above T, is not clear at the

present, in any case, it is questionable that the spectra can be nOImalized by the normal conductance

curve just above the T,. From this reason, we do not discuss tile temperature dependence of the

superconducting gap any more.

4.3.4 Oxygen Content Dependence of Electronic Structure
As described in section 3.2.1, the hole concentration of the BSCCO system can be varied by

changing oxygen nonstoichiometry or substituting Pb atoms for the Bi or Sr site, and the electronic

nature of this system varies from semiconducting one to metallic one as carrier density increases.

Wells et of. [Ref. 18J reported that the electronic structure of the surface BiO layer changed

depending on the oxygen content. However, tunneling studies rep0I1ed so far have never

considered the oxygen content of the specimen. We measured tunneling spectra on the BSCCO

single crystals of various oxygen content treated by various annealing conditions (see Table 3.1).

Fig. 4.18 indicates oxygen content dependence of the semiconducting spectra measured on the

cleaved surfaces of BSCCO. Reduced specimens showed semiconducting spectra with wide band

gaps, while oxidized specimens had narrower band gaps. In most cases of the measurements on

the annealed single crystals, this type of semiconducting spectra were obtained. This is probably
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Fig. 4.18 Oxygen content dependence of the tunneling spectra showing a semiconducting feature

measured on the cleaved surfaces of (a) oxygen-annealed, (b) air-annealed and (c) nitrogen

annealed BSCCO at 4.2 K. Vb = -400 mV and Ip = 2 nA.

because the homogeneity of the specimen had been improved by annealing, and the probability of

the BiO termination had become higher. Especially on the O,-annealed specimens, atomic images

of the surface BiO layers were often obtained. Considering these results, the electronic nature of

the BiO layer varies from semiconducting nearly to metallic as the oxygen content increases. Tills

is the same tendency as that of the bulk system of BSCCO as a function of tile oxygen content.

Although it was very rare, we obtained tunneling spectra showing superconducting energy gaps

on the annealed specimens (Fig. 4.19). We estimated the superconducting gap value for each of

the specimens annealed in various atmospheres by taking the peak-to-peak values as the gap energy

and averaging them. The N,-annealed specimen (T, 81.7 K) and the O,-annealed one (T, 82.9 K)

showed averaged 2L1 values of 98.6 meVand 96.6 meV, respectively. On the other hand, the

air-annealed specimens showed averaged 2L1 of 119.3 meV, corresponding to its higher T, of

n.OK_ This resull suggests tilat the variation of the oxygen content does not change the

fundamental metallic nature of the CuO, plane, but changes the energy value of tile superconducting
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Fig. 4.19 Oxygen content dependence of the tunneling spectra showing a superconducting

feature measured on the cleaved surfaces of (a) oxygen-annealed, (b) air-annealed and (c) nitrogen

annealed BSCCO at4.2 K. Vb =-400 mV and Ip =2 nA.

gap at the Cu02 plane.

These results suggest a picture that the electronic nature of the bulk system of BSCCO is

dominated by the oxygen content of the (BiO)2 layers which are sandwitched by the adjacent

metallic (Cu02), layers. If the oxygen content decreases, the (BiO)2 layers become insulating and

make the superconducting (CU02)2 layers isolated, therefore the system has 2D properties. On the

other hand, the increase of the oxygen content makes the (BiO)2 layers metallic, which couple the

(CU02)2 layers, and turns the bulk system 3D. However, the number of the examples of this type

of superconducting spectra is not large enough to claim reproducibility about the averaged 2,1

valucs, and it is necessary to measure tJle specimens which have much lower T,'s in order to

asccrtain the proportional relation between ,1 and T,.

In Fig. 4.18, the band gap of the semiconducting spectrum measured on the 02-annealed

specimen is as small as about 50 meV. It gives us great interest whether or not the BiO layer

becomes metallic and superconducting as the oxygen content increases more, concerning tJle
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anisotropic nature and the strong two dimensionality of this system which become a difficulty in the

way of the applications of this material. We tried tunneling spectroscopy on the specimen which

had been annealed in 200 atom 02 atmosphere at 600°C. SQUID measurement showed the Tc of

74.5 K of this specimen, however, a reproducible tunneling result could not be obtained. The

spectra measured on the same specimen showed various features, i. e., an insulating nature,

semiconducting ones with various band gap energies and a superconducting one. This is probably

because the annealing treatment with the condition mentioned above caused decomposition or phase

separation of the crystal, and the homogeneity of the specimen became rather worse. It is necessary

to find the annealing process to increase the oxygen content without this problem.

4.3.5 Barrier Width Dependence of Tunneling Spectrum
In a series of STM1STS measurements, the tip-sample distance, i.e., the barrier width of the

tunneling junction can be easily adjusted by changing the tip bias voltage (Vb) or the set-point

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Tip Voltage [V]

Fig, 4,20 Barrier width dependence of the tunneling spectrum measured on the eleaved surface

of an air-annealed BSCCO single crystal at 4.2 K. 'I' = 2 nA const. Zero conductance value is

shOwn by the line under each spectlUm.
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current (I;> operating the STM provided that the location of the tip on the surface is fixed and the

work function and the density of states are constant. In the case of a planar junction, the width of

the tunneling barrier is peculiar to each junction. Point contact and break junction method can

change the barrier width, but it is not well-controlled. Considering these facts, this is a strong point

of the STMISTS measurement, which, commonly, is not realized well.

We tried changing the barrier width and measuring tunneling spectra, when we obtained

semiconducting spectra on the cleaved surface of a BSCCO crystal annealed in air. Fig. 4.20

demonstrates the tunneling spectra measured at various Vb'S from -0.4 V to -0.1 V for the constant

I,of 2 nA. In this case, the lower IVb' becomes, the narrower the tip-sample distance is, i.e., the

thinner the tunneling barrier is. At Vb'S from -0.4 V to -0.2 V, the spectrum shows basically

semiconducting behavior. However, at Vb = -0.1 V, which means the much closer tip position to

the sample surface, the spectrum clearly varies its shape. 11le gap structure, which is broadcned a

(a) Bi,Sr,CaCu,O, Vacuum STM-tip

CuO, BiO

(b)

Superconducllng

Bi,Sr,CaCu,O, STM-tip

Vacuum

V
Tunneling

1
CUO,

Superconductlng
BiO

Semlconducllve Normal molalUc

Fig. 4.21 Schematic diagram of the tunneling processes on the BiO terminated surface of

BSCCO.
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little but thought to reflect a superconducting energy gap, appears in the finite conductance which

yields in the band gap region. The gap energy seems to correspond to the 2Ll value in the spectra

showing a clear superconducting nature (Figs 4.10 and 4.14). The same tendency was observed

on the (001) surfaces of YBCO thin films as will be presented in section 5.3.2. Shih el al. [Ref.

54) measured the cleaved surface of a BSCCO single crystal by STM in UHV at room temperature,

and found tlhat detectable conductance appeared in the semiconductive gap region only when the

bias voltage was low ( < 1.5 V) and tlhe tip was close to the sample surface, which is consistelll

with our result shown in Fig. 4.20. They applied tlhe vacuum resonance tunneling technique to

estimate tlhe absolute tip-sample separation and concluded tlhat in this case the tip-sample distance

was very small ( - 3-6 A).

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Tip Voltage [V]

Fig. 4.22 Tunneling spectra measured with various barrier widths on the cleaved surface of an

oxygen-annealed BSCCO single crystal at 4.2 K. I" = 2 nA const. Zero conductance value is

Shown by tlhe line under each spectrum.
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Intuitively, this behavior can be explained as illustrated in Fig. 4.21. It is thought that the

cleaved surface of BSCCO is covered with a semiconducting BiO layer, whose band gap can be

estimated at -0.1 eV from the spectra in the case of Fig. 4.20, and a superconducting CuO, layer

lies under the surface BiO layer with an average depth of 4.5 A. When the STM tip is far from the

sample surface, the tunneling specttum is strongly infiuenced by the presence of the semiconductive

surface BiO layer which is closer to the tip by -4.5 A than the CuO, layer. The spectmm indicates

the semiconducting feature refiecting the electronic nature of the surfaee BiO layer [Fig. 4.21(a)].

However, if the bias voltage is adjusted at the energy where the surface BiO layer does not have

enough density of states [note that Fig. 4.20(a) shows litUe density of states at the energy level of

0.1 eV], the tip is brought into the proximity region to the smnple surface, which gives rise to the

finite probability of the tunneling into the underlying CuO, layer [Fig. 4.21(b)]. Therefore the

electronic properties contributed from the superconducting CuO, layer become dominant in the

initially semiconducting gap region where the surface BiO layer has no density of states [Fig.

4.20(d)]. The tunneling spectra measured on an O,-annealed specimen did not show remm'kable

difference at various Vb'S from -0.4 V to -0.1 V (Fig. 4.22). This result is understandable if we

consider that the band gap of the surface BiO layer of Ule O,-annealed BSCCO is smaller (-0.06 eV

from Fig. 4.22) than that of the air-annealed one. Therefore, in the ease of the O,-annealed

specimen, Ule surface BiO layer still has density of states at the energy level of 0.1 eV, so Ulat the

Band gap

Superconducting ~'\.-- ~

-600 -400 -200 200 400 600

Tip Voltage [rnV]

Fig. 4.23 Tunneling spectrum measured at 4.2 K on the cleaved surface of a BSCCO single

crystal after storage in vacuum for 12 hours. 11" = -800 mV and [" = 1.65 nA.
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STM tip is at the further position if compared to the case on the air-annealed specimen even under

Ihe same tunneling condition, i.e., Vb = 0.1 V, I" = 2 nA, and the tunneling probability into the

CuO, layer is negligible.

The conclusion obtained here is that the tunneling spectrum measured on the cleaved surface of

BSCCO with a thin tunneling barrier is composed of two components: one is contribution from the

surface BiO layer, and the other is from the underlying CuO, layer beneath it, and if the surface BiO

layer has density of states near EF> it conceals the superconducting feature of the CuO, layer. In

order to confirm the legitimateness of this conclusion, we tried another experiment. If we can make

the band gap of the surface BiO layer wider than usual, the superconducting feature of the CuO,

band must be observed more clearly because of the disappearance of the surface states near the EF

As discussed above in section 4.3.4, the band gap energy of the BiO layer depends on the oxygen

content. We performed STS measurements on the cleaved surfaces of the air-annealed BSCCO

single crystals which had been stored in the vacuum chamber [or 12 hours in order to deplete

oxygen of the surface BiO layer (Fig. 4.23). As a result of widening the band gap of the surface

BiO layer by oxygen depletion, tl1e spectmm shows the separated BiO (or SrO) bands and low

residual density of states, in which a clear superconducting gap structure with pileup peaks at the

gap edges can be observed, in tl1e band gap region. We will give a quantitative discussion about

this barrier width dependence of the tunneling spectlUm in section 4.6.3.

Fig. 4.24, on the other hand, demonstrates the result of the same measurement obtained when the

spectmm showed a clear superconducting gap structure. As the Vb decreases from -0.35 V to -0.03

V, the spectmm changes in the systematic manner that the background of the spectrum varies from

V-shape to inverse V-shape and the peak height is enhanced dramatically and the peak position is

essentially independent of the bias voltage. Both Huang et al. [Ref. 74] (point contact on

TI,Ba,CaCu,O,) and Matsumoto et al. [Ref. 75] (AufBi,Sr,CuO/BSCCO planar junctions)

rep0I1ed the same tendency of the superconducting spectrum as the result shown in Fig. 4.24. The

increased conductance at higher energy [Fig. 4.24(a)] can be explained in tenns of the variation of

the barrier thickness (I) and the barrier height (¢). The tunneling current for a

metal-insulator-metal junction can be expressed as [Ref. 76]

I(V) =a V + Y VJ + ..

G(V)=a+3y V'+··

y _ (Ae)' Ae'
;-96i- 32¢112
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-0.4 -0.2 0.0 0.4

Tip Voltage [V]

Fig. 4.24 Barrier width dependence of the tunneling spectrum originally showing a

superconducting gap structure measured on the cleaved surface of an as-grown BSCCO single

crystal at 4.2 K. 1
p

= 20 nA const. Zero conductance value is shown by the line under each

spectrum.

The parabolic component of the tUl1J1eling conductance, r la value, is approximately propOltional

to the square of the barrier thickness and inversely proportional to the barrier height, thus, when the

barrier thickness becomes large, the parabolic component increases. Therefore, if the voltage

becomes a considerable fraction of the barrier height, its effect on the 1(\1) cannot be neglected, and

one customarily finds an increased conductance at highcr voltages which takes a parabolic form

about V = 0, which has offset for an asymmeuic shape barrier. On the other hand, Fig. 4.24(e)

shows very high conductance around V = O. This spectll.lm is accompanied by the bilateral dip

structure indicating the presence of a microscopic shOlt circuit which has small J" so thattllis high

conductance near zero bias can be conu'ibution from olmlic current through the short circuit.

However, the decreasing high-voltage conductance in Figs. 4.24(c) and 4.24(d) cannot be

explained by these effects. Huang et al. proposed an assumption that the CuO, band has sU'ongly

energy dependent Nn(E) which heaps near the EF [Ref. 64J. They speculated that the N,,(E) of this
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system originally decreases at higher energy, and when the barrier width is large and the parabolic

component is overwhelming, the spectrum shows rather increasing conductance at higher voltage,

resulting in the mallner of the spectrum shape variation depending on the barrier width shown in

Fig. 4.24. This assumption can explain the diplike feature outside the superconducting gap

strllctme by thinking of asynunelly of N,,(E) as will be discussed in section 4.5.

Halbritter et al. explained our data by the model which they proposed [Ref. 77]. Their model can

be sununarized as follows: The cuprate superconductors have a narrow, quasi-2D p-d conduction

band with a low carrier density (1/, ~ 10" !em') close to the metal-illsulator lI'ansition OCCUlTing in

two dimensions for ilL ~ 10
21

!cm
3

as density of localized states. Thus any perturbation of the

delicate p-d hybridization, i.e., of spatial, energetical, and directional order, renders the cuprates

insulating. Such perturbations occur at internal or external a-b surfaces by inlI'insic relaxation or

strain fields. All this yields an insulating seam (~ I nm) with ilL ~ 1021 !cm] This intrinsic

insulating seam with its localized states weakens superconductivity and supports tunneling in

various channels. The weakening by on-site Coulomb repulsion close to the metal-insulator

transition smears out and roughens the metal-insulator interface and, e.g., causes reduced and

locally varying energy gaps and leakage current. The different tllllneling channels, direct and

resonant or intermediate via localized states ilL' have different distance, temperature, and voltage

dependencies. We will discuss the influence of this barrier width dependence of the

superconducting tullneling speclIurn on the estimation of the superconducting energy gap in section

4.6.1.

These observations suggest that the tunneling barrier width is an important determirung factor of

the tunneling spectrum in the case of the HTSC's. However, most of the tunneling studies reported

so far disregarded this effect of barrier width, which would not be allowed in this case. Even in the

case of a uniform superconductor, it was theoretically predicted that the reduction of the barrier

height leads to the apparent increase in the midgap conductance [Refs. 78,79].

4.3.6 Energy Resolution Dependence of Superconducting Spectrum
Figs. 4.25(a)-4.25(c) demonstrate typical examples of the spectra showing a superconducting

energy gap obtained at various energy resolutions, which were 60 meV [Fig. 4.25(a)], 6 meV [Fig.

4.25(b)] and 1.5 meV [Fig. 4.25(c)], respectively. These show the differential conductance

calculated based on recorded 1- V characteristics as a function of V, as discussed in section 3.1.3.

When the energy resolution was low [Fig. 4.25(a)], the spectrum shows eXlI'emely high zero-bias

conductance which is more than 70 % of the normal one and a broad superconducting gap

Structure. At the high resolution of 1.5 meV, one can see a nat bottom region with low zero-bias

Conductance of 5 %. It is most likely that the SpeClI"um shape with the higher energy resolution

reflects an intrinsic feature.

This result suggests the significance of sufficiently high energy resolution in the observations of

sUperconducting energy gaps of tJle HTSC's. Most of the other tunneling studies and PES studies
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Fig. 4.25 Tunneling spectra showing a superconducting gap measured on an as-grown BSCCO

single crystal at 4.2 K with different voltage intervals. Voltage intervals of the measurements are

(a) 4.0 mV, (b) 0.4 mVand (c) 0.1 mY. Thc total energy resolution is fifteenth as largc as the

Interval. The numbers of the data points are 500 for all the spectra.
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on the BSCCO system reported gapless features of the specu'a and asserted d-wave symmetry of

the Cooper pair of this system [Refs. 23, 24, 49, 51]. However, if we consider our present result,

it seems that, in these cases, the energy resolutions were not enough or the gap structures were

broadened by some other effects (which will be discussed in section 4.6.2). Since the STM tip is a

microscopic probe of an atomic scale, the observed tunneling spectrum gives information averaged

over the Fermi surface, thus, the present tunneling result strongly suggests that a finite gap opens

up at every point on the Fermi surface, being favored by the s-wave like pairing mechanism.

4.4 Tunneling Spectroscopy on Cross-Sectional Surfaces of BSCCO

Single Crystals
The measurement on a cleaved surface is strongly influenced by the natw'e of a terminating layer,

and there is ambiguity about the termination of a BSCCO single crystal as discussed in section

4.3.2. The cross-sectional observation in which all kinds of planes can be observed at the same

time is expected to be more infonnative. Actually, Hasegawa el at. have already succeeded in the

STMISTS observation on the b-c plane of a BSCCO single clystal at room temperature [Ref. 7],

and the semiconductive nature of the BiO plane and the metallic nature of tJle Cu02 plane have been

concluded. It is of great interest how these electronic natures change at low temperature below the

T, in connection with the extremely short ~,and the quasi-2D elecu'onic structure of this system.

The cryogenic atomic resolution STS observation on the cross-sectional surface must give direct

information about the spatial variation of the supcrconducting order parameter.

