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An analysis is made of experimental data from measurements of the specific heat, the resistivity,
the critical magnetic fields, the paramagnetic susceptibility above T, the Hall effect, and of other
properties of the two new types of superconducting materials: lanthanum cuprates and the 1-2-3
compounds. The results of this analysis are discussed from the point of view of applying the
Fermi-liquid picture to the description of the normal and superconducting properties of these
materials, the role of fluctuations near the critical temperature, and the dimensionality of the
superconductivity in them. Estimates of the width of the conduction band and of some other
microscopic parameters indicate that there is a rather wide (about 0.7 eV) delocalized band. The
fluctuations region near T, is narrow, but nonetheless wider than that in ordinary
superconductors. The superconductivity near T, is three-dimensional, although sufficiently far
from T, the layered nature of the structure may be important.
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~ 1. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity' a great deal of experimental material has been accu-
mulated regarding the superconducting and normal proper-
ties of the new compounds. However, a theoretical
understanding of high-temperature superconductivity has
still not been attained. Such an understanding has to a large
extent been hindered by the disconnected nature of the ex-
perimental data and the large amount of scatter in it. Even
the properties of the new materials in the normal phase have
not been thoroughly studied.

In this paper we have attempted to make some general-
izations and interpretations of the existing experimental
data in order to throw light on the following fundamental
questions: 1) how wide is the fluctuation region near 7,?; 2)
To what extent does the anisotropy of the properties of the
new materials affect their superconducting properties?; 3) Is
it possible to use the Fermi liquid picture to describe the
normal and superconducting properties of these compounds
{putting aside the specific pairing mechanism)?; In other
words, can the properties of the new materials in the normal
phase be described under the assumption that above T, there
is a rather wide delocalized electron band? All these ques-
tions arise naturally, first, because of the large volume of the
unit cell and the pronounced layered nature of the crystal
structure of the new superconductors, and, second, simply
from the fact that these materials exhibit a high critical tem-
perature. If we begin from the Fermi liquid picture, then the
factors that we have enumerated above would imply, on the
one hand, a low carrier concentration (and a small Fermi
momentum) and a large quasiparticle effective mass (which
is equivalent to a narrow conduction band). On the other
hand, according to the usual ideas, the high values of T
along with a large effective mass gives an extremely small
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coherence length &, = five /27 T.. All of these consider-
ations taken together point to values of T./E ¢ or #i/pgé&,
that are not very favorable for the usual picture of supercon-
ductivity.

An alternative to the Fermi liquid approach is the idea
of a strongly correlated electron system. Such ideas are at-
tractive because by hypothesizing only a large characteristic
interaction energy between the electrons and conditions un-
der which the appropriate pairing mechanism operates, high
values of T, are easily possible, values which are perhaps
even comparable in order of magnitude to the corresponding
electron energy E,. An example of the application of these
ideas is the so-called resonating valence bond model of An-
derson.? In particular, an important qualitative conclusion
that follows from this model is the existence of gapless fer-
mions which carry no charge but have spin. In this way the
model predicts that the specific heat at low temperatures, as
well as in the superconducting state, must depend linearly on
the temperature 7. A linear term in the specific heat is in-
deed seen in most of the experiments at temperatures below
T.,butitis still hard to say whether it is a consequence of the
intrinsic properties of the superconducting state or of the
presence of impurities of nonsuperconducting phases. Some
interesting results, which we discuss below in Section 5, have
been obtained® for the dependence of the linear term in the
specific heat on the concentration of strontium in the com-
pound La, _, Sr, CuQ,.

In order to make a choice between these points of view
and, in particular, to check the correctness of the hypothesis
of delocalized electrons, it is important to have an estimate
of the ratio of T, to the characteristic electron energy. The
width of the fluctuation region near 7, would also be related
to this ratio.

The question of “two-dimensional’’ superconductivity
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TABLE 1. Experimental data for ceramic and single crystal samples of La, ,Sr,CuO, (x20.15).

Acp/Tc’ Xrauli

T.,.K dp/dT —dH, /dT, —dH,, /dT, mi/K* 10"%cm?/ n, 107!
and Refs. p, ufl-cm uQ-em/K T/K Oe/K (mole Cu) (mole Cu) w,, eV cm™? 6, K
Ceramic ,

343 430 (T,) ° 6.8 ° 275 519 7.6 ° 1.6 % L7 ° 6" 300
40’ 300(7.) 7 6’ 1.75 ¢ ) 24 1 1.4 0.9g)/™ ' 2.19 % 400 >4
33 1048 BZO(TL) 9 44 10,48 15 10,48 17 15 16 42,43 0.8£(l|/2h 37d 67 450 16
36 17 400 (T,.) 'o4® 4.7 *° 2245 " 20 '° 1.5 ¥ PAR

16 a6 44 50 25 R 10 20 1.6 61
;-1’ 20 ;28 El;s)) 47 3.4° 65 1.7 45 14 9243
33 % 300 (res) *° 1.3-4 %7
34 4

Single crystal

=10 3
30.33 44 Pu(T) =1 7 0‘3(H||CZ“ 6_g¢
PSPy =19 * 4(Kle) ™

23 ¢ P (T.) =250 * 5-7¢ ¢

* Linear dependence maintained approximately to 1100 K.

® The permittivity £, due to the polarization of the ion cores was not determined. The value £, = 4 was used in Ref. 6.
< The carrier concentration, defined as # = (R,,ec) ~ ' increases with the temperature and varies in this interval as the temperature is increased from 7, to

300 K.
Y Depends on the strontium content (see Sec. 5).

arises because of the large anisotropy that is observed, both
in measurements of the resistivity, and of the critical mag-
netic fields. There is no single point of view on this issue,
either.

