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Analysis of results of investigations of the energy gap A in oxide high- T, superconductors by the
methods of the tunnel effect, electron photoemission, IR absorption, Raman scattering of light,
and others, indicates satisfactory agreement of results obtained by different methods. For all the
oxide superconductors with T, 2 30K theratio 2A/kT, = 5-6issignificantly greater than the
value predicted by the BCS theory. The deviations of the experimental data near the edge and the
bottom of the gap from the values that follow from the traditional model for the distribution in
energy of the excitations are within the limits of accuracy of the measurements. The data obtained
donot contradict the ideas concerning the electron-phonon mechanism of superconductivity in

the oxide superconductors that have been investigated.

1.INTRODUCTION

Whereas the density of electron states N,(¢) in a nor-
mal metal near a Fermi surface is independent of energy,
there is an energy gap A in the distribution of electron ener-
gies in the traditional superconductors.

The ideas that an energy gap possibly is what deter-
mines the superconducting properties of metals date from
the mid-1930s, when F. London' formulated the hypothesis
that the phenomenological equations that he suggested for
the electrodynamics of superconductors could be under-
stood from the microscopic point of view if one assumes the
existence of such an interaction between the electrons that
the excited energy states of the electrons will be separated
from the ground state by a finite energy gap A,. The differ-
ence of the energy gap in superconductors from the gap in
semiconductors consists of the fact that, whereas the occur-
rence of a gap in semiconductors is determined by the peri-
odic potential of the atoms of the crystal lattice, in supercon-
ductors the gap at the Fermi surface is formed as the result of
interaction between the electrons and, as a consequence of
this, the entire electron system, along with the gap, may be
shifted with respect to the crystal lattice. Here, since the
energy losses during motion can occur only in increments
larger than 2A, there are no dissipative losses at low velocity.
And this is actually a superconducting current, a current
without losses.

Later on, it was determined that the interaction
between electrons was determined by the exchange of virtual
phonons. These ideas served as the starting point for the
construction of the very successful Bardeen-Cooper-
Schrieffer (BCS) theory.? This theory not only predicted an
energy gap of the correct order of magnitude, but it was also
able to explain most of the experimental data which existed
at that time. The results of the BCS theory soon were ob-
tained by other methods.** According to the BCS theory,
the value of the energy gap A, at T =0 is universally con-
nected with the critical superconductor temperature 7. by
the relation

24,
KT,

= 3,52, (1)

For the isotropic case, the electron excitation energy
Ey measured from the Fermi energy & is

E\\' = (Ci + Ag)l/Z’ (2)
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where ey is the unperturbed value of the energy. The density
of the energy distribution of the excitations close to £ in a
superconductor is

de E
Ns(E)~No(€)E—Nom (3)
(a possible A (¢) dependence is not taken into account). Itis
obvious that | E | cannot take values smaller than A, and Re-
lation (3) has meaning only for |E | > A; for |[E | <A,

N (E)y=0. 3"

As is evident from Relation (3), the density of the elemen-
tary excitation states of a superconductor N (E)— o as
|E | - A, The Relations (1), (2), and (3) shown above have
been verified by many experiments for traditional supercon-
ductors.

After the discovery® in 1986 of new oxide superconduc-
tors with 7, > 30 K, the problem of studying the N, (E) dis-
tribution and the value of A, arose for this class of materials.
The solution of this problem was all the more necessary be-
cause the mechanism for the origin of superconductivity in
these materials was not determined, and hypotheses were
put forward that the superconductivity in them might have a
qualitatively different nature.

Even in the course of the first attempts at the experi-
mental determination of the value of A, in the excitation
spectrum, it was determined that this problem has a number
of peculiarities for this class of materials:

a) the oxide superconductors are complicated chemical
compounds with relatively weak chemical bonding between
the atoms; as a consequence of this, for most (if not for all)
oxide superconductors, the surface layer undergoes such a
strong change after a short time interval that its characteris-
tics become qualitatively different from the properties of the
original material. This circumstance is very significant for
research on the energy gap by such methods as the tunneling
effect, the electron photoemission method, and by optical
methods in which the role of the surface is decisive.

b) A high value of the critical temperature (7. up to
120 K)) hinders the use of such traditional methods as the
determination of A, from the temperature dependence of the
heat capacity or thermal conductivity of the electrons since,
in the temperature interval necessary for measuremen
(T. =20 K), the contribution from the lattice to these char-
acteristics is great and possesses a complicated temperature
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dependence because of the presence of many modes of lattice
vibrations.

¢) At the same time, a large value for the energy gap
enables one to use methods to determine it which were unsui-
table for traditional superconductors because of limited
equipment sensitivity (the electron photo-emission meth-
od).

The present paper contains an analysis of the experi-
mental efforts that have been undertaken (up to November
1989) to determine by different methods the excitation dis-
tributions in high-temperature superconductors and to mea-
sure the values of A,. We restricted ourselves to a review of
the papers which determined the development of each of the
procedures used, certainly without claiming to list all the
papers written in this field, especially because many of them,
especially at the first stage were as is now obvious, unsuc-
cessful. Since the review sets itself the goal of examining
experimental papers, the most impressive experimental
curves are presented in it. The reader will not find in this
paper a detailed review of a number of published experi-
ments in which the researchers in general did not publish the
gap peculiarities in the excitation spectrum since, after com-
pletion of the experimental procedures, their authors later
on obtained completely satisfactory gap peculiarities, and
the first publications are only of historical interest.

As will be evident from an analysis of the experimental
research (see below), one discusses at the present time the
following possible differences of N, (E) for the oxide high-
temperature superconductors from the ¥, (E) for tradition-
al low-temperature superconductors. First, such a sharp
maximum of the density of states is not observed near the
boundary of the gap for |E |- A as follows from Relation
(3), and second, a finite density of states is observed for
|E | €A, Special attention is paid in the review to these two
peculiarities of the results of investigating the properties of
oxide superconductors.

~ The paper is divided according to the methods which
the authors used to determine the energy gap. A summary of
the most reliable, in the author’s opinion, values of A, that
have been obtained in different experimental papers, is pre-
sented at the end.

2. THE TUNNELING EFFECT

In the case of traditional superconductors, the most
complete information about the density of states near the
Fermi surface and the value of the energy gap was obtained
by means of the tunneling effect procedure. The technique of
such experiments was first described by Giaever,® who also
used it to investigate superconductors.

The tunneling current between two metals separated by
a dielectric layer, whose transmittance for electrons w is in-
dependent of the direction of the current, is determined by
the relation

+oo

1(V) = § ©(E) Ny (E —eV) Ny (E) ( (E —eV) — [ (EN dE,
- (4)

where ¥V is the potential difference between the metals, N,
and X, are the densities of the electron states in the metals,
and f(E) is the distribution of the Fermi electrons over dif-
ferent states. Assuming that w(E) =w, and k7 < &g, for nor-
mal metals, we find
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Inn (V) =woNn (€r) Nan (er) V = G V, (5

i.e., the current through the barrier is determined by the
conductance G,,, independently of voltage and temperature.
Relation (5) is valid only in the range of low voltages for the
case of symmetric barriers. In the case that one of the metals
is a superconductor (a s-n junction),

" Ny (E
las (V) = Gon | ZEELGE— V) —FENAE, (6)

and considering that, for 7= 0,

FE)—FE+eV)=1 for 0<E<éV,

=0 for £E<0, E>¢V, (M
ls=G {’M)_dg
" ; Nln (BF) '

and for differential conductance, we find

dr G,
—= (V)= =Ny (eV). 8
dV() Voo (o) 15 (V) (8)

Thus, by measuring the differential conductance at a tem-
perature close to absolute zero, one may determine the den-
sity of states for a superconductor.

After using Expression (3) for the density of states, we
shall find that, for T-0

Ins==0 for eV <A,,
= (V2 — AR o eV > A, 9)
In the case of finite temperatures 7" #0
— 96, A (1)K, (8 sh eV ~
Ins =20m = mz=o( 1y Kl(kT)sh = (10;

where K| is a modified first order Bessel function of the sec-
ond kind. For ¥ -0, this expression reduces for 7=0 to

2 1/2 A
slye, = I () e (=41 (11)

T—o

i.e., it enables one to determine A, by yet another method.