As described in section 3.2.1, the BSCCO zone-melted rod is composed of a number of piling

single crystals whose c-axes are perpendicular to the rod's axis, since the growth occurs in the

direction of a-b planes which are parallel to the rod's axis. Therefore, the cross-sectional surface

can be always obtained if we slice off a disklike piece of the rod. However, there is no good way

to obtain an atomically flat clean surface which has suitability for an STM observation because the

cross-sectional surface has no cleavage. We filed the sliced crystal with a diamond file and made

the surface smooth with a diamond sheet. With this method, the orientation of the obtained surface

cannot be expected if we see it on an atomic scale. In addition to that, filing yields small particles

which often become a problem in the STM measurement. Therefore this method is not ideal one

although we have never found an alternative way so far. On the cross-sectional surface, we

obtained some atomic images, but no well-characterized ones, which seems to be owing to the

problem described above.

The tunneling spectroscopy on the cross-sectional surface gave two typical types of

Superconducting spectra whose gap energy values were different as shown in Fig. 4.26. One

indicated the superconducting gap whose gap energy is 2.1 -80 meV if we take the peak-to-peak

separation, which is almost as large as the value measured on the cleaved surface [Fig. 4.26(a)].

This type of spectrum was often accompanied by the diplike feature outside the pileup peaks. The
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Fig. 4.26 Examples of the tunneling spectra measured on the cross-sectional surface of BSCCO

at 4.2 K, showing superconducting gaps classified into two sizes. Vb =-200 mV and lp =2 nA.

other showed a relatively small energy gap of 2L1 -50 meV, which has never been observed on the

cleaved surface [Fig. 4.26(b)]. This type of spectrum has never been observed with the diplike

feature. Alilhe superconducting spectra measured on the cross-sectional surface belonged to eitller

of tllese two types, and tl1e spectra with some energy gap values in between have never been

obtained. Fig. 4.26 superimposes some examples of the measured spectra showing that they can

be divided into tl1e two groups.

If the superconducting order parameter has a spatial variation along tl1e c-axis in one unit cell

intrinsically, it should change gradually. Thus it cannot explain the observed result. Altl10ugh the

extrinsic effects such as oxygen defects and substitution atoms can vary tl1e local T" tllere is no

reasons why tl1e smaller gap has always the same gap value of 2L1 -50 meV. The features of the

observed two types of spectra shown in Figs. 4.26(a) and 4.26(b) seem to be similar to the features

of the ARPES spectra observed by Wells el al. [Ref. 18] along the r -M direction and the r -X

direction, respectively. However, in STM, k-dependent features cannot be distinguished because

of the narrow tunneling area of an atomic scale, which means a wide area in tlle k-space considering

uncertainty principle (see section 5.6.4 in details). Klemm el al. reported in their SN model tllat the

lop Superconducting layer can have a significantly larger energy gap tllan the bulk provided that the
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top layer is electronically isolated [Ref. 80]. If we believe their model calculation, the observed

result shown in Fig. 4.26 can be explained as follows: The surface obtained by filing is not

atomically flat but has step structures where (l-b planes appear. When the STM tip is near the step

and the tunneling occurs to the a-b plane, tlle spectrum reflects tlle larger gap opening in the band of

the surface states. On the other hand, when the tip is on the terracc region and the tunneling occurs

to the edge surface, the spectrum shows the smaller gap of the bulk. However, according to their

model, this interpretation gives an opposite result about the appearance of the diplike feature, i. e., a

smaller gap with the diplike sUucture and a larger gap without it.

The spectrum data of the cross-sectional surfaces were not obtained on the well-characterized

surfaces with the atomic resolution imaging, so that much information could not be derived from

the data. In order to obtain more information, it is necessary to establish the method of the

preparation of an edge surface, e.g., chemical etching which was performed on YBCO [Ref. 81].

Another possible way is to employ a BSCCO thin frlm of not c-axis orientation with a smooth

surface. The BSCCO system has neither (l00) nor (110) oriented films unlike the YBCO system,

but has (1ln) oriented films whose coaxes are tilted [Ref. 82], which may allow interesting

observations.

4.5 Tunneling Spectroscopy on Cleaved Surfaces of

Bil.8Pbo.4Srl.8CaCu20y Single Crystals
Substitutional doping of metals in the HTSC materials has been employed extensively in attempts

to improve and elucidate the superconducting properties of these materials. It is well known that Pb

substitution for the Bi site does not decrease the T, of BSCCO. Sunshine et al. reported that Pb

substitution in the BSCCO system enhanced the onset of the T, from 84 K to 107 K [Ref. 83],

since then, numerous studies on the Pb-substituted BSCCO have bcen reponed [Refs. 84-90]. In

polycrystalline (BiPb),Sr,Ca",Cu,O, materials, Pb substitution has been found to enhance the

fO!TI1ation of the n=3 (Tc -110 K) phase vs. the n=2 (T, -80 K) phase [Refs. 84, 88], although the

lattice parameters and the T,'s for a given phase do not vary substantially [Refs. 87, 88]. In

addition, electron-diffraction [Refs. 84-86], XRD [Refs. 87, 88] and STM [Ref. 4] studies have

Shown that the modulation structure observed in the parent BSCCO material changes with Pb

substitution. The effect of hole doping by Pb substitution for Bi on the electronic structure of the

BSCCO system is of great interest in terms of the comparison with the effect by oxygen

nonstoichiometry.

We observed the cleaved surfaces of Bi1.8Pbo..Sr1.8CaCu,O, singlc crystals grown by a floating

lone method. We employed as-grown specimens of Tc = 82.5 K, which are thought to have the

same hole concenU'ation as the O,-annealed BSCCO specimens. On these specimens, atomic

resolution imaging has never been achieved, and the tunneling specu'a always showed a

superconducting feature [Fig. 4.27]. This behavior is similar to the results on tlle as-grown
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Fig. 4.27 Examples of the tunneling spectra measured at 4.2 K on the different cleaved surfaces

of the same Bi18Pb0.4Sr18CaCu,O, single crystal, showing various values of superconducting gap

energy. Vb =-200 mY and Ip =2 nA.

BSCCO specimens, however the probability of getting superconducting spectra is much higher in

this case. It is likely by analogy that the superconducting CuO, layer is covered with the surface

layer which has no density of states near the EF as discussed in section 4.3.2. On tile other hand,

Zhang et af. reported tilat they observed the cleaved surfaces of Bi,.,Pb,Sr,CaCu,O, (x=O, 0.3,

0.7) single crystals at room temperature in AI atmosphere, and tunneling spectra measured on Ule

surfaces on which atomic resolution images were obtained showed a semiconductive feature which

varied to slightly metallic with a small tip-sample separation [Ref. 91]. This observation is

analogous to our result obtained mainly on the air- or O,-annealed BSCCO whose surface is

thought to be covered with the semiconducting BiO layer with a narrow band gap. The difference

between Uleir result and ours must arise from the difference of tile surface layer.

Fig. 4.27 demonstrates tunneling spectra showing superconducting gaps observed on the same

BiI8Pbo.4Sr1.8CaCu,O, single crystal in different measurements. Before each measurement, a clean

Surface was obtained by cleaving. As shown in Ule figure, the gap energy value 2£1 (peak-to-peak
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separation) indicates scattering over a wide range from -40 meV to -100 meV, which has never

been observed on the parent BSCCO crystals. Huang el of. measured tunneling spectra on the

cleaved surfaces ofBil.7Pbo.JSr,CaCu,Oy single crystals by a point contact method, and obtained an

essentially same tendency, i.e., the Ll value spreading between 16 and 30 meV [Ref. 64]. Judging

from these results, it is clear that the local Te has variation in Bi-Pb-Sr-Ca-Cu-O crystals. It has

been widely believed that the Pb substitution for the Bi site does not degrade the superconductivity

of this system. Zhang el of. repolted that the unfilled states leV above the Fermi level decreased

systematically as the concentration of Pb in the Bi(Pb)O layer increased, and there was no

remarkable change in the filled states and the vicinity of the EF' They attributed this behavior to a

decrease in the density of states of the Bi6p band [Refs. 8-10] caused by the increase of the Pb

concentration, and concluded that the Pb substitution causes the variation in the electronic structure

sufficiently far removed from the Fermi level and does not perturb the electronic states near the EF

which is essential for superconductivity. However, it seems to be contradictory for them to

conclude that Pb does not perturb the CuO, states which is responsible for superconductivity in this

system, because their result is thought to mainly reflect the nature of the Bi(Pb)O layers. We would

like to claim that the Pb substitution does suppress the superconductivity in the BSCCO system,

because the variation of the local Te in the crystal has never been observed in the parent BSCCO

single crystals. It is most likely that the substitutional Pb atoms concentrate in some parts of the

crystal where the local Te is decreased, and the parts of low Pb concentration form a network of

high Te superconducting passes. As a result of this network, macroscopic observations measuring

resistivity and magnetic susceptibility behave as if the whole crystal had high Te without the

innuence of the Pb substitution.

-0.2 -0. 1 0.0 O. 1
Tip Voltage [Vj

O. 2

Fig. 4.28 Tunneling spectrum measured on the cleaved surface of a Bil.SPbOASrl8CaCu,Oy

single crystal at room temperature.
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The superconducting spectra shown in Fig. 4.27 exhibit an asymmetric characteristic which

appears as a dip just outside a pileup peak of the superconducting gap in occupied states (positive

lip bias voltage) and a shoulder or a weak dip at the ame energy in unoccupied states (negative tip

bias voltage). This asymmetry was observed on the cleaved surfaces of the parent BSCCO, and

consi tent with other tunneling works on BSCCO [Ref. 49] and Bi-Pb-Sr-Ca-Cu-O [Ref. 64].

This asymmetric feature can be explained if we assume that the CuO, band ha a strongly energy

dependent asymmetric N"(E) with a heap near the E", which we discussed in section 4.3.5. Since

the normal state conductance is a convolution of the usual parabolic tunneling conductance [Ref.

91] and the N"(E), the tunneling spectrum rcflecting the CuO, band in the normal state must show a

combination of a valley around zero bias caused by the parabola and decreased conductance at

higher voltage owing to the N,CE), i. e., a double heap structure. If this structure is asymmetric and

the heap in the positive side of the tip bias voltage is the higher, this yields the diplike feature which

asymmetrically appears in the superconducting spectra. Fig. 4.28 shows the tunneling spectrum

measured on the cleaved surface of a Bil.8Pbo.4Sr, 8CaCU,Oy single crystal at room temperature.

The spectrum indicates metallic behavior, and is thought to reflect mainly the nature of the CuO,

layer as discussed above. The most important feature of this spectrum here is an asymmetric shape

and a remarkable heap in the positive tip bias voltage region. This asymmetric normal conductance

curve seems to give the diplike structure if we imaginc that a superconducting gap opens near the EF

in this spectrum. This result seems to be consistent with thc assumption described above.

4.6 Discussions

4.6.1 Estimation of Supercollducting Gap Enugy
The BCS theory predicts the density of states of the quasi-particles is expressed as

N,(E) lEi
N"(E) = .,JE' - .1'

(45)

Where N,CE) is the density of states in the normal state, N,(E) in the superconducting state and.1 is

the energy gap. The tunneling conductance G(E) is given by

G,(V) =fN,(E)[_ a!(E + V)]dE
G,,(V) N,,(E) av

(4.6)

Where feE) is the Fermi function [Ref. 76]. This should be fitted to the experimental tunneling

spectrum data to compare the density of states of thc quasipmticles in HTSC's with the BCS
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theory. However, this procedure is not applicable to most cases of the HTSC's because the normal

conductance G,(E) at low temperature cannot be obtained by breaking superconductivity with

applying a magnetic field owing to the high critical fields of these materials in the temperature range

of T «T,. For this reason, an appropriately assumed curve extrapolated from the higher bias

raIlage region, or the tunneling conductance measured above T, is often used instead of

experimentally detennining G,(E).

As discussed in Chapter I, the conductance curve measured on the HTSC materials have been

observed to deviate significantly from Eq. 4.6. Therefore, the way of estimating the

superconducting gap value.1 from the expelimcntal data has been involved in confusion. The

estimation methods often used are as follows:

I) The peak-to-peak separation of the derivative conductance G,(V) =dIldV is adopted as 2.1 .

2) The 1'-If' curve is extrapolated from the outer-gap region to [2 = 0 to define .1.

3) A Gaussian distribution of the gap value in Eq. 4.5 is assumed to take account the material

inhomogeneity of the junction, yielding

G,(V) =ff-I- ex [j.1-.1 0)2] N,(E)[_ af(E+ V)]dEd.1
G,(V) ..,fiii8.1 P 28.12 N,(E) a v (4.7)

where 8.1 is the standard deviation of.1. The curve obtained by this equation is fitted [0 the

conductance spectrum to derive .1.

4) The Dynes equation, Eq. 4.8, which was originally introduced [0 con ider the effect of

quasi-panicle recombination near a metal-insulator transition [Refs. 92, 93], is often used in

Eq. 4.6 instead of Eq. 4.6, to fit thc tunneling conductance to obtain the gap value .1 (see

section 2.1.3).

N, (E) =Rei E - ir 112 )

N,(E) [(E_iT)2_.1 2]

The imaginary part r= (hI2n)r , r is lifetime of a quasi-panicle.

(4.8)

5) The background in the conductance curve is interpolated to the gap region, and the gap 2.1 Ie

is estimated from the interval between the two crossing points with the curve. This should be

a good approximation for the Dynes equation as long as the damping parameter r is nOl large

compared with .1.
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Now we discuss the applicability of these methods to the HTSC's. The ['- V' curve is observed

10 be not linear for HTSC materials, hence 2) is not available for the current purpose. 3) accounts

for the gap smearing in a macroscopic junction, but cannot be adopted for analysis of the data

measured by a microscopic method like STM. 4) has been often employed to estimate the gap value

and actually the resultant G,(E) curves have fit the data well in many cases. However, tllis is not

surprising because the Dynes equation introduces a new adjustable parameter r , which makes the

fitting much easier than the original BCS function. For the application of the Dynes equation which

has physical meaning, it is necessary for the r value to be physically reasonable and consistent

with measurements of other related quantities. Most of the previous works employing this method

reported quite large r values, and in these studies, the Dynes equation seems to have been used for

fitling to the superconducting gap structure, which was extrinsically broadened, without any

physical grounds. Furthermore, we found that the superconducting gap varies its shape depending

on the barrier width as discussed in section 4.3.5 (see Fig. 4.24). Since the peak height is different

for each spectrum, the r values derived from the spectra should have variation. We have no way
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Fig, 4.29 Gap energies estimated from the peak-to-peak separation (closed circle) and the

interpolation method (open circle) as a function of tip bias voltage Vb. I" =20 nA const.
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to determine which spectrum is intrinsic. Hence, it is not clear whether or not the application of the

Dynes equation to the tunneling data on HTSC's is physically meaningful.

As a result of elimination, only I) and 5) remain. Fig. 4.29 demonstrates plots of the gap

energies estimated from the peak-to-peak separation and the interpolation method as a function of

the barrier thickness. The lower tip bias voltage means the thinner barrier width because of the

constant set point current. This result obviously tells us that the interpolation of the tunneling

spectrum according to 5) should not be justified because the gap value obtained by this method

shows a tendency to increase as the barrier thickness increases. On the contrary, the peak-to-peak

value is kept constant independent of the barrier width, so that the 2L1 value estimated by I) should

carry some intrinsic information. Finally, we would like to point oUlthe fact that I) gives a larger

gap value than the tme one, considering the effects of thermal smearing and the quasi-pru1icle

damping described above. Especially at the temperature neru· the T" the peak is shifted towards

values larger than L1 by the smeru·ing since N,(E) =0 inside the gap, and the pair breaking rate r
increases rapidly, which enhances the difference between the peak position and the actual Ll.

Therefore the gap value obtained by I) should be regru·ded as the maximum possible value.

4.6.2 Origins of Broadening of Superconducting Gap Structure
As discussed in Chapter I, the tunneling spectra measured on the HTSC's tend to be broadened

irrespective of their high critical temperatures. The superconducting gap is observed with smeru·ed

peaks and finite conductance inside the gap without a flat bottom. These features have been

discussed in relation to d-wave symmetlY of the order parameter. However, our tunneling data

measured by the cryogenic STM apparatus strongly suggest s-wave symmetty in both BSCCO and

YBCO as will be discussed in section 5.6.4. In this section, we propose possible origins of this

gap broadening.

First of all, we should consider a technical problem. Tunneling resistance (R T) of ajunction has

the relation

(4.9)

Where I is the barrier thickness and r/J is the average bruTier height which depends on the substance

of the tunneling barrier and the electrodes. Therefore, when the junction has a thick barrier, the RT

becomes large, and the tunneling current (I) becomes small provided that the bias voltage (\I) is the

same. If we measure the tunneling junction with high R" the I is small especially at low Vs

corresponding to the energy region around the E,. where a superconducting gap appears. Hence a

signal/noise ratio becomes small in this case, resulting in the broadening of the superconducting gap

structure. STM can solve this problem by making the tip position close to the sample surface. A

point contact method and a break junction Crul vru·y the RT by changing the pressure, however it is
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quite difficult to decrease the Rr without making micro short circuits which yield leakage current.

In the case of a planar type junction, the Rr of the junction is detennincd by the matcrial of the

insulating layer and its thickness. Although a thin insulating barrier is desirable, it cannot often

avoid fonning pin holes.

1 ext, we have to take into account the extrinsic effects such as inhomogeneity of the sample,

oxygen depletion and chemical reaction. If the junction has a wide interface, the local T, must have

variation owing to these effects. Since the tunneling spectlUm gives the infotmation integrated over

the wide junction area, this spatial variation of the ,1 causes the smearing of the superconducting

gap structure in the spectrum. This effect can be taken into account by assuming a Gaussian

distribution of the gap value as discussed in section 4.6.1. The STM can avoid this problem

because it is a local probe method.