In order to provide an answer to the questions we have
posed, we have attempted to analyze the existing published
experimental data on the variation of the specific heat, the
resistivity, the critical magnetic fields, the magnetic suscep-
tibility above 7, the Hall effect, and other measured quanti-
ties. Our review makes no claim to being exhaustive. The
amount of experimental data could easily be expanded.
Nonetheless, in summarizing these data we can say that
most of the experimental data on the superconducting prop-
erties do not contradict the hypothesis that there is a rather
wide delocalized band. The fluctuation region near 7, turns
out to be rather narrow, and the superconductivity appears
most likely to be three-dimensional. The two-dimensional
character, or, more precisely, the layered structure, would

TABLE II. Experimental data for YBa.Cu,0, , ceramic samples.

be an important factor in a quantitative description only at
temperatures quite far from T,.

2. EXPERIMENTAL DATA

The experimental data discussed below, coming from
measurements of the specific heat, the critical magnetic
fields, the paramagnetic susceptibility above 7., and the
Hall effect, are collected in Tables I-III. In these tables we
include results obtained from the compounds La,
Sr, CuO, and YBa,Cu,0;. In mapy cases the results depend
on the composition. This last point merits a special discus-
sion, which we will include at the end of this article (see Sec.
5). With regard to the experimental data as a whole, it
should be said that they exhibit a considerable amount of
scatter. It is not entirely clear whether this scatter is associat-
ed with the composition (mainly with poor control of the
composition), or with shortcomings in sample quality, in-
cluding the methods of preparation. A fundamental diffi-

ACF/TL" Xrautis
dp/dT —dH.,/dT, —dH.,/dT —dH.,/dT, mi/K*- 10~*cm'/ n,10!

T.,K p, 4cm uQ-em/K T/K Oe/K Oe/K (mole Cu) (mole Cu)w, eV cm~? 85, K
92 V7 200-250(7.) " 1.7-25 7 1.3 7 7" 1.8-10° > 21 2 1.9 26 >4.2 % 440 ¥
92 ¥ 250(res) ** 0.8 > 1.9 '* 9 13 1.3 % 21 ™ 3.5-10" **360 %
95 200(T.) ** 1.9 1.2-4.5 2 17 2 13 27 1.3 77 10° 3 380 4
93 S10(T.) * 24 00 4.6 77 15 1.6 ¥ <3.14 % 400 %
90 *2 200(T.) V7 4.6 ™ 23 1.5 %
90 V7 1.25 ¥ 13 424 1.8 7
92 a9 23 45 11 60 13 42,43
90 * 22 23 2 1.1
95 7 2.2-3.6 7 19 7
93 62 3 5t
92 3 4.6 ™

2 62

3.2 %

* Linear dependence maintained up to about 550 K.

" Carrier concentration, defined as n = (R ,; ec) ™' increases with temperature and varies in the indicated interval as the temperature is raised from 100 K

to 300 K.
¢ Calculated on the basis of magnetic measurements.
Y Depends on the oxygen content (see Section 5).
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TABLE III. Experimental data for YBa,Cu;0, _ 5 single crystal samples.

—dH,/dT,
Pab dp,,/dT, ;r{/fllc( /},(l))f‘l'i @,, n,
T.K ur-em/K u-em/K PAT N/ Pan (T.) Hlc cm®/(mole Cu) eV 1021 cm—3
90 200 (res) 6 2 95 32 {2'37“0‘9 & 18 ™ 2.6 % 7-9 %2
89 4 200 (res) ** 6 % 230 % ;; b 3—6° &
% 135 (res) 2 % (337509 =
90 4 400 (res) ¥* 2 % [(2).37 “
92 3¢ 75 (res) ** 1.3 2:6 9
93> 15 (res) ** 1.2 %% g::;é "
60—80° 140 (7,.) ™ 1.5 % 2(9)6 ™
90 ** 54(T)° % (2)223 "

ISO(T‘)L 55 13-. 55
60 (T.) ¢ 0.9 %

? Carrier concentration increases in the indicated interval as the temperature is raised from 100 K to 300 K.

® Orthorhombic phase.
¢ Tetragonal phase.

culty in the analysis of the data is that different characteris-
tics have usually been measured for different samples in
different laboratories. A unified study of various properties
on the same sample is still a rarity.

In determining the Pauli susceptibility yp,,; from the
measured paramagnetic susceptibility above T, it is usual to
introduce a correction for the diamagnetism of the ion cores
using the values y .. = — 0.98:107* cm*/(mole Cu) for
La, ,Sr,CuO, and y.,. = — 0.66 cm’/(mole Cu) for
YBa,Cu,0; (see, e.g., Refs. 15and 31). In those cases, when
the authors of the papers cited by us did not themselves sepa-
rate out the paramagnetic contribution yp,,;, we made the
appropriate correction. It should be mentioned also that in
determinations of yp,,; one can disregard the Landau dia-
magnetism of the conduction electrons, since the relative
contribution of these electrons is proportional to (1/2)my/
m*)2, where m, is the mass of a free electron and m* is the
effective mass. The effective masses turn out to be quite
large, as we shall see subsequently, and therefore the Landau
diamagnetism is at most a few percent of the total suscepti-
bility.

The values given for the resistivity are either the values
just above the superconducting transition, o (T ), or the val-
ue of the resistivity extrapolated to zero temperature,
p(res).

The data for single crystals also includes results for ori-
ented epitaxial films.

