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“Magnetic and thermal properties

of high T, superconductors
wonchoon Lee

Under the Supervision of David C. Johnston
From the Department of Physics

Iowa State University

Measufements of the normal state magnetic
suSCeptiBility X(T) of YsajCuz07, Bil‘ngo;ZSrZCaCu208+5, and
Bij_xPbySryCazCu30yg4+s (x = 0.2 and 0.25) were carried out.
All X(T) data show negative curvature below ~ 2T.. The data
for YBajCu307 are in excellent agLeement with a new
calculation of the superconducting fluctuation diamagnetism.
From the analysis, we infer s-wave pairing and microscopic
parameters are obtained. For X(T) of YBayCu3O7, part of the
negative curvature is inferred to arise from the normal state
background. We‘find a strong temperature dependent
anisotropy 4X = Xe - Xap and estimate the normal state spin
contributions to X(T). The heat capacity C(T) of YBaZCU3O7
is reported for 0.4 K < T < 400 K in zero and 70 kG magnetic
fields. 1In addition to the feature associated with the onset
of the superconductivity at T., two anomalies in C\T) were

observed near 74 K and 330 K, with anbther possible anomaly



near 102 K;‘the temperatures at which they occur correlate
with anomalies in X(T) and ult:asbnic measurements. The
occurrence of the anomaly at = 330 K is.foﬁnd to be sample-
dependent. The influences of a magnetid‘field and the
thermal and/or magnetic field treatmentrhistory‘dependence of
a pellet sample on C(T),‘the entropy and the influence of
superconducting fiuctuations-on C(T)»near To, and the |
possible‘source of the observed intrinsic nonzero y(0) at‘iow

T are discussed.
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I. INTRODUCTION

The discoveries of high T, superconductors which show
supercoﬁducting transition temperatﬁres (Te) below [Bednorz
andeuller, 1986] and Qell‘above [wWu et‘al.[‘l987}‘liquid
nitrogen temperature in layered copper oxides have prompted a
lot of experimental and theoretical researches towards
elucidating the microscopic mechanism for the unusual high
transition temperatures. Some of the unusual properties of
the new high T, superconductors compared with the old
conbentional ones are: large T., large anisotropy in
electronic transport [Crommie et al., 1988; Dinger et al.,
1987; Hagen et al., 1988a and 1988b; Tozer et al., 1987] and
thermodynamic properties [Bauhofer et al., 1989; Collins et
al., 1989; Enomoto et al., 1987; Forro et al., 1988; Farrell
et al., 1989; Gray et al., 1988; Nakao et al., 1989; Welp et
al., 1989])‘short zero temperature Ginzburg-Landau coherence
length [Inderhees et al., 1988; Kanoda et al., 1988a and
1988b; Lee et al., 1989], heat capacity behavior around T, in
magnetic fields [Lee et al., 1990d; Phillips et al., 1987;
Salamon et al., 1988), linear term in low ﬁemperature heat
capacity [Junod et‘al., 1989; Kato et al., 1988; Phillips et
al., 1989 and 1990; Reeves et al., 1989; Stupp and Ginsberg;
1989], broad behavior in magnetoresistance below T, [Iye et

al., 1987; Palstra et al., 1988a and 1988b; Sun et al.,

]



1987], and normal state properties [Iye et al., 1988; Penny
et al., 1988; Wang et al., 1987]. |

To explain the large Tg, a lot of new and modified
microscopic models [Andcrson, 1987; Anderson and Zou, 1988;L
Chen and Goddard, 1988; Kresin, 1987; Prelovsek‘et al., 1987;
Schriefﬁer et al., 1988; varma et al., 1987) instead df the
conventional Bardeen-Cooper-Schrieffer (BCS) electron-pnonon
theory [Bérdeen et al., 1957) were proposed. But still there
" is no consensus regarding the microscopic mechanism for the
supercohductivity. From the measurements of electronic
transport and thermodynamic pruperties with single crystals,
unusually large anisotropy above and below T, was reported,
which has importart implicétions for the many applications.
Also, due to the very short zero-temperature Ginzburg-
- Landau(LD) coherence length in the Cu0j; plane {;,(0) of ~ 20
A [Ihderhees et al., 1988; Kanoda et al., 1988a and 1988b;
Lee et al., 1989]), weak flux pinning was observed [Yeshurun
and Malozemoff, 1938], which reduced the critical current.
Such a short coherence length is expected to result in the
flux melting also [Gammel et al., 1988; Yeshurun and
Malozemoff, 1988]. Another effect associated with the short
coherence length is that small volumes of size ~ £3(T)
exhibit noticeable superconducting behavior even above T, by
the fluctuation effect [Dubson et al., 1987; Freitas et al.,

1987; Friedmann et al., 1989; Goldenfeld et al., 1988; Hagen



et al., 1988b; Inderhees et al., 1988; Lee et al., 1989 and
1990a; Oh et al., 1988; Ong et al., 1988; vidal et al.,
1988]. |

First, let’s consider some of the crystal structures of
the new high T, superconductors briefly which were studied in
this work (see éppendix). Lag_xAgxCuO4 (A = Ba, Sr, Ca) has
the KpNiF4 structure and there are two Cuoz‘layers in the
unit cell. The mobile holes due to the doping of A*2 ions
for La*3 for x > 0 are essentially restricted to being on the
oxygen sublattice within the cﬁoz planes [Nficker et al.,
1988; Sfassis et al., 1988]l The structure of the most
widely studied compound YBaj;Cu307.g is similar to the above
one in some respects: both are 1ayefed structures, with some
similarify to perovskite in a sense that Cu could be
octahedrally coordinated in the formally filled structure of
YBajCu3Og. But due to oxygen vacancy ordering, it has two
CuO; layers which are separated by a Y layer and there is
also one CuO chain in the unit cell. The distance from a CuO
layer to the nearest CuO layer is ~ 3.4 A and to the next
nearest one is ~ 8.4 A [Le Page et al., 1987). A great deal
of work has been done on the roles of those layers and chains
and it is known that CuO layers play the major role in
superconductivity, while the chains behave as electron
carrier reservoirs which are filled or empty depending on the

oxygen deficiency 8 [Maeno et al., 1987; Tarascon et al.,



1987 Snd 1988a; Tokura et al., 1988; Xiao et al., 1988].
Other structures of BijSrjyCapn.1CupOgp4d+s (D=1, 2, 3) are
shown in Appendix. In these materials, there is no CuO chain
at‘all‘and the number of CuO; layers are equél to n. For the
case of n -‘2 and 3, two CuOj; layers are separated by a Ca
layer and in BigSrpCaCujy0gyg (n = 2),tthg distances between
the CuO, layers are ~ 3 A and ~ 15 A for neareszt-and next
nearest CuQz layers, respectively [Tarascon et al., 1988b].
In superconductors, there are several fundamental
microscopic parameters, which are the penetration depth X;
cohereﬂce length &, critical field H,, order parameter v(r),
and supetconducting energy gap 24, From magnetic penetration
depth measurements [Krusin-Elbaum et al., 1989; Mitra et al.,
1989; Uemura et al., 1988]), the nature of the pairing
mechanism of the superconducting electrons and of the crder
parameter can be inferred from the temperature dependence of
A(T) and low temperature behavior. Also, upper critical
field [Ho2(T)] measurements [Bauhofer et al., 1989; Enomoto
et al., 1987; Forro et al., 1988; Iye et al., 1987; Nakao et
al., 1989; pPalstra et al., 1988b; Welp et al., 1989) can
provide information about the coherence length and superpair
mass anisbtrbpy. But due to broadness in the
magnectoresistance [Iye et al., 1987; Palstra et al., 1988a
ard 1988b; Sun et al., 1987] in the high T, superconductors

near T,, the deteimination of H.(T) from these measurements



is ambiguous.  On the qther hand, the heasured effects of
superconducting fluctuation on the magnetic susceptibility
and heat capacity can provide important information about the
order parameter, coherence length and mass anisotropy
~directly. 1In additiqn, the dimensionality of the microscopic
interactions between the carciers éan be inferred directly
from the température dependences of the fluctuation effects.
Especially, for the layered structuresvsuth as high‘Tc
superconductors, direct determinations of dimensionality and
related microscopic parameters will be definitely useful and
can be determined easily from x(T) measurements with
different magnétic field directions with respect to the
crystal axis on high purity grain-aligned sampleé.