There is possibility that the gap structure dimly observed on the HTSC is an intrinsic feature. In

the original BCS theory, the gap parameter ,1 for 1£1 < tl(J), was estimated to be constant where £ is

the kinetic energy relative to the E" i.e., isotropic s-wave symmetlY [Ref. 94].

,1(k) = ,1 =const. (4.10)

Even if the Cooper pair has s-wave symmeu'y, the gap parameter in the HTSC which is highly

anisotropic in the Fenni surface may not be constant, but could depend on k (anisotropic s-wave).

Schneider el al. derived an anisotropic gap in the form shown in Eg. 4.11 with a multi-layer

superconductor model, considering the interactions in and across two different planes with a

spacing s [Ref. 95].

,1(k) =,1, - 2,1 ,cos(k,s)

Kinley el af. [Ref. 96] proposed a model assuming the gap anisotropy to be

(4.11)

(4.12)

where e is the angle between k and the c-axis (Fig. 4.30). As wiU be discussed in section 5.6.4,

the tunneling spectrum measured by STM gives information integrated aU over the k-space,

considering the small tunneling area of an atomic scale. In the macroscopic junction method, the

tunneling current may be composed of elecU'on transfer with momentum both parallel and

perpendicular to the simply assumed tunneling direction because of elecu'on diffraction at

atomic-scale step stlUctures on the junction interface. This is more realistic case than the pcrfect

junction of an atomically flat interface where the transverse momentum will be conserved, i. e.,

coherent tunneling process. Thus the tunneling spectlum measured by the macroscopic junction

method must renect the density of states averaged in the k-space. Therefore, if the HTSC's havc

iSotropic s-wave symmeuy of the Cooper pair as expressed in Eg. 4.10, the spectrum shows a clear
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"-----H~a,b

Fig. 4.30 Anisotropic gap symmetry determined by Eg.4.12 proposed by Kirtley et al.

[Ref. 96].

superconducting gap structure. However, if the anisotropic s-wave pair symmeu)' such as Eg.

4.11 and Eg. 4.12 is true, a broadened gap structure is observed in the tunneling spectrum

intrinsically. The latler case seems to be more credible considering the highly anisotropic nature of

the HTSC materials.

Finally, we would like to point out the possibility that the variation of the superconducting order

parameter in the real space can be also the origin of the observed gap broadening of the HTSC's.

We will discuss this point in Chapter 7.

4.6.3 Explanation for Spectrum Variation Depending on Barrier Width
As discussed in section 4.3.5, when the cleaved surface of a BSCCO single crystal was

tenninated with the BiO layer, the turUleling spectrum showed a semiconducting feature with the

STM tip at the usual position of the scanning mode. However, as the tip approached closer to the

sample surface, finite conductance appeared in the initially band gap region and a superconducting

gap was observed in it (Fig. 4.20). Shih et al. [Ref. 54] and Zhang et al. [Ref. 91] also reported

the same tendency of the change of the spectrum feature from semiconductive to metallic as the

tunneling barrier became thinner, which was measured at room temperature. In section 4.3.5, we

presented an intuitive interpretation assuming that the tunneling spectra is composed of two

components: one is originating from the surface BiO layer, and the other from the underlying CuO,

layer.

This phenomenon becomes easy to be understood if we divided the energy level into tlu'ee

regions in relation to the energy of the band gap edge of the surface BiO states (E,,). In the energy

region of IE I » IEb,l, the surface BiO layer has enough density of states, so that the electronic

feature of the BiO layer appears predominantly in the spectrum, independent of the barrier width,

because the BiO layer is closer to the tip than the CuO, layer by the average distance of 4.5 A. On

the other hand, in the region IE I < IEb•. I, tile surface BiO layer has no density of stales, hence, when

the tip approaches the sample surface, finite probability of tunneling between the tip and the CuO,

layer yields, and superconducting characteristics appear in the band gap region of the BiO layer. In
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these two energy regions, the behavior of the spectrum can be understood inlllitively. However the

behavior in the region IE I ~ IE
b8

1, where the surface BiO layer has not zero but very low density of

states and two energy regions described above are connected, is a little complex and seems not to

be explained by intuition. Let us take note of one energy value E" which satisfies the relation E ~

£b8 and where the surface BiO layer has low density of states, e.g., E, = 0.1 eV in Fig.4.20.

When the bias voltage is 0.4-0.2 V, the specuum shows a small conductance value at V, = 0.1 V.

However the specuum measured with Vb = 0.1 V indicates relatively large conductance just outside

the superconducting gap at V, =0.1 V which seems to be comparable to the normal conductance of

the CuO, band. This suggests that, in the spectrum of Vb = 0.1 V, the contribution to the

conductance at V= V, = 0.1 V from the CuO,layer [Gc"o,(V,)] is larger than that from tlle surface

BiD layer [GB10(V,)], which is upside-down when Vb = 0.2-0.4 V. This reversal of the ratio

GC"02(V,)IGB,o(V,) is not self-evident, and the imp011ant feature which should be explained.

As discussed in 4.3.2, jf there is an insulating layer, whose band gap is not so large, covering a

metal surface, this makes the barrier lower (the edge energy of the unoccupied conduction band

corresponds to the barrier height in tlle region of this insulating layer) and the decay of the

tunneling CWTent as a function of the ban'ier width more gently-sloping than the exponential one

which is expected on a non-degraded metal surface (Fig. 4.13). This deviation from the

exponential decay cannot be explained if the insulating layer simply decreased the barrier height. [t

is likely that the insulating layer change the average barrier height depending on the barrier

thickness. ow we propose a possible explanation for the behavior of the barrier width

dependence of tunneling specuum on the BiO tenninated surface of BSCCO considering all these

factors.

What we will discuss is a ID system which is assumed in the semi-phenomenological theory of

tunneling introduced by Giaever and Megerle [Ref. 97] discussed in section 2.1.2. We assume that

the CuO, layer is superconducting, the surface BiO layer is semiconducting and the STM tip is

nomal metallic, respectively [Figs. 4.31(a), 4.31 (b)]. The CuO, layer and the BiO layer have

energy dependent density of states [N,(E) and N,(E), respectively] and the probe tip has energy

independent one [NJ(E) = N J = const.]. To simplify the system, we intemionally ignore the

tunneling process between the SrO layer and the tip, and assume that the SrO layer is

semiconducting whose band gap energy is comparable to that of the BiO layer.

If we could detect the tunneling conductance between the BiO layer and the tip and that between

the CuO, layer and the tip separately, they are thought to be expressed as following equations, by

the analogy with Eq. 2.24.

BiO HTip:
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Fig. 4.31 Schematic diagrams of the composite barriers fonned by vacuum and the surface

semiconducting BiG layer. Average height of the barrier is varied by changing the thickness of

vacuum.
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(4.14)

The prefactor A includes the matrix element between states of equal energy in both sides, and

should be proportional to the transmission factor D of the Wentzel-Krarners-Brillouin (WKB)

approllimation. We introduce D according to the result after Sommerfeld and Bethe [Ref. 98]. In

doing so, it is convenient to use ¢ (x) as the potential barrier measured from the Fermi energy (EF),

¢ (x) = U(x) - EF (4.15)

and similarly to measure the x component of kinetic energy in excess of E" which is expressed by

the symbol W.

For rough estimates, the average value ¢ of the barrier for each tunneling process [see Figs.

4.31(c), 4.31(d)] can be expressed as

¢;; =--.!..-r ¢13(x)dx (4.18)
s+t Xl

It should be noted that, in the region of the SrO layer and the BiO layer, the edge energy of the

unoccupied conduction band determines the balTier height ¢ l' and the shape of the balTier between

the CuO, layer and the tip is influenced by the electronic structure of the SrO and BiO layers. Since

the band gap energy observed in Fig. 4.20 is -0.1 eV which is much lower than the typical vacuum

barrier height of a metal of -5 eV, the presence of these layers lower the barrier between the CuO,

layer and the tip. In addition, the application of positive bias V, which lowers the right-hand Femti

energy, will decrease the average value of the potential barrier by V/2,

(4.19)

(4.20)

Using these results, transmission factors for each process become
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{ ~[ J1I2}D23 = exp -2Yfj21 ¢23(V)- W

{ ~ [ J1I2}Dn =exp -2
yfj2

(S+I) ¢n(V)- W

(4.21)

(4.22)

The region of current interest is vicinity of the E" so that we fix Ex = EF (W = 0) for simplicity. In

the process of obtaining Eq. 2.24, we assumed that the prefactor A is independent of energy in the

region we discussed. Therefore, the transmission factor D in the present case should be energy

independent, too. In actual experiments, the observing energy region was IV! < 0.5 eV, hence IV!

«¢ and the influence of the telm -Vl2 in Eqs. 4.19 and 4.20 is not so large. Here, we ignore this

tenn -V/2, too, which is thought not to change the intrinsic part of this discllssion. Finally we

obtain

[
~-1I2]D23 = exp -2yfj2I¢23

[ ~ -112]Dn = exp -2
yfj2

(s + I)¢n

(4.23)

(4.24)

for the tllnneling process between the BiO layer and the tip and that between the Cu02 layer and the

tip, respectively. These can be reduced very easily to the fOlms as follows:

D - [2~~]23 -exp - Yfj2IY~-2-

[
~( ) ¢IS+(¢I+¢3)1/2]

DI3 =exp -2Yfj2 s+1 S+I

Since A23 oc D 23 and An oc D 13 ,

(425)

(4.26)

(4.27)

The energy level of VI (= 0.1 eV in Fig. 4.20) corresponds to near the band gap edge of the BiO

band, and to the middle of the Cu02 band. Therefore the density of states of the Cu02 layer at this
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energy N,(V,) is considered to be much larger than that of the surface BiO laycr N,(V,) [Fig.

4J1(b)].

(4.28)

The average barrier height of the tunneling proce~ between the CuO, layer and the tip (if>'J) is

lower than that between the BiO layer and the tip (if>'J) ~cause the SrO and BiO layers playa role

of a low barrier which lowers the average barrier height if> [see Figs. 4.3 I(e), 4.31 (D].

(4.29)

If the tip-sample separation I becomes small, this effect becomes remarkable [Fig. 4.3I(g)].

(t -0) (4.30)

Therefore the ratio of transmission factors D,/Dn becomes larger as t becomes small, which is

thought to be the origin of the reversing behavior of the ratio Gc"o,(V,)IGBiO(V,) and cause the

deviation from the exponential decay. Actually, we assumed appropriate values for the parameters

in the equations, and calculated this conductance ratio as a function of the tip-sample separation.

Fig. 4.32(b) demonstrates this calculation result revealing the same tendency as observed.

4.7 Conclusions
We have perfonned atomic resolution STMJSTS observations on BSCCO single crystals to

investigate topographic features and electronic structures. The measurements have been done on

the cleaved surfaces and the cross-sectional surfaces of the BSCCO crystals annealed in various

atmospheres, and the cleaved surfaces of Pb doped BSCCO crystals, mainly at 4.2 K.

The results obtained on the cleaved planes of BSCCO under the same experimental condition

showed two different features depending on the measurements. In one case, STM imaging

revealed the atomic arrangement with a modulation structure in one direction which corresponds to

the square lattice of Bi atoms, indicating the BiO termination of the specimen. The tunneling spectra

showed essentially a semiconduc·ting feature even below the T,. The band gap energy changed

depending on the annealing condition of the sample in the manner that the band gap became small as

the oxygen content increased, suggesting that the electronic structure of the BiO layer becomcs less

Insulative with a large hole concentration. The spectrum varied its shape depending on thc barrier

Width, and a superconducting gap appeared in thc band gap region with a small tip-sample

separation. This behavior can be explained if we assume that the specu·um consists of two

components originating from the surface BiO layer and the underlying CuO, layer, and the surface

BiO layer and the adjacent SrO layer playa role to lower the average barrier height in the tunneling
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Fig. 4.32 Calculation results based on Eqs. 4.25-4.27 assuming appropriate parameters.
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process between the Cu02 layer and the probe tip, whose effect depends on the tip-sample

separation. In the other case, atomic resolution imaging was not achieved but the tunneling

spectrum showed a clear superconducting gap structure, which is understandable if the

superconducting Cu02 layer was covered with the terminating layer having no density of states

around the Fermi level. The superconducting gap structure showed ordinary temperature

dependence and disappeared as the temperature was raised, however the decrease of the

conductance near the EF still remained even above the T,. The gap energy 2.1 took the value of

70-90 meV corresponding to the reduced gap 2.1 /k 8T, of 9-12 which is beyond the BCS weak

coupling limit. The 2.1 value slightly changed following the change of tl1e T, depending on the

oxygen content. The spectrum essentially indicated a superconducting feature independent of the

barrier thickness, but the shape of the background and the peak height varied in a systematic

manner as the tip-sample distance was changed. We found that the sharpness of the

superconducting gap structw'e strongly depends on the energy resolution of tl1e spectroscopic

measurement. Although most of the spectra showed smeared gaps which can be explained in terms

of both intrinsic and extrinsic effects, a finite gap structure with low zero-bias conductance and a

flat bottom was sometimes observed with high energy resolution. This result obtained by STM

strongly suggests s-wave symmetry of the Cooper pair of this system, because the STM tunneling

is very limited in the real space, thus covers a wide area in the k-space, which rules out the

existence of the node in the symmetry.

On the cross-sectional surfaces of BSCCO single crystals, we could not achieve reproducible

atomic resolution imaging, which seems to be due to the lack of the appropriate way to obtain a

clean surface of atomic-scale flatness. The superconducting spectra observed can be classified into

two different types which show gap structures of two different sizes, although the reason is not

clear at the present. On the contrary, on the cleaved surfaces of Bi1.8Pbo.4Sr1.8CaCu20y single

crystals, wide scattering of the superconducting gap energy value was observed. This result

indicates the variation of the local T, in the crystal, whieh seems to be owing to the degradation of

the superconductivity locally caused by tl1e inhomogeneous substitution of Pb atoms.
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Chapter 5

Observations on YBCO Thin Films

5.1 Introduction
Although there are a lot of successful works on BSCCO single crystals as discussed in Chapter

4, neither an atomic resolution STM image nor the tunneling spectrum showing a clear

superconducting gap has been reported on the surfaces of bulk YBCO materials at cryogenic

temperarureso far [Refs. 1-3] except a recent work in UHV by Edwards et at. [Refs. 4, 5]. They

observed YBCO single crystals which were cleaved ill situ at 20 K prior to measurements, and

obtained atomic images corresponding to the CuO chain layer and observed tunneling spectra with

broad superconducting gap structures of 2,1 /kBT, = 6-8 [Ref. 4]. Recently, they also identified

corrugations in the electron density along the CuO chains with a periodicity of several lattice

constants, which they considered to be due to a COW state. The STM observation on a bulk

YBCO surface in air seems to be limited because the surface of this system is chemically reactive

and tends to be degraded by H20 or CO2 contained in an ambient atmosphere [Refs. 6, 7].

Furthermore, there is no stable cleavable plane in YBCO unlike in BSCCO, so that the

rearrangement of atoms may take place even on a clean surface. In fact, Edwards e t at. reported that

atomic resolution STM images could be obtained only when the cleavage and the measurement were

done at T < 60 K [Ref. 4]. On the other hand, spiral growth patterns were clearly observed on

c-axis oriented YBCO epitaxial films at room temperature even in air [Refs. 8-12]. Lang e tal. have

reported on the imaging of two kinds of rectangular atomic lattices with lattice spacing of 2.7 Aand

3.8 A, which were assigned to the oxygen atom arrangement of the Cu02 layer and other atomic

arrangements, respectively, on c-axis oriented laser-deposited films under such conditions. These

results suggest that the surfaces of YBCO epitaxial films are atomically flat and more stable in

ambient gas than those of the bulk specimens. However, at cryogenic temperature, atomic

resolution STMISTS had not been successful on YBCO films before the present study in spite of

many attempts [Refs. 13-15].

The LDA band-structure calculations [Refs. 16-18] revealed the presence of four bands crossing

the EF [Fig. 5.1(a)]. Two strongly dispersed Cu02 bands consist of Cu3d,,_,.' -02p,.,

Combinations and have a 20 character [(2) and (3) in Fig. 5.1]. Two CuO bands are in sharp

COntrast [(I) and (4) in Fig. 5.1]. The Cu3d,'_,.' -02pp anti-bonding band shows the large lO

dispersion expected from the CuO linear chains but is almost entirely unoccupied. Possible nesting

features can be observed for this 10 structure. On the contrary, the n -bonding band formed from

!he CU3d,,.-02p,.,. orbitals is almost entirely occupied and form two additional hole pockets around
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Fig. 5.1 Results of LDA band structure calculation by Massidda et al. [Ref. 16]. Ca) Energy

bands of YBCO near the E
F

on an enlarged scale. (b) Fermi surface of YBCO. (c) Total and

projected DOS for the valence bands.
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the yen and the Sen) in the Brillouin zone [Fig. 5.1(b)]. Therefore, extra oxygen vacancies can

modify significantly the topology of the Fenni surface. In particular, by adding oxygen vacancies

resulting in increase of the EF' the 1r hole pockets will disappear and the ID structurc is shifted

toward the S- Y line.