3. ANALYSIS OF EXPERIMENTAL DATA IN THE VICINITY OF
7.

It is natural to try to describe the behavior of the super-
conducting properties in the vicinity of 7, within the frame-
work of the phenomenological Ginsburg-Landau theory.
The free energy density in the anisotropic case is”!
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where M ! are the principal values of the so-called inverse
mass tensor. The parameters «, b, and M; determine the
thermodynamic critical magnetic field A, and the penetra-
tion depth. Because the values of these parameters have been
measured with insufficient reliability, we shall adopt as the
fundamental quantities the discontinuity in the specific heat,
AC,, at the superconducting transition

2r o[ 1 (m), T @

and the slope of the upper critical magnetic field (dH_.,/
dT) T, . The observed anisotropy in the resistivity and in 5,
is uniaxial, possibly because of twinning in the a-b crystallo-
graphic plane. In principle, the symmetry of the compound
YBa,Cu,0, is orthorhombic. In the presence of uniaxial ani-
sotropy

= H M \1/2
H(':,2=V2xabHcmv Fif=( ) ’ (3)

where || and 1 designate the orientation of the magnetic field
relative to the ¢ axis. The penetration depth is related to H..,,,
by the relation

63 (1) =2V2em | g (1) =8, () (

M, )1/2
hcxab *

Mup 4)

In turn, the coherence parameters of the Ginsburg-Landau
theory are
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Mgp\1/2
)
In the clean limit with extrapolation to T"= 0 these param-
eters give, respectively, the dimensions of the pairs in the a-b
plane and along the c axis.

The width of the fluctuation region can be estimated, as
usual, by calculating the fluctuation correction to the specif-
ic heat.”? Above T..

bab (T)
Kab

Eab(T)z ’ EC(T)zgab(T) ( (5)

TEu? dsk
C —CP—= . 6
SR LES § [2 (T —To)+ Y (4My)~1h2]? ©)
In the three-dimensional case
T2a3/2 (MM Ma)1/2
0y __ c
Cp— O = —ga 7" (7

Comparing this correction to the jump in the specific heat
AC,/T, = a’/b, we find that in the three-dimensional case
the fluctuations are small for

| T—T¢

. T oMy M, M B>
- S Giyp = LMo Msb”

Anla
Expressing all these quantities in terms of the jump in the
specific heat and H,, we obtain

a TE@HL 0Ty | olll,ioT |

GisDzﬁ (Acp)ga'};’ ' (8)

where ¢, = 27#ic/2e is the magnetic flux quantum. If the
anisotropy is large, for instance because the structure is
layered: M,> M|, M,, then sufficiently far from T, at tem-
peratures 7 such that

Ma|T — TC1>>(~:;)2

(where ¢, is the length of the unit cell along the c axis, and z is
the number of layers in a unit cell), the integration in (6)
becomes two-dimensional, and the correction to the specific
heat is

Tioz (MM )V?

(0 __
¢ =0 g (T—T¢) 9
The Ginsburg criterion in the two-dimensional case is
S
| T—Tc | . R Tel oHy, oT |
7.~ Gl =g —=¢ o (10

The temperature 7 * of the transition from the three-dimen-
sional regime to the two-dimensional can be nominally de-
fined as the temperature at which the fluctuation corrections
to the specific heat (7) and (9) are equal:

M| r*—T.)=(Z)°,

that is, when

TABLE IV. Ginsburg-Landau parameters for La, ,Sr,CuOy (x20.15).

[of

B (T%)= 3¢ (an
The statement that the superconductivity assumes a two-
dimensional nature means only that far from 7 the expan-
sion in the gradients along the c-axis in Eq. (1) is inade-
quate. For a discussion of this question, see, e.g., Ref. 73.

Thus, the jump in the specific heat at the superconduct-
ing transition and the slope of H, permit a determination of
the coherence length and the penetration depth near T, the
width of the fluctuation region, and the temperature 7* of
the transition from the three-dimensional to the layered de-
scription of superconductivity.

We shall consider first the situation for the compound
based on the lanthanum cuprates. It can be seen from Table I
that the jump in the specific heat is

AC,
Te

15 mJ/K* (mole Cu) (12)
with a relative accuracy of about 20%. With the use of
expression (2) we find

_9Hem _ 4 8.10? 0e/K

with an accuracy of about 109%. The width of the resistivity
transition is usually about 0.5-2 K, and it increases with the
magnetic field. It would appear that the reason for this in-
crease is that the samples are imperfect. As a result the de-
pendence H,, (T) exhibits a great deal of scatter near T, .
For the ceramic La, _ , Sr, CuO, samples the average (over
the experimental data) slope of the upper critical field is
dH /T~ — 2.5T/K, withan accuracy of about 15%. The
upper critical field A, depends on the concentration of Sr,
but not very strongly. For the single crystal samples, as far as
we know, the upper critical field has been measured only by a
single experimental group, so it is difficult to evaluate the
reliability of these data. From Table I we have
—0H!,/dT =0.3T/K, and — JH '}, /3T = 4 T/K. There-
sults of analyzing the experimental data with the use of for-
mulas (2)—(5), (8) and (11) are shown below in Table IV.
The quantities § and £ are associated with the corresponding
lengths 5(T) and £(T) by the relations

B oM = (1—7) 7

; T \-1/2 (13)
Gnh. C(T)= bab' ¢ (1V_T_c) .
If we use the interpolation formula
Ty = ) . l A -1/2
8(n=80[t—(x) 17" (14)

then we find 8(0) =4000 A (for the ceramic), and

8., (0) = 1400 A and 8, (0) = 2-10* A (for the single crys-
tal).

M, |T*T,|

Kan M”L,, T. 8,A 5.,A fuh A é‘r ;A Giaypy
Ceramic 100 — — 2000 — 20 — 2-107°
Single crystal 12 180 0.4 700 10* 58 4.3 0.5-10°
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TABLE V. Ginsburg-Landau parameters of YBa,Cu;0, single crystal.

Mc fT‘_TL' A

Kap M—ab 'T Sup A 8. :;\ Sab »;\ Giyp
a ll 65 0.4 335 2700 30 3.8 03-10°°
b 27 11 ~1 525 1740 20 6 0.8-10~3

For the 1-2-3 compounds the jump in the specific heat is
(Table II)

ac,,
Te

a2 16 mJ/K?-(mole Cu) (15)
with a relative accuracy of about 15%. Using (2) we find
0Hery _ .102
— Sm — 2.4:10° Oe/K.