In the case that both metals in contact are superconduc-
tors, for simplicity and for the same purpose A; = A, = A,
for T7-0

I=0 for V<2~A,
e

= 4 B(AteV) . 25
=G (2A +eV)E(a)—4 281 v K@) for V> —
(12)

where
_ ev—2A
ey + 2A

and K(a) and E(a) are complete elliptic integrals. Since

IimK(a)=1imE(a)=%,

then, for eV —2A, the current that is given by Expression
(12) undergoes a discontinuity, and specifically

A
lss =Gnn%—e—=1nn—2‘- (13)

I720,
eV—ogA

This discontinuity in the magnitude of the current is also
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preserved at finite temperatures right up to T, which en-
ables one to determine the A (T) relation most reliably.

In the case of traditional superconductors, the experi-
mental results agree completely satisfactorily with the con-
clusions of a theoretical investigation of the tunneling pro-
cess, although for a number of superconductors, for
example, V, Nb;Sn, and Nb,Ge, satisfactory agreement was
achieved only after many unsuccessful attempts. In the first
stage of the research, until the time when the procedure for
preparing a tunneling junction on a clean superconductor
surface was mastered, the gap peculiarities on the experi-
mental curves were hardly distinguishable.

2.1. Aninvestigation of the compounds La,_, Si,CuO, and
YBach3oy

2.1.1. A normal metal-superconductor junction. In the first
attempts to determine the tunneling characteristics of oxide
superconductors, a sharp tip of some metal (Nb, W, Pt, Ir,
etc.) was pressed to their surfaces. One attempted to connect
the non-linearities in the I(V) characteristi¢cs found here
with the value of A,. Usually the state of the surface and
junctions in these experiments was uncontrollable.

Moving the tip relative to the surface of the specimen
was accomplished by means of both a mechanical and also a
piezoelectric system. The distance between the tip and the
surface of the specimen was usually monitored by the magni-
tude of the tunneling current.

In the most complete systems of the scanning tunneling
microscope type, three degrees of freedom for moving the
needle enable one (at least in principle) to investigate the
topography of the contact characteristics of the surface of
the test object. It is especially important in this method that
the junction be made between very clean surfaces; otherwise,
the insignificantly small current through the junction are (of
the order of the size of an atom) will not be resolvable at the
level of sensitivity of the instrument (apparatus).

Ceramic specimens were the first test objects. The com-
poundLa,  Sr,CuO,_4,x=0.1t00.2,7, =36 K wasthe
first to be investigated in 1987 by this method.”®° The tun-
neling characteristics obtained®® were still far from perfect,
but nevertheless they enabled one to estimate the value of A,
and from it to calculate the ratio 2A,/k T ., which turned out
to be equal to 5.8 4+ 2 and 4, respectively.

The quality of the tunneling characteristics improved
after the surface of a specimen obtained by cleaving at liquid
helium temperatures'® became the test object, although even
in this case, the gap peculiarities were not very clearly pro-
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FIG. 1. a) Tunneling characteristics of La, _ ,Sr, CuQ,: the BCS theory,
assuming that A has a Gaussian distribution around A,,. The zero points of
the curves for x = 0.1 and 0.08 are shifted vertically by 2 and 4 units,
respectively.'® b) A, and T, of the specimens investigated.'°

nounced. The authors quite naturally (a polycrystal was the
test object) connected this with the hypothesis that, in rea-
lity, some distribution of the value of A, near the most prob-
able value occurs. The tunneling characteristics calculated
by this hypothesis that are compared with the experimental
data (Fig. 1) were found to be in qualitative agreement and
enabled one to estimate the value of A,. We note that in these
experiments the value of df /dVin a region of low potential ¥
applied to a tunneling junction amounts to less than 5% of
the value of dZ /dV for eV > A. It is clear that the value

)

dv

V-0

_a
dv

eV>A

enables one to estimate the fraction of normal excitations for
{E | €A near the bottom of the gap. An obvious correlation

FIG. 2. a) Tunneling characteristics of a YBaCu crys-
tal along different axes.'” b) Comparison of the experi-
mental curves with the standard BCS theory and mod-
el'® which considers the tunneling of many particles.

0,05 | 0,02
i} oL
-60 -60
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between the value of Agand 7', of the specimen being investi-
gated was noticed in this paper (Fig. 2a). 2A/kT, = 4.95
averaged over all the specimens investigated.

Ceramic specimens also served as the first objects in
investigating the tunneling effect in the compound
YBa,Cu,0, _; with 7, =90 K.'!"'® Already the first papers
showed that the state of the surface plays a decisive role in
the results of an investigation. For example, the gap pecu-
liarities were generally not detected on the polished surface
of a specimen.'' The form of the characteristics varied with
the load applied to the junction; in reality, it might be caused
by tunneling between individual superconducting ceramic
granules, etc. All this indicated the need for definite skepti-
cism in analyzing the experimental curves and determining
the value of A, from them.

One could have intended to obtain unambiguous results
by using single crystal specimens. As an example, let us turn
to Ref. 17, in which the authors achieved a junction parallel
and perpendicular to the CuQO planes (the plane a,b) in a
YBaCuO crystal, as is illustrated in Fig. 2. The characteris-
tics obtained are compared with calculations according to a
model with a distribution of the gap around an average val-
ue, and with a model of tunneling between many supercon-
ducting granules that has been examined in Ref. 18. The
authors quote 4.5 <2A,/kT. <6 and 3.9<2A,/kT, <4.2
for the @ and & cases, respectively. This paper is interesting as
the first attempt to determine the anisotropy of the gap in
this compound, although the results obtained in it are un-
convincing, considering the form of the tunneling peculiari-
ties.

Later on, this same group of authors,'? in describing the
scanning tunneling microscope procedure, quotes a number
of completely acceptable tunneling characteristics for a
number of materials { Fig. 3). To achieve a tunneling transi-
tion in the experiments, it was necessary to break down me-
chanically the non-conducting layer which covers the sur-
face of the super-conductor with the needle of the scanning
tunneling microscope. Of course, this operation could lead
to significant distortion of the characteristics of the speci-
men under investigation, for example, as a consequence of

dijdv
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FIG. 3. Tunneling characteristics (df /d¥V) (V) for a contact of a PtRh
needle with 1) La, . Sr,,; — CuO,; 2) a YBa,Cu,O, crystal, and 3) a
YBa,Cu,0, film." The solid curves are experimental curves raised by 4,
2, and O units, respectively. The symbols in Fig. 1 are the BCS theory with
A = 7meV. The dash-dotted curve is for calculation according to a model
which allows for quasiparticle damping, and the dashed curve is for calcu-
lation according to a model with a Gaussian distribution of the gap.

the presence of additional current not of tunneling origin
flowing through the surface layer, or of a change of the char-
acteristics of the superconductor under the needle because of
its pressure.’>?"

An ingenious procedure,?® in which the needle of the
scanning tunneling microscope is first used to break down
the surface layer, and then the tunneling characteristics are
determined at the same place by means of a subsequent
bringing down of the needle (Fig. 4) is a development of the
scanning tunneling microscope procedure in its use for in-

FIG. 4. A method for obtaining tunneling characteristics for a
Scanning Tunneling Microscope.?® a) The contact has penetrated
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7 into the surface layer; the dashed curveis /() and the solid curve is
the (dI /dV)( V) relation. a') is the relation of the current to the
needle displacement; the lack of an exponential relation is evident.
b) A repeated bringing down of the contact; in the center are the
characteristics /(¥) and (dI /d¥V) (¥).b’) Thecurrent through the
contact as a function of the displacement z of the needle; and expo-
nential dependence of the current on z is evident.
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«d//dV, atomic units
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vestigating oxide superconductors. The main advantage of
this method consists of the fact that it enables one to use the
scanning tunneling microscope as it is designed to be used,
i.e., to measure the change of A, along the surface of the
specimen.

The experiment showe that a significant change of
Ag occurs along the surface in the microcrystals presented by
the authors (Fig. 5), especially in the case of investigating
the YBa,Cu,O, ;, specimen (see Figs. 5 and 6).