We know that the superconducting transition is a second
order phase transition for which the order parameter is
continuous cross the transition temperature [Tinkham, 1975].
In Ginzburg-Landau (GL) theory [Ginzburg and Landau, 1950],
the free energy densiﬁy (f) in the absence of a magnetic
field and a gradient in the complex-order parameter, w(r),
can be expanded as

2 B 4 ‘
F=F+ afT)|wlr)]| + — |w(r)]| ;o (1)
s n 2
where fg and f, are the superconducting and normal state free‘

energy density, respectively, and «(T) depends on whether the



superconducting (a < 0) or normal (« > 0) State, The
Supgrconducting transition temperature, Teo is defined as the
temperaturevat;which the coefficient «(T) changes sign;
Therefore below T,, fg has the minimum value for <|y¢|> # 0,
‘but above"I“c it 'is minimum when <|¢|> = 0. However, due to-
the‘finité température, thermal fluctuatibns of v raise the
total free.energy density by an amount of ordef kBT; In
other wotds,‘even above T., the minimum can be obtained at
<|w|2$ ¥ 0. ThiS'phenoménon is called superconducting
fluctuation effec‘:t‘above"rC in superconduétors, which 1eads
to tﬁé‘existence of a dynamic fluctuation-induced
superconducting state above T.. Since the total energy
density increase by thermal fluctuatibns is only ~ kgT, the
fluctuation effects are Larggst in amplitude if confined to a
small correlation volume. The old convehtlonal
superconductors have zero-temperature GL coherence lengths,
§(0)‘(which characterizes‘the size of a Cooper pair) of order
103 A. But in new high T. superconductors, E(0) ~ 20 A
[Inderhees et al., 1988; Kanoda et al., 1988a and 1988b; Lee
et al., 1989], which allows much larger fluctuation effects
than in the old superconductors.

So far, there have been severai reports for
superconducting fluctuation effects in high T. copper oxide
superconductors from low—frequéncy (Dubson et al., 1987;

Freitas et al., 1987; Friedmann et al., 1589; Goldenfeld et



al., 1988; Hagen et al., 1988b; .n et al., 1988; Ong et al.,
1988; vidal et al., 1988] and microwavé [Porch et al., 1988])
conductivity data above Ty = 91 K as well as heat capacity
‘[Fisher‘et al.; 1988a; Gordon et al., 1989; Inderheeslet al.,
1988; Laegreid et al., 1989] data near T, for YBajCu307;

. these indicate that superconducting fluctuations are strong
.at temperatures in the vicinity of T, and ébove, and that the
superconductivity is three-dimensional. 1In these
measurements, a strong temperature dependent background is
present and must be subtracted, Subject to strong assumptions
about the background, in order to éxtraét the fluctuation
contributions, leading to ambiguities in the‘derived
microscopic parameters. On the other hénd, these
fluctuations are also observable as a diamagnetic
contribution to the,magnétic susceptibility‘x(T) above T,
[Freitas et al., 1987; Johnston et al., 1988; Kanoda et al.,
1988z and 1§88b; Lee et al., 1989], which is otherwise nearly
independent of temperature [Johnston et al., 1988; Kanoda et
al., 1988a and 1988b] (see below).

- The bismuth;based high T. superconductors such as
BipSr,CaCuy0g,s (Bi2212) and Bi,Sr,CasCu3Ojg,s (Bi2223) are
similar to YBazCu309 (Yl23) in that each has conducting CuO,
layers and shows strong anisotropy in the structure [Koyama
ét al., 1988; Matsui et al., 1988; Tarascon et al., 1988b]

and in the electronic transport and thermodynamic properties



[Farrell et al., 1989; Martin et al., 1989; Naughton et al;,
1988). Therefore, one might expect superconducting
fluctuation effects in the bismuth-based high T,
superconductors similar in magnitude to those observed in
YBaéCU3O7; However, as yet no well-defined sharp heat
capacity feature near T, has been observed in the bismuth-
baséd superconductors, presumébly due to chemical
inhomogeneities in the samples; this precludes analysis of
the'inflﬁence‘of subercondubting fluétuatidhs on C(T) near
Te. Further, to our knowledge there is no convincing
evidence for fluctuation effects in other measu;ements on
these Bi-based materials.

Beéides‘the fluctuation effects, there havé been many‘
studies of the normal state anisotropy [(Crommie et al., 1988;
Dinger et al., 1987; Hagen et al., 1988a; Tozer et al., 1987]
and heat capacity behavior [Butera, 1988; Fisher et al.,
1988a and 1988b; Fossheim et al., 1988; Inderhees et al.,
1988; Ishikawa et al., 1988; Junod et al., 1988 and 1989;
Kato et al., 1988; Phillips et al., 1987; Reeves et al.,
1989; Salamon et al., 1988; Stupp and Ginsberg, 1989]. kBut
resistivity measurements of single crystals have not led to
an unambiguous identification of the nature of the
quasiparticles excitations in the metallic state of the high
T, cuprates, bepause these anisotropies shouid depend in

detail on the nature of these excitations. And still there



exist some controversies about (i) anomalies around TC (~ 91
K) and ~ 220 K - 240 K in the heat capacity C(T) of YBapCu3z0y
which may arise from possible phase transitions [Butera, |
1988; Fossheim et al., 1988;‘Ishikéwa‘et al., }988; Junod et
al., 1988], (ii) the presence of a linear tefm‘in C(T) at low
temperature [Phillips et al., 1989 and 1990; Reeves et al.,
1989], and (iii) the mejnitude of the superconducting
fluccuation effect on C(T) around T,. Also, from sound
attenuation measurements, two possible phase transitioné
.around 65 X and around 130 K are reported [Bhattacharyé et
al., 1988]. | | i

In this work, we report X(T) data for YBazCU3O7,
Bij_yxPbySryCaCujs0g.g (0.0 € x € 0.5), and |
Bip_xPbySroCasCuz0ypg.g (x = 0.2 and 0.25) which we believe
closely approximate the intrinsic X(T). The data increase
monotonically with temperature up to at least 400 K and
exhibit negative curvature below ~ 200 K. For YBa;Cu;0y, we
present the results of a new calculation of the angular
dependenée of the superconducting fluctuation diamagnetism
‘(SFD) and compare the predictions with our x(T) data for
highly oriented powder with H || ¢ and H | c. This
comparison shows that the data are consistent with s-wave
superconduvcting rairing and that strong SFD exists up to at
least 126 K; theoretical fits to the observed SFD provide

guantitative estimates of the zero-temperature coherence
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leﬁgths and the effective mass anisotropy. We infer that the
background X(T) exhibits.hegative curvature above T,. For
the Bi2212 and Bi2223 samples, the Curie-Weiss-type
contribution to x(T)‘fpom impurity phases was found to be
absent for‘the Bi2223 samples and Bi2212 samples with x =
 0.1, 0.2 and 0.3. For these éamples, abové a few K above T,
the X(T) data show two-dimensional fluctuation behaviors.
From fits of the static Lawrence-Doniach two-dimensional
prediction, as modified by Klemm [1990], for the fluctuation
susceptibility to thé data, the in-plane GL coherence lengths
Eap(0) of Bi2212 and Bi2223 are obtained and compared with
values derived from published upper critical field
measurements. |

From the magnetic susceptibility measurements, we find
strong anisotropy in X(T) for the superconducting as well as
nérmal states of high purity ¥YBajzCu307. The origin of
anisoEropy in X(T) will be discussed and we compare our
results with previous measurements on single crystals and
powders. |

Also we carried 6ut extensive high resolution
measurements of C(T) for the same high purity batch of
YBasCu307. Our primary goals were to (i) determine whether
the nonzero Sommerfeld coefficients v(T = 0) 2 4 mJ/mole—K2
observed in previous low T C(T) studies [Stupp and Ginsberg,