This result differs somewhat from the results of direct mea-
surements®”® (see Table I1), where H,,, was obtained by inte-
grating the experimental dependence M (H). The reason for
this discrepancy may be that in the analysis of the results in
Ref. 59, a somewhat excessive value dH,,/dT = 4.6 T/K
was used. Moreover the magnitude of AC, depends on the
sample, presumably because of an incomplete transition into
the superconducting state over the entire volume of the sam-
ple. In those cases where AC, and M(H) were measured
simultaneously good agreement was obtained for the two
methods.” ’

It has already been mentioned above that the resistivity
transition in a field is rather broadened in comparison to that
of ordinary superconductors. The slope of H,, (T') should be
determined outside the region of broadening of the transi-
tion, but in this region the curves of H!, (T) exhibit a
marked positive curvature, so that the slope H !, /3T is not
well defined. In Ref. 21, for instance, the slope — dH !, /3T
varies from 0.37 T/K near 7, to 0.9 T/K about 10 K from
T.. The slope dH,, /9T outside the region of broadening of
the transition was practically constant and equalto — 3 T/
K. It can be seen from Table III that these data are charac-
teristic of single crystals of YBa,Cu;0,. Analysis of these
results yields the values listed below in Table V, where the
following cases are treated separately: a)
8H!, /0T = —0.37T/K, dH},/3T = —3T/K, and b)
OH!,/0T = — 09 T/K, dH ., /0T = — 3T/K. If we use
the interpolation formula (14), then we obtain for the pene-
tration depthat 7=0

a) 8, (0) = 670 A,
b) 8, (0) = 1050 A,

8¢ (0) = 5400 A,
8¢ (0) = 3500 A.

We note that independent estimates of the penetration
depth®*7+75 give values 6(0) ~ (1.5-3)-10° A. These esti-
mates, in turn, were obtained from measurements of z * me-
son spin resonance and also are not very reliable, since the
distribution of the magnetic field in the samples was not
known accurately.

From Tables IV and V it can be seen that the fluctuation
region in the high-temperature superconductors must be
quite narrow. The layered nature of the structure is also evi-
dent only rather far away from 7. In estimating the *“‘cross-
over” temperature T * in Tables I'V and V, the most favorable
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values z =1 for two-dimensional superconductivity were
taken for both La, _ , Sr, CuO, and YBa,Cu,0,. Actually
the number of layers in a unit cell coincides closer with the
number of Cu atoms, i.e., z=2 for La, _,Sr, CuO, and
z = 3 for YBa,Cu,O,. The conclusion that the superconduc-
tivity is three-dimensional agrees with the results of an anal-
ysis of the fluctuation conductivity in Refs. 76 and 77, but it
disagrees with the statements of Refs. 78—80.

To what has already been said let us add the following.
The question of the two-dimensionality of the superconduc-
tivity has arisen principally out of the observation that in the
1-2-3 compounds, when yttrium is replaced by any rare
earth element having a local magnetic moment (Gd, for in-
stance), T, is practically unchanged. Since these moments
are disordered, it is natural to expect a decrease in T, as
occurs in alloys with paramagnetic impurities. In the phe-
nomenological Hamiltonian (1) there is a gradient term. If
we start from the idea of superconductivity that arises in the
two-dimensional Cu-O layers, then the three-dimensional
transition is provided for by terms of the form J W, ¥*, ,,
where W, is the order parameter in a layer. However, even if
the electron spectrum is anisotropic in the normal phase but
allows for coherent motion of the electrons along the ¢ axis,
then the mass tensor is determined mainly by the character-
istics of the electron spectrum. In the latter case the anisotro-
py of the critical fields and the anisotropy of the resistance
are related by

Hl, 1/2
L;_Z ~ (pab ) /
Hy Pe

which is usually found to be valid. The insensitivity of T, to
the substitution of rare earth elements in the REBa,Cu,0,
compounds would appear to be evidence for the “tubular”
structure of the electron spectrum due to the directionality
and the spatial localization of the electron d functions of the
copper atoms and the p orbitals of oxygen.

4. SOME ESTIMATES OF THE MICROSCOPIC PARAMETERS
OF HIGH-TEMPERATURE SUPERCONDUCTORS

In the previous section we have seen that the supercon-
ducting properties of the new materials are close phenom-
enologically to the properties of ordinary superconductors.
Accordingly, in the analysis of the experimental data on the
electronic characteristics of the high-temperature supercon-
ductors in the normal phase we shall assume that in these
materials too there is somehow a delocalized electron band
(this band could also arise as a result of a dopant in a Hub-
bard state). Evidence for this possibility is, for instance, the
metallic character of the conductivity of the single crystals
(say, in"the a-b plane) and the constant paramagnetic sus-
ceptibility above T.. The “pure” La,CuO, has a hopping-
type conductivity®' but upon doping with strontium the
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character of the conductivity and the resistivity change
sharply. Along with the data on the Hall effect,**®® this re-
_sult may be an indication that with strontium doping the
system transforms from an insulating (Mott) state to a state
with delocalized electrons. We shall go into this question
more thoroughly below. For now we shall try to make a
rough estimate of the parameters of the delocalized band.
In the description of the electron spectrum we shall as-
sume that the Fermi surface is cylindrical. Actually, the
large anisotropy of the critical magnetic field H,., and the
variations that exist in the resistivity and sometimes in the
nature of the conductivity in the a-b plane and along the ¢
axis (seee.g., Ref. 52), indicate that the transport properties
of the electrons are highly anisotropic. As for the resistance
along the c axis it is necessary to say there is not much reli-
able data. In the early investigations of p. (T) a tendency
towards localization was observed [in contrast to p,, (7)]
at temperatures of the order of 7,.. More recent experiments
(e.g., Refs. 82-84) have shown that p. (T) and p_, (T) de-
pend linearly on the temperature.
For a cylindrical Fermi surface the density of states (for
a single spin) is

v(0) =5z, (16)

where m,,, is the effective mass of the band. The Fermi mo-
mentum is

g . 2ncgn \ 1/2
" ( z ) ! (17)
where n is the carrier concentration. The density of states
(16) does not depend on the Fermi momentum; therefore
the plasma frequency of the electrons

4e?zEy

[05)2 = 4netvvy = v (18)

can be expressed directly in terms of the Fermi energy
Ey = pi/2m,, and the lattice parameters. Expression (18)
allows us to determine the Fermi energy from the experi-
mentally observed values of the plasma frequency.