Early angle-integrated and angle-resolved PES and inverse-PES experiments [Refs. 19-27] have

shown spectrum characteristics of oxides, with pronounced gaps of -2 eV in the density of states in

the region of the E" These measurements reinforced the idea that the ground-state electronic

structure of the HTSC's cannot be described by an LOA method. However, List el al. shown that

these early experiments measured samples which were not representative of bulk superconductors

[Ref. 28]. The surface region of YBCO undergoes rapid changes when subjected to a vacuum

environment at room temperature. Veal et al. have shown clear evidence of the relationship

between oxygen content and density of states at the EF concluding that those changes are due to

oxygen loss [Ref. 29]. This has very important consequences in PES, and also in tunneling

spectroscopy, because the mean free path of low-energy electrons in solids is very short, such that

in oxygen-deficient samples a nonsuperconducting region of only a few unit cells in depth is

sampled. But if a YBCO crystal is first coolcd to below 40 K and then cleaved ill situ to reveal a

fresh surface, tlle loss of oxygen will be considerably reduced, and the surface thus obtained will

indeed be representative of tlle bulk [Refs. 28, 29]. Under such conditions, samples show large

density of states at the E" Campuzano et al. [Ref. 30] have observed the dispersion of the electron

energy bands as they cross the EF' and mapped the Fermi surfaces [Fig. 5.2] indicating reasonable

agreement to the predictions of the LDA calculations [Ref. 16-18]. However, reliable results about

asuperconducting gap have never been obtained by PES study.

Considering these previous studies, although some understanding of the electronic structure has

been achieved, the information about a superconducting gap is not enough for revealing the

superconducting property of the YBCO system. Tlus is quite in contrast to the BSCCO system on

···x
y

Fig.5.2 Experimentally determined Fernli surface of YBCO. From [Ref. 30].
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which ARPES experiments have measured the anisou'opy of the superconducting energy gap (sec

Chapter 4). This delay of the study despite of the earlier discovery of YBCO seems to be due to its

chemically unstable surface and lack of a stable cleavable plane of this system.

5.2 STM Observations on (001) Oriented YBCO Thin Films
In our previous STM measurements, we had experienced that the surfaces of bulk single cry tals

of YBCO were covered with thick insulating layers with band gaps of more than 3 eV and hence

did not allow atomic resolution STM observations even in a dry niu'ogen atmosphere at room

temperature unlike the case of BSCCO. However, the surfaces of YBCO epitaxial films employed

in this work were much more stable than those of the bulk cleaved crystals and, to our surprise, the

surfaces of these films remained in good conditions for tunneling measurements as well as for

atomic imaging for more than 20 days after the film deposition.

Let us, at first, focus our attention on the semi-macro scale surface morphology. Figs.

5.3(a)-5.3(c) show STM images of thc (001) surfaces of YBCO thin films taken at room

temperature [Fig. 5,3(a)] and 4.2 K [Figs. 5.3(b) and 5.3(c)] with different scales of the scanning

area. In Fig. 5.3(a), the terrace sltucture is observed, which seems to be formed by the

lwo-dimensionalnucleation and layer growth mechanism. This result is consistent with other STM

observations on c-axis oriented YBCO thin films [Refs. 8-12]. In Fig. 5.3(b), step structures and

flat terraces are observed in the lower half of the figure. The heights of these steps are 1.2 nm,

corresponding to the c-spacing of the YBCO unit cell. These structures seem to be a pan of the

two-dimensional island sltUctures as shown in Fig, 5.3(a). We found the presence of reproducible

small sltUctures of several nm in diameter on the terrace regions as shown in Fig.5.3(c). The

height of these sltUctures was < 0.3 nm. These sltUctures are presumably related with the patial

variation of the local density of states arising from the disorder of the surface oxygen atom as

suggested by Edwards e tal [Ref. 4].

Figs. 5.4(a) and 5.4(b) show the STM images of the (001) plane of a YBCO thin film taken at

4.2 K. In these narrow scan images, one can clearly see the square atomic arrangements with the

lattice spacing of -4 A corresponding to the a- or b-spacing. These features were observed

reproducibly on subsequent images and did not vary in shape or orientation depending on the

scanning frequency, so are real ones. These images suggest that the surfaces of the films were free

from severe contamination or from chemical rcaction. In Figs. 5.4(a) and 5.4(b), the ctyslalline

axes are not at right angle to each other. This non-orthogonality, which was not always but often

observed, is thought to be caused by some extrinsic effect. Creep of the piezoelecu'ic rods of the

Scanner can cause tltis non-orthogonality. Another possibility is that the effective shape of the tip,

which is detennined by the atomic scale stlUcture of the lip and the angle which the tip and the

sample surface make, was not ideal one [Refs. 31-37]. Figs. 5.4(a) and 5.4(b) indicate distortion

of the atomic lattice. Generally, in an STM measurement, this kind of distortion is often observed

When the interaction between the tip and the sample is strong. On the other hand, disorder of the
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(a) (b)

Fig. 5.3 STM images of the (001) surfaces

of laser-deposited YBCO thin films measured

at (a) room temperature and (b)-(c) 4.2 K

(constant CUITent mode). (a) Island structures

with steps and flat terraces. Image size 250

X250 nm, tip bias voltage (V,) -1900 meY,

tunneling current (I,) 2.5 nA. (b) Step

structures with heights of about 1.2 mn

corresponding to c-spacing of the YBCO unit

cell. Image size 50X50 nm, VI, -1200 mY, I,

0.3 nA. (c) Small structures with heights <

0.3 nm. linage size 20 X 20 nm, Vb -1200

mY, I, 1.0 nA.

(c)
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(a) (b)

Fig. S.4 STM images of the (001) surface of a laser-deposited YBCO thin film measured at 4.2

K (constant current mode). A square surface lattice with average spacing of 0.4 nm corresponds to

the a- or b-spacing of the unit cell. Image size (a) 7 X 7 nm, (b) 4.5 X 4.5 nm, Vb (a), (b) -500

mY, and I, (a) 50 pA, (b)15 pA, respectively.

surface oxygen also may yield real distortion of the lattice.

Considering the crystallographic stmcture of YBCO, the atoms of all the sites except the 0 site of

the Cu02 plane can form the observed rectangular lattice with the spacing of -4 A. By the STM

measurement itself, we cannot make clear which site appears in the STM images. Some models for

the surface termination of a (00 I) oriented YBCO film are proposed by several groups adopting

various experimental methods as will be discussed in section 5.6.2. Our atomic images shown in

Figs. 5.4(a) and 5.4(b) seem to be similar to that observed by Lang et al. [Refs. II, 12] which is a

simple lattice, and quite differeJ1t from those by Edwards et al. [Refs. 4, 5] which show complex

structures. This difference must arise from the difference between the surface preparations, i.e.,

as-grown surfaces and cleaved ones. In the case of the as-grown surface, the growth must end

with the lowest surface energy which is actualized in a complete lattice. Hence the terminating layer

must be close to the perfect lattice. On the contrary, if one cleaves a YBCO crystal, some of the

atoms of the top layer remain and the other attach to the removed pm1 because no stable cleavable

plane exists in YBCO. Therefore the top layer has a great deal of missing atoms, which cml no

longer be called defects, and a complex stmcture appems. Such a surface must be very unstable.

This must be the origin of the deference of stability between as-grown surfaces of thin films and
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cleaved surfaces of single crystals as mentioned above. We did not observe any bias voltage

dependence of the atomic image as reported by Lang el (II. [Ref. 12], which may be due to the

difference of the surface tennination.

5.3 STS Measurements on (001) Oriented YBCO Thin Films

5.3.1 AST Measurement on Surface Layer
Fig. 5.5 shows the result of an AST measmement perfOlmed on the (001) oriented YBCO film

surface, with Fig. 5.5(a) showing the 64 spots where the tunncling spectra were taken during the

imaging. Tunneling spectra obtained at the locations marked by '+' do not show difference

depending on the measuring locations, but demonstrate essentially the same feature with a band gap

of about 0.1 eV, indicating that the surface layer is uniformly semiconductive. Fig. 5.5(b)

superimposes the 16 tunneling spectra chosen among the 64 spectra at random. Same results were

observed on the films irrespective of the periods of the exposure to air, and similar results were

obtained on the cleaved surfaces of BSCCO single crystals which are chemically stable, as

described in section 4.3.1. Although the origin of the semiconductive nature of the surface is not

(a)

Tip Voltage [V]

(b)

Fig, 5.5 STS observation of the (001) surface of a YBCO epitaxial film at 4.2 K. (a) Surface

image taken in the STS mode. Image size 5.5 X 5.5 nm, locations of tunneling spectroscopic

measurements 8 X 8 points (marked by '+'), Vb =-500 mV, 'I' =0.2 nA. (b) 16 tunneling spectra

chosen at random showing a semiconductive nature with a band gap of 0.1 eV.
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known at the present moment, it is clear that the S!<1te of the sUiface was completely different from

that of degraded one which showed a much larger insulating gap and did not allow an STM

observation. There is a possibility that non-superconducting layers originally exist in the unit cell,

and the terminating layer is one of these layers. Another possible assumption is that only the

surface electronic structure is different from that in the bulk material because only the surface layer

is not sandwiched by other layers. In any case, it is thought that the semiconductive layer is

confined just in the top-most surface region because the atomically resolved surface images could

be obtained in Fig.5.4(a) and 5.4(b), excluding the possibility of occurrence of severe surface

degradation, and the superconducting gap structure was observed by decreasing the tip-sample

distance as will be described below in the next section. Here, we would like to point out the fact

that, at least, the top layer of atomic size thickness is semiconductive on the c-axis oriented YBCO

film. Therefore, when one makes a tunneling junction by depositing an artificial barrier on the

(001) surface of the YBCO film, the existence of this non-superconducting surface layer has to be

taken into account considering the extremely short coherence length along the c-axis (~ ,) of the

HTSC [Ref. 38].

5.3.2 Barrier Width Dependence of Tunneling Spectrum
Fig. 5.6 shows the tunneling spectra measured with various tip bias voltages between -200 mV

and -500 mV where set-point current Ip was kept constant, 2 nA. In Fig.5.6, therefore, lower !Vbl

means the shorter tip-sample distance, which is the same as Figs. 4.20, 4.22, 4.24 appeared in

Chapter 4. When we measured the cleaved surfaces of YBCO single crystals, the surface had

band gaps more than 3 eVand we could not adjust the bias voltage lower than -1.5 V without the

collision between the STM tip and the sample surface. However, the as-grown surfaces of the

films employed in this work had small band gaps of -0.1 eV and enough density of states near the

Fermi level, which enabled us to set the bias voltage as low as -200 mY. As can be seen, as the

tip-sample distance was decreased, the conductance in the semiconductive gap region increased,

and finally a superconducting gap structure appeared in it. This behavior was observed

reproducibly when we changed the bias voltage in the same manner again and again, and the atomic

image could be obtained just before and after these measurements. This indicates that any

destruction had never occurred with both the tip and the sanlple surface during this measurement.

However, with the same operating parameters as Fig. 5.6(d), stable scan was not possible.

Although we did not measure work function or absolute value of the tip-sample separation, it is

likely that the tip-sample distance was extremely short and the tip and the sample had SU"ong

interaction in Fig, 5.6(d). We found the same tendency, except the high conductance inside the

sUperconducting gap (see section 5.6.3 about it) on the cleaved surfaces of BSCCO single crystals

at4.2 K as described in section 4.3.5. The fact that the tunneling spectrum taken on the (001)

Surface of the YBCO ftlm changes its shape depending on the tip-sample distance in the same

manner as BSCCO indicates that the superconducting CuO, layer lies under the surface
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Tip Bias [V]

(d) -02

-0.1 0.0 0.1

Tip Voltage [V]

Fig. 5.6 Barrier width dependence of the tunneling spectrum on the (00 I) surface of a YBCO

thin film at 4.2 K. Vb'S are (a) -500 mY, (b) -400 mY, (c) -300 mY, (d) -200 mY, respectively. lp

=2 nA const. Zero conductance value is shown by the line under each spectrum.

(a) (b)~

Fig,5.7 Schematic diagrams of the tip and sample conditions for (a) Fig. 5.6 and (b) Fig. 5.8.
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semiconducting layer with a comparable distance (-4.5 A). It is hence likely that the

semiconductive layer on the YBCa surface is also of the thickness of atomic size [Fig. 5.7(a»).

Fig. 5.8 demonstrates the same measurement perfonned on a 50 A thick PBCa deposited YBCa

(001) oriented film [Fig. 5.7(b»). The spectra show essentially the same semiconducting feature as

the surface semicoducting layer of YBCa [Figs. 5.6(a)-5.6(c)] irrespective of the tip-sample

distance. This result indicates that if the thickness of the surface semiconducting layer is at least 50

A, the quasi-particle tunneling can no longer happen. This supports the legitimateness of our

conclusion discussed above. So called a long-range proximity effect has been often observed on

the SNS junctions of the YBCalPBCalYBCa configuration where the thickness of the PBCa

layer is sometimes longer than 1000 A. As far as our experiments are concerned, such a

phenomenon is unreal and it seems more reasonable to attribute such results to low quality barriers

with pin holes of the junctions. However, we cannot definitively mle it out because this

phenomenon is thought to be sensitive to the interface of the junction and we have never

characterized the YBCalPBCa interface of our film.

Bias Voltage [mV]

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Tip Bias Voltage [V]

Fig. 5.8 Tunneling spectra measured with various barrier widths on the (00 I) surface of a 50 A
PBea deposited YBCa thin fJJm at 4.2 K. ~;s m'e (a) -500 mY, (b) -400 mY, (c) -300 mY, (d)

·200 mY, respectively. I" = 2 nA const. Zero conductance value is shown by the line under each

spectmm.
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5.3.3 Superconducting Energy Gap
Fig. 5.9 is one of the typical examples of tunneling spectra showing superconducting energy gap

structure. The shape of the conductance curve in Fig. 5.9 is qualitatively close to the BCS function

exccpt for high zero-bias conductancc in the gap relative to that in the normal-state region. As can

be seen in Fig. 5.6, the width of the smaller gap in the V-shaped broad valley changes depending

on the extent of the relative contribution from the surface non-superconducting layer. In order to

avoid overestimating the energy gap, we adopted the specu·a with two clear peaks on the sides of

the gap as seen in Fig. 5.6(d) or Fig. 5.9. If we take the peak-to-peak separation in the

conductance curve as the value of the superconducting energy gap, 2Ll is estimated to be -40 meV,

corresponding to the reduced gap value 2Ll /kBTc -5.2. This value is smaller than that of the

BSCCO 80 K phase (2Ll /kBTc -9-12) in spite of the higher Tc of -90K. This is consistent with

previous works reporting the gap energies in the strong coupling regime by macroscopic junction

methods[Refs.39-41].

The tunneling spectrum in Fig. 5.9 indicates zero-bias conductance as high as 50% of the normal

one. Most of the spectrum data measured on the YBCO films prepared under the condition

described above showed high conductance values at V = O. However, on some of the YBCO thin

film samples prepared under a slightly different condition of the substrate temperature, we observed

tunneling spectra given in Fig. 5.10 showing finite superconducting gap structure with very low

zero-bias conductance of -I %. Although the probability of obtaining the conductance curve of tltis

feature was very small, i.e., three times among more than fifty measurements, this result seems to

suggest that a finite energy gap opens up in the superconducting band, i.e., s-wave symmetry of

0.10
o
-010 -0.05 0.00 0.05

Tip Voltage [V]
Fig. 5.9 Tunneling spectra measured on the (001) surface of a YBCO thin fum showing a

sUperconducting nature with an energy gap 26. of -40 meV corresponding to a reduced gap value

2MkBTc - 5.2 at 4.2 K. Vb =-200 mV, Ip =2 nA.
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Fig. 5.10 Tunneling spectra measured on the (001) surface of a YBCO thin film showing a finite

superconducting gap with a low zero-bias conductance value ( - 1%) at 4.2 K. Vb = -100 mV, II' =
4 nA.

the Cooper pair. The difference between Fig. 5.9 and Fig. 5.10, i.e., the extremely high zero-bias

conductance, can be attributed to the difference of the termination of the films as will be discussed

in section 5.6.3.

S.4 STM Observations on (110) Oriented YBCO Thin Films
As described in the former sections, we performed STMISTS observations on (001) oriented

YllCO epitaxial thin films. However, the identification of the terminating laxer of the YBCO (00 I)

film is still controversial as will be discussed in section 5.6.2. Hence, tunneling spectrum data on

the (001) films, which mainly reflect the electronic nature of the top layer, have ambiguity in their

interpretations. This ambiguity can be excluded if one observes the cross-sectional surface of the

layered structure [Ref. 42). We have succeeded in the cross-sectional STMISTS observations with

atomic resolution on (110) oriented YBCO epitaxial films for the first time.

Figs. 5.II(a) and 5.11(b) show the STM images taken on a (110) oriented film with wide

scanning areas at room temperature. Semi-macro scale hill structures which are elongated along the

c-axis are observed. The average size of these structures is 150 nm long and 50 nm wide. The

sectional diagram perpendicular to the c-axis schematically indicates the plateaus on the top of these

structures [Fig. 5.II(b)]. The top flat planes and the other side facets arc assigned from their

angles as (1/0) and (100)/(010) planes, respectively [Fig. 5.1 I (c)]. Under a different growth

condition, (110) oriented fIlms with smoother surfaces were obtained. However, the surfaces of
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(a)

(c)

(b)

Fig. 5.11 (a), (b) STM images of the

surface of a (110) oriented YBCO thin rum

measured at room temperature. V;;s and I,,'s
are (a) -1.7 V, 8 nA, and (b) -1.7 V, 5 nA,

respectively. (c) Schematic diagram of tbe

observed hill structure.
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(a) (b)

Fig. 5.12 Atomic resolution images obtained by scanning the same area of the (110) plane of a

YBCO epitaxial film at 4.2 K. Vb'S and I,:s are (a) -1.9 V, 0.13 nA, (b) -0.75 V, 0.09 nA,

respectively. In Fig. 2(b), the arrows point at the scanning position of the STS measurement

shown in rig. 5.15.

such films were unstable and became insulating after exposure to the ambient atmosphere.

On thc plateau region of the structure, i.e., on the (110) plane, atomic images were obtained at

4.2 K [Figs. 5.12(a) and 5.l2(b»). The images clearly show an orthorhombic lattice of surface

atoms. This is the first atomic resolution STM imaging on the (I 10) plane of YBCO to the best of

our knowledge. Figs. 5.12(a) and 5.l2(b) were taken with tip bias voltages of -1.9 V and -0.75 V,

respectively. It should be noted that the relative diffcrence in brightness between the duplex layer

and the adjacent layer is more emphasized in the STM image taken with the lower bias voltage [Fig.