"The fact is significant that, whereas the change of the
value of A, along the surface of a microcrystal reaches a
factor of 1.5 for an area of ( ~1/um)?, for individual mea-
surements when, according to the estimates of the authors,

_the area of the junction amounts to (2 nm)?, clear tunneling
peculiarities no different from those which are usually evi-
dent for traditional superconductors at eV =~ A may be ob-
tained. '

‘ By averaging the value of A, along the surface,** the
‘authors established a proportionality between the averaged

“value of A, and the value of 7. which was determined from
electrical measurements. The ratio found by this method is
2A,/kT. = 4.4 + 0.1. This operation is not completely well
founded, since the change of the resistance of a specimen is
determined by the presence of superconducting filaments,
the probability of the occurrence of which at a given tem-
perature is not directly connected with the averaged value
A,.

d23~25

The question of whether the change of A, along the
crystal surface is inherent to the YBaCuO system or is

FIG. 6. The distribution of the energy gap along the surface of a single
crystal of YBa,Cu,0 ;,.%°

779 Sov. Phys. Usp. 33 (9), September 1990

FIG. 5. a) The dI/chharacteri§tics of two con-
tacts have been made over a 1,000 A distance on the
surface of a single crystal.”> b) The topography of
the change of 2A,/k T, along the surface of a single
crystal of YBa,Cu,0, _ ;.2

caused by defects in the procedure of preparing the crystals
which were available to the researchers remains open in this
series of papers.

We note that a displacement in time of the locations of
gap peculiarities with retention of the general form of the
(dI /7dV) (V) relation was noticed during scanning tunnel-
ing microscope measurements in several papers.’®?” The na-
ture of this effect has not been studied.

The scanning tunneling microscope is an irreplaceable
instrument for investigating the perfection of specimens, al-
though its possibilities in connection with oxide supercon-
ductors are significantly limited by both the presence of a
modified surface layer and also by the impossibility or deter-
mining the variation of the tunneling characteristics with
temperature during a rise of the temperature of the specimen
to T., which is necessary in order to determine the A(T)
dependence and to connect the value of A, with the true
value of 7, at the site of the junction. To a significant degree
these very circumstances compel one to treat with caution
the 2A,/k T values determined from the tunneling charac-
teristics that have been obtained by means of scanning tun-
neling microscopes.

Efforts have been undertaken recently to create proce-
dures for preparing stable tunneling junctions similar to the
tunneling junctions for traditional superconductors. Both
freshly prepared films of oxide superconductors prepared
according to a special procedure without additional oxida-
tion, and also chemically cleaned specimen surfaces are used
for this. A counterelectrode film is applied onto all these
objects immediately after their preparation. The first en-
couraging results have been obtained in these efforts.?-*2
For example, in Ref. 32 tunneling junctions were prepared
using a YBaCuO crystal, the form of whose characteristics
was easily reproducible and independent of the counterelec- .
trode material. However, as is evident from Fig. 7, the form
of the dI /d¥ curves is only remotely reminiscent of the gap
curves: the peculiarity at eV = A is indistinct, and the value
of d7 /dVis relatively large at ¥'— 0. One found similar char-
acteristics in the case of traditional superconductors in the
initial stage of tunneling research on such superconductors
as V, Nb,Sn, etc., and, as was found out later on, they reflect-
ed drawbacks of the procedure which was used to prepare
the tunneling junctions. Evidently a similar situation also
occurs at present for tunneling junctions in oxide supercon-
ductors prepared by the methods enumerated above.
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FIG. 7. The temperature dependence of the relative conductance
G = (dI/dVy(V)/G(100 mV) for a YBa,Cu,0, single crystal junction.
The counterelectrode is lead in a normal state. The presence of A, = 19
meV and A, = 4 meV is assumed.*?

We note that a “fresh” material surface obtained by
means of fracturing the specimen was also used earlier in
preparing tunneling junctions. Of these papers, we note Ref.
33, in which the anisotropy of A, in the compound YBaCuO
was determined (Fig. 8). The superconductor film was epi-
taxially deposited onto a SrTiO; substrate, so that the re-
quired crystallographic axis was directed along the surface
of the substrate. Next, as is shown on the insert in Fig. 9, a
chip of substrate with film was made. An end of the film was
brought into contact with lead. By comparing the values of
T_ and values of A, measured in the directions parallel and
perpendicular to the planes a,b, the authors of Ref. 33 ob-
tained values of 2A,/k T, equal to 5.9 + 0.2 and 3.6 + 0.2,
respectively for these directions. The anisotropy of A, ob-
tained in Ref. 33 is significantly greater than the data of Ref.
17, which evidently reflects a more successful procedure for
preparing test objects.

Before going to the results obtained in investigations of
other oxide superconductors, let us turn to experiments in
which a superconductor-superconductor tunneling junction
was investigated. Let us restrict ourselves to consideration of
the papers in which a junction of identical oxide supercon-
ductors was investigated.

2.1.2. A superconductor-superconductor junction. It is well

20

A(0), meV
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\
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\
A
\
\

IR ENUU T 1
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FIG. 8. Measurement of the gap anisotropy by using an epitaxial YBaCu
film: the relation between A, and T, for different specimens; the circles
and dots are for a contact along and perpendicular to the CuO layers,
respectively.’® In the insert is the layout of the method for producing a
contact.
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FIG.9.(dV /dI) (V) forala, ,Sr,,s CuO,-La, ., Sr, s CuO, contact.a)
Procedure for producing a contact. b) the characteristics of a contact with
A, (T=4.2XK). c) Temperature dependence of the characteristics with
A .- At the bottom of Fig. 8a is the variation of 4A (the distance between
dips) with temperature for A,,,, and A, .**
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known that the peculiarities at eV = 2A in superconductor-
superconductor tunneling junctions may be investigated up
to T, of the material being investigated.

One of the first attempts to determine the value of the
gap for a s—s junction was undertaken in Ref. 34. The authors
used ceramic specimens of La, ,Sr,CuO, and
YBa,Cu,0, _,, which were brought into mechanical con-
tact with a needle of the same material.

A mechanical device enabled one to carry out both
translational and rotational motions of the needle (see the
insert in Fig. 9). The experiments showed that one could
obtain satisfactory characteristics only after breaking down
the surface layer and penetration of the needle into the interi-
or of the specimen. In a number of cases, one succeeded in
obtaining for a lanthanum system junction characteristics
with a very sharp peculiarity at eV = A, which approach the
ideal characteristics (Fig. 9). The difference from the ideal
consisted of the finite increase of the value of (d¥ /dI) (¥) at
V-0, which could be associated with the presence of a cur-
rent of non-tunneling origin through the junction. The sharp
dips for the (d¥ /dI) (V) relation were connected with the
appearance of peculiarities at eV = 2A,, and the distances
between them are connected with the value 4A.

One did not succeed in using such a junction to deter-
mine A(T). A sharp change of the characteristics of the
junction towards the form represented on the right of Fig. 9
occurred during heating of it in all the attempts. A junction
with such characteristics was stable and allowed thermal
cycling from 4.2 K to T, = 32 to 33 K (based on the disap-
pearance of the tunneling peculiarity ). The thermal origin of
the characteristics of this junction is represented on the
right, which shows how the dips on the (d¥ /dI) (V) curves
gradually, draw closer and the maximum at ¥ = 0 decreases
with increasing temperature. The temperature dependence
of the distance between the dips, which corresponds to the
value 44, is represented on the left in Fig. 9. Also the upper
curve here shows the results of several experiments with the
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characteristics shown on the left. This type of characteristics
turned out to be more stable for a s—n junction, the results of
experiments with which are denoted by small circles (res-
caled by a factor of 4A). Using the value T, = 32 K from
tunneling measurements, we find that the maximum and
minimum values of the gap in the La, 4 Sr,,5 CuO, com-
pound that is investigated are 2A/kT, =5.2 + 0.2 and
1.35 4 0.05, respectively.

In the case of a YBaCuQO-ceramic junction with 7, =60
K, the junction characteristics obtained were not so sharp
and corresponded to (2Ay/kT,.)p.. =75 and
QRAYKT,) in = 1.7.

Of course, since ceramic specimens were used in the
experiments, there is arbitrariness in the treatment of the
results obtained, mainly in the explanation for the abrupt
change of the characteristics. One of the possible explana-
tions of this fact is the hypothesis that, as a consequence of
the layered structures of the materials under investigation,
an end-to end junction of the layers is mechanically less sta-
ble in comparison with a plane-plane junction. If one accepts
this hypothesis and assumes the presence of an anisotropy
A,, then the most unstable value A ,, probably corresponds
to an end-to-end junction of the CuO layers.

The main results of these experiments are that, in them,
it was shown that

a) there is a possibility of obtaining tunneling charac-

teristics which approach ideal ones for oxide supercon-
ductors, and

b) the value of 2A,/k T, for oxide superconductors can

significantly exceed the value 2A/kT, = 3.52 from the
BCS theory.