- 1989) are comparable to or greater than that for our batch
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and determine whether our observed y(T = C) is intrinsic
[Stupp and Ginsberg, 1989] or extrinsic [Phillips et al.,
1989 and 1990], (ii) document the influence of
superconducting fluctuations on C(T) near Tc‘[Gordon et al.,
1989; Fisher et al., 1988a; Inderhees et al;, 1988; Laegreid
et al., 1989] and (iii) ascertain whether the anomalies
sometimes observed in X(T) measurements near 240 K [Johnstpn
et al., 1988; Miljak et al., 1988 and 1989] and/or 320 K
[Johnston et al., 1988], and‘in other types of measurements

at varicus temperatures, are also manifested in C(T).
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II. THEORETICAL REVIEW
A. Bulk Superconductor

The calculation of the fluctuation-induced diamagnetism
within the framework.of the Ginzburg-Landau (GL) theory was
derived straightforwardly by Schmid [Schmid, 1969].
Considering a superconductor as a collection of independeht
fluctuating droplets of superconductivity, the linearized GL

free energy functional was written as

1 2

3 4 2e ‘
Folw(r)] = f d r[—-—*
GL 2m

(= V + — A)y(r)

‘ 2
o lallwie) ] ] (2)
i c

where y(r) is the order parameter, m* is the pair mass, « is
a temperature-dependent coefficient and A is the vector
potential. Here, the |y|% term in the GL free energy was
neélected since only temperature outside of the critical
region were considered, where the contribution of the
quadratic term is very small. The coefficient o is related
to the GL coherence length &(T) by a = W/ n*E2(T), where E(T)
= E(O)[Tc/(T—TC)]l/z. Expanding the order parameter y(r) in

terms of the normalized eigenfunctions of a particle in a
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uniform magnetic field (2Ziman, 1972, the free energy

functional can be written as

2
F =« I |C(q,k,n)] [E(k, n +
GL ¢g,k,n

[ SR I

)+ Iul] (3

where C(q,k,n) are expansion coefficients of w(r), k is a

wave vector, n.is an integer and E(k,n+1/2) 1is given by

2 2
1 Kk 1 2epH
E(k, n + =) = + (N 4+ =) ——
2 2m* 2 m*e

(4)

where H is magnetic field. This is similar to the Landau
levels of a free particle with mass m* and charge 2e in a
uniform magnetic field. The contribution to the free energy‘
can be obtained from the partition function Z which is
generated by summing exp(-Fgp(v¥)/kgT] over all possible y(r).
Using the thermodynamic relations F = - kgTlnZ and magnetic
susceptibility X = - azF/BHZ, and the Poisson sum rule,
Schmid showed that the free energy and diamagnetic

susceptibility induced by superconducting fluctuations can be

written as

1 1 Q 2
F = F 4 —— V [ ][ ] kpT H E(T) (5)
K
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and

nkg&(0) T [ T ]l/z )

X<T)-~ ¢Z
0

T - Tgq

where F, 1s the nnrmal state free energy, V is the volume and
the GL coherence length E(T) is given by E(T) = E(0)[To/(T-
Tc)]l/z with zero temperature GL coherence length E(0).
Therefore, for a bulk superconductor, the fluctuation induced
diamagnetism is proportional to the temperature dependent
factor T[Tc/(T-TC)]l/Z and the corresponding magnetization is
linear in H. Experiment {Gollub et al., 1969] showed that at
low magnetic field, the above temperature dependénce was
correct qualitatively, but the magnetization did not follow
the expected linear dependence on H at high magnetic fields.
This disagreement at high fields was found due‘to the
approximation that only terms up to order HZ are present in
equation (3). 1In other words, due to this approximation, the
Schmid result holds only at low magnetic fields.

The more detailed calculation in arbitrary magnetic
fields was obtained by Prange without any approximation, but
still based on GL theory (Prange, 1970]). He found that the

magnetization induced by the fluctuations can be written as

M =—VHT g(x) (7)
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with

X = [ dHc%ﬁ] T “‘Tc (8)
dr d71g H
where g(x) is a universal function independent of the
material (see Prange, 1970) and Hyup is the uppet critical
magnetic field. This result explained the experimental
results well around T, and in low magnetic fields. But
comparing this expression with several experiments, the
theoretical universal curve g(x) fell well above the
" experimental data systematically, especially for high
magnetic fields. The reason was due to the fact that the GL
theory is rigorous only close to T.

To improve the agreement in high magnetic fields, a
microscopic theory was proposed [Kurkijdrvi et al., 1972; Lee
and Payne, 1971], based on phenomenological theory [Patten et
al., 1969) and on the microscopic Gorkov theory in the clean
limit, where GL coherence length is much smaller than the
mean free path. Considering that the GL theory is valid only
for slow variations in space of ¥(r), they corrected the
Prange calculation by cutting off the short-wavelength
fluctuations. With that correction, the fluctuation induced

magnetization in the Prange result was modified to

M =— VR T g(x, H/Hg) (9)
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where g(x,H/Hg) is a universal function (see Lee and Payne,
1971) and Hg is a certain scaling magnetic field depending on
the material.. This result gave good agreement with
experimental results, especially for the clean limit where
nonlocal alactrodynamic effects play an important role, But
in the case of the dirty limii, where the GL coherence length
is much larger than the mean free path such as for the In-

- 16%T1 superconductor, strong large dynamic effects are
expected and there was disagreement between the above
equation (9) and experimental reéults due to locality. Makli
and Takayama improved the above calculation by including
dynamic corrections for the dirty limit [Makli and Takayama,
1971) and found that such corrections gave good agreement

with experimental results for dirty limit superconductors.
B, Layered Superconductor

a. One layer case

In 1971, Lawrence and Doniach [Lawrence and Doniach,
1971) developed a model for superconducting fluctuation
effects for the case of a one layer structure in the layer
repeat distance s, based on the static Ginzburg-Landau
theory. 1In their model, only the magnetic field

perpendicular to the layer was considered and the
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superconducting order parameter in adjacent layeré is coupled
by Josephson tunneling. Therefore, the single particle state
consisted of two parts, a free electron form for motion
parallel to the layer and a tight binding one for motion
perpendicular to the layer. Then the energy of single
particle is given by

),(2 2

k + & [1 - cos(sk )] (10)
2m || +

E (k) =

where m is the in-layer effective mass, k|| and kl are the
components of the wave vector parallel and perpendicular to
the layer, respectively, s ls the distance between layers, ¢
is the Josephson tunneling parameter given by { = K2 /M52 and
M is the out-of-layer effective mass. Then the fluctuation-

induced diamagnetism for H perpendicular to the layer is

given by
X Ez ( . 2 ( -1/2
nkaT&ap T) m& T)
X (T)= - 2 [ 1+ -——EE—-—— ] (11)
c 3¢%s Mg 2

where Eap(T) 1s the in-layer coherence length, ¢, ie the flux
quantum and the coherence length {,(T) perpendicular to the
layer is given by [m/M]l/zﬁab(T). Eap(T) can be expressed as
Eab(O)[Tc/(T—TC)]l/z, where £;,(0) is the zero temperature
Ginzburg-Landau coherence length, If E,(T) >> s/2, then the
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températura dependence of Xo(T) is given by T[Tc/(T—Tc)]l/z
which is 3 dimensional behavior, while T[To/(T-Tg)] 1if E (T)
¢< 8/2, which is 2 dimensional behavior. The dimensional
crossover temperaﬁure To 18 given by To(1 + 4m£§b(0\/h32].
For the case of a magnetic field parallel to the layer in the
scheme of the Lawrence-Doniach model, the superconducting
fluctuation-induced diamagnetism can be written as [hkiemm,

1990)

nk m T
X (1) = = —0b [———] a(o>T[~—-—3—-—-] . (12)

In this case, no dimensional crossover occurs. Most known
high T, superconductors except Bap gKp,h 4BiO3 and

Laj g5Srg,15Cu04 contain more than one conducting layer in a
layer repeat distance s, which means that the Lawrence-
Doniach model should be modiflied to include several layers in

a repeat distance s,

b. Multi-layer case

Recently [Klemm, 1990; Lee et al., 1989), considering
the broadening of Landau levels ariging from the finite
temperature and from the pair phase-coherence lifetime, the
importance of including dynamic effects as well as several

layers in a repeat distance s is addressed. The Lawrence-
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Doniach (LD) model was generalized to a magnetic field H at
an arbitrary angle © with respect to the c-axis of the unit
cell, where the influence of local clean limit dynamics has
also been accounted for. In that model, there are N
conducting CuO; layers per repeat distance s, with N-1 equal
interlayer spacings d and one different spacing d' (N = 2 for
YBasCu307), and one complex s-wave order parameter per layer;
the‘repeat distance 8 = d’ + (N - 1)d. The layers are
coupled by dosephsonulike tunneling, with parameters {; and
G2 respectively. Since the critical region is less than 1 K
[Dubson et al., 1987; Freitas et al., 1987; Friedmann et al.,
1989; Goldenfeld et al., 1988; Inderhees et al., 1988; Oh et
al., 1988; Porch et al., 1988; vidal et al., 1988], here we
considered only Gaussiah fluctuations. The Gaussian
fluctuation free energy is diagonalized, yielding N order
parameter bands (in terms of their c-axis dispersions), with
N distinct T, values. Just above the highest T,, the
fluctuations are dominated by the three dimensional (3D)
regime 6f a single cellular order parameter. In the 2D
regime further above T,, more of the order parameters
contribute to the fiuctuations, with their relative
contributions depending upon the &3 and {3 values. The weak
field regime is defined by wgTy << 1 and H < Hy = ¢5/5VpTy
[Klemm, 1990}, where ¢é,5, wg: To and vp are respectively flux

quantum, the pair cyclotron resonance frequency, phase
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coherence 'lifetime and intralayer Fermi velocity.