S.12(b»). Considering the surface crystallographic structure of the YBCO (110) plane with tile

c-axis length of 1.2 nm, one unit cell is composed of t1u'ee layers in the images, and two of them

must be the same kind of layers. The (110) plane of YBCO can be uniquely defined, contrruy to

the (00 I) plane, as illustrated in Fig. 5.13. If the tunneling probability to Cu atoms of both the

Cu02 and CuO chain layers is higher, the orthorhombic lattice images as shown in Figs. 5.12(a)

and 5.l2(b) me understandable. It is also possiblc to assign the corrugations as the Y and Ba

atoms. However, it is more plausible to assume that the Cu02 layer, which is responsible for the

Quasi-2D conduction of this system, appears in the STM images. Therefore, we conclude that the

atomic cOI11Jgations in Fig. 5.12 correspond to Cu atoms, and the brighter duplex layer is the Cu02
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o
o

Fig. 5.13 Schematic diagram of the (110) plane of YBCO.

double layer. This implies that the CuO chain layer is also conductive relative to the Y and Baa

layers, but has lower density of states compared to the CuO, layer near the Fermi level. This

conductive nature of the CuO chain layer must be the origin of the small anisotropy of this system

compared to other HTSC's.

This result is very consistent with the result of the LOA band-structure calculation [Refs. 16-18].

Fig. 5.1(c) demonstrates the calculated partial density of states for each site. The negative tip bias

voltage corresponds to the unoccupied states of the specimen. Ncar the E F (0.75 eV of the E-EF in

the figure), the Cu site of the CuO, layer possesses more density of states than that of the CuO

chain layer. At the higher energy (1.9 eY), the density of states of these two Cu sites become the

same asymptotically. This directly explains tlle bias voltage dependence of the STM image

observed on the (110) plane as described above.

5.5 STS Measurements on (110) Oriented YBCO Thin Films

5.5.1 Spatial Variation of Electronic Structure
Fig. 5.12 shows light and dark areas which are observed in the images independent of the tip

bias voltage. Fig. 5.14 demonstrates an STM image with a larger scanning area. Each of the bright

line in the figure corresponds to a pair of CuO, layers, being enhanced with a lower tip bias voltage

of -0.5 Y. In Fig. 5. J 4, large swells and depressions are observed as stripes perpendicular to the

c-axis of dimensions of a few to several nano-meter wide. We measured a series of tunneling

spectra during one scan along the line indicated in Fig. 5.12(b) by the arrows. between the STM
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Fig. 5.14 STM image of the (110) plane of the YBCO epitaxial fum measured at 4.2 K. 11" =
-0.5 V, I

p
= 0.28 nA.

imaging of Figs. 5.12(a) and 5.12(b). Fig. 5.15 shows the result of this STS measurement. Fig.

5.15(a) is the sectional view of the surface topography, indicating the measuring locations of

tunneling spectroscopy (A-L in the figure). The spectra averaged over A-F and G-L locations are

superimposed in Fig. 5.15(b). On the line of points A-F, which corresponds to the swell in the

image, the tunneling spectra had a metallic nature with a superconducting gap structure, while the

spectra showed a semiconducting gap of -0.1 eV on G-L corresponding to thc depression. Similar

results were obtained at several other locations. These results indicate that the electronic structure

of the surface changed in relation to the undulation along the c-axis with a distance scale of a few to

several nano-meter, and the swells and depressions in the STM images correspond to

superconducting and semiconducting regions, respectively.

We would like to discuss the possible origins of this spatial variation of the electronic structure.

It seems to be natural to consider the observed undulation along the c-axis as a topographic feature

of the surface itself. However, this cannot give a convincing explanation for changing the

electronic structure. One possibility is the ordering of oxygen atoms. It is well known that YBCO

has oxygen nonstoichiometry mainly on the CuO chain layer, and oxygen content changes the hole

Concentration which determines the electronic nature of this system [Refs. 43,44]. If the oxygen

atoms concentrate preferentially on some CuO chain planes, the hole concentration varies

microscopically in the crystal, and this alters the local electronic stmcture along the c-axis in the

observed manner. Another possible origin may be the stress effect. We deposited a PBCO

template layer before deposition ofYBCO because the c-spacing of SrTiO, substrate is longer than

that of YBCO. However, the film before annealing in 0, atmosphere had low T, of -50 K owing

to the stress effect [Ref. 45]. After annealing in 0" the c-axis length decreased and the T, was

raised up to 85 K which was, however, lower than the maximum T, of this system, 90 K. We
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(a)
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(b)

Tip Bias Voltage [mV]

Fig. 5.15 STS measurement on the (110) plane of the YBCO epitaxial film at 4.2 K. (a) The

sectional view showing the locations of tunneling spectroscopy measurements (A-L, marked by'....

'j, V. =-0.1 V, I
p
=0.1 nA. (b) The tunneling spectra averaged over A-F and G-L locations.

cannot exclude the possibility of the presence of residual stress. If we assume that the stl"ess

concentrates in some areas, the superconductivity of the stressed areas may be destroyed while

other relaxed areas are superconducting, hence resulting in the same feature. The above tlVO

possible mechanisms may be combined because increase of oxygen content decreases the c-axis

length and relaxes the crystal. Although it is not clear, at the present moment, that the observed

features reflected bulk ones, we would like to suggest a possibility of occurrence of some kind of

microscopic phase separation. In either case of the possible mechanisms, the microscopic phase

separation is thought to decrease the total free energy of the thin fIlm structure. Further

investigations should be made on this subject.
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5.5.2 Tunneling Spectroscopy Changing Barrier Width
Fig. 5.16 shows tunneling spectra with various barrier widths on the (110) surface of a YBCO

film measured in the same way described above, when the spectra showed a superconducting

feature. The tunneling spectra always show a metallic naturc and superconducting gap structure

with high zero-bias conductance independent of the tip-sample distance. Apparently, this behavior

is different from the results of tile same measurement performed on the a-b basal plane. The

behavior of the spectrum measured on tile a-b plane can be explained by assuming tilat the spectrum

consists of more than two components contributed from different layers, and the ratio of the

contributions varies depending on the tip-sample separation because of the change of the barrier

shape. This explanation is applicable to the system where 2D planes normal to the simply assumed

Bias Voliage

-os [V]

C
::J

·0.05 0.00

Tip Voltage [V]

0.05

Fig. 5.16 Tunneling spectra measured with various barrier widths on the (110) surface of a

YBCO thin film at 4.2 K. Vb'S are (a) -500 mY, (b) -400 mY, (c) -300 mY, (d) -200 mY,

respectively. lp = 2 nA const. Zero conductance value is shown by the line under each spectrum.
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tunneling direction are piled up. However, in the case of the (110) plane, the situation is

completely different. The edges of all the 20 planes parallel to the tunneling direction appear on the

surface. The tunneling spectrum must also have components from different planes, but the ratio of

the contributions depends rather on the lateral tip position than the tip height. Since the edges of the

conductive Cu02 and CuO planes appear, there must be enough surface states and the STM tip

cannot go to the vicinity of the surface unlike the case that it is covered with an insulating layer.

This suggests that the tunneling area cannot become extremely small but is kept larger than some

extent which contains more than one plane. The tunneling area can change depending on the

tip-sample distance. However, this tunneling direction has a simple vacuum barrier, thus the

tunneling current decays rapidly as the distance increases, which means that the change of tunneling

resistance corresponds to very small change of the tip height. All these situations make the

tunneling spectmm in this direction reflect mixed nature of the planes without remarkable change

depending on the tip position.

Fig. 5.16 seems to have a tendency that the gap value becomes small as the tip is closer to the

sample surface, although the number of this kind of measw'ement on the (110) plane is not large

enough to discuss the reproducibility. This behavior is understandable if we assume the anisotropic

gap which has maximum in the (110) direction. As the tip-sample separation becomes small, the

tunneling area decreases, which corresponds the increase of the probed area in the k-space.

Therefore, if the tip is further from the sample surface, the nature reflected in the spectmm is limited

to the information about the tunneling process along the (110) direction. If the superconducting

order parameter has maximum in the (110) direction, the spectrum must show a larger gap with the

larger tip-sample separation, which is the same manner as shown in Fig. 5.16. This result is

opposite to that expected from the d
x

'_'" symmetry of the Cooper pair but consistent with the d n

symmetry. Further investigation should be done on this topic in relation to the interest in the pair

symmetry of the HTSC.

5.5.3 Superconducting Energy Gap
Fig. 5.17 indicates an example of the tunneling spectrum showing a superconducting energy gap.

On the (110) plane, the superconducting spectra always show a gapless feature and high zero-bias

conductance higher than 50 % of the normal one as shown in Figs. 5.16 and 5.17. This result was

surprising for us, because we felt that the difficulty in observing the clear superconducting gap

structure with a flat bottom and low zero-bias conductance on the a-b basal planes of the HTSC

materials is due to the fact that the superconducting Cu02 plane is covered with other layers in usual

cases. Therefore, we expected, on the cross-sectional surface where the Cu02 layer appear, it must

be possible to probe the electronic nature of the Cu02 plane directly without interference from other

layers. However, as discussed in tJle former section, it seems that, on the cross-sectional plane, the

spectrum always reflects the mixed natme of the planes included in the tunneling area. The CuO,
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Fig. 5.17 Tunneling spectrum showing a superconducting feature measured on the (110) plane

ofa YBCOepitaxiai flim at4.2 K. Vb = -0.2 V,Ip= 0.1 nA.

nature can be probed rather on the basal plane under the limited configuration of the planes near the

surface as will be discussed in section 5.6.3 and Chapter 7. This situation is analogous to the fact

that STM possesses higher resolution in the z-direction (-0.1 A.) than in the x, y-direction (-I A.)
owing to the sensitiveness of the tunneling current to the tip height.

The superconducting gap values measured on the (110) oriented films, which were roughly

estimated from the peak-to-peak separations, ranged from 20 meV to 40 meV corresponding to 2Ll

Ik.T, of 2.7-5.5 (T, -85 K). This scattering of the gap values may be also attributed to the variation

of the local T, in the superconducting swell region. Such variation is possibly caused by the

quasi-2D electronic structure intrinsically, and also by the extrinsic effect such as the variation of

the oxygen concentration as described in section 5.5.1. If the bruTier width dependence of the gap

energy discussed in the fonner section is true, it can also cause this scattering of the observed gap

values. However, at present, we have never found any tendencies or rules of the scattering. A

systematic experiment should be done.

5.6 Discussions

5.6.1 Growth Mechanisms of YBCO Thin Films
On (001) oriented YBCO films, two dimensional island structures have been observed by a

number of researchers [Refs. 8-12]. Some groups reported rectangular shapes of the spirally rising
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steps or the concentric rings, while others reported circular ones. These features of the island

stl11cture dcpended on the film growth condition and the substrate material [Ref. 10]. It has been

pointed Ollt that the sides of the rectangular island were parallel to tbe (100)/(010) directions.

Hence, the rectangular shape of the island stl11cture must be formed if the growth in the (100)/(0 I0)

directions is predominant. On the other hand, when the growth in the (110) direction occurs

comparably to that in the (100)/(010) directions, the island must have the circular shape. Therefore,

the shape of the island seems to be detennined by the surface energy of the (110) and the

(100)/(010) planes depending on the growth condition. The (001) oriented films fabricated under

the growth condition of this work showed the rectangular island shapes [Fig. 5.3(a)], suggesting

the dominance of the growth in the (100)/(010) directions.

On the other hand, we observed hiJl structures elongated along the c-axis which have trapezoid

cross-sectional shapes on (110) oriented ¥BCO films as described in section 5.4.1. If the growth

of the film had occlltTed only in the (110) direction, the surface would have been rather flat and

these structures could not have been formed. Therefore, the fiJm growth must have occurred in both

the (110) and the (100)/(010) directions, forming both the (110) and the (100)/(010) planes

competitively. Judging from Fig. 5.II(b), the formation of the (100)/(010) planes seems to be

dominant.

Fig. 5.18 STM image of the (100) surface of a laser-deposited ¥BCO thin film measured at 4.2

K(constant current mode).
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These two results are consistent with each other suggesting the dominance of the film growth in

the (100)/(010) directions of the YBCO system. If it is true, (100) oriented YBCO films are

expected to have smoother surfaces than the (110) oriented films. Fig. 5.18 shows an STM image

of a (100) oriented YBCO fJ.1m grown by the same method under the same growth condition. In the

image, a lot of grains and their boundaries are observed. The cro s-sectional topographic view

indicates the heights of the structures of 2-3 nm which are an order of magnitude lower than that

observed on the (110) oriented films of -20 nm, which confirms that our expectation is true.

5.6.2 Models for Surface Termination of (001) Oriented Film
As described above in section 5.2, we have observed steps with one unit cell height, which is

consistent with other reports [Refs. 8-12]. Harmer el al. [Ref. 46] and Heyvaert el at. [Ref. 47]

reported that repeated rastering with an STM tip on the c-axis oriented YBCO thin film removed

surface atomic layers by field induced evaporation, and the removed layers were multiples of the

c-spacing (1.2 nm). These observations suggest that the terminating layer of a (001) oriented

YBCO thin film is always the same layer. Although the terminating atomie layer cannot be

identified by the STM observation itself, there are a number of studies which have determined the

termination. Liu et aI. [Ref. 48] and Fowler et aI. [Ref. 49] employed PES and x-ray photoelectron

spectroscopy (XPS), respectively, to study cleaved single crystals of YBCO. They detected two

Ba chemical states, a bulk one and a surface one, indicating a BaO-Cu02- terminated structure.

From the quantitative angle-resolved XPS (ARXPS) study of YBCO epitaxial films, Frank el at.

concluded that the BaO termination with BaO-CuO-BaO-Cu02- equence is the most stable one

[Ref. 50]. On the other hand, Terashima el al. examined YBCO thin films on SrTi03 substrates

deposited by reactive evaporation under a high-resolution transmission electron microscope (TEM)

and studied the superconducting properties of the one unit cell thick YBCO films [Ref. 51].

According to them, the core of the growth unit is the BaO-Cu02-Y-Cu02-BaO atomic layers, and

the CuO chain layer is located on the top of the core. Tanaka el at. [Ref. 52] used low-energy ion

scattering spectroscopy (ISSP) to examine the scattering of ions from Ba atoms on the surface of

YBCO, and found a "shadow" in the scattering which they attributed to a chain oxygen atom

diagonally above each Ba at the surface, which means also the CuO-BaO-Cu02- termination.

Pennycook el af. directly observed the amorphous/crystal interface in a c-axis oriented

ion-implanted YBCO film by z-contrast electron microscopy, and also concluded the tennination at

the CuO chain layer [Ref. 53].

Summarizing these results, the possible termination is at the CuO chain layer, or at the BaO layer

on the CuO chain layer, or at the BaO layer on the Cu02 layer. We feel that the tenninating layer is

not necessarily the same for all the YBCO specimens including single erystals and thin films grown

by various methods under various conditions. In either case, the tenninating layer is not the Cu02

layer which is thought to be essentially responsible for the quasi-two-dimensional

superconductivity of this system. Our data can be explained reasonably if we assume the
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BaO-CuO-BaO-CuO,- tennination for the usual cases indicating high zero-bias conductance and the

BaO-CuO,- tennination for the rare case showing a finite superconducting gap with low zero-bias

conductance as will be discussed in Chapter 7.

inValuesConductance5.6.3 Origins of High Zero-Bias

Superconducting Spectra
A number of tunneling data on YBCO reported so far gave high conductance values, larger than

50 % of the nonnal conductance, in the superconducting gap region. On the other hand, most of

the data measuring other compounds of HTSC did not show such high values [Ref. 54]. Actually

we obtained tunneling spectra with zero-bias conductance values smaller than several % of the

nonnal one when we observed BSCCO single crystals. Therefore this extremely high zero-bias

conductance value seems to be a special feature of YBCO. Here, we would like to discuss the

origin of the high zero-bias conductance observed in the YBCO system.

First, we try to explain two different observations on the (00 I) plane, i.e., a sueprconducting gap

with high zero-bias conductance observed in the usual cases, and a finite gap with a flat bottom

with very low conductance inside the gap rarely observed. We can presume that the high value at

zero-bias in the conductance curve can be attributed to extrinsic effects such as shon circuiting and

local destruction of superconductivity in the case of macroscopic tunneling methods such as planar,

break and point-contact junctions. However, these extrinsic effects can be excluded in the present

STS measurement which can avoid chemical reaction or mechanical damage of the material surface.

In every measurement, the specimen was once exposed to ambient gas. Therefore, degradation of

the surface does not seem to be the origin of the significant difference in the zero-bias conductance

between these two results. It is mysterious to obtain both the high zero-bias conductance and the

flat shape of the bottom in the gap structure at the same time in Fig. 5.9. Considering this rather

flat bottom region around V=0 in the conductance curve, it seems that a finite gap is opened in the

quasi-particle excitation spectrum of the superconducting CuO, layer, and this high zero bias

conductance is contributed by another layer whose electronic nature is close to nonnal metal. We

speculate that the tenninating layer was different depending on the growth condition, and the

specimen showing high zero-bias conductance has a normal metallic layer fonned between the

surface semiconducting layer and the underlying CuO, layer. The special feature of the YBCO

system which other HTSC materials don't have is the presence of the one dimensional CuO chain

layer. There is a possibility that the CuO chain layer gives an additional band which has a nonnal

metallic nature. Another explanation is that the CuO, layer nearest to the surface cannot become

superconducting becausc the hole donor layers are not complete at the surface, and this normal

CuO, layer yields the residual density of states in the midgap region. The former explanation seems

to be preferable considering the consistency with the explanation for the result measured on the

(110) surface presented below. If this normal metallic layer does not exist, a finite superconducting
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gap is ob erved. The probability of the OCCUITence of tllis configuration of the planes near the

surface seems to be very rare.

ext, we discuss the case of the (110) plane. Judging from the STM results on the (110) planes,

the Y and BaO layers have no density of states near the Fermi level. Hence, the contribution from

the Y and BaO layers to this high zero-bias conductance can be excluded. As mentioned above, the

spectra shown in Fig. 5.10 suggest that a finite gap opens up in the quasiparticle excitation

spectrum of the superconducting Cu02 layer. A possible candidate for the origin of the extremely

high zero-bias conductance in the (110) spectrum is the CuO chain layer. If we assume that the

CuO chain layer is normal metallic or weakly-superconducting by a proximity effect, the present

tunneling results are understood as follows. On the (110) plane, the tunneling occurs to both the

superconducting Cu02 layer and the normal metallic CuO chain layer as discussed in section 5.2.2.