ForLa, ,Sr,CuO, thelength of the unit cell along the
c axis is ¢,~13 A and z = 2 and for the plasma frequency,
according to Table I we have 1.7 eV. From this result we
find, using (18), £ =0.34 eV for the Fermi energy. The
stoichiometric composition La,CuO, has one carrier per
primitive unit cell; therefore in La, ., Sr,CuO, the band
should be about half full. In reality, the situation is more
complicated, but the statement does seem to be true for
x >0.15 (see Sec. 5). If we adopt this point of view, then for
the band width we can take AE =2F ~0.7 eV. For the
ratio T, /E ¢ we obtain the estimate 7, /E - =0.8-1077,

Similarly, for YBa,Cu,0; we have ¢, =11.7 A and
z = 3, and the plasma frequency isw, =~ 2.3 eV (see Tables II
and 111). We thus find F =0.37 eV and the band width
AE =2FE; ~0.74 eV. For the ratio 7. /E = we find a value
=2-107% These estimates are evidence in favor of a rather
wide delocalized band.

The determination of w, from optical data suffers from
some well-known uncertainties. In some cases w, can be de-
termined by the electron energy loss method: both methods
yield similar results.
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To determine accurately the carrier concentration in
these materials on the basis of Hall effect data is difficult.
The Hall coefficient in weak fields depends on the average
scattering cross section. When there are carriers of both
signs the ratio of the mobilities enters into this quantity. This
situation evidently is found in single crystal YBa,Cu,0,,
where sometimes carriers of both signs are observed in Hall
measurements.’? Since the mobilty depends on the tempera-
ture, the Hall coefficient R ;; may also depend on the tem-
perature. This sort of behavior of R }; is observed in single
crystals of La, _,Sr, CuO, and YBa,Cu,0, (see Tables I-
III), where R ,; decreases as the temperature decreases from
300 K to 7.. At T=300 K we find from the formula
R ;' = nec a carrier concentration 7~ 10*> cm~?, both for
the La, ,Sr,CuQO, and the YBa,Cu,O, single crystals. The
concentration n = 10”2 cm ™~ * for the lanthanum compounds
corresponds exactly to one carrier per primitive unit cell
(that is, two carriers for each unit cell of the Bravais lattice,
with a volume ¥,~1.9-10~?? cm?). The estimate n~ 10*?
cm ™ * for La,  Sr, CuO, with x> 0.15 is thus reasonable.
We should point out that for small x the Hall constant de-
pends on x: Ry «x~ ' (Ref. 66); this dependence is dis-
cussed below. For YBa,Cu,0,, with a unit cell volume
V,~1.74-10?> cm?, this concentration corresponds to about
1.7 carriers per unit cell. On the other hand, at temperatures
of the order of 100 K, experimental results give 1.2—1.5 carri-
ers of each sign per unit cell.>* (For our purposes this scatter
is not very important, even though for YBa,Cu,0,, with
y~=6.5 the Hall coefficient R;; has been found to depend
strongly on the oxygen concentration,® in much the same
way that it does for La, _, Sr, CuO, at small x.) We shall
therefore adopt the value n = 10°? cm ~* for the carrier con-
centration in YBa,Cu;0,, although this estimate may prove
to be inexact.

We can now, using formulas (16-(18), estimate the
Fermi momentum and the band mass. For La, _,Sr,CuO,
(x%0.15) and YBa,Cu,0, we have, respectively,

P _ \ -
TFz0.64-103 cm”, ";—;obz&t (19)
78 % 0.5-10° em™} 2 2 2.6, (20)

As can be seen from Tables I-111, the Pauli susceptibil-
ity has been measured with comparative reliability. It
amounts to about 1.5-107* cm?/(mole Cu) for the two
types of superconducting compounds. From the formula

gy (0)
Xpawi = 712,

(21

where the factor (1 + Z,) ' takes into account renormal-
ization due to Fermi liquid exchange effects, it is possible to
estimate the effective mass m'’ =m,, /(1 + Z,). We find
m'Y /m,=1.5, both for La, _, Sr, CuO, and YBa,Cu,0,.
These effective masses do not depend on the estimate of the
carrier concentration. We call attention to the fact that both
the susceptibilities per mole of Cu and the effective masses
coincide for the two types of compounds. At the same time,
the effective masses m,, and m‘"’ are markedly different
from each other: the ratio m’ /m,, is equal to 1.6 and 2.9,
respectively, for La, _,Sr, CuQ, and YBa,Cu,0,. At the
present time it is difficult to say to what extent these facts are
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related to the spin correlation of the electrons, how they
depend on the estimate of the carrier concentration, on lack
of accuracy in the measurement of o, or on other factors.