In the

limit H » 0, the angular dependence. of the SFD above T, is

X(8,T) = Xo(T) cosle + Xap(T) sin2@, where by the standard

techniques (Klemm, 1974; Klemm et él., 1973; Schmid, 1969]

for N =

16825(0) C® W dw

and

Xab(T)=—

where

Bn(T)

2

J

n=0,1 0 % _ 1 0 24(By(T)4Cn(T)Ap(q) ]2

2
-2m&3,(0)

3M

Ec(0)é&/n o1

8Ten
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nT

2
16TenMEC(0)

rth(2

L+ L2+ 12412 +2052
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® dw(w2+2(T) ] 2B, () ]2
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1/2
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are the order parameter band eneréies in terms of q - k,s and
the Josephson tunneliﬁg parameters {3 and {3, where n = 0 (1)
corresponds to - (+) for thé two order‘parametet bands, and
~where the transiﬁion temperature T,; for the upper band is

- given by
2 -2
(Te1/Teq)In(Too/Te1) = 4mEap (00N max{ly,C2}. (18)

The Ginzburg—Landau‘coherence lengths E3p(T) =
Eab(O)[ln(T/Tco)]’l/2 and &, = Eab/e,‘where e = /M is the
ratio of pair effective ‘masses parallel and perpendicular to
the a-b plane, and ¢, is the flux quantum hc/2e. M is given
by:hz(l/cl + 1/c2)/52'in terms of‘thé‘micrdscopic tunneling
parameters. They defined v = §18p/(8 + cz)z, so that 0 € v
€ 1/4. The above equations are exact in the low-field regime
within the framework of the time-dependent Ginzburg-Landau
theory, which is accurate in the entire Gaussian fluctﬁation
regime, neglecting scattering effects. The abbve model is
consistent with the Klemm, Luther and Beasley (KLB) [Klemm et
‘al., 1975] form for N = 1, which is an extension of the LD
model to an arbiﬁrary local magnetic field H direction. Also
note that for &y = 3 =, s = 2d and neglecting dynamic
effects, the above model reduces to the LD model. For either
1 << &y or &y << ¢y, it is again of the LD form with g =
C182/(%1 + &3) in equation (10). It should‘be noticed tﬁat

with dynamic effects included in the calculation, there is no

-,Wyww L " [T "y ey ~ oy T
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distinct‘diﬁensional crossover between 2 dimensional and 3
dimensional'temperature‘depéndencgs, in contrast to
prédictions’[Klemm, 1974; Klemm et al., 1973;.Lawrence aqd
Doniach, 1971; Schmid, 1§69] when these effects are
neglected. 1Indeed, the dynamic effects can yield a
temperature dependerice similar to that previously expected
[Klemm, 1974; Klemm et al., 1973; Lawrence and Doniach, 1971;
Schmid, 1969] for dimensional crossover even when dimensional

crossover does ﬁot’occur (H 1 ¢) [Klemm, 1990].
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III. EXPERIMENTAL DETAILS

A. Sample Preparations

a. ¥BasCu307-s |

- A 15 g master batch of polycrystalline YBaCu3O7.5 was
prepared from pre-dried Ames Lab Y303, 99.999% Cuo and 99.9%
BaCO3. The stoichiometric mixture of starting materials was
ground thoroughly in air using an agate mortar and pestle and
fired at 940 °C for 1 day in air in an alumina crucible.
Twelve g was then pressed into a 1/2 in. dia. pellet and the
remaihing 3 g was maintiined separately as powder. Both
pellet and powder were fired at 940 °C for 90 days in air
with ten intermediate grindings, followed by heating in 03 at
640 °C for one day and oven-cooling to room temperature. The
final pellet sample had a density of 75% of the theoretical
value. From powder x-ray diffraction analysis, the batch of
YBajyCu3O7_.s was single phase with lattice parameteis a =
3.712(2) A, b = 3.895(4) A and ¢ = 11.685(4) A, with c/a =
3.061 and (b - a)/(b + a) = 9.98 x 10”3, These values
indicate an oxygen deficiency & ~ 0 [Johnston et al., 1987].
The powder sample was examined with an optical microscope and
the grains appeared to be well-formed single crystals with a
roughly cubic shape with dimensions ~ 25 (um)3.

The results of a differential thermal analysis (DTA)

measurement on the powder sample in oxygen gas using a
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Perkin-Elmer 1700 DTA with a System 7/4 controller are shown
in Fig. la. The small endothermic peak with an‘onset near
925 °C is the melting transition of the Ba- and Cu-rich Y-Ba-
Cu-0 eutectic composition impurity {McCallum, 1989]. 1In
order to asce:tain the amount of eutectic impurity present in
the YBaZCu3b7 powder, a émall powder sample consisting of 90
wt.% powder YBayCu3O7 was mixed with 5 wt.% BaCuOp and 5 wt.%
CuO and the mi#ture heated to 960 °C in a tube furnace under
07 gas to form a eutectic mixture plus YBajCu30y majority
phase. A DTA scan as in Fig.'la‘was then performed, and the
results are shown in Fig. 1lb. The ratio of the enthalpy
under the peak in Fig. la to that in Fig. 1b indicates that
(0.6 + 0.2) wt.% of our YBajyCu3z0y powder sample consists of

the eutectic impurity mixture.

b. Bij_yxPbySryCaCuzOg,s _and Bij yPbySryCazCuz0ip.s

Polycrystalline samples of Bij._ yPbySryCaCuj0g,5
(Bi2212), 0.0 ¢ x € 0.5, and Bij gPbg, 2Sr3CasCu3Oig.s
(Bi2223) were prepared by the solid state method from
stoichiometric mixtures of 99.99% Bij03, 99.9% PbO, 99.99%
SrCO3, 99.99% CaCO3 and 99.999% Cu0. After firing the free
powders for one day at 840 °C in air, the samples were
pelletized and fired at 840 °C for 3 weeks with five
intermediate grindings and then air-quenched. The sample of

Bi2223 with x = 0.25 was prepared similarly, but the firing
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temperature was 850 °C instead of 840 °C, No additional
oxygen annealing was done. From powder x-ray analysis, all
samples were almost single phase, with lattice parameters in
agreement with literature values. The results of DTA
measurements on the powder samples in oxygen gas revealed
single phase and one of them, the result of B12212 (x=0.0),
is shown in Fig. 2.

B. Grain Alignment of YBajCu30y._g

As first pointed out by Farrell et al. [Farrell et al.,
1987), grain alignment of YBajCu3z07 powder can be achieved
near room temperature by placing a free-flowing powder
freshly mixed with epoxy in a strong magnetic field H; very
good alignment with ¢ || H is retained once the epoxy has
cured. We first utilized this methed with H = 80 kG at 300 K
using Epotek 301 epoxy. Shown in Fig. 3 are Xx(T) data for
the epoxy alone (H = 10 kG), for the grain-aligned powder
alone (c || H, H = 3 kG, see below), and for 27 mg of the
aligned powder in 9 mg of epoxy (c || H, H = 3 kG). The
Curie-Weiss contribution [X = C/(T - 8)] evident in the
latter data, but not in the former two measurements,
indicates that a chemical reaction between the epoxy and the
sample occurred which generated paramagnetic species.