Hence, the spectrum shows the residual conductance originating from the CuO chain layer even in

tlle superconducting gap region.

5.6.4 Symmetry of Cooper Pair
Symmetry of the Cooper pair must be the key feature to reveal the mechanism of the high

temperature superconductivity. The original BCS theory [Ref. 55] adopted simple isotropic s-wave

symmetry.

Ll(k)=Ll =consl. (5.1)

However, for the HTSC which has strong anisotropy, this symmetry may not be able to be

applied. In order to take anisotropic features of the HTSC into account, the gap parameters which

depend on k have been proposed (anisotropic s-wave). For such examples, following equations

have been introduced by Schneider et al. [Ref. 56] and Kirtley et al. [Ref. 57], respectively, as

discussed in section 4.6.2.

Ll(k)=LlI-2Ll 2cos(k,s)

Ll(k) = Ll absin2e - Ll ,cos2e

(5.2)

(5.3)

Although these gap parameters have k-dependence, at least, fillite gap opens in all the directions,

hence this symmetry is still s-wave.

On the other hand, it is well known that the HTSC has strong correlation. In the system

accompanied by the on-site Coulomb repulsive force, the symmetry which has a node is

advantageous. The d,'_,.' symmetry
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Ll(k) - coskxa-cosk,a (5.4)

has a four fold node in the direction of the diagonal of the Cu02 network. On the other hand, the

extended s-wave symmetry

Ll (k) - coskxa +cosk,.a (5.5)

shows an eight fold node.

Whether the superconducting gap of the HTSC has a node or not has lately attracted considerable

attention, because a half of the proposed mechanisms for the high temperature superconductivity

could be ruled out if it became clear. Therefore, the experiments to elucidate this problem become

the most significant recently. Under a realistic condition, tunneling spectroscopy using

macroscopic junction methods can obtain information about k-dependent features. For example, in

the case of d
x
'_,.' symmetry, if the junction is formed on the (110) plane of a HTSC material, no

superconducting gap must be observed in the spectrum. However, the interface of a real junction

does not have an atonllcally flat surface over the wide area, but locally has step structures and

planes of other orientations which cause electron diffraction at the interface and electron tunneling in

the different directions. Therefore it seems to be quite difficult to prove the ex..istence of a node in

the gap symmetry by using these methods.

On the contrary, in STM, the tunneling area is very small, and atonllcal moothness of such a

small area is actually possible. STM observations before the spectroscopic measurements allow to

choose such a smooth area. However, in this case, the too small tunneling area causes a problem

of the uncertainty of momentum. As is well known, uncertainty principle is expressed by the

following equation.

LlxLlp?!!.
2

(5.6)

Since STM possesses atonllc resolution, the tunneling area, which deterntines the uncertainty in the

real space (Ll x), must be not more than the order of the lattice parameter a.

Llx:S;a

Thus we obtain for the uncertainty of momentum

Llp?!!....
2a

Considering the relation p = (h/211: )k, Eq. 5.8 gives

(5.7)

(5.8)
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(5.9)

where Il2a corresponds to 1/411:" of the first Brillouin zone (-11:" fa::; k::; 11:" fa). Therefore the

tunneling spectrum measured by STM reflects infOlmation integrated in the k-space. From this

reason, we cannot derive k-dependent information from the data measured with STM. However,

paradoxically, we can verify s-wave symmetry of the Cooper pair based on the tunneling data with

STM if the observed material has it. The spectrum reflecting k-integrated information should

always show a finite gap in the case of s-wave, and a gapless feature in the case of d-wave

independent of the observing direction.

As discussed in Chapter 4 and Chapter 5, we obtained the tunneling spectra clearly showing

finite superconducting energy gaps with flat bottoms and very low zero-bias conductance values on

both BSCCO [Figs. 4.14, 4.25(b), 4.25(c)] and YBCO (Fig. 5.10). These spectra were measured

on the a-b basal plane. From this direction, the k-integrated spectra cannot avoid the influence of

the node if it exists. The fact that these spectra were measured on BSCCO and YBCO strongly

suggests that these materials have s-wave gap symmetry. The probability of observing this ldnd of

spectra is not so high. However, we would like to point out that there is no extrinsic reason why a

fInite superconducting gap appears in the spectrum. On the contrary, there are a number of

50
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~
>;g 20
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Fig. 5.19 Comparison of the observed tunneling spectrum on the (001) plane of YBCO with

spectral functions predicted from various models.

0: experimental data, ----: BCS function assuming .1 = 15 meV, -- : Dynes function assuming

Ll =13 meV and r =2 meV, -: layered model proposed by Schneider et al. assuming .1, = 12

and .1, = 5 meV.



CHAPTER 5 OBSERVATIONS ON rBCO TIIIN FILMS

extrinsic effects which cause the broadening of a superconducting gap, thus it is meaningless to

insist d-wave symmetry based on the tunneling data indicating a broad gap structure. Fig. 5.19

demonstrates the comparison of the observed tunneling pectrum on the YBCO (001) plane (Fig.

5.10) with spectral functions predicted from various s-wave models. The data can be fitted well to

the conductance curve calculated from the anisotropic s-wave model proposed by Schneider el al.

[Ref. 56].

5.7 Conclusions
We have performed STMISTS observations at 4.2 K in order to probe the topographic and

electronic properties of the (001) and (110) surfaces ofYBCO epitaxial films. On the (001) plane,

a square lattice of surface atoms with the a- or b-spacing (0.4 nm) was clearly observed in the STM

images together with step structures with height of 1.2 nm which was always equal to the c-spacing

of the YBCO unit cell. Therefore the surface of the c-axis oriented YBCO film was covered with

the same layer over the entire surface of the specimen which was stable and free from severe

reaction with ambient gas. We speculate that the tunneling current on the basal plane is composed

of two different contributions; one from the non-superconducting surface layer whose thickness

seems to be atomic size and the other from the superconducting CuO, layer underneath the top

covering layer, and that the contribution from the Cu02 layer becomes dominant when the

tip-sample distance is small and hence the superconducting energy gap is observable only under this

condition. In most of the (001) oriented films, the zero-bias conductance in the superconducting

state was rather high ( -50% of the normal value) whereas in some of the specimens it was as low

as 1% or less. This difference is explained by assuming that there are two kinds of surface

structures of the thin films depending on the growth conditions; one is composed of the

semiconducting top layer, the normal metallic layer beneath it, and the superconducting layer further

beneath them, and the other without the intermediate normal layer. If we adopt this a sumption, the

high zero-bias conductance is then attributed to the pre ence of the nOimalmetallic layer, therefore

the superconducting gap (2L1 -40 meV giving value of2L1 /k.Tc -5.2, suggesting a strong coupling

regime for this superconductor) is thought to be completely opened up in the CuO, band

considering the flat bottom shape in the gap region of the spectra, i.e., s-wave symmetry of the

Cooper pair.

On the (110) oriented YBCO films, semi-macro scale structures observed in the wide scan

images suggest that these films grew in both the (110) and the (100)/(010) directions and the

competition between formations of the (110) and the (100)/(010) planes occurred. Atomic

resolution STM pictures imaged Cu atoms of both the CuO and CuO, layers clearly, and a couple of

layers were enhanced relatively to the adjacent layer with low tip bias voltage. These enhanced

layers and their adjacent layer are assigned as the CuO, double layer and the CuO chain layer,

respectively, implying that the CuO chain layer is conductive but has lower density of states near

the Fermi level than the CuO, layer. Furthermore, we observed a broad undulation in the
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c-direction. The results of STS measurements indicated a superconducting nature on the swells and

a semiconducting nature on the depressions, suggesting occun'ence of some kind of microscopic

phase separation. The tunneling spectra measured on the swell region show a superconducting

property with a gapless feature and high zero-bias conductance. This spectral feature is

understandable if we consider the tunneling spectrum as a convolution of the contribution from the

5uperconducting Cu02 layer and that from the nomlal metallic CuO chain layer.
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CHAPTER 6 TYPICAL STRUCTURES APPEARED IN TUNNELING SPECTRA BY EXTRINSIC EFFECTS

Chapter 6

Typical Structures Appeared in Tunneling Spectra by

Extrinsic Effects

It has been demonstrated that spurious structures of various extrinsic origins may often be

observed in the tunneling spectra on the HTSC's. Because these structures could easily be

misinterpreted as a superconducting gap or as phonon structures, caution needs to be taken in

interpreting the obtained spectra. Here we examine the frequently reported cases which we believe

to be related to extrinsic effects: charging effect (Fig. 6.1), a dip structure in the conductance

I. 5,--------------,

1.0

~
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u 0.0

i -0.5

~ -1.0

-I. 51-----+----+----+------4

Fig. 6.1 1- V and differential conductance curves indicating multiple-peak structures with equal

inter-peak spacing caused by charging effect of a capacitive small particle between the tip and the

sample observed on the (001) plane of YBCO at 4.2 K after scanning with very low tip bias

voltage. Vb = -200 mY, I
p

= 0.8 nA.
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spectrum due to a proximity effect (Figs. 6.3, 6.4), and zero-bias anomaly arising from the same

origin (Fig. 6.5). All these structures were observed also in our tunneling measurements using

STM only when the probe tip crashed onto or contacted with the sample surface with very low tip

bias voltage of Vb ~ 50 mV [Figs. 6.1-6.3]. Hence we can claim that tilese are extrinsic stmctures,

and the tunneling spectrum did not indicate these structures when the tip is well-controlled under an

usual condition.

Especially in the early data, multiple-peak stmctures often appeared with nearly equal inter-peak

spacing, and were discussed in terms of multiple superconducting gaps [Refs. I, 2]. Ruggiero el

al. [Refs. 3-5] suggested that these were likely to result from the quantized charging of small

particles (Coulomb staircase), based on their observation of similar effect on a junction of

Ag-Al20 3-Ag with tiny Ag particles sandwiched in the tunneling region. van Bentum el al. [Ref. 6]

also observed the effect on YBCO with STM, possibly due to small metallic paJticles

unintentionally introduced on the sample surface. Fig. 6.1 shows a typical spectrum indicating the

charging effect measured on a (001) oriented YBCO thin film with our cryogenic STM at 4.2 K,

after scanning with low tip bias voltage of 20 mV which must have caused chipping of the

specimen surface and yielded small particles.

When a tunneling junction has a particle sandwiched between the two cleW'odes [see Fig.

6.2(a)], an equivalent circuit of a series of two micro-capacitors, C, and C;, may be conceived

[Refs. 7, 8]. Because the charge on the particle is quantized as Q = ne and the voltage of the

capacitors changes by etc" the conductance becomes a step function if C, » C; or R, » R2,

where R, is the Olunic resistance of the junction. For C, == C;, a gap should appear because of the

Coulomb blockade effect [Ref. 9]. The presence of many particles could produce a V-shaped

conductance by summing contributions from each. The palticles may either be broken chips of the

sample or foreign particles. Because equally spaced peaks are expected and the spacing vaJ'ies with

a change in tile geomeuical factors, one should be able to discriminate tile chaJ'ging effect from the

~
• small particle

(a) (b)

Fig. 6.2 Schematic diagrams of the tip and sample conditions for (a) Fig. 6. I, (b) Figs. 6.3-6.5.
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intrinsic structure by changing the contact pressure (point contact) or the tip-surface distance

(STM).

Another frequent observation in the tunneling conductance of the HTSC's has been the sharp

dips which appear symmetrically with respect to V= 0 [Refs. 1O-12J. Fig. 6.3 shows a typical

example of tunneling spectra accompanied with this bilateral dip structures measured on the cleavcd

surface of a BSCCO single crystal at 4.2 K. This stlUcture often shows hysteresis for upward and

downward voltage sweeps, and has been attributed to the switching effect of microscopic

supercurrent paths [see Fig. 6.2(b)J. The voltage where it appears shifts towards V= 0 under a

magnetic field and at higher temperature [Refs. II, 12J. This dip structure disappears above T,.

The shift of the voltage with T is in accordance with the change in the critical current of the

supercurrent path [Ref. 13J. Therefore, even if an observed dip structure disappears at T,. one

should not simply say it must be related to a superconducting gap. There secm to be many reports

in which this sort of dip structure has been discussed in terms of phonon structures or a

superconducting gap.

oL-_-,---~---:-~-----:-,:::------:--,:-::-::-'

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Tip VoltaIc (V)

15.---~-~-~-~-~--,
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.- -5

.= -10

-15'---~-~-~-~--'---=-'

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Tip Voltese (V)

Fig. 6.3 1- V and differential conductance curves indicating bilateral dip stlUctures caused by

switching effect of microscopic supercurrent paths observed on the a-b plane of BSCCO at 4.2 K.

Vb =-50 rnV,lp =2 nA.
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Fig. 6.4 demonstrates the tunneling spectra indicating the dip structures measured with various

tip bias voltages from 55 mV to 40 mV and constant set-point current of 2 nA, i.e., various

tunneling resistances, at the same point on the cleaved surface of a BSCCO single crystal at 4.2 K.

This series of tunneling spectra show two pairs of dips at symmetrical positions. This suggests the

existence of two supercurrent paths between the tip and the specimen. These dips shift in a

systematic manner that the pair of dips at higher voltage shifts towards V = 0 as the tunneling

resistance decreases while that at lower voltage shows opposite behavior. This seems to be because

one contact area of the path decreased and the other increased as the tip height was varied by

changing the bias voltage. TillS result proves that this kind of dip structure is not intrinsic one.

A zero-bias conductance peak (ZBCP) has been found even in conventional superconductors

[Refs. 14-16] and it has been discussed in relation to a magnetic impurity state [Refs. 17, 18].

Various types of ZBCP's have been reported frequently in HTSC's. They can be attributed to the

formation of a microscopic short circuit in the junction like in the case of the dip structure discussed

above. If t1tis is tile case, they should be suppressed by a magnetic field, and indeed such a

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Tip Voltage [V]

Fig. 6.4 Tunneling spectra showing bilateral dip structures caused by switching effect of

microscopic supercurrent paths measured with various tunneling resistances on the a-b plane of

BSCCO al4.2 K. V
b
=-40, -45, -50, -55 mY, Jp =2 nA const.
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suppression has been observed [Ref. 19]. The difference between the dip structure and the ZBCP

must be the contact area which determines the critical current of the supercurrent path. When the

contact area is very small, the voltage at which the superconductivity of the path is broken becomes

low and the difference between the resistance before and after the break becomes large, which

yields not dips but a peak at V = O. Fig. 6.5 indicates a typical tunneling spectrum showing the

ZBCP measured on the cleaved surface of a BSCCO single crystal at 4.2 K. It should be noted that

this spectrum also indicates the dip structure, suggesting the essentially same origin of these two

extrinsic structures.

This ZBCP is often interpreted as the Andreev reOection [Refs. 20, 21]. However, if this ZBCP

is caused by the Andreev reOection, the height of the conductance peak should be lower than twice

of the normal conductance. There are lots of spectrum data measured on the HTSC showing much

higher ZBCP's. Moreover, according to the BTK (Blonder-Tinkham-Klapwijk) theory [Ref. 21],

the conductance peak inside the superconducting gap is observed only when the ratio of the Fermi

velocity of the normal tip to that of the superconductor 1'= VFNlv FS is smaller than 1.0 (1'< 1.0).

oS 2

~ -2

:;;

oL.-_"--_-L-_--'-_---'-,:_~:__-'
-0.15 -0.10 -0.05 0.00 0.05 O.tO 0.15

Tip Vol lilge [Vj

Fig. 6.5 1- V and differential conductance curves indicating a zero-bias conductance peak caused

by switching effect of microscopic supercunent paths with very small critical current observed on

thea-b plane of BSCCO at4.2 K. Vb =-50 my,Ip = 1 nA.
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The value of vF can be calculated from the expression for the coherence length, ~o = ttvF / 1r LI .

Using experimental values, e.g., of the ¥BCO system, ~'b = 15 Aand LI = 20 meV, we obtain v"

= 1.5 X 107 cm/sec. On the other hand, an ordinary metal, e.g., Au has V FN = 1.4 X 108 cm/sec.

[Ref. 22]. Therefore the value of ,. of the SN junction between an ordinary metal and the HTSC

cannot be smaller than 1.0. This implies that a sharp ZBCP should not be observed on the HTSC's

in terms of the Andreev reflection.

Tanaka et af. [Ref. 23] recently calculate the conductance curves expected on an SN junction

assuming d
z
'_'.2 symmetry of the superconductor with various values of parameters. Their result

predicts that the conductance curve has a sharp ZBCP if the value of r equals to 5.0 and the

tunneling direction has an angle of 45' to the Cu-O bond direction of the CuO, plane. They

attribute the ZBCP observed on the HTSC's to d-wave superconductivity of this system.

However, the tunneling process in a real junction is not coherent, so that the conductance peak

should be broadened, especially in the case of the STM tunneling. The observed ZBCP seems to

be too sharp to be explained by their calculation result.