If we introduce the Sommerfeld constant ¥ (this is the
coefficient of the linear term in the low-temperature specific
heat in the normal state)

v=2v O 1+, (22)

where the factor (1 + 4) is due to the electron-phonon inter-
action, then on the basis of the results for yp,,; we obtain

mzii mJ/K>- (mole Cu) (23)
for the two types of compounds. It is interesting to compare
this value with the discontinuity in the specific heat AC, /T,
from (12) and (15). Let us define B(4) = AC, /T,y as the
ratio of the discontinuity in the specific heat to the Sommer-
feld constant for the case of a strong electron phonon inter-
action. In the case of weak coupling, S(0) = 1.43. It is easy
to see that

Ac,

o= 10.5— 11.2 mJ/K?-(mole Cu),

which is very close to the value of ¥ from (23) if all renorma-
lizations are neglected. This fact has been noted in published
papers and is a somewhat unexpected result. According to
Ref. 85 we have

B =pO[t+1.8 (%) (mnp+05)] - 24
for small values of T, /w,, where w, is the characteristic
phonon frequency. Although the correction can still be con-
sidered small for LaSrCuO, in the case of YBa,Cu,0,, for
which T, =95 K and &, =400 K, it is of the order of unity.
To estimate the magnitude of the electron-phonon interac-
tion with the use of formulas like (23) and (24) is difficult,
because w,, in (24) does not necessarily coincide with 6.

Let us turn now to the data on the resistivity. Knowing
the resistivity one can determine the mean free path in the
usual way:

" pnet *

(25)

Using the values that have been obtained for the Fermi mo-
mentum and the carrier concentration, we find

= Lol A 0,
1=27 ( 5 ) A for La,_ . Sr,Cu0,,
(26)

[=21 (%’)A for  YBa,Cu,0,,

where p, = 100 ) 'cm is taken for convenience as the char-
acteristic value of the resistivity. Comparing expression
(26) with the value of £ from Table IV, we see that even the
best samples of La,_,Sr.CuO, with a resistivity
p(T,) =250 ud-cm are effectively “dirty.” At this resistiv-
ity the mean free path in the vicinity of T, should be of the
orderof 10A. In the dirty limit of the BCS theory the param-
eter £,, from Table IV is related to £, = fivg /27T, by the
relation £,, = 0.91 (£,/)'/%. From this we find £,~48 A for
the ceramic La, _ , Sr, CuO,. For single crystal La, . Sr,.
CuO, with a resistivity of 250 uQ-cm (see Table I), we
obtain £,,, ~400 A. Such a large value of &oqp 18 apparently
due to the underestimated value of the slope
|6H !, /3T | =0.3 T/K obtained in Refs. 4 and 44. The idea
has been expressed®® that the compounds of the LaSrCuO
system are clean superconductors. The main argument in
Ref. 65 is the statement that the critical magnetic field H,,
does not depend on the resistivity of the sample, i.e., on the
mean free path. On the other hand, we can conclude from
TableI that because of the great amount of scatter in the data
for H,, , itis hard to make any judgments regarding the pres-
ence or absence of a dependence of H_, on the resistivity.

From Table V and expression (26) it can be seen that
the best single crystal samples of YBa,Cu,0, (with a resis-
tivity p(7T,.) <100 Q2 -cm) can be considered as clean.
From the BCS theory in the clean limit, £,, = 0.84 &1
(and similarly for &,), and we find &,,, =24-36 A and
&, = 4.5-7 A. Estimates of some microscopic parameters
are given in Table VI.

The quantity £ ¢ = fiv. /27T, can be calculated direct-
ly. Taking the effective mass to be m,, /m, = 4.7-7.5 for
La, ,Sr,CuO, (see above) we find &,,, = 37-55 A. For
YBaCuO, with an effective mass m,,, /m,~2.6-7.5, we have
Eou» = 10-28 A. These estimates, in general are in poor
agreement with the values in Table VI.

The most interesting feature of the resistivity of the new
superconducting materials is its linear temperature depend-
ence, which is observed in the temperature region immedi-
ately above T, and up to very high temperatures [about up
to 1000 K for La, _, Sr, CuO, (Refs. 50 and 65) and to 500
K for YBa,Cu,0, (Ref. 50) ]. If the mean free path is taken
intheform/~'=1_"41,"' where!l;'is proportional to
T, then /,(T,) can be estimated from formula (25). We
shall discuss the results obtained in Refs. 50 and 65 for
La, _, Sr,CuO,, where those investigators observed a linear
variation in the resistivity up to 1000 K. For the slope dp/
dT = 4uQ-cm (Ref. 55), wefind/, (T, ) =20 A, and for the
slope dp/dT=3.4 uQ-cm, from Ref. 65, we find
[;(T.) =24 A. When the temperature is raised from about
40 K to 1000 K the mean free path decreases by a factor of

about 25, t00.7-0.8 A. The product pg./ /#iat T = 1000 K is

TABLE VI. Some microscopic parameters for the compounds La, _ , Sr, CuQ, and YBa,Cu,0,.

Eg §0:b! §§Jc n, pe/h,

Y T./E: A A 10" cm—? 10* em ™! Ai/De€ oas
La,_,Sr.CuO, 0.34 0.8-10-2 48 — 10 0.64 0.3-10~"
Ceramic ,
YBa,Cu,0, 0.37 2:1072 24--36 457 10 0.5 (0.6--0.8):10~

Single crystal
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equal to approximately 0.5. This value of pi-/ /fiis, of course

quite small. For such small values of this parameter one

would expect saturation of the resistivity according to the

Ioffe-Regel’ rule.®® In models where the transport properties

of the electrons are assumed to be two-dimensional, the pa-

rameter pg ! /#, as follows from (17) and (25), is equal to
ppl _ 2mcgh

R~ ze?p °

Thus, the product pe! /i is expressed only in terms of the
measurable resistivity and the lattice parameters. This prod-
uct is independent of assumptions regarding the carrier con-
centration n and of the carrier scattering mechanism and the
magnitude of the corresponding interaction. Therefore the
absence of saturation for pg/ /#i = 0.5 may be only an indica-
tion that either saturation occurs somewhat later, and the
simple expression (25) is not applicable for such short mean
free paths (see e.g., Ref. 87), or, more probably, that the
measured resistivity is somewhat high (perhaps because of
the inhomogeneity of the sample). The slope that was ob-
tained in Ref. 8, for an epitaxial layer of La, , Sr, , CuO,, dp/
dT=1.7 uf)-cm, was a factor of 2 lower, but in this experi-
ment it was not determined to what temperature the linear
behavior of p(7) was maintained. We emphasize that in
contrast to the assertions of Ref. 50, these arguments do not
depend on the specific scattering mechanism, and the fact
that there is no saturation still does not permit any estimates
to be made for the magnitude of the interaction that is in-
volved in the scattering.