Indeed, the negative curvature in X(T) intrinsic to ¥YBajCu3Oy
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below ~ 200 K is completely masked by the paramagnetioc
impurity/defect contribution, We further observed for this
aligned sample in epoxy that the screening susceptibllity
"below T, for H = 50 G was degraded. The deterioration of the
superconductivity might be explained, e.g., by an influence
of the epoxy on the coupling between grains, but the e oxy-
induced Curie taill must originate from a chemical reaction
between the sample and epoxy.

We therefore sought a better method of grain allgnment,
It is known that X(T) for H || ¢ (Xg) 1s larger than that for
H | ¢ near room temperature [Farrell et al,, 1987; Fukuda et
al., 1988], whereas Xo < Xap if T ¢ Ty (Solin et al., 1988,
Tranquada et al,, 1988])., The free energy is minimized for c
|| R above T, and for ¢ | H below T, and grain alignment
will be in these directions in the respective alignment
temperature range if the grains are free to rotate. We
therefore utilized an in-situ method of grain-alignment of
our YBajCu3O7 powder in the SQUID magnetometer. The free-
flowing powder was placed in a quartz tube sample holder
rigidly attached to the vertical sample rod. The rod was
vibrated with a small 60 Hz buzzer attached to the top of the
rod, outside the sample chamber of the magnetometer. The
grain alignment was achieved in a field of L0 kG with ¢ || R
by holding the sample temperature at 300 K (> T,), or with c
| B at 10 K (< Ts), and vibrating the sample rod overnight.
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The amplitude of vibration was then slowly (over minutes)
reduced to zero and then the fileld teduced to zero and
essentially complete alignment was achleved, The subsequent
magnetization measurements reported below were carried out in
fields H ¢ 5 kG, fields low enough that grain realignment did
not occur from 4 K to 400 K for either field alignment
direction. The obviois advantaées of this alignment method
over the above epoxy method are that magnetic impurities are
not introduced into the sample upon grain alignment, and that
the accuracy of the measured X(T) anisotropy is not
compromised by removing/handling the sample between
measurements of the two field orlentations.

We note that excessive grinding of our sample in air
using an agate mortar and pestle apparently resulted in the
generation of magnetic defects., This is illustrated in Fig.
4, which shows X(T) duta for powders grain-aligned in situ
with ¢ || H before and after heavily grinding the powder.

The grain #ize of the heavily ground sample was measured, as
above, to be ¢ 1 um, much smaller than the above value of 25
um measured prior to grinding. Although X(T) for the heavily
ground sample still shows negative curvature above T,, the
slope dx/dT becomes negative above about 200 K; this
indicates the presence of a Curie-Weiss contribution,
presumably originating from magnetic defects generated during

grinding.
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C. DC Resistivity Measurements

The standard four-probe method was used for a bar-shaped
YBaCu30y sample from 300 K down to 77 K. The sample
dimensions were 1.0 x 1.0 x 3.8 mm3. Four parallel fine
Platinum wires were attached to the sample with silver paint;
the contacts were found to be ohmic. A direct current of 1
mA was used. To eliminate emf’s, the voltage was averaged
for + and - current directions. The temperature was

monitored using a Pt thermometer.
D. Magnetic Susceptibility Measurements

Magnetization data, M(T), were obtained using a
commercial Quantum Design superconducting gquantum
interference device (SQUID) magnetometer for the temperature
range from 4 K to 400 K with magnetic fields from 50 G to 50
kG, A commercial dental floss string was used to hold sample
at the end of the sample probe for the pellet samples. For a
powder sample, a high purity quartz tube with a node in the
middle was used instead of string and the final data were
corrected for the contribution of the quartz as obtained in a
separate experiment. 1In measuring superconducting

properties, such as the Meissner effect, screening
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magnetization and transition éemperatufe (Te), a low magnetic
field of 50 G was used.

From a magnetization M versus magnetic field H, M(H),
isotherm at 300 K, the ferromagnetic impurity level in the
above batch of YBa,Cu307 was found to be equivalent to ~ 3
ppm of iron metal impurities with £espéct to copper. This
small ferromagnetic impurity contribution to M is corrected
for in thevdata YBayCu307 below. 1In Bij_yPbySrpCaCuj0g,g and
Biz_bexSrZCaZCu3olb+5) from the magnetization M versus
.magﬁetic field H,‘M(H),‘isotherms at 300 K, the ferromagnetic
impurity ievels were found to be,equivélent to between ~ 1
ppm and ~ 3 ppm of iron metal impurities with respect to
copper. These small ferromagnetic impurity contributions to
M are also corrected for in the data for Bi2212 and Bi2223

below.
E. Heat Capacity Measurements.

Heat capacity C(T) measurements from 0.4 K to 110 K were
carried out on the pellet sample of YBa;Cu3z07 using pulse
calorimeters at Ames (1.5 K to 105 K, accuracy of 1—2 %, in
collaboration with Prof. C. A, Swenson) and at Berkeley (0.4
K tc 30 K, in collaboration with Dr. N. E. Phillips). The
Berkeley measurements were performed in either zero applied

magnetic field or in a field H = 70 kG in order to estimate
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the concentration of (nearly) magnetically‘isolated Cut?
local magnetic moments in the sample, ard thereby deduce
.information about the intfinéic low temperature Sommerfeld
heat capacity coéfficient y(T = 0). C(T) data for both the
éowder~and pellet samples were 6btaihed between 120 K and 400
K‘ﬁsing a Perkin Elmer 7700 Differential Scanning Calorimeter
(DSC) at a T ramp rate of 10 °C/min in a search for possible
phaée transitions. For comparison with these C(T) déta,
magnetic susceptibility X(T) data for‘the same samples Qete
obtained at Ames using a Quantum Design SQUID magnetometer.

In the Ames pulse C(T) measurements; Which were carried
out first, we used a small amount of Apiezon N grease to
attach the sample to a copper plate, with the thermometer
attached to the opposite side of the plate. For the pulse
c(T) meésurements at Berkeley, the sample was wrapped with
silver foil to enhance the thermal contact between sample and
addenda and attached to‘é copper plate with a small aﬁount of
GE 7031 vérnish. A small thin-film heater was mounted onto
the silver foil. 1In these measurements, the duration of a
heat pulse was about 2 min at high temperatures and 30 s
below 30 K. The thérmal equilibration time was about 5 and
10 min in the respective T ranges.

Additional C(T) measurements, accurate ﬁo 0.5%, were
made on the pellet sample iﬁ Berkeley in H = 0 and H = 70 kG

from 68 K to 110 K using a high resolution continuous heating
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method and the same sample mounting and addenda
pulsed measurements, with a heéting rate of = 4
series of four measurements were made, with one
field. Thrge zero-field measurements were made

the reproducibility of the measurements and the

as for the
mK/s. A

in the 70 kG
to determine

possible

influence of the thermal and magnetic field history of the

sample on its heat capacity.
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- IV. RESULTS
| A. DC Resistivity

The resistivity of the YBajCuj07 pellet sample at room

- temperature was ~ 2 mQ-cm. The normalized resistance with

respect to that at room tempetature versus temperature is
shown in Fig. 5. We can see the apparent bending down
behavior starting around 120 X. The resistance is almost
linear with respect to temperature between 150 K and 230 K
and there is an anomaly around 250 K. The zero,resistance
temperature, T (R = 0), was observed at 91.5 K and maximum

slope in dR/dT was at 93.2 K.
B. Magnetié Susceptibility

a. Polycrystalline pellet YBap;Cu3O7_5

Meissner effect M/H measurements of the polydrystalline
pellet sample in H = 50 G gave 48% of -1/4n at 10 K with a
zero-field-cooled value in the same H of 127%, both
uncorrected for demagnetization factors (Fig. 6). The
Meissner effect attained 10 and 50% of its maximum value at
91.4 and 88.1 K, respectively. The x(T) data of
polycrystalline pellet YBajCu3O7 in H = 50 kG are shown in