A similar procedure for creating a s—s junction was also
used in Ref. 35 to investigate Mba,Cu;0, systems, where M
can be Y, La, or Lu. The authors succeeded in obtaining
characteristics with clear peculiarities at eV = A and at
eV = 2A. The value of A determined from these results for
all the systems investigated lies within the limits
4 <2A/k T, <6.

Another method for creating a s—s junction consists of
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fracturing a specimen at liquid helium temperatures.* In
these experiments the inner surface of the specimen is first
“bared”” by means of the break, and then, after a certain time
that is needed for the formation of a surface film, the boun-
daries of the break are joined again. One of the most convinc-
ing characteristics obtained by such a method for YBa-
,Cu,0, is shown in Fig. 10. Using it for calculation leads to
the value 2A/kT. = 4.8.

The dependence of the characteristics obtained on the
conditions of the junction is the main drawback of the papers
considered in this section. The form of the characteristics
changes with the type of junction; from a normal metal (or
superconductor)-semiconductor with a broad maximum of
resistance at V-0 to a superconductor-superconductor
junction with a resistance which approaches zero at ¥-0. A
large number of additional peculiarities that are possibly
connected, for example, with breaking down by the measure-
ment current of individual superconducting microjunctions
or with inhomogeneity of the junctions, may be present for
the characteristics. Of course, these remarks apply to all
junction measurements. Therefore, attempts to ascribe the
peculiarities of the volt-ampere characteristics at eV > A to
manifestations of the phonon spectrum are hardly well-
founded, the more so because the locations of these peculiar-
ities on the different experimental curves do not agree (for
example, compare the two curves in Fig. 5). Considering
this, we shall not discuss these peculiarities. Let us notice
that an asymmetry of the tunneling 7(¥) curves is usually
noticeable for s-n junctions. This asymmetry is connected in
Ref. 37 with the characteristics of the tunneling effect in the
case of the superconductance of holes.

2.2. Tunneling research for other oxide superconductors

The metal oxide superconductors BaPb,,sBig,s 05
with T, =11 K and Ba, _,K,BiO; (0.4 <x <0.6) with T,
right up to 30 K contain no copper at all. Whereas, accord-
ing to Ref. 38, 2A,/kT. =3.2 for the first compound, ac-
cording to the first report®® Ba, _ K, BiO, turned out to be
a gapless superconductor, but according to a second, more

FIG. 10. The I(¥) and (dI /dV) (V) characteristics for a YBaCuO s-
contact at 4.2 K that has been obtained by the fracture method.>¢

d//dV (uS) Curves 2
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precise report, it has a gap with 2A,/kT, =3.9to 4.4. Thisis
one of those papers in which, as the same authors extend and
intensify their research, they make the original results more
precise.

Let us now turn to research on the Bi,Sr,CaCu,0, sys-
tem with 7, =90 K. An attempt was undertaken in crystals
of this compound also to determine the crystallographic ani-
sotropy of A by using surfaces that have been obtained by
cleaving the crystal along and perpendicular to the CuO lay-
ers. It was observed that 2A,/kT, =49to53and4.2t05
perpendicular to and along the layers, respectively. The au-
thors assume that the results obtained along the layers are
unreliable, since cleavage perpendicular to the CuO which
was used in these measurements, was reminiscent of a small
ream of sheets under a microscope. Let us recall that crystals
of this compound are easily separated along the CuO planes.
It is possible that the distorted form of the tunneling charac-
teristics obtained for this cleavage is connected with this cir-
cumstance. 2A;/kT, = 3.4 + 4.2 was obtained in this same
paper for a bismuth ceramic with T, = 110 K.

It was shown earlier*' in the course of investigating'a
polycrystalline specimen of Bi, Ca, Sr,Cu,0,, ; with T, =80
K by means of a scanning tunneling microscope with a PtIr
needle*’ that A, varies along the surface even for distances
up to 1,000 A, and that 2A/kT.=4.5 to 6.5.
2A,/kT. = 8.7 was obtained*” for a specimen with composi-
tion Bi, (8ry ¢ Ca, , );Cu, and T, =~ 80 K. The fact that a film
of $i0, of 160 A thickness was used as an insulator was the
distinguishing feature of this paper. In the case of traditional
superconductors, this procedure enabled one to master the
procedure for creating tunneling junctions for complicated
superconducting compounds, such as Nb,Sn, Nb,;Ge, etc.
The authors*? used as indium film as a counterelectrode. The
authors could investigate the origin of the (d7 /dV)(¥)
characteristics from 4.2 K to 200 K, which differs signifi-
cantly from the predictions of the BCS theory, and which, in
the opinion of the authors, requires additional analysis.

As was already pointed out, BiSrCaCu crystals cleave
readily along the CuO planes, which enables one to obtain a
clean surface of this material. An attempt was undertaken in
Ref. 43 to prepare a tunneling junction on this surface, that
has been obtained by cleaving, by spraying on lead or nio-
bium as a counterelectrode. The best results were obtained
with niobium. Peculiarities that are remotely reminiscent of
gap peculiarities are evident for the characteristics; these
disappear at T> T, ~85 K. The A(T) relation obtained
agrees with the BCS theory. The ratio 2A,/k 7, = 7. A simi-
lar value, 2A,/kT, = 7.1 was also obtained for a bismuth
system in Ref. 44.

New measurements of A in Bi,CaSr,Cu, compound
were made recently.*’ By using a procedure for fracturing a
ceraniic specimen, the authors could obtain tunneling char-
acteristics approaching the ideal ones. Next they also deter-
mined A in a single crystal by the scanning tunneling micro-
scope method. According to the data obtained for this
compound, 2A,/kT, = 6.6 + 0.4,

Completely satisfactory tunneling characteristics were
also obtained for a Bi,,Pb,,Sr,CaCu, O, single crystal
with T, = 96 K.* A clean crystal surface and a gold needle
formed the junction. The residual current at -0 was small
and corresponded to 5=0.1 to 0.2 in the junctions investi-

782 Sov. Phys. Usp. 33 (9), September 1990

gated. The distance between maxima in most junctions in-
vestigated was 2A,/kT, = 6.3.

Unfortunately, along with characteristics that are com-
pletely satisfactory from the point of view of comparing
them with typical tunneling characteristics, there are a num-
ber of publications in which recordings of junction charac-
teristics that are similar to traditional ones are used to deter-
mine A. As an example, let us turn to Ref. 47, in which the
author, in the investigation of a bismuth compound without
detecting gap peculiarities at eV -0, compares the maxima
on the (dV /dl) (V) curves (instead of minima) with the
peculiarities at eV — A. The values obtained for such charac-
teristics hardly have a connection with A. We shall not dwell
on other similar examples.

There are only a few tunneling investigations of the
“thallium” system TI-Ba-Ca-Cu. The gap peculiarities on
the (df /d¥) (V) curves obtained are barely distinguishable
in Ref. 44. The authors note that, besides the peculiarities at
25 meV; a peculiarity is also visible at 5 meV, which, for
example, may be connected with a low temperature phase
that is present in the specimens investigated. A comparison
of T, and A, in the bismuth, thallium, and V-Ba-Cu-O|| 2,b-
systems investigated by the authors** gives a similar value,
200/kT, = 6.1 +0.5. A more reliable value of the gap for a
T1,CaBa,Cu,0, crystal with T =~ 105 K was determined in
Ref. 48 for a junction made by fracturing a specimen at 4.2
K. The characteristics obtained are reminiscent of those for
agap: 2A/kT, = 6.7+ 0.7.

Asis evident from the foregoing, research on high-tem-
perature superconductors by the tunneling effect method is
developing in two directions. In the first one, researchers are
striving to obtain a junction with the best characteristics
(from the point of view of approaching ideal ones), whereas
the representatives of the second direction are striving to
obtain junctions with stable, reproducible characteristics
that often are only remotely reminiscent of tunneling ones.