The linear dependence of the resistivity has still no good
explanation. In addition to the usual phonon mechanism,
which, generally speaking, still cannot be ruled out, we can
propose the possibility that the linear dependence is due to
scattering by centers whose charge fluctuates so as to make
the resistivity proportional to the temperature.® Such a lin-
ear dependence p (T) can also be obtained within the frame-
work of the Anderson model.*” Without specifying the na-
ture of all the phenomena, one can, however, arrive at some
estimates just from the slope of the resistivity.

First of all it is clear that the linear behavior of the resis-
tivity (at least in the lanthanum compounds) cannot be due
to that part of the phonon spectrum near the Debye frequen-
cy (6, =400 K) and which in principle would be responsi-
ble for the superconducting pairing. If we designate by A the
interaction constant for the interaction of the electrons with
these phonons, then the linear dependence p( 7)) allows us to
find an upper limit to 4. Actually, we set fivg! ;' = 20T,
so that A, determines the slope of the resistivity, dp/dT. As

usual, from (25) and the formula w} = 4mrne’/m,, we can
obtain
ho? 3
bl = I 27

Substituting into (27) the values w, = 1.7 eV and dp/
dT =3.4 uQ-cm/K, we find for La, _ . Sr, CuQ, the value
A =2.4. The fact that the linear variation of the resistivity
in La, _, Sr, CuO, is maintained in the range of tempera-
tures of the order of 100-400 K, where the phonons of char-
acteristic energy 6, should turn on, shows that the interac-
tion constant 4 for the interaction of the electrons with the
corresponding part of the phonon spectrum is small com-
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pared to A.¢. The good linearity of p(T) in the region 100
400 K imposes the inequality A=0.14.4. For La,_,
Sr, CuQ,, therefore, we obtain the estimate A $0.2. In prin-
ciple, the linear variation of the resistivity might be due to
scattering by phonons with a characteristic energy less than,
or of the order of, T,. Actually, there is a maximum on the
curve of C(T)/T? at T=20 K.*? It coincides with a peak in
the phonon density of states at a phonon energy of about 11
meV, found in neutron measurements of the phonon spec-
trum.®"*® In such a situation 4.4 may be related to the con-
stant of interaction with the low-lying part of the phonon
spectrum.

Inthe 1-2-3 compounds p (7)) is linear in the range from
100 K to 500 K.>° Using (27) and the values w, = 2.3 eV
and dp/dT = 0.9 uQ1-cm/K one obtains A4 ~ 1.2. The lin-
ear behavior of p(T) for these compounds may in principle
be due to scattering by phonons with a characteristic energy
ofthe order of 8, =400 K, since the linearity of p( T") begins
essentially at 72 0.25 6. This event is improbable, how-
ever, because for T~ 6, and 4 ~ 1 the scattering by phonons
is highly inelastic. As expected, this effect, formally, would
lead to a suppression of the superconductivity. One way or
another, the linearity of the resistivity implies for
YBa,Cu,0, the inequality 4 S 4,4, from which follows the
upper limit 4 $1.2.

5. DEPENDENCE ON COMPOSITION AND THE PROBLEM OF
THE GROUND STATE

In this section we shall attempt to assess the “quality”
and the reliability of the data that have been used above.
According to Tables I-II1, most of the experimental results
for instance, for the discontinuity in the specific heat at the
superconducting transition, are grouped around some aver-
age values. The scatter in the resistivity data may be ascribed
first of all to the various means of preparing the samples and
the quality of these samples. for the YBaCUO compounds
the experimental measurements of the resistivity along the ¢
axis, p. (T), are indicative of this situation. While p,, (T)
exhibits a metallic behavior in all investigations, in most of
these cases the component p. (T) increases as the tempera-
ture is decreased, demonstrating a localized behavior. Only
in the work published in Refs. 82-84 and 91 and reported at
the recent conference in Interlaken, Switzerland, has it been
shown that when the quality of the samples is improved
p. (T) takes on the same characteristic linear variation as
Pus (T).Ingeneral, the Pauli susceptibility yp, .y, thecritical
field H,,, and others are not very sample-sensitive either in
YBaCuO or in LaSrCuQ (with substantial doping). More-
over, it is well known now that the situation is considerably
more subtle, and a number of physical measurements have
shown that some important properties of the new materials
depend strongly on their composition. This dependence
shows up in a very narrow range of concentrations (near the
stoichiometric composition for La,CuQ, and for the YBa-
-Cu;0, compounds, near the composition YBa,Cu,O, 5 in
oxygen).