Fig. 7. This sample shows a clear indication of an anomaly
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at T = 310 K which was seen in other studies [Johnston et
al., 1987 and 1988] of YBajCu30Oy. The X(T) data with H = 50
kG increase monotonically with increasing temperature at
least up to 400 K and exhibit negative curvature below ~ 200
K (~ 2To). The region of negative curvature below ~ 200 K in
Fig. 7 suggests the onset of either filamentary
superconductivity or superconducting fluctuation diamagnetism
(SFD) in the sample. The field-cooled (FC) magnetizatidn
curves below T, in H = 50 G, 500 G, 3 kG, 10 kG and 50 kG are
‘shown in Fig. 8. Below T., negative curvature in M(T) can be
gseen for the magnetic fields greater than 3 kG. 1In Fig. 9 we
replot the magnetization data fof the superconducting state
with the low (H = 50 G) and high (H = 50 kG) magnetic fields.
In H = 50 G, we can not see any discontinuous point below T,
but in H = 50 kG, there is a clear anomaly showing maximum
around 70 K, consistent with results of other measurements
[Bhattacharya et al., 1988) and the following heat capacity

measurements of the same sample.

b. Grain-aligned YBajCu307_34

M(T) data for YBaj;Cu307 were obtained on grain-aligned
free~-flowing powder. The screening diamagnetism (zero-field-
cooled) and Meissner effect (field-cooled) were measured for
our high purity VYBajCu30y in a field of 50 G for buth H || ¢

and H | ¢, as well as for the randomly oriented powder. The
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results for x(T) = M(T)/H are shown in Pig. 10, Uncorrected
for demagnetization factors, the randomly oriented powder
shows 165 % of (-1/4n) screening susceptibility and a 42 %
Meissner effect. From Fig. 10, these measurements depend
sensitively on the magnetic field orientation, as expected.
The anisokropy in the screening susceptibility is comparable
with that fouﬁd for a single crystal [Rice et al., 1988];
however, because of variabilities associated with shape
effects and possible vortex pinning at twins, one does not
necessarily expect the Melssner and shielding results to be
identical for aligned powders and sihgle crystals. Fig. 11
shows the screening susceptibilities for the three
measurements in Fig. 10 normalized to the values at 10 K; for
B || c, the superconducting transition is seen to be narrower
than those of the other two measurements, Meissner effect
measurements in a field of 3 kG are shown in Fig. 12; the
flux expulsion is about an order of magnitude smaller than
seen for H = 50 G in Fig. 10, and the apparent transition
width is of order Tg,.

Magnetic susceptibllity Xx(T) data were obtained above T,
= 91 K in fields of 3 or 5 kG on nonaligned and aligned
samples of mass 17 to 53 mg. Six different complete sets of
data as in Fig., 13 below were obtained on four different
samples from the same batch. The largest anisotropy in X was

observed for the sample with the smallest mass (17.6 mg).
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The X(T) data for H = 3 kG are shown in Fig. 13 for this
'YBajCu3O7 powder sample before and after grain-alignment.
The x(T) fof the aligned YBaj;Cu307 are shown again in Fig.
14, along with a‘theoretical fit to the background (solid
curve, see below). This powder sample does noﬁ show any
clear indication of the anomalies at 220 - 240 K‘and/or 310 K
which was seen in dthér X(T) studies éuch‘as foriour’pellet
sample above [Cheong et al., 1987; Johnston et al., 1987 and
1988; Miljak ét‘al.,'1988 and‘1989j. Anothér complete set of
data for this sample closely réproducéd the data in Fig. 13.
The x(T) data for each measurement increase monotoniﬁally
with increasiné temperature and exhibit negative curvature
below ~ 200 K (~ 2T.). Above 240 K, the data increase
approximately linearly Qith temperature, with slope (1.40 +
0.08) x 10-10 cm3/gm-K for both Xe and xab- The anisotropy
0X = Xo - Xap is plotted in Fig. 15. Above T,, 48X > 0,
whefeas below T., AX < 0. That 4X passes through zero very
near to Tc is consistent with the temperature dependent
anisotfopy obtained from torque magnetometer‘measurements on
single crystals [Miljak et al., 1988 and 1989). The ratio
Xc/xab = 1.63 at 300 K, and the temperature dependence‘of
this ratio is shown in Fig. 16; for all temperatures except

perhaps very close to Tn, |Xc/Xapl > 1.
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Fig. 14. Magnetic susceptibility X vs. temperature for
g;ain—aligned YBajyCu307 in Fig. 13. The solid

curves are normal state backgrounds (see text)
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c. Bij yPbySryCaCujOg,s_and Bip_ yPbySryCasCu3z0304s

Rouiuily’ /Piusivy / Paibuiups il

Meissner effect data for the Bij yPbySrpyCaCujOg.g
samples with x = 0.0, 0.1, 0.2, 0.3, and 0.5 are shown in
Fig. 17. For the x = 0.2 sample, the superconducting onset
temperature Ty, is = 96 K, with a ﬁeissner fraction of 40% of
-1/4n at 10 K, uncorrected for demagnetization factors. The
Meissner effect attained 10 and 50% of its maximum value at
93 K and 89 K,‘respectively. It is well-known that.
Bi,SroCaCuj0g,s has Ty, = 85 K, whereas Top = 110 K for
BizszCaZCu3010+& [Koyama et al., 1988;‘Matsui et al., 1988].
Our value Tg,p = 96 'K therefore suggests that a small amount
of the Bi2223 phase is present in this sample; this is
supported by fits of theory to the data (see below). From
Fig. 17, the Ty, value and magnitude of the Meissner effect
depend on the Pb content x. For x = 0.0, 0.1 and O'Zf:Ton =
96 K, but for x = 0.3, Ton shifts down to 92 K. The data for
x = 0.5 show two clear transitions, with Ty, = 107 K and = 89
K, respectively. Defining the superconducting transition
width 4T, as the difference between the temperatures at which
the Meissner effect attains 10% and 50%‘of its maximum value,
we find AT, = 6 K, 4 K, 4 K and 3 K for x = 0.0, 0.1, 0.2 and
0.3, respectively. Since the different samples had different
and irreqular shapes and therefore different demagnetization
factors, comparison of the magnitudes of the‘respective

Meissner effects is not discussed here.
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Fig. 17. Meissner effects X vs. temperature of

polycrystalline Biz_beXSrZCaCu208+g in H = 50 G
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Magnetization M(T) data below T, for the above
polycrystalline Bi2212 samples with 0.0 ¢ x ¢ 0.5 in H = 3 kG
are shown in Fig., 18. A second derivative maximum in M(T)
with respect to T at T ~ 40 - 50 K is observed for each
sample. For x - 0.2, field~cooled (FC) magnetization data
below T, in H = 50 G, 3 kG, 10 kG, 20 kG and 30 kG were
obtained and are shown in Fig. 19. Between T, and the second
derivative maximum temperature, positive curvature in
dM(T)/dT is seen for H 2 3 kG, which is opposite to the |
behavior observed for YBa;Cu30y [Lee and Johnston, 1990b and
1990c); these behaviors are not yet understood.

X(T) data above T, for the Bi2212 samples with 0.0 < x <
0.5 in H = 3 kG are shown in Figs. 20 and 21. For 0.1 < x ¢
0.3, dx(T)/dT is positive at least up to 400 K. However, for
X -‘0.0 and 0.5, dXx(T)/dT is negative above ~ 150 K,
indicating the presence of appreciable amocunts of magnetic
impurity phases with a Curie~Welss-like susceptibility.

The Meissner effects and screening susceptibilities for
our samples of Bij_yPbySrjCasCu3O0jp4g with x = 0.20 and 0.25
in H = 50 G are shown in Figs. 22a and 22b. The value of Ty,
for x = 0.2 is ~ 108 K; the Meissner effect and screening
magnetization data yield M/H = 18% and 34% of -1/4n at 10 K,
respectively, uncorrected for demagnetization factors; the
respective values for the x = 0.25 sample are 109 K, 28%, and

46%. Both the Meissner effect and screening data for the x =
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Fig. 20, Magnetic susceptibility X vs. temperature of the

polycrystalline Bij_yPbySrpCaCugOgyug in H = 3 kG
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0.2 sahple show‘the presence of a small amount of the Bi2212
phase} ~The Meissner effect attained 10 and 50 % of its
maximum value at 106 K and 99 K for x=0.2, and 108 K and 103
K for x = 0.25, respectively. |

The X(T) data in H = 5 EG are shown in Figs; 23a and

23b. As for YBajCu3z07 and Bi2212, negative curvature is

present in X(T) up to at least 200 K.