The difficulty of obtaining stable tunneling junctions
even for traditional superconductors is well known; as ap-
plied to oxide superconductors, the problem is made more
difficult by the small correlation length, chemical instability
of the surface layer, etc. it is not surprising that junctions
with characteristics close to ideal ones have been obtained
only in a limited number of papers, in which the value of A,
and also the fact of a significant anisotropy of A, and the
possibility of the variation of A, along the surface of the
crystal have been reliably established. Although stable he-
terojunctions with reproducible characteristics have also
been successfully created in a number of papers, the results
obtained here do not allow an unambiguous treatment.
Thus, the (d7 /dV) (V) relations are only remotely reminis-
cent of ideal tunneling characteristics (see Fig. 7), and the
value of df /dV does not approach zero at V-0, as follows
from theory and a number of experiments (see Table I), but
amounts to =~ 50% to 70% of the value of dI /d¥Vat V> A/e.
The significant distortion of the characteristics in this case
may be caused both by the fact that the junction is formed on
a relatively large area, and that the procedures used (for
example, etching the specimen) do not provide the proper
cleanness for the surface of the superconductor under inves-
tigation. A similar situation occurred at the initial stage of
investigating a number of traditional superconductors, for
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TABLE 1. Values of §— N (T—0)/N, Determined from the Results
of Tunneling Experiments (T), Raman Scatteing (RS}, and Heat Ca-
pacity Measurements (HCM).

Material fd);r:;l;:inental B Reference
Lal’“Sro’wCuO‘, T <0,03 [10]
Y,Ba,Cus0, g T =~0,05 [35]

T <0,1 [36]
RS <0,1 [64]
HCM ?
Bi—Sr—Ca—Cu—0 T 0,12 {41]
RS 0.1 [66]
HCM <0,05 [77]
Tl—Ba—Ca—Cu—0O T ?
RS ~0,3 (68}
HCM <0.05 [

which tunneling junctions with satisfactory characteristics
were successfully created only as the result of prolonged ef-
forts. Therefore, at the present stage of the research, repro-
ducibility of the characteristics of heterojunctions cannot
serve as evidence that they reflect the true properties of the
material and not a distorted surface layer.

3.PHOTOELECTRON EMISSION

As is well known, the photoelectron spectrum enables
one to determine the electron distribution near the Fermi
surface if a material surface which is uncontaminated by
outside impurities is used in the experiments. The advantage
of this method, in comparison with tunneling, consists of the
fact that direct contact with the object under investigation is
not required in this case and, by changing the conditions of
the experiment, one can analyze the electron spectrum in a
significant vicinity of £ . The experiment consists of measur-
ing the photoemission current at different angles during irra-
diation of the surface by photons with energies ~20eV (this
is usually synchrotron radiation).

When a specimen goes over into the superconducting
phase, the distribution of possible electron states near the
Fermi surface changes, which shows up in a dependence of
the current / on the voltage £ (E is measured from &, ) near
the Fermi surface. And specifically,*® for E < — A, in the
framework of the BCS theory, the current is

HE) « —EL__ |
(Ez — Az)l/ﬁ

(14)

Until the present, one has succeeded in detecting this
effect only for single crystals of Bi,Sr,CaCu,0, .**-*> This is
connected with the following circumstances. To carry out
the experiment successfully, it is necessary that the photoe-
mission current in the normal phase at £ be large, i.e., a
material possessing a high density of states near £ is useful.
Furthermore, the crystal of the material under investigation
must possess such mechanical properties that at least one of
its crystallographic planes could be cleaned, for example, by
cleaving in the course of the experiment. Obviously, it is
necessary that the material be chemically stable and that a
change of the surface layer occur fairly slowly. Since the
resolving power of the equipment is limited (at present, ~ 10
meV), a superconductor with a very high critical tempera-
ture is desired.
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Of the oxide superconductors known at present, crys-
tals of the compound Bi,Sr,CaCu,O_, which were also used
in Refs. 49 through 52, satisfy all these requirements. In the
course of the experiment in the elegant Ref. 50, the surface
perpendicular to the C axis of the crystal was mechanically
cleaned by means of removing the surface layer. This oper-
ation was repeated every 20 minutes for the time of the entire
exposure, which lasted three hours. Calibration of the in-
strument with respect to the position of the Fermi level was
accomplished with + 2 mV accuracy by taking spectra of
copper in contact with the specimen. At large voltages from
5V to 12 V a change of the spectrum was observed, which
depended on the conditions of preparing the specimen, tem-
perature, the averaging time-factors that are difficult to al-
low for. However, near £ in an interval ~120mV below ¢,
the change of the spectrum during cooling from 105K to 15
K is completely unambiguous and at last qualitatively agrees
with the expected effect; see Fig. 11. Comparison of the ex-
perimental data with the calculation gives A, =304 5
meV, which corresponds to 2A,/kT,. = 8 4+ 1.4. The same
values of A, were obtained the same way in Refs. 29 and S1.
A somewhat smaller value A, = 24 meV was obtained in the
research of Ref. 52. The authors note that agreement
between the calculated spectrum and the experimental data
leaves much room for improvement. For example, a finite
currentintensity at |E | < A, which exceeds the limits of reso-
lution of the instrument is evident in the spectrum. In the
opinion of the authors, one of the possible explanations for
this consists of the presence in the crystal of nonsupercon-

I
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FIG. 11. Curves 1, 2 - The photoelectron current from the a,b plane of two
crystals of 5, and §, Bi-Sr-Ca~Cu-O in the normal and superconducting
states at T'= 105 K and 15 K. Curves 3 are calculations of the variation of
current in the superconducting (the solid curve) and normal (the dashed
curve) phases.*’
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ducting inclusions between the CuO layers. The angle of ob-
servation of the photoelectrons was varied to check this in
the paper. This only led to variation of the amplitudes of the
peculiarities without variation of their relative intensities.

This experiment is an interesting new approach to
studying the properties of superconductors, which can give
valuable information about the details of the electron struc-
ture of oxide superconductors near £, in particular, for
example, it will enable one to determine the effective mass of
the current carriers from the £(K) relation.

The methods of tunneling spectroscopy and photoelec-
tron emission enable one to determine in a direct manner the
width of the gap in the excitation spectra of superconduc-
tors. The relative accuracy of the determination of A, in the
tunneling method is several percent, and it is 20% to 30% at
present in the photoelectron emission procedure.

Besides these direct methods for measuring the value of
Ay, a number of indirect methods are used.

4.OPTICAL METHODS

Optical research on the energy spectrum of high-tem-
perature superconductors is developing in two directions.
The first in the traditional investigation of the absorption or
reflection of light in the infrared region. This method is
based on the fact that in a metal for which the excitations at
T« T, possess a gap, only phonons with energies £ that are
sufficient to generate this excitation, i.e., those with energies
greater than 2A, are absorbed. As a consequence of this, at
T «T, the spectrum of the absorption of light by electrons
must have a threshold whose location in energy corresponds
to 2A,. This method was used with success in investigating
traditional superconductors. The experimental difficulty in
carrying out this method is connected with the fact that, in
the normal state at T < T, the absorption in the general case
also depends on the frequency of the incident light.

The other direction is connected with the study of the
frequency shift of light scattered by electrons. A change of
the distribution in energy of the excitations in a supercon-
ductor leads to a corresponding change of the distribution in
frequency of amplitudes for the light scattered by electrons.
And specifically, the amplitude of the scattered light with a
frequency shift Aw must reflect the presence of normal exci-
tations also in the case of a superconductor with a finite
value for the energy gap, which must be vanishingly small if
T«T.. In superconductors with 7, ~ 10 K this effect is evi-
dently beyond the limits of experimental capabilities,** since
the amplitudes of the light scattered by electrons also in the
normal phase are small at Aw—0. In the case of supercon-
ductors with higher critical temperatures, this effect be-
comes observable.

4.1.

The first research on infrared absorption carried out on
yttrium and lanthanum polycrystals indicated mainly that
2A,/kT. ~3 in these compounds, i.e., it practically agrees
with the value 2A,/kT. = 3.5 from the BCS theory, al-
though, in a number of cases, the interpretation of the ex-
perimental curves was ambiguous. One may find a review of
these measurements in Ref. 55. The results of only two
impressive papers that have been written recently on oxide
superconductor crystals will be considered below to illus-
trate the situation in this region.
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FIG. 12. The frequency dependence of the reflection of light from the a,b
plane for two YBaCu crystals in the normal (N) and superconducting (S)
phases. On the insert are the values of 2A, determined from the breaks in
the curves as a function of 7, of the specimen.>?

The frequency dependence of the reflection coefficient
R (w) for infrared radiation from the a,b plane of YBaCuO
crystals with different values of 7, was investigated in Ref.
56. In the case where #iw | < 24, there is no absorption in the
superconductor, and R = 1. The authors connect the loca-
tion of the break on the R(w) curve measured in the super-
conducting phase at T'< T, (Fig. 12) with the value of A,
According to these measurements, 2A4,/kT, = 3.5. Not only
the lack of absorption (R = 1 with ~2% accuracy) over a
certain frequency interval, but also the fact that this phe-
nomenon is observed only at temperatures T < T, is evidence
in favor of the treatment of the experimental data suggested
by the authors.