To conclude this Chapter, we would like to stress that the tunneling specu'um should be

examined for reproducibility by changing the contact conditions, and if possible, should be

examined under magnetic fields as well. A typical spectrum under one condition is not always

intrinsic.

References
[1] 1. Iguchi, H. Watanabe, Y. Kasai, T. Mochiku, A. Sugishita, and E. Yamaka, Jpn. J. Appl.

Phys. 26, L645 (1987).

[2] J. R. Kirtley, C. C. Tsuei, S. 1. Park, C. C. Chi, J. Rozen, M. W. Shafer, W. J. Gallagher,

R. L. Sandstrom, T. R. Dinger, and D. A. Chance, Jpn. J. App!. Phys. 26, Suppl. 26-3, 997

(1987).

[3] S. T. Ruggiero, and J. B. Barner, Phys. Rev. B 36, 8870 (1987).

[4] K. Mullen, E. Ben-Jacob, and S. Ruggiero, Phys. Rev. B 38, 5150 (1988).

[5] J. B. Barner, and S. T. Ruggiero, Phys. Rev. Lett. 59, 807 (1987).

[6] P. J. M. van Bentum, R. T. M. Smokers, and H. van Kempen, Phys. Rev. Lett. 60, 2543

(1988).

[7] H. R. Zeller, and 1. Giaever, Phys. Rev. 181,789 (1969).

[8] K. Mullen, E. Ben-Jacob, R. C. Jaklevic, and Z. Schuss, Phys. Rev. B 37, 98 (1988).

[9] P. J. M. van Bentum, H. van Kempen, L. E. C. van de Leemput, and P. A. A. Teunissen,

Phys. Rev. Lett. 60, 369 (1988).

[10] H. Koch, R. Cantor, J. F. March, H. Eickenbusch, and R. Schollhorn, Phys. Rev. B 36,722

(1987).

[11] S. Takacs, S. Benacka, A. Plecenik, and V. M. Svistunov, Physica C 162-164, 1049 (1989).

134



CHAPTER 6 TYPICAL STRUCTURES APPEARED IN TUNNELING SPECTRA BY EXTRINSIC EFFECTS

[12] T. Walsh, J. Moreland, R. H. Ono, and T. S. Kalkur, Phys. Rev. B 43,11492 (1991).

[13] J. S. Tsai, Y. Kubo, and 1. Tabuchi, Jpn. J. App!. Phys. 26, L701 (1987).

[14] E. L. Wolf, Principles of Electron Tunneling Spectroscopy, Oxford University Press, New

York, 395 (1985).

[15] A. F. G. Wyatt, Phys. Rev. Lett. 13,401 (1964).

[16] L. Y. L. Shen, and J. M. Rowell, Phys. Rev. 165,566 (1968).

[17] J. Appelbaum, Phys. Rev. Lett. 17,91 (1966).

[18] P. W. Anderson, Phys. Rev. Lett. 17,95 (1966).

[19] T. Lehnert, H. Riedel, and K. Keck, Solid State Commun. 71, 953 (1989).

[20] A. E. Andreev, Sov. Phys. JETP 19, 1228 (1964).

[21] G. E. Blonder, M. Tinkham, and T. M. KJapwijk, Phys. Rev. B 25, 4515 (1982).

[22] N. W. Ashcroft, and N. D. Mermin, Introduction to Solid State Physics, Edited by P. G.

Crone, Holt-Saunders International (1981).

[23] Y. Tanaka et al., (private communication).

135
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Chapter 7

Explanations for Variations and Anomalous Behaviors

of Tunneling Spectra Measured on HTSC's

A great deal of tunneling experiments have been performed on the HTSC's, and various results

have been reported so far [Ref. I]. This variety of the spectrum data caused a confused situation in

this field of study, and it continues even now. STM is thought to be an ideal probe to investigate

this variety because it can change a measuring position and a barrier width, i.e., it can make lots of

junctions during one measurement. In fact, we observed so many types of spectra depending on

the measuring condition, and found some tendencies. As discussed in Chapter 6, we revealed

some types of spectra, which were considered as intrinsic properties of the HTSC's in the early

period, to be extrinsic ones. However, even the spectra regarded as intrinsic ones have various

shapes as described in Chapter 4 and Chapter 5. We presumed the condition of the tip and the

sample surface for each spectrum, and interpreted some behavior. In this Chapter, we try to explain

all the spectral results systematically.

Based on our spectrum data, and considering some band calculations [Refs. 2-7], ARPES

studies [Refs. 8-11], and theoretical models [Refs. 12-19], we assume that, in HTSC's, the

electronic structure varies in one-unit cell and each layer has a different property, which is assumed

as follows:

[BSCCO]

CuO,: metallic and superconducting

BiO : semiconducting with a band gap of -0.1 eV Cdepending on the oxygen content)

SrO : semiconducting with a band gap wider than that of the BiO layer

Ca : insulating with a wide band gap

[YBCO]

CuO,: metallic and superconducting

CuO : metallic but smaller density of states near the EF than the CuO, layer, normal metallic or

weakly superconducting due to a proximity effect

BaO : semiconducting with a band gap of -0.1 eV

Y : insulating with a wide band gap

Nonna! density of states of each layer is expressed as Nc"o,(E), No;oCE), Ns,oCE), Nc,CE) for the
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BSCCO system, and Nc"o,(E), Nc"o(E), NB,o(E), Ny(E) for the YBCO system. Now, we assume

that total density of states of each system consists of several components from the different layers,

which is expressed as

II!" Bscco(x)NBscco(E, x)

= lfI,.Co02(X)Nc"02(E)+ lfIk.B,o(x)NB;o(E) + lfI,. s.o (x)Ns.o (E) + lfI,. c,(x)Nc, (E) (7.1)

lfI,. YBco(x)NYBCO(E, x)

= lfI,. a.02 (X)NC"02 (E) + lfI,.c"o(x)NC"o(E) + lfIk.B,o(x)NB,o(E) + lfI" y(x)Ny(E) (7.2)

where lfI, (x) expresses a wave function. We assume that lfI, 's are independent of and have no

interaction with each other. In order to take the spatial variation of the order parameter into account,

we express a superconducting state

N,(E, x) =S(E, Ll(x))N,,(E, x) (7.3)

by introducing a superconducting gap function SeE, Ll (x)). Now we take note of the energy level

V, (V,) which is inside (outside) the band gap of the semiconducting layer (BiO, Baa) [and not so

lower (higher) than the edge]. V, corresponds to the energy level outside the superconducting gap.

Fig. 7.1 schematically indicates expected lfI, (x)N(V" x) in the normal state, lfI,(x)N(V" x), and Ll

(x) for both the BSCCO system [Fig. 7.l(a)] and the YBCO system [Fig, 7.1 (b)]. In the BSCCO

system, at the energy of V,, only the Cu02 layer has density of states and lfI, (x)N(V" x) has its

maximum at the positions of the CuO, layers. At the energy of V2' the BiO layer has finite density

of states which is smaller than that of the CuO, layer. The SrO and Ca layers have no density of

states both at V, and at V2 • The superconducting order parameter Ll (x) has maximum on the Cu02

layer and decays with the coherence length ~,of -1-2 A. On the other hand, in a YBCO, the Cu02

layer and the CuO chain layer have density of states at E = V" and that of the Cu02 layer is larger.

At E = V" the Baa layer also has finite density of states which is smaller if compared to those of

the CUO, and CuO chain layers. The order parameter Ll (x) becomes maximum at the CuO, layer

and tails into the vicinity of the CuO chain layer, where lfI, (x)N(E, x) has finite value.

Next, we discuss what a differential conductance curve reflects in the case that the electronic

structure has the spatial variation as shown in Fig. 7.1. We start with Eg. 2.22 which appeared in

the semi-phenomenological theory by Giaever and Megerle [Ref. 20] expressing the tunneling

current between a superconductor and a normal metal.

[" = 2~ e IMI' N" f!~(E)[J(E) - f(E + V)JdE (7.4)

where the density of states in the nonnal metal is constant N", the density of states in the
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Cu 8; 8; Cu Cu 8i 8; Cu Cu 8; 8; Cu Cu 8; 8; Cu

IjI(x)N(V" X)

X

\jf(X)N(V2' X)

X

L'>(X)

X
Ca Sr Sr Ca Sr Sr Ca Sr Sr Ca Sr Sr Ca

IjI(x)N(V" X)

\jf(x)N(V2• X)

L'>(x)

Cu2 Cu 1 Cu2 Cu2 Cu1 Cu2 Cu2 Cu1

Y 8a 8a Y 8a 8a Y 8a 8a Y 8a 8a Y

Fig. 7.1 Expected spatial variations of the electronic stlUcture of (a) BSCCO and (b) YBCO. The

oscillation of IJI. (x) is ignored in the diagrams.
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superconductor N,(E) depends on energy, quasi-particles occupy a given state of energy E with a

probability f(E) = [1+exp(tJ E)r l
, and the matrix element M is independent of energy. It is well

known that this equation explains the tunneling results measured on the conventional uniform

superconductors quite well. However, we cannot apply this equation to the HTSC's which are

assumed to have the spatial variation of the electronic structure. Eq. 7.4 is based on the "golden

rule", and the matrix element Mis detennined

M= J;~(X)A.H,ljI,(X)dx (7.5)

where 1jI ,(x) and 1jI "(x) are wave functions of the superconductor and the normal metal, and A. HI

is the first term of perturbation appeared in the following equation.

H = Ho+ A. H, (Ho: unperturbed Hamiltonian, A. « I) (7.6)

One idea to treat the x-dependent system is inU'oducing a delta function in the matrix element M.

ML(x) =f;~(X')A.H'LljI,(x')8(x'-X)dX' (7.7)

L represents Cu02, BiO, SrO, Ca for BSCCO, and Cu02, CuO, Baa, Y for YBCO.

By doing so, the tunneling current J.. is obtained as the integral with respect to both E and x.

(7.8)

By the analogy with the way of leading Eq. 2.24 from Eq. 2.22, Eq. 7.8 gives next expression by

differentiating with respect to the applied voltage.

(7.9)

Although it is not clear whether this equation is true or not because ML(X) and S(V, Ll (x))NL(V) of

the HTSC is not known here, at least, it seems to be likely that the conductance curve reflects the

addition of the density of states of each layer which is multiplied by a prefactor expressing its

weight which is determined by the wave functions and integrated with respect to the position.

From this point of view, we will explain our various tunneling data qualitatively.

Figs. 7.2-7.4 schematically summarize our tunneling results. Figs. 7.2(a) and 7.2(b)

demonstrate the expected tip positions and surface terminations of the specimens, which are



CHAPTER 7 EXPLANATIONS FOR VARIATIONS AND ANOMALOUS BEHAVIORS OF TUNNELING SPECTRA

BSGGO Tip Position
YBGO Tip Position
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<](9)

Oxygen Depletion <] (6)

<J (3) <J(5)

<J (1) <](7)

<J (2) <](8)

Gu02
BiO

Gu02

srO
(a) (b)

Fig. 7.2 Tip and sample surface conditions expected for each typical type of spectrum observed

on (a) BSCCO [case (1)-(4)] and (b) YBCO [case (5)-(10)].

(a)

(b)
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Fig. 7.3 Assumed electronic structures for each layer of (a) BSCCO and (b) YBCO.
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presumed by considering the observed STM images and the values of set-point current and tip bias

voltage and by comparing each result with others, as discussed in Chapter 4 and Chapter 5. Fig.

7.3 indicates the electronic structure of each layer which we assume, i. e., a superconducting nature

of the CuD, layer, a normal metallic (weakly superconducting by a proximity effect) nature of the

CuD chain layer, a semiconducting nature with a small band gap of the BiO, SrO and BaO layers

and an insulating nature of the Ca and Y layers. Fig. 7.4 shows schematic representations of the

typical tunneling spectra observed under the conditions (1)-(10) in Fig. 7.2. As discussed in

(a)

(b)

Fig. 7.4 Typical spectral shapes observed on (a) BSCCO single crystals and (b) YBCO thin films

in our experiments. (1)-(10) correspond to the cases (1)-(10) described in Fig. 7.2.
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section 5.6.2, the termination of a (00l) oriented YBCO film is still controversial [Refs. 21-24].

However, here, we assume the BaO termination with the underlying CuO chain layer, which is

consistent with the conclusion by Frank et al. [Ref. 22J. Witil this termination, the hole donor

block of the BaO-CuO-BaO sequence is complete at the surface, which allows the first one-unit cell

to become superconducting. Hence each layer near the surface can have the same electronic nature

as in the bulk. Moreover, in titis Chapter, we do not take into account the extrinsic effects

discussed in section 4.6.2 and section 5.6.3, and explain the features of tile observed spectra

regarding them as intrinsic ones.

Fig. 7.5(a) illustrates the spatial variation of the electron density lfI•. Bscco(x)NBscco(E, x) near

ilie surface, which is expected based on tile assumptions described above, when ilie specimen is

Oxygen Depletion

Tip

BSCCO

Surface

(3)Vb=V"v'~ili:;\.: \ IJI{x)N,

.../ '...:-:-.... .... x

Surface

(4) V.' V"V'~~.------'b~

Ca CuO, SiD BiO

:::~::::[tAL
~,) Iii:

IJI{x)N,

IJI{x)N,

Tip

BSCCO
Surface

CaCuO,SiD BiOVacuum

I : I
I

IJI{x)N(V" x)

(a) (b)

Fig. 7.5 Expected electronic feature near tile surface for each type of spectrum observed on

BSCCO single crystals. (a) BiO ternJinated surface. (b) Oxygen depleted BiO surface or SrO

terminated surface.
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terminated with the semiconducting BiO layer which has small band gap of -O.l eV. At E = V" the

Ca layer, the BiO layer and the SrO layer do not have density of states [Nc,(V,) = NB,o(V,) =
Ns,o(V,) = 0], and the 11'•. Bscco(x)NBSCCO(V" x) originating from the CuO, layer [NC"02(V') '" 0]

decays gently trough the BiO and SrO layers because the barrier height of tltis region is determined

by the edge energy of the unoccupied conduction bands of the BiO and SrO layers which is much

lower than the vacuum barrier. At E = V" the surface BiO layer has finite electron density which

rapidly decays in the vacuum. The superconducting order parameter Ll (x) has maximum value Ll B

at the CuO, layer, and decays abmptly with the coherence length ~ c of 1-2 A. If the tip bias

voltage Vb = V" the tip can detect the electronic states of the surface BiO layer, and tunneling

process between the tip and the BiO layer mainly occurs. Therefore, the tip is kept away from the

specimen, and the tunneling spectrum reflects only the electronic nature of the BiO layer. This

corresponds to the case (I) in Fig. 7.2(a). On the other hand, when Vb = V" the tip cannot sense

the surface BiO layer and the SrO layer because they do not have density of states at this energy

level, hence the tip can approach very close to the sample surface and the tunneling into the CuO,

states, which tails through the SrO and BiO layers, mainly occurs within the energy region

corresponding to the band gap of the surface semiconducting layers. Outside the band gap, the

tunneling between the BiO layer and the tip is ovelwhelming, thus the spectrum reflects the BiO

states. Tltis is the case (2) in Fig. 7.2(a). In tltis case, the Ll (x) is thought to decay more rapidly

than the 11'•. Bscco(x)NBSCCO(V" x) [see Fig. 7.S(a)], thus the conductance curve must include lots of

components with Ll (x) values satisfying 0 ::; Ll (x) < Ll B. This must be the origin of the gap

smearing and finite conductance in the gap observed in the spectra measured under the condition

(2).

Fig. 7.S(b) shows the case that the surface semiconducting BiO layer become insulating with a

large band gap owing to the oxygen depletion. In this case, even at E = V" the surface BiO and

SrO layers have no density of states. The electronic density of the CuO, layer tails into the region

of the surface insulating layers, and decays more rapidly than the case discussed above [( l), (2) in

Fig. 7.2(a)] because the barrier height of this region is higher. The behavior of the Ll (x) is almo t

the same since there are no changes in the energy region near the Fermi level where a

superconducting gap opens. The surface insulating layers have no density of states at both V, and

V" hence the tip-sample separation becomes very small even with Vb = V" and the tunneling

process between the tip and the CUO, layer is dominant in the band gap region of the insulating

layers. When the terminating layer is the BiO layer [case (3) in Fig. 7.2(a)], the tip position is

almost the same as the case (2), so that the smearing feature of the superconducting gap is sintilar.

If we measure the wide energy region, the edge of the band gap is observed at higher energy,

which yields the shape of the spectrum shown in (3) of Fig. 7.4(a). On the other hand, if the SrO

layer appears on the surface [case (4) in Fig. 7.2(a)], the tip-CuO, distance becomes small, and the

electronic density of the CuO, layer decays abruptly into the vacuum from the surface SrO layer.

As a result of these differences, the conductance curve have less contributions of 11'1

Bscco(x)NBscco(E, x) from the positions where the Ll (x) is smaller than the Ll B or zero. This is
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probably the reason why the tunneling spectra measured under this condition showed clear

superconducting gap structures with flat bottoms and low conductance values at zero bias.

Fig. 7.6(a) represents the electronic features near the Baa terminated surface of YBCO. At E =
V" the CuO, layer has more density of states than the CuO chain layer. The Baa layers work as

low barriers and make the decrease of the CuO, and CuO electronic density in U,e Baa layer regions

much genUer than in vacuum. At E = V,. the Baa layer also has density of states which is small if

compared to the CuO, and CuO chain layers. The LI (x) decays from the CuO, layer wiU, the

coherence length; , of -3 A which is longer than U,at of BSCCO. This seems to have influence

slighUy on the CuO chain layer. When Vb = V, [case (5) in Fig. 7.2(b)], the tunneling between the

tip and the surface Baa layer occurs because of the presence of U,e surface Baa states. If we adjust

YBCO/PBCO
Interface

yCUO~a;uOBao Surface

I I
l-L..--,--_I_ )-1---

",,,~.,llb=jl---f'>---

~'1[£L
~!