C. Heat Capacity

An overview of C(T) of our YBapCu307 peliet samplé in
zero applied magnetic field from 1.5 K to 400 K is shown in
Fig. 24 (C vs. T) and Fig. 25 (C/T vs. T). There is good

égreement between the C(T) near 120 K measured using the

‘pulsed and continuous heating calorimeters and that measured

using the DSC. The magnitude of the heat capacity over the
whdle temperature range is similar to Ehe results of previous
measurements on relatively magneticaily pure samples [Fisher
et al., 1988b; Junod et al., 1989; Sun et al., 1990].

To ascertain the reproducibility of the heat gapacity
near T,, a series of four measurements was carried out ﬁsing
the Berkeley continuoué heating calorimeter. Initiaily, the
sample was cooled from room temperature to 65 K and held at
that temperature overnight. Curve A in Fig. 26 shows the

first measurement (H = 0) up to = 110 K. A feature with a
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Overview of heat capacity C(T) vs. temperature T
for a polycrystalline YBa;Cu3Oy pellet sample in
zero applied magnetic field from pulsed
calorimeter measurements at Ames (below ~ 120 K),
pulsed calorimeter measurements at Berkeley (1 -
30 K), continuous heating calorimeter measurements
at Berkeley (68 - 110 K, top data set here, set A
in Fig. 26); and differential scanning calorimeter

‘measurements at Ames (120 - 400 K)
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Heat capacity divided by temperature C/T vs. T for
T ~ T, measured at Berkeley using a continuous
heéting technique for the pellet sample of Figs.
24 and 25. The sequence was as follows. A:
cooled from room temperature and held overnight at
65 K in zero épplied‘magnetic field H before
measurement; B: cooled frdm 110 K and held at 65 K
overnight (H = 0); C: cooled from 110 K and‘held
at 65 K overnight, then H = 70 kG applied; D:
cooled from room temperature (H = 0) and held at

65 K overnight
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peak near 89.5 K is clearly observed, associated with the
onset of superconductivity. The sample was then cooled again
to 65 K, held overnight, and the measurement repeated
(labeled B in Fig. 26). The peak in C/T for B increased to
91.0 K from the value of 89.5 K found for A. From Fiy. 26,
large differences between the‘two measurements are seen in
both the ma;nitude of C(T) and the size of the feature near
Te. Also, there is a hint of an anomaly near 102 K in B not
evident in A, and of anomalies at ~ 74 K in both B and A.
There were no differéncés onious to us in the manner in
which the data sets A and B were accumulated and analyzed.
Next, the sample was again cooled to 65 K and held
overnight. A mégnetic field of 70 kG was applied, and C(T)
measured (curve C in Fig. 26) in the same manner as in the
first two experiments. The feature at T, is smeared out by
the field as reported earlier [Fisher et al., 1988b; Salamon
et al., 1988] and the temperature of the maximum in C/T ﬁas
decreased to 88.5 K. There is a clear crossover of the data
sets B and C near 85 K. Below 65 K and above 95 K, the B and
C data sets coincide, and both show evidence of a feature at
102 K. After measurement‘c, tne sample was warmed to room
temperature, cooled to 65 K in zero field and held overnight,
and a fourth data set obtained (set D in Fig. 26) using the

same heating rate as before. Remarkably, the weak anomaly at
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74 K in sets A and B appears now as a sharp mean-field-like
second order transition in set D.

The results of the pulse C(T) measurements in zero field
from 0.5 K to 10 K at Ames and at Berkeley are shown in Pig.
27. Fig. 28 shows the data obtained at Berkeley in both zero
field and 70 kG. The zero field heat capacity measurements
show a clear upturn in C/T below about 2 K. In H = 70 kG, a
clear Schottky~like anomaly appears with a peak near 3 K; at
very low T (< 0.5 K), a sharp upturn in C/T is observed.

An expanded plot of the DSC data for the pellet sample
of YBapCu307 in Fig. 24 from 120 K to 400 K taken with
increasing T is shown in Fig. 29, where data for the same
sample with decreasing T‘and for the powder sample with
increasing T are also included. With increasing T, an
anomaly near 330 K is seen for the pellet sample which is not
obviously present in the measurement with decreasing T. FProm
Fig. 29, there is no evidence of an anomaly near 220 - 240 K,
There is also no evidence of any anomalies in C(T) for the
powder sample upon increasing or decreasing (not shown) the
temperature.

Magnetic susceptibility X(T) data above T, for the
pellet and powder samples of YBayCu30y in fields of 3 or 50
kG are shown in Figs. 7 and 13. The powder was aligned with
the c-axis parallel and perpendicular to the field using a

method described previously, whereas the grains in the pellet
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Heat capacity C vs. temperature T measured at Ames
using a differential scanning calorimeter with a
temperature scanning rate of 10 °C/min. The solid
data set was taken on heating the ¥YBajCu307 pellet
sample, the long-dashed data on cooling the pellet
sample, and the short-dashed data on heating the

powder sample
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were found using x-ray diffraction of the surface to be
randomly aligned., The data for the pellet sample show a
clear cusp at = 320 K whereas the data for the powder exhibit
no evidence of an anomaly above Ty. Because of the proximity
of the cusp temperature for the pellet to that of the heat
capacity anomaly observed above with the DSC on heating, the
source of the anomalies in the two types of measurement may
be the same.

Magnetization vs. temperature data below Tg for the
pellet sample in fields of 50 G and 50 kG are shown in Fig.
9. The 50 kG data exhibit an anomaly near 74 K. This
anomaly might be a manifestation of flux-pinning effects,
although this appears unlikely because the magnetization is
revertsible with increasing and decreasing field at this field
and temperature [Mitra et al., 1989]. Alternatively, it
could be a reflectinn of some sort of phase transition
occurring at this temperature as is suggested clearly in the

C(T) data set D for the pellet in Fig. 26.
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V. ANALYSIS AND DISCUSSION

A, Superconducting Fluctuation Diamagnetism above Tg

a. Y¥YBapCu307-g

In order to compare grain aligned magnetic
susceptibility (x), results with theory, the modified
Lawrence-Doniach model (see section II. B, b) was used, which
was generalized to a magnetic field H at an arbitrary angle ©
with respect to the c-axis of the unit cell, where the
influence of local clean limit dynamics has also been
accounted for [Klemm, 1990; Lee et al., 1989]. 1In that
model, there are N conducting CuOj layers per unit cell, with
N-1 equal interlayer spacings d and one different spacing d'
(N = 2 for YBajCu3Oy), and one complex s-wave order parameter
per layer; the c-axis unit cell edge 8 = d’' + (N ~ 1)d. The
layers are coupled by Josephson-like tunneling, with
parameters {1 and {j, respectively. 1In twinned YBajyCu30y,
the intertwin distance is usually ¢ 1500 A, We therefore
take vpty to be ¢ 1 um, which implies Hy 2 17 kG, so our
measurements are in the weak field regime. 1In addition,
since there are numerous evidences [Fiory et al., 1988;
Krusin-Elbaum et al., 1989; Mitra et al., 1989; Porch et al.,
1988; Uemura et al., 1988] of BCS-type superconductivity for

high T, superconductors, we have changed the temperature-
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dependent part [(T-Tq)/Tg) in o(T) of equation (1) to
In(T/T4) to coincide with that expected from BCS theory
[Gorkov, 1959)., We note that in the theory [Klemm, 1990], we
have neglected any coupling of the normal state X(T) to the
fluctuating superconducting order paraméter.