However, a similar investigation carried out on crystals
with T, =92 K showed®”*® that, in reality, a significant
change of reflection with temperature occurs in this plane
over a broader frequency interval, which corresponds to
2A,/kT,. ~ 8. Several experimental curves from Ref. 58 are
presented in Fig. 13. They show that a significant increase of
the reflection R coincides with the critical temperature of
the specimen. The very large value 2A,/k T, ~ 8 obtained in
this investigation requires additional investigation from the
point of view of the BCS theory. We note that one had also
earlier observed in this energy range an increase of reflection
during lowering of the temperature of the specimen.

It is significant that, during an investigation of the re-
flection of light from a plane perpendicular to the a,b plane
in Ref. 58 by the same authors, a change of R in a narrow
frequency interval corresponding to 2A,/kT,. ~3 was de-
tected, in which the change of reflection was observed during
lowering of the temperature below T; the authors connect
this result with the fact that a significant anisotropy of A,
occurs. In particular, this result enables one to explain why
just such a value of 2A,/kT, was obtained earlier in most
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experiments on ceramic specimens. The point is that, during
their preparation under pressure, the surface layer of the
specimen turns out to be oriented perpendicular to the ¢ axis,
and thereby textured specimens were investigated in the ex-
periments.

In conducting an investigation of reflection in
Ba, (K, ,BiO, and BaPb,Bi,, O,, the authors of Ref. 58
that is cited obtained 2A,/kT, ~4 for both compounds.

Recently an investigation of the infrared reflection from
epitaxial films showed®® that there are possibly two gaps in
the a,b plane with 2A,/kT, = 5.2 and 1.9.

The problem of determining the gap by the infrared
spectroscopy method cannot be regarded as finished. The
experimental dependences obtained by this method are com-
plicated and are ambiguous in their interpretation.

4.2. Electron Raman scattering

The method of the Raman scattering of light is usually
used to determine the characteristic frequencies w, of oscil-

lating systems in an object being investigated with which the
incident photons interact, changing their frequencies by
Aw = 0, — @, = @, Where @, and w, are the frequencies of
the incident and scattered photon, respectively. Scattering of
light by electrons also occurs. A theoretical examination of
this question®' shows that, in a superconducting metal in
the case £ < 6, where ¢ is the correlation length, and 6 is the
depth of penetration of light into the metal, the scattering
coefficient for Aw < 2A/%i is

@/2

o (0) = j'Ps(A) [Q—(@%A:AT +1]dA, (15)

where P(A) and a are coefficients which depend on the con-
ditions of polarization of light in the scattering process. In
case the BCS theory is valid at fidw €24, there must be no
scattering by electrons in the superconducting phase at
7-0.

This effect was first detected for the traditional super-

Amplitude of Scattering
(3N

FIG. 14. a) Electron scattering of light from the a,b plane
of the crystal for different polarization of light.*® b) The
temperature dependence of the amplitude of the electron
Rarﬁr())an scattering from the a,b plane of a YBaCu crys-
tal.
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conductors®? Nb;Sn and Y,Si with relatively high critical
temperatures (7, ~18 K). The experimental curves. ob-
tained agreed satisfactorily with the theory in Ref. 60.

The use of this method in the case of oxide supercon-
ductors is complicated by the fact that several modes of lat-
tice vibrations are usually found in the most interesting fre-
quency interval Aw and, as a consequence of this, the
electron scattering spectrumis distorted by the lines of Ra-
man light scattering by phonons. Notwithstanding this; it is
clearly evident in the scattering spectrum measured at differ-
ent temperatures®® how a decrease of the amplitude of elec-
tron scattering (the background below individual lines due
to phonons) occurs during lowering the temperature as
Aw =0, and now it increases at Aw ~2A# ™ '. One can deter-
mine from similar curves how electron scattering varies with
temperature (Fig. 14).%* It has been determined that this
variation depends significantly on the polarizations of the
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incident and scattered light (Fig. 14a). For example, one
may interpret this as a manifestation of gap anisotropy. Ac-
cording to this interpretation, the ratio 2A,/kT, varies in
the a,b plane of YBaCuO crystal from 3 4+ 2 to 5.5 + 1.6.
Also see Ref. 65 for a discussion of this question.

Similar experiments are being carried out at present on
bismuth and thallium systems also. The experimental results
for the'bismuth system are similar to those obtained for YBa-
CuO crystals. The change with temperature of the spectrum
of the light scattering from the a,b plane of a crystal of
Bi, ,8r, §CaCu,0, for different polarizations of light is
shown in Fig. 15.%® Whereas the intensities of the phonon
lines corresponding to 120, 125, 225, 295, 345, 388, 470, and
670 cm ~ ' are practically constant, the electron scattering
undergoes a noticeable change upon lowering the tempera-
ture from 140 K(7T>T.) to 30 K (T < T,). A significant
decrease of the scattering amplitude is observed as Aw —0,

Frequency shift, cm—1
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whereas an increase of amplitude occurs at Aw~2A% .
The nature of the electron scattering variation can be de-

scribed by the values 24,/kT, = 3.5 for the first and second. -

experimental configurations and 2A,/kT, = 6.8 for the
third configuration, the same as in the YBaCuO system.

The results from Ref. 67 obtained in a thallium crystal-

with T, of 110 K are presented in Fig. 16. In the opinion of
the authors of the paper, the dependences obtaimed corre-
spond to the value 2A,/kT, = 5. Later on, the authors also
succeeded in detecting a dependence of Raman electron
scattering on the polarization of light for these crystals. A
detailed investigation of the temperature dependence for Ra-
man electron scattering in a thallium compound crystal with
T, ~110 K®® basically confirmed the data of Ref. 67 (see
Fig. 16).

Thus, experiments on Raman electron scattering'also
indicate the presence of a gap peculiarity in'the sgectrum of
the energy distribution of the excitations. However, unlike
traditional ideas, the characteristics obtained in all the sys-
tems investigated differ noticeably from the characteristics
which follow from the BCS model. The difference is'that a
noticeable contribution to scattering remains even'at Aé —0.
Just as in the case of the tunneling effect, this might be ex-
plained by assuming either a significant anisotropy for 4; as
a result of which the sharp boundary at Aw ~2A% ! is dlso
blurred, or the presence of inclusions of the normal phase on
the surface of the crystal. From an analysis of the experimen-
tal curves of Ref. 66, it follows here that the area.of these

“normal’ sections must amount to at most only 5% to 10%
of the entire area of the specimen. »

5. THE BULK OF CHARACTERISTICS

In all the methods that are enumerated above for deter-
mining the value of the energy gap, the measurements were

reduced to investigating the surface or near-surface charac--
teristics of the material. As is well known, the first data on’
the presence of an energy gap and on its size in traditiorial -

superconductors were obtained from the results of research
on the bulk properties of superconductors and, in particular,
on the temperature dependence of the heat capacity and
thermal conductivity of the electrons, of the magnetic char-
acteristics of the nuclear system, etc. The possibilities for
obtaining information about this energy gap based on results
of determining the bulk properties of oxide superconductors
will be examined in this section.

Measurements of the heat capacities of oxide supercon- '

ductors were started immediately after the discovery of such

compounds, on ceramic specimens at first. The presence ofa

linear term C, « ¥ T in the heat capacity as T—Q, which is
identified with the electron heat capacity, was established
both in the compound La, _  Sr,CuO, with 0.1 <x<0.3,
T, ~35K, and also in YBaCu,0, with T, _,, K.*°

The significance of this result is that it places in doubt

the very fact of the presence of a gap in the energy spectrum
of the electron excitations. Actually, as is well known,? in the .

presence of a gap, the electron excitation density near the
bottom of the gap must, just like the electron heat capacity,

decrease exponentially as 70, and specifically,
C, e/,

(16)

here A, enters into Relation (16) in the case of anisotropy
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- men, were carried out in addition. This analysis showe

of A. It is obvious that the presence in the heat capacity of a
significant linear term of electron origin at 7€ T, contra-

g d.lCtS Relation (16). Therefore, this result was subjected to

detalled study. YBaCuO crystals were used as test objects,
and measurements of the heat capacities of all the impurities,
which could arise in the process of synthesizing the speci-
d70,7l
that, with a high probability, the linear term in the heat ca-
pacity is‘not of electron origin. On the basis of an investiga-
tion of many Y _Ba,_,Cu,0Q,_; (x=0.9 to 1.1) speci-
mens, a clear correlation between the value of the linear term
in the heat capacity and the contribution to the susceptibility
of the specimen, which followed the Curie Law and was
caused by paramagnetic impurities, was established in Ref.
72. The author of Ref: 72 assumes that the linear term in the
heat capacity of YBaCuO is actually connected to a signifi-

.cant degree with the presence of the impurity BaCuQO, _, in

the specimens. Thereby, these papers place in doubt the pres-
ence of the.linear term in the electron heat-capacity in the
-superconducting phase.