In the usual Fermi-liquid picture, the stoichiometric
compound La,CuQO, must necessarily be metallic, with a
half-filled band. Instead, the compound La, _, Sr, CuO, _. Py
for small x and y (x and y in the 10~ range) shows magnetic
properties, in particular antiferromagnetic two-dimensional
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and three-dimensional ordering.®” In other words, the elec-
trons are sufficiently localized to be characterized by a local
moment. It is natural to attribute this circumstance to Cou-
lomb correlations and to consider that the ground state is a
Mott insulator. Further introduction of Sr, however, de-
stroys the magnetic ordering and, as is now believed (see,
e.g., Refs. 3 and 92), a state arises that corresponds only to a
spin glass or a quantum spin liquid. (This state is a candidate
for the resonating valence bond state postulated by Ander-
son in his model). With increasing concentration, x 2 0.1,
superconductivity develops. Ordinarily it is believed that the
concentration x=0.15 is optimum (see, for example, Ref.
93), since T, has a slight maximum there. A natural ques-
tion is: what lies hidden behind this statement? In this re-
spect the clearest data are Hall effect data. Briefly, these
results may be described in the following way. While the
stoichiometric composition La,CuQ, indeed corresponds to
a Mott insulator, carriers are generated as the material is
doped, and in the system La,__,Sr, CuO, the number of
holes should be proportional to x, and consequently, for the
Hall coefficient we have R ,; «x ™~ '. It has been shown experi-
mentally®®®® that this is actually the case for x <0.15. For
x % 0.15, it is found that R }; falls off sharply and the number
of carriers increases approximately to that of the stoichiome-
tric composition (1 hole per Cu atom, or n=~10%* cm™*)
(Ref. 67). Itis these concentrations of Sr that we usually had
in mind in the discussions above when we attempted to show
that as a whole the properties of superconductivity and the
picture of the normal state are not at variance with usual
notions. It would be interesting to follow the tendency in the
behavior of the superconducting properties in the vicinity of
x~0.15 and smaller values of x in the same sense as they
have been analyzed in Sec. 2, but unfortunately, in the exist-
ing state of affairs, it is not possible to do so. A sharp change
in the Hall coefficient is observed in the YBa,Cu,0, system
at y=6.5 (Ref. 69). Of course it is tempting to ascribe these
phenomena to an insulator-metal transition. If this is the
case, then the experimental properties such as the suscepti-
bility, the lattice parameters, and others do not show dra-
matic changes and evidently no sharp discontinuity in the
resistivity has been observed (although the resistivities for
the doped and the “pure” La,CuQ, samples differ by two
orders of magnitude). From these considerations it follows
that the insulating state and the metallic phase must be rath-
er close in energy. This transition until now has been dis-
cussed as being a function of concentration. If the nature of
the phenomena we are dealing with is actually related to the
Mott transition, then in this region of concentration one
should also study the transition as a function of the tempera-
ture.

In recent investigations™”* an attempt has also been
made to relate the problem of the low-temperature linear
term in the specific heat in the LaCuQ system with the dop-
ing level. According to these results, the linear term ¢* is not
present in the antiferromagnetic phase of the systems
La, ,Sr,CuQ,andLa, ,Ba,CuO, and then itincreases
sharply in the transition from x = 0.02 to 0.04. In Ref. 3 it
was found that y* falls off again towards x=0.15.

If the results of Ref. 3 are correct, then they undoubted-
ly correlate with the schematic phase diagram described
above, and at the same time they are difficult to interpret
unambiguously as favoring the Anderson model. It should

3,94
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be noted, however, that low-temperature measurements of
the specific heat for YBa,Cu,;0,, depending on the oxygen
concentration have given a linear low-temperature contribu-
tion y* that is independent of p in the range y = 7-6 (Ref.
35). Nevertheless, one cannot at present rule out the possi-
bility that 3* is due to a small (about 1%) inclusion of a
foreign phase (see, e.g., Ref. 95).

6. CONCLUSIONS

Let us bring together those qualitative conclusions that
we can arrive at from the preceding analysis. If it is assumed
that in doped La,CuO, (or in YBaCu,0,) the supercon-
ducting properties come about within the context of the usu-
al Fermi-liquid ideas of a rather wide delocalized band, then
we find that the width of this band is AE~0.7 eV, which is
comparable with the parameters of organic materials. The
scatter in the data at the present time, for instance for w,, is
quite large, and this estimate is not a final one. Moreover,
this value for the width of the band is sufficiently small that
pronounced polaron effects could appear in it.°® The Fermi-
liquid approach also incorporates such characteristics as ¥
and yp..;- Even the estimate of the size of the Cooper pair,
&y = fwve /27T, is in poor agreement with experiment. Con-
cerning our conclusions regarding the nature of the super-
conductivity in the new materials, it is important to empha-
size that from the point of view of the Ginsburg-Landau
phenomenology they are well defined three-dimensional an-
isotropic materials, in which the fluctuation region as pre-
viously is relatively narrow, and consequently this conclu-
sion is also in agreement with the picture of a rather wide
band (the results of the first sections and of the last one in
this sense agree quantitatively). A practical outcome of
these considerations is that the theory of superconductivity
of the new materials will undoubtedly also be a mean-field
model. The layered structure of these compounds, which
shows up so surprisingly in the independence of 7., on the
replacement of yttrium by rare earth elements with a mag-
netic moment, does not play a major role near 7, but far
from T, the formulas for H,,, for instance, should most like-
ly be different from the predictions of the BCS theory. The
fluctuation region according to Tables IV and V should be
AT~1072-10"? K. It seems to us that for the width of the
resistive and magnetic transitions (0.5-1 K) that is charac-
teristic of most of the samples, it is still too soon to make any
judgments regarding any properties that are related to fluc-
tuations. Finally, a simple glance at the data in Tables I-II1
convinces us that the level of study of the new materials that
has been achieved experimentally is far from perfect, and the
scatter that exists in, for example, the slope of H, (T') indi-
cates that the quality of the single crystals is still poor. Ac-
cordingly, our estimates and conclusions are still subject to
change. The key to all these problems remains the study of
the nature of the ground state (in the normal phase) and the
dependence on composition. The majority of the data col-
lected in Tables I-III, except for those of the Hall effect
experiments, at the present time does not permit us to estab-
lish any definite physical laws or relations with possible
phase transformations in the oxide superconductors.

In conclusion the authors wish to express their thanks
to a large number of their colleagues for useful discussions
and to V. P. Mineev for a valuable comment.
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