IjI{x)N(V" x)

YBCO Surface
CuO, CuO

Y Baa Baa Vacuum
I

L..L+--T---,.--1'----- x

'---"----JC>------ X

IjI{x)N(V,. x)

IjI{x)N(V" x)

(5)V.=V,
IjI{x)N, (7)V.=V, IjI{x)N,

:. ;
IjI{x)N,

(6)V.=V, IjI{x)N, (8)V.=V,

-x
Tip Tip

(a) (b)

Fig. 7.6 Expected electronic feature near the surface for each type of spectrulll observed on

¥BCO thin films. (a) BaO-CuO- terminated surface. (b) PBCO deposited surface.
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Vb to V" the tip is brought to the vicinity of the sample surface and the tunneling processes to both

the CuO, and the CuO chain layers occur. Since the Ll (x) has the decay length of -3 A, the

tunneling spectrum has contributions of 1j!k. YDco(x)N YDCO(V" x) from the positions where Ll (x) =

O. This normal component mainly from the CuO chain layer must yield Ule high zero-bias

conductance observed in the spectra measured under the condition (6) in Fig. 7.2(b).

If we deposit 50 APBCO on YBCO, the 1j!k. YDco(x)N YDCO(V" x) and Ule Ll (x) cannot have finite

values at the surface because the PBCO bulk itself is semiconducting with a band gap comparable to

the BaO layer in YBCO [Fig. 7.6(b)]. At E = V" the PBCO has density of states, but E = V" the

PBCO bulk has no density of states. Therefore, the tunneling spectrum shows a semiconducting

feature irrespective of the tip-sample separation [(7), (8) in Fig. 7.2(b)].

lj/(x)N,

Tip

YBCO(110)

IV(x)N(V" x)

6(x)

Baa

Baa

'lJ{x)N(V,. x)

GuO,

Cuo

Cuo

Baa

GuO,
1---+--

Cuo

GuO,

(10)V.=V" V,'lJ{x)N,
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6(x)

'lJ{x)N(V" x)

YBCO
Surface

CuO,
Y Baa Vacuum

""jN(v.. 'j I
'--''----+~----

(9) V.=V,

(c) (d)

Fig. 7.6 Expected electronic feature near Ule surface for each type of speeuum observed on

YBCO thin films. (c) BaO-CuO,- terminated surface. (d) Cross-sectional surface.
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Fig. 7.6(c) demonstrates the variation of the electronic density of YBCO near the surface which

is terminated with another BaO layer adjacent to the CuO, layer. At E = VI' the CuO, layer has

density of states and IfIk. YBco(x)NyBCO(VI, x) decays in the BaO layer with a gentle slope because of

the low barrier height in this region. At E = V" both the CuO, layer and the BaO layer have density

of states, and the elecU'onic density drops exponentially from the surface into the vacuum region.

The Ll (x) shows the same tendency as shown in Fig. 7.6(a). When Vb = V" the tip-sample

distance becomes very small, and only the tunneling process between the tip and the CuO, layer

occurs because of the lack of the BaO states at this energy level [case (9) in Fig. 7.2(b)]. Tn this

case, the tip-CuO, distance becomes short and the spectrum has a relatively large component of IfIl.

YBco(x)NyBCO(V" x) from the positions where Ll (x) = Ll 0' which allow us to observe the clear

superconducting gap structure with a flat bottom and very low conductance inside the gap.

Finally, Fig. 7.6(d) indicates the electronic features at the positions of the different layers on the

cross-sectional surface of YBCO. The feature should change continuously between the layers as

described in Figs. 7.6(a)-(c). At E = V" the CuO, layer has more density of states than the CuO

chain layer, and the BaO layer has no density of states. At E = V" the BaO layer also has density

of states which is still smaller than the CUO, layer. The Ll (x) has the maximum value Ll 0 at the

CuO, layer and a much smaller value at the CuO chain layer. The Ll (x) value is constant on each

layer (x = const.) and may become slightly small at the surface as pointed out by Deutcher and

MUller [Ref. 25], which must be a weak effect because the ~ d, has the order of a few or several nm

(much longer than ~ c -3 A). If the tip is on the cross-sectional surface, the tunneling proces es to

all the layers which have density of states at the energy can occur, because the edges of all the

layers appear on the surface. The spectral weight of the contribution from each layer depends on

the lateral tip position, and also slightly on the tip-sample distance which determines the tunneling

area. Because the spectrum has components originating from the layers involved in the tunneling

area, the spectrum shows a broadened superconducting gap with high zero-bias conductance which

reflect the natures of both the CuO, layer and the CuO chain layer. It also indicates slightly

increasing background reflecting the band edge of the BaO layer. Since the BaO layer has small

density of states relatively to the CuO, and CuO chain layers, the spectrum has small contribution

from the BaO layer which becomes large on the a-b plane when the BaO layer is the top layer.

These explain the shape of the spectrum measured in case (l0) in Fig. 7 .2(b).

Now we return to the discussion about the anomalous behavior of the tunneling spectra measured

on the HTSC's. As described in chapter I, they are summarized as follows:

I) The superconducting gap structure tends to appear in a broadening shape.

2) Considerably high inner-gap conductance is observed.

3) The background conductance of the specu'um, which is expected to be rather flat in the case

of normal metal, often shows linear feature.

4) Unexpected dip structure appears just outside the peak of the superconducting gap structure,

which is enhanced in the occupied states.

In the case of macroscopic junction methods, the gap broadening can be caused by the technical
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problem, e.g., unsuitable high tunneling resistance, and by extrinsic effects such as inhomogeneity

of the crystal, oxygen depletion and chemical reaction as discussed in section 4.6.2. However,

even the tunneling data measured by STM which is thought to be free from these problems because

of vacuum tunneling and its small area of an atomic scale also show considerable smearing of the

gap stmcture [Refs. 26 -29]. The broadening feature of the spectra measured by STM can be

explained in terms of the gap anisotropy. However, if the HTSC's havc anisotropic s-wave

symmetry of the Cooper pair, the spectrum should always show a flat bottom, and if they have

d-wave symmetry, the spectrum should always show a gapless feature. The fact observed is that

sometimes the spectrum shows a finite gap with a flat bottom, and, in most cases, it shows a

gapless feature. We would like to point out the possibility that if the electronic structure varies in

the real space, as discussed above, it can cause the gap broadening. If this is the case, a finite gap

can be observed only when the tip-Cu02 distance is small and the contribution of'll. (x)N(E, x)

from the positions where Ll (x) = Ll 0 is relatively large. However, the terminating layer is thought

to be the BiO layer of BiO-SrO-Cu02- sequence for BSCCO, and the BaO layer of

BaO-CuO-BaO-Cu02- sequence for YBCO in most cases. This must be the reason why most of

the spectra show the gap broadening and it is very rare that a finite gap is observed.

It has been reported that superconducting gap structure in the spectrum measured on the HTSC

shows considerably high conductance inside the gap. The number of the reports of this feature

decreased as the technique of tunneling experiments and thc quality of junctions were improved by

understanding the unstable and fragile features of HTSC materials. However, this feature is still

observed remarkably on the YBCO system, which has been often attributed to the unstable surface

of this system and a normal region formed by degradation. In our case, the surfaces of the

specimens are thought to be not degraded because the atomic images can be obtained on them. On

BSCCO, the superconducting spectrum showed zero-bias conductance as low as -5 % of the

normal background, if the energy resolution was high enough, which was actually not zero. On

YBCO, most of the superconducting spectra indicated pretty high zero-bias conductance values

which were 50 % or higher of the normal ones. However, some of the spectJa showed very low

zero-bias conductance values of -I %. This residual conductance can be also explained by

assuming the spatial variation of the electronic structure and a normal metallic nature of the CuO

chain layer. The coherence length along the c-axis ;, of the HTSC is extremely short. Therefore

the tunneling spectrum measured on the HTSC cannot help having contributions of'll. (x)N(E, x)

from the positions where Ll (x) = 0, which is relatively large when the tip-Cu02 separation is large

as discussed above. Furthermore, in the case of YBCO, the normal metallic CuO layers where Ll

(x) =0 give additional contributions. This is considered as the reason why only YBCO tends to

indicate extremely high zero-bias conductance, because the CuO chain layer exists only in the

YBCO system.

The linear background has also been reported as a kcy feature of the HTSC. It has been

discussed in some new theories such as the RVB model [Ref. 30J and the marginal Fermi liquid

model [Ref. 31] connected with the mechanism of the high temperature superconductivity.
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However, the data of ARPES studies [Refs. 8-11, 32-44] did not show this feature, and some of

the tunneling data measured by STM also showed flat background even when the data seemed to be

reliable because atomic resolution was obtained so that the STM was thought to be operated under

an ideal condition. Actually, in our results, the tunneling spectrum, which is thought to reflect only

the nature of the Cu02 layer around the EF [(3), (4) in Figs. 7.2(a), 7.4(a)], showed a typical

supercoducting gap structure and a flat background. Considering these facts, it is most likely that

this linear background is not the nature of the Cu02 band but the increasing background which

appeared in the spectra classified in (2), (6), (9) shown in Figs. 7.2 and 7.4, namely the band edge

of the semiconducting layer such as the BiO, srO and BaO layers. Since absolute value of the

density of states at the band edge is much smaller than that of the Cu02 layer around the E f" this

feature cannot be observed by PES, and in the case of the tunneling experiment, this feature is

remarkable when the top layer is one of the semiconducting layers. As discussed above, the BiO

termination for BSCCO and the BaO tennination for YBCO are the most likely cases. Therefore a

planar junction tends to show this linear background because it has a wide junction area, and most

part of the interface is tenninated with the semiconducting layer. On the contrary, flat background

is observed in a break junction and a point contact which can break this surface selniconducting

layer and detect the nature of the Cu02 layer, and in STS which reflects the nature of a local area

where the band gap becomes larger and only the nature of the Cu02 band is observed around the

Er
The problem which still remains is the diplike structure outside the pileup peak of

superconducting gap structure observed on the BSCCO system. Even the spectra which are

considered to reflect only the nature of the Cu02 layer [(2), (4) in Fig. 7.2] show this feature. This

suggests that this structure is originating from the Cu02 band. In order to explain this diplike

feature in the tunneling spectrum, it seems to be attractive to assume that the Cu02 band has a

strongly energy dependent asymmetric N,(E) with a heap near the Ef" and the spectrum is a

convolution of the usual parabolic tunneling conductance and this N,(E) as proposed by Huang el

al. [Ref. 49] (see section 4.5). However, this cannot explain the same feature appeared in the PES

spectra [Refs. 8, 10, 11,39-44]. There are several explanations for this structure from other points

of view. The simplest explanation for this effect i that there are two bands in close proximity to

each other and by coincidence they superimpose to fonn one feature in the nonnal state. As the

temperature is lowered, one or both of these bands sharpen up due to reduced lifetime broadening

owing to decreased electron-electron scattering in the superconducting state, and the dip appears

between them. Arnold el al. think that the dip may be related to the high-energy (relative to the

pileup peak of the superconducting gap SU'ucture) oscillations observed in the tunncling spectra of

strong-coupling superconductors [Ref. 46]. Anderson wrote that due to the hopping matrix

element connecting the two close Cu02 layers in BSCCO, there is a doubling of the calculated

energy bands at general points in the 2D zone with a splitting of the order of 0.1 eV. The fact that

this splitting has not been observed above T, is, he speculated, strong support for the

two-dimensionally correlated non-Fermi-liquid theory of the normal state. In the supereonducting
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state, the quasiparticle fermionJike nature of the electronic excitations is partialJy restored and the 3D

band structure reappears. As a result, the splitting band is observed as the diplike feature [Ref. 30].

The phenomenological marginal Fermi liquid theory shows two peaks (one at Ll and one at 3Ll ) in

the calculated specu·al weight function of the superconducting state, and thus the dip can be

interpreted as a valley between these two peaks [Ref. 31]. At the present moment, it is not clear

which model is true. We would like to suggest that, at least, this diplike feature seems to be

originating from the CUO, band, which then may be intrinsic for the high temperature

supercodnuctivity.

As discussed in this Chapter, the variation and some of the anomalous behaviors of the tunneling

spectra observed on the HTSC's can be explained by assuming the position-dependent electronic

structure of this system, which is suggested by some theoretical [Refs. 12-19] and experimental

results [Refs. 47-51]. Hthis assumption is true, it must be intrinsically very difficult to observe a

finite gap even if a superconducting gap completely opens up in the CuO, band, i.e., s-wave

symmetry of the Cooper pair. Furthermore, there are Jots of extrinsic effects which cause gap

broadening. Therefore we would like to point out that it is meaningless to conclude, from tunneling

experiments, the existence of a node in the gap symmetry based on the speeu·um data showing

gapless features.
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Chapter 8

General Conclusions

We have designed and built a cryogenic STM which allow atomic resolution STMJSTS and AST

observations in the wide temperature range from room temperature to 4.2 K with enough stability.

The apparatus has a vibration isolation system and an airtight structure which allows sample selling

procedure without exposure to ambient atmosphere. This cryogenic STM apparatus has revealed

capability of observing the HTSC's in a superconducting state.

STM observations were performed at 4.2 K on I) the cleaved a-b planes of BSCCO single

crystals, 2) the as-grown a-b planes of (001) oriented YBCO thin films, and 3) the as-grown (110)

planes of (110) oriented YBCO thin films, and atomic resolution was achieved on all of them. The

images revealed atomic arrangements corresponding to 1) Bi atoms of the surface BiO layer, 2)

cation atoms (Cu, Ba, Y) or oxygen atoms of the BaO layer, and 3) Cu atoms of the Cu02 and CuO

layers, respectively. These results indicate that the STM was operated under an ideal condition, and

the specimens kept appropriateness for STM observations without severe contamination or chemical

reaction.

We performed tunneling spectroscopic measurements on the three kinds of specimens. Most of

the measurements were accompanied with atomic resolution images, which secured that the

obtained tunneling spectrum data were measured under the ideal condition and have reliability if

compared to the earlier works in which STM was used as a tool of a point contact method. The

observed features of the spectra can be roughly classified into two types: one is semiconducting or

insulating, and the other is metallic and superconducting. Some of the spectra appeared as

combinations of these two features. The spectrum varied its shape depending on the temperature,

the oxygen content of the specimen, the tunneling barrier width, and the measuring position on the

cross-sectional surface. Sometimes, different shapes of spectra were obtained under the same

measuring condition, which can be attributed to the difference of the surface tennination of the

specimen. Not all but some of the superconducting spectra showed a clear gap structure with a flat

bollom strongly suggesting that a finite gap opens up over the Fenni surface, i. e., s-wave

symmetry of the Cooper pair. All these behavior and variation of the tunneling spectra can be

explained if we assume that, in the HTSC's, different layers possess different electronic structures,

and the wave function, the density of states and the superconducting order parameter have spatial

variations even in the one unit cell, and the tunneling spectrum has more than two components

contributed from the different layers. This assumption is tolerably credible considering the

crystallographic structure of the HTSC materials, their strong two dimensional features, their

extremely short coherence lengths along the c-axis, and some calculational and experimental results
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suggesting the intrinsic pinning or the interlayer Josephson coupling. Tltis assumption also can

account for the abnormal features observed in the tunneling spectra, which are not expected from

the BCS theory.

This study has made it clear that, at least in Ule region near the surface of the HTSC, the

electronic structure has spatial variation with an A or nm scale, which seems to be caused

intrinsically by the different electronic structures of different layers, and extrinsically by the spatial

change of the oxygen concentration or by the substitution atoms. This fact is enough to say that

since the macroscopic methods of tunneling spectroscopy give the information integrated over a

wide junction area, we cannot derive Ule real low energy excitation spectrum reflecting an intrinsic

nature of the ltigh temperature superconductivity from the data obtained by these conventional

methods. The possible origins of the spatial variation of the electronic structure observed in the

surface region can be applied to the bulk feature, although whether or not it occurs in the bulk is not

clear at the present moment. However, if it happens, it is dangerous to derive some conclusions

from the data obtained by macroscopic measurements which were successfully applied to

conventional uniform superconductors, and we have to consider once more the experimental results

measuring the size of Ule superconducting gap or its temperature dependence with macroscopic

probes, i.e., NMR, ARPES, macroscopic tunneling measurements, the penetration depth (?. ),

which often conclude the d-wave superconductivity of the HTSC materials. MR can detect the

signal originating from one specified site such as the Cu site and the 0 site. In this sense, MR is

a nticroscopic probe. However, if the specimen has the spatial variation of the superconducting

order parameter in the bulk, which seems to be caused mainly by the change of the local oxygen

concentration, there are strong superconducting areas with large LI's and high T,'s and weak or

non-superconducting areas with small or zero LI's and low T,'s in one specimen. Since the NMR

signal reflects the natures of both areas, this must have influence on the IIT,-T curve (lIT,: Ule

spin-lattice relaxation rate). Some models which consists of alternating superconducting and

normal layers coupled by a proxintity effect, propose possible s-wave explanations for the ARPES

and tunneling experiments based on the possible presence of electronic surface states whose

spectral weight vanishes in the r -x and r -Y directions. They also obtained quantitative fits with

the linear behavior of the?" 'b(T) in the temperature T« T,.

As discussed above, the data of the HTSC seem to be complicated inu'insically by the spatial

variation of the electronic structure arising from Ule complex layered structure of this system and

extrinsically by the oxygen nonstoichiometry which is changeable especially at the surface. In

order to obtain intrinsic information, we should measure the specimen of well-controlled oxygen

content by using a nticroscopic probe under the condition which does not cause the oxygen

depletion, otherwise we have to analyze macroscopic data taking these factors into account.

Although STM is a prontising nticroscopic probe to investigate the eleCU'onic nature of the HTSC,

decisive results have never been obtained. The key seems to be concealed in the technique of

getling and keeping a clean surface of the specimen at low temperature enough to avoid the

depletion of the surface oxygen.
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