" Wenote that there is a Ref. 73 in'which, by carrying out
iin YBa,Cu,0, crystals detailed direct measurements of the
‘heat capacity difference AC for a YBa,Cu,O, specimenin
the dielectric (3 = 6) and superconducting (y = 7) modifi-

cations, the authors show that AC.varies with temperature

-according to relations that.are similar to those of the BCS
theory, but with 2A,/kT. = 6 4 0.5. In considering this re-
sult, ohe must allow for the fact that it contains the assump-
‘tionr-that the heat capacities of the lattice in the supercon-
ducting and non-superconducting modifications of the
material being investigated are equal, which is not obvious,
allowing for the significant difference of their lattice vibra-
tion spectra (this has been established, for example, by opti-
cal methods). ‘

The situation is less ambiguous in bismuth and thallium
compounds. Starting from the first research,’ a linear term
in the heat cdpacity was not detected in the bismuth com-
pounds. The authors of Ref. 75 connetted the signs of a lin-
ear term in the heat capacity of thallium compounds with the
possible presence of magnetic impurities, just as in the YBa-
CuO compounds. Similar concltisions weére also drawn in the
result of investigating ceramic specimens’® of TICaBaCu
compounds with 2223, 2212, and 221 structures.

Measurements of the heat capacities of Bi,Sr,CaCu, O,
and T1 ,Ca,Ba,Cu,0, crystals in the 2 K to 15 K interval
showed”’ that some departures from the Debye Law for the
temperature dependence of the heat capacity of the lattice
might be connected with the soft optical modes (v, ~37 K)
and the appearance of the spin glass heat capa01ty of isolated
magnetic impurities ( ~ 1% ) of copper atoms. There was no
linear electron term in the heat capacity within the measure-
ment accuracy (¥ < 1 J/mole K?).

As was already indicated, the results of measurements

~of the temperature dependence of the heat capacities of the
" oxide superconductors cannot be used to determine the size

of the energy gap with sufficient reliability. These measure-
ments only enable one to obtain an upper limit estimate of
the excitation density in a superconductor near the bottom
of the gap by means of comparing the electron heat capacity
at T~ T, (for example, from the sudden change of the heat
capacity at T.) and estimates of the possible value of the
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linear term as T— 0. The results of investigating the thallium
and bismuth compounds show that the excitation density at
T<T, is about 6% of N,, where N, is the excitation density
in the normal phase at 7> T,.

As a consequence of their low specific heat capacity, the
thermal conductivity » of oxide superconductors is mainly
determined by heat transfer by phonons. The thermal con-
ductivity of all compounds that have been investigated up to
the present in the region near 7, increases for 7'< T, which
is obviously connected with a decrease of the scattering of
phonons by electrons as a consequence of their coupling. A
characteristic time for the scattering of phonons by electrons
can be determined from these data.” This is 10~ !2 sec for
YBaCuO. The determination of the gap size from the nature
of the change of % ( T') near T, does not appear to be reliable.

The absorption of sound in metals at 7~ 20 K is mainly
determined by the interaction of the sound with the lattice
vibrations,” for example, in four-phonon collisions with
spin flips. Besides these processes, the interactions of sound
with the soft optical modes of vibrations of oxygen and other
complexes also turn out to be significant in oxide supercon-
ductors. All this leads to the situation that, until recently,
one did not succeed in reliably establishing the amount and
temperature dependence of the absorption of sound by con-
ductance electrons which, as is well known,? could have been
used to determine the energy gap.

The electrons surrounding the atomic nucleus change
its nuclear magnetic resonance (NMR) frequency (the
Knight shift) and lead to the appearance of a definite tem-
perature dependence of the spin-lattice relaxation time T',.
Transition into the superconducting state is accompanied by
changes of these values and enables one to obtain informa-
tion about the energy gap.? Such measurements were carried
out both on lanthanum and on yttrium systems. It was found
that, from the data of Ref. 80, 2A,/kT, = 3.6 to 3.8 and,

from the data of Ref. 81, 2A,/kT, = 7.1 correspond to the

change of the spin-lattice relaxation time in
La,sSr,,sCu0O,. Two times corresponding to
2A0/kT, =8 and 1.2 were detected for yttrium oxide in
Refs. 80 and 82. It was found out later on®*® that
24,/kT, = 8.3 and 2.4 in yttrium compounds correspond
to two different positions of copper in this oxide, Cu, and
Cu,, respectively. The fact of the noticeable change of the
Knight shift during the lowering of the temperature in
YBa,Cu,;0;, which satisfactorily agreed for Cu, atoms with
the ideas of the BCS model, assuming 24,/kT, = 3.8, was
also established recently.®*

However, it was assumed in analyzing these experi-
ments that the electrons of copper atoms cause the conduc-
tance in oxide superconductors. This point of view is subject
to revision at present, since the results of research on the
spectra of different atoms of these compounds showed that
the conductance electrons of oxides are mainly bound to the
oxygen atoms. It turned out that there are two groups of
electrons in oxide superconductors; conductance electrons
(holes) that are bound to oxygen atoms, and electrons that
are localized near copper atoms. Superconductivity is con-
nected with the conductance electrons (holes), and the mag-
netic properties and their change are connected with the
copper electrons. Of course these two systems are intercon-
nected with each other; howeyver, it is obvious that it is diffi-
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cult to determine the gap size from the magnetic characteris-
tics of the copper nuclei. The establishment of the fact of a
significant (up to three orders of magnitude) decrease of the
spin-lattice relaxation time (1/7,) for Cu®? nuclei for a
change of x from 7 to 6.65 in the compound YBa,Cu,0, is
an additional argument in favor of this idea.’’

These ideas have become more and more popular re-
cently (see the review in Ref. 86 with extensive additional
references). A model which assumes the presence of two
kinds of electrons in YBaCuQ was examined qualitatively in
Ref. 87. By adopting reasonable parameters, for example,
2A,/kT, = 3.9 for p-holes which are coupled, the authors
could obtain expressions which satisfactorily describe all the
experiments on the spin relaxation in YBaCuO. All this
shows that additional analysis is still necessary in order to
obtain information about the energy spectrum of the excita-
tions in oxide superconductors from measurements of the
characteristics of the nuclear system.

Naturally, information about the presence and size of
an energy gap may be obtained not only by the methods that
have been enumerated above, which cover the main field of
research in this direction. Other approaches for determining
the gap were also used, for example, research on the tem-
perature dependence of the absorption of 9 GHz radiation®®
in a YBaCuO film, and the use of Andreev reflection.?®°°
These directions have not yet been extensively developed,
and we shall not review them here.

6.CONCLUSION

There is evidently no basis at present to suppose that
there is no energy gap in the excitation spectrum for oxide
superconductors. Of course, the form of the detected gap
peculiarities in a number of experimental papers is signifi-
cantly different from that which we were used to seeing for
traditional superconductors. First, the lack of a sharp
change of the characteristics near the edge of the gap in the
region of the maximum excitation density, and second, the
appearance of a finite excitation density near the bottom of
the band in many experimental curves are attributed to these
deviations.

We shall first discuss which experimental and other
causes can lead to such deviations. Next we shall compare
the results of determining A, by different methods for the
oxides investigated.

The lack of a sharp maximum near the edge of a gap is
usually connected with the hypothesis that, in reality, the
experimental results are distributed with a dispersion 84,
around an average value of A,. This hypothesis seems very
plausible, since a finite specimen area is usually used in the
measurements and, for example, it has been demonstrated
by the scanning tunneling microscope method that the size
of the gap can change along the surface of a crystal (see Figs.
5and 6). This change may be connected, for example, witha
different oxygen deficit § for YBaCu;0, _ 5, and in the case
of attempts to use cleansing of the specimen surface by
chemical etching, also with a different degree of surface con-
tamination. At the same time, it was shown in a number of
papers?*** that, in an individual small region of contact, the
junction characteristics can be extremely sharp and can ap-
proach an ideal one (see Fig. 5). The presence of anisotropy
of A, and the dependence of A, on the polarization of light,
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which appears in experiments on Raman scattering, can also
lead to broadening of the peculiarities.

Everything that has been said above indicates that, with
a high probability, the broadening of the peculiarities near
the edge of the gap is, in reality, explainable by the trivial
causes that have been indicated above, and it is unnecessary
to attribute it to fundamental properties of the material.

By such a method, one can explain the finite excitation
density near the bottom of the gap (at eV<A or
Aw < A%~ “only if one assumes that there is a group of elec-
trons for which a spectrum change with a gap of finite size
does not arise upon the transition of the specimen into a
superconducting state. Such a situation might have been
connected, for example, with the presence of points or of a
band on the Fermi surface where the gap size goes to zero.

Let us determine the relative concentration of normal
electrons S = N,/N, which remain near the bottom of the
gap at T—0. The results of tunneling measurements, where

d/ ‘)"1

eV>A/

(4
v \ 4V
the results of investigating the amplitude of the Raman scat-
tering of electrons A4, where

B = Asomndis > 22,

dv

and the results of measuring the electron heat capacity C,,

where
5:&! L )ﬂ
Tirso\ T lr>rc)

can be used for this. Values of # that have been determined
by different methods were collected in Table 1. We indicated
only minimum values of 8 in Table 1, since different factors
leading to an increase of this value may always be present in
an experiment. For example, in experiments on the tunnel-
ing effect, this may be inclusions of normal regions in the
area of contact, a current of non-tunneling origin, etc.
Therefore, apparently smallest value of 5 corresponds to the
cleanest conditions for the experiment which approach
those in which the true characteristics of oxide superconduc-
tors will be obtained. As is evident form the data shown in
Table 1, the concentration of unpaired electrons does not
exceed 5% to 10% of the total number of conductance elec-
trons in all the oxide superconductors investigated.

At least three alternative explanations may be hypoth-
esized for this fact. First, it is not impossible that a finite
value of £ indicates the degree of perfection of the oxide
superconductors that are prepared at present and, in reality,
shows what fraction of normal inclusions there are in the
specimens, for example, inclusions of a non-superconduct-
ing phase. For example, the fact of the gradual decrease of
the value of 8 as the conditions of the experiment improve,
for example, in investigations of the heat capacities of oxides,
speaks in favor of this hypothesis.

Second, it is possible that, for oxide superconductors,
the gap actually goes to zero on some line along the Fermi
surface. The linear change of the amplitude of Raman scat-
tering with Aw at small Aw speaks in favor of this hypothesis.

Finally, one may not rule out that a finite value of S
indicates the specific characteristics of oxide superconduc-

TABLE II. Values of 2A,/kT, in Oxide Superconductors Determined by Different Methods.

. 2A,/RT,
Material L (,,2; / fa 6. Method Reference
Ba,Pb,Bi, ,0; 3,2 T [38]
4 IR [54]
Ba, K, BiO; 3,944 T [39)
(0,4<x<0,8) 4 IR [54]
La,_,Sr,CuO, 4,95 T [10]
Y,Ba,Cu,0,_, 5 T 19
5,24-0,2 1 1,3540,05 T 34
5 T 19
4,440,1 T %
..5,8...3,6.. T 33
7,58 1,7 T 34
4—6 T 35
4,8 T 36
3.5 IR 50
7—8 IR, 33
...8...3... IR 54
5211,9 IR 55
7,3 RS 59
5,5+1,6 u 342 RS 60
Bi—Sr—Ca—Cu—0 4,9—5,3 T 40
4,5—8.5 T 41
8,7 T 42
7 T [43, 44]
6,3+0,3 T 45
6,3 T 46
5,54-0,6 T 95
8,240,3...3,3+0,3 T 9
6.8 1w 3.5 RS 62
8444 EP [49—51]
7 EP [52]
Tl—Ba—Ca—Cu—0 6,14-0,5 T 44
6.940.8 T 48
5 RS 67
3,5 RS 68
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tors. And specifically, whereas the size of the energy gap in
traditional superconductors is much smaller than all the lat-
tice vibration frequencies, for oxide superconductors,- a
number of vibration frequencies is smaller than the energy
gap, and this could have influenced the energy dlstrlbutlon
of the excitations. These ideas are developed in Ref. 91 as
applied to Raman scattering. The fact of the Raman’ line
displacement @, upon transition into a superconductmg
state, which indicates the presence of a significant electron-
phonon interaction, speaks in favor of this hypothesis.

At present thiere are insufficient data to choose between
these possibilities. The author of this review thinks that one
must eliminate the first, trivial explanation before construct-
ing different theoretical models. For example, the hlstorlcal
course of the development of tunneling spectroscopy in,tra-
ditional superconductors shows that significant deviations
from standard characteristics uSually turn out to be connect-
ed with a defect of the procedures used in preparing | thej Juuc-
tions. ’

We now turn to the results of méasuring the value of A,
for different oxide superconductors. The most convmcmg
measurements of the gap width by different methods are col-
lected in Table II (T is the tunneling effect, IR is infrared
reflection or absorption, RS is Raman scattering, and EP is
electron photoemission). The values of 2A,/kT. that are
joined by a dotted line indicate results obtained by investi-
gating the anisotropy of Ay; Apla,b is on the right. As is
evident from Table II, the 2A,/k T, ratios for all supercon-
ductors are grouped around 24, /kT, = 5 to 6. This value is
significantly greater than. the value 2A,/k7, =35 of the
BCS theory, but it approaches the values observed for tradi-
tional superconductors with strong bondmg, such - as
200/kT. =42 to 45 for lead, 4.4 'for .Nb Sn,
2A,/kT, = 4.6 to 4.9 for superconducting amorphous b]S-
muth films, etc.

Asis evident from Table I, significant amsotropy ‘of A
exists for oxide superconductors. And in particular, the val-
ue of A, parallel to the a,b, plane is more than one and a half
times greater than the value of A, in a direction perpendicu-
lar to this plane. Significant anisotropy of A, was also ob-
served earlier for traditional superconductors. Thus, for ex-
ample, the ratio of 2A,/kT, for tin varies from 4.3 to 2.7,
depending on the crystallographic direction,® and thereby
the oxide superconductors are not different in the amount of
anisotropy of A, from traditional ones. With anisotropy of
A, present, it appears to be completely natural that the value
of 2A,/kT, in some directions will be significantly greater
than 2A,/kT, = 3.52, the value obtained in the standard
BCS theory for the isotropic case. We note that even in the
framework of an isotropic superconductor model, if one uses
the consistent examination of the electron-phonon interac-
tion carried out by Eliashberg, one can obtain the value
2A,/kT. =5 to 6 by means of taking into account the follow-
ing terms of the expansion of this quantity in T,/wp%**
(wp is the characteristic phonon interaction energy), al-
though there is apparently no basis for using this procedure
in the analysis of strongly anisotropic superconductors.

Thus, as is evident from the foregoing, research on the
spectra of electron excitations of oxide superconductors in-
dicates that most of the gap characteristics of oxide high-
temperature superconductors are at least qualitatively not
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dlﬂ'erent from those obtained earlier for traditional low-tem-
perature superconductors. Or course this conclusion cannot
serve as proof that the superconductivity in these com-
pounds is also caused by the same electron-phonon interac-
tion. At present, apparently one can only state that the main
results of research on the energy spectrum of the excitations
for the new class of superconducting compounds may be
understood even in the framework of a traditional BCS type
model for superconductivity.

A great many (more than 300) experimental papers are
devoted to investigating the energy gap in the excitation
spectrum of new oxide superconductors. However, 2 num-
ber of problems are still awaiting their solution. Thus, it has
not yet been determined if the changes of the characteristics
of a superconductor in the broad energy interval ~8kT, is
actually connected with the gap peculiarities, or if this is a
manifestation of interference effects leading, for example, to
the appearance of additional peculiarities at 2A,, etc. The
problem-of determining the possible density of excitations
near the bottom of the gap is not finished. And finally, it has
not been determined if the value of A, for perfect single crys-
tals of oxide superconductors is a constant value or if it fluc-
tuates along the surface. Probably these questions will be
determmed in the very near future.
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