In comparing our theory with the data in Plg. 14, it
should be borne in mind that the X(T) data contain possible
temperature dependent contributions from normal state
background antiferromagnetic spin correlations [Johnston,
1989) and crystallographic and/or electronic changes (see
below), and from small amounts (= 0.1 at. %; see section V.
D. b, below) of magnetic impurity phases. Consider the ‘
anisotropy AX = X||c - X|c derived from Fig. 14 and shown in
Fig. 15. The first (spin correlation) contribution should be
absent in AX, since 1t is essentially isotropic. From Fig.
15, AX m AXo = 2.32 x 10-7 cm3/gm is constant within
experimental error above 250 K, suggesting that the
anisotropy of the normal state background is independent of
temperature. The quantity 8x(T) = AX(T) - AXo, plotted in
Fig. 30, is thus expected to contain only the SFD
contribution of ptesent interest, and we therefore fit &x(T)
with the above theory. Heat capacity measurements on our
sample gave T, = 90.8 K, which is not an adjustable parameter

in the fits below.
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Theoretically predicted 8x(T) éurves were computed
numerically for v values between 0.01 and 0.2499, ¢ valﬁes of
0.001 to 0.04 and £,,(0) values of 10 to 30 A. The |
calculations were compared with the data on a plot of logjpqol-
§X/T] vs. logyqglln(T/T¢)] for T < 126 K, and the standard
deviation ¢ for each set of parameter va1ues was computed.

At fixed Egb(O) and vy, ¢ was varied to give the minimum o
(Fig. 31). Fits with ¢ € 0.035 were judged acbeptable; fits
with o = 0.044 were noticeably worse. For combinations of
the three parameters yielding o > 0.035, the fits showed |
systematic deviations from the data over appreciable ranges
of temperatﬁre &nd were deemed unacceptable. The
cohbinations of parameters which gave acceptable fits to the
data in Fig. 30 are Eap(0) = (13.6 + 0.8) A, vy = 0.20 + 0.05
and € = 0.0076 + 0.0015. 'For these parameter ranges, both
order parameter bands have nonzero T, values [see Eq. (18)]
and both therefore contribute to the SFD. Our optimum fit (o
= 0,027) is given by the solid curve in Fig. 30. Regions of
Eap(0) values between 17 and ~ 25 A and below 12 A are
clearly unacceptable (¢ > 0.07). However, £;,,(0) values near
30 A are almost acceptable (o = 0.038) if y = 1/4; as shown
in the Fig. 30. Such large values of {,,(0) are, however,
inconsistent with recent dc M(T) measurements [Welp et al.,
1989] of dncz/dT at T, for H || c, which give &5,(0) = 13.8
A. A further prediction of Sx(T) for Egp(0) = 11.5 A, E£,(0)
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= 1,5 A‘and ¥y = 0.0i, parémeters derived [Aronov et al.,
1989] from recent fits (excluding dynamics) to
paraconductiQity data, is shown in tﬁe Fig. 30; thése
parameters [Aronov et al., 1989] afe obviously not consistent
with our Sx(T) data. |

From a log-log plot of the Fig. 30, the slope of which
is = =1/2 for the data points nea~ to T, (indicative of‘3D
behavior), we infer that the widtﬁ of the critical region is
leés‘than 1 K, consistent with previous reports [Dubson et
al., 1987; Freitas et al., 1987; Friedmann et al., 1989;
Goldenfeld et al., 1988; Inderhees et al., 1988; Oh et al.,
‘1988, Porch et al,, 1988; vidal et al., 1988)]). while the
slope on a log-log plot in the regime 110 K < T < 126 K is
approximately —1,.naively‘(i.e., in a static calculation)
indicative of 2D behavior in that reQion, this interpretation
is complicated by the dynémic effects present in the theory
- [Klemm, 1990]). Our ratio l/¢e = M/m ~ 100 to 150 is
consistent with some [Forro et al., 1988; Enomoto et al.,
1987; Iye et al.; 1987) Hy anisotropy data near T. which
indicate M/m ~ 70 - 120. For these & values, one would
expect dimensional crossover in Xe(T) [but not in Xap(T)] to
occur in the T regime pictured in the Fig. 30.

The background X(T) for H || ¢ and H | c was determined
by subtracting the abo?e optimal SFD contributions from the

data in Fig. 14, yielding the solid curves in Fig. 14. Both
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backgrounds exhibit negative curvature below ~ 130 K; for H |
c, most of the observed curvature in the data arises from the
temperature dependent background. This observation supports
numerods other stﬁdies which indicate that some sort of
struétural, magnetic énd/or electronic modification of
YBapyCu3O7 occurs with decreasing T below ~ 130 K [Boolchand
et al., 1988; Sharma et al., 1989; Sun et al., 1988; Warren
et al., 1989; Yuen et al., 1988]. If the negative curvature
in the normal state X(T) background turns out to be
anisotrdpic, then the parametefs derived from our fits would
have to be modified somewhat. Additionally, whatever sources
are giving rise to the derived temperature-dependent
background may also be causing the parameters of our model to

be dependent on temperature.

— s e e

The structures of these Bi-based copper oxide
superconductors are similar to YBapCu3O5 in that they each
éontain CuOy layers. Therefore, we expected and found the
magnitudes of the superconductin§ fluctuation‘diamagnetism
(SFD) to be similar; ih each case the region of negative
curvature‘(attfibuted to the SFD) begins above ~ 2T, as in

YBapCuj309.
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Our measurements were carried out‘on randomly oriented
samples, so the maasureq‘susceptibilities are powdér averages
;o s /

1 2 :
KX>(T) = — X (T) + — X (T) . (19)
' 3 ¢ 3

The pair mass anisotropies in Bi2212 and Bi12223 are much
larger than in YBazCu3O7 [Farrell et al., 1989; Martin et
al., 1989; Naughton et al., 1988]; according to the theory of
Refs. [Klemm, 1990; Lawrence and Doniach, 1971; Lee et al.,
1989], this means that the fluctuation contribution ta‘xab(T)
is less than that to X,(T) by a factor of ~ 100. Many
experiments [Beille et al., 1988; Farrell et al., 1989; Kang
et al., 1988; ﬁattin et al., 1989; Naughton et al., 1988;
Palstra et al., 1988a) revealed essentially 2D behavior in
various physical properties. We therefore neglect the
fluctuation contribution to Xan(T). Neglecting also dynamic
effects [Klemm, 1990], we fit the two dimensional LD model
{Lawrence and Doniach, 1971] for the 2D regime to the data
somewhat removed from T.. From‘Eq; (19) and Ref. [Lawrence

and Doniach, 1971], one obtains - {

1 nkg&4p(0)T Te
— ] oo

C<XO(T) = Xo = = Yeff -
3 34¢s T - Tg

-
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where xé contains the normal state contributions in the

absence of fluctuations and is assumed to be independent of

T. 49 is the flux quantum hc/2e and gg¢f is the effective

nﬁmbef of complex s-wave order parameters in the repeat
distance s discussed above; in the 2D regime, gggf = 2 for
Bi2212 and 3 for 312223 (see below).

Bij gPbg, 6 25r3CaCuj0g,.s has two CuOj layers in the layer

| repeat distance s = 15.4 A along the unit cell c-axis and is

much‘more‘two—dihensional in the superconducting and normal
states than is the case for YBajyCu307. 1In terms of the
phenomenological model for the high T, cuprates proposed in
Refs. [Klemm, 1990; Lee et al., 1989], this translates to a
larger superconducting pair mass anisotropy in the Bi-based
compounds compared to Y123, Further, the two interlayer
Josephson tunneling parameters {3 and () are expected to be
much different from each other, whereas they are similar in
Y123 [Lee et al., 1989; see above section]. For l5 << T3,
the top of the n = 0 pair band is well below the higher n = 1
band, so the‘fluctuations in the three-dimensional (3D)
temperature region are well—approximated by neglecting the
contribution from the higher band [Klemm, 1990). However, in
the 2D region, even though the n = 1 band has a low T
compared with the n = 0 band, the n = 1 band contributes
significantly to the SFD in this region [Klemm, 1990].

Therefore, the effective number of complex s-wave order
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parameters in the repeat distance s 1s taken to be one in the
3D region and two in the 2D reglon. Below, we fit the data
in the 2D regioﬁ only.

The observed X(T) for Bij gPbg, 2SrCaCuyOg,.s from Figs.
20 and 21 is replotted in Fig. 32. Our best fit of BEq. (20)
to the data above = 110 K is shown as the solid curve. Close

to T, there is a deviation between experiment and theory.

However, above ~ 110 K the fit is in good agreement with the

data, implying that the system is in the 2D fluctuation
regime above this temperature. The parameters of the fit are
Xo = 1.08(2) x 10~7 cm3/gm, Ty = 91.1(1) K and Eap(0) =
20.4(2) A. The value T, = 91.1 K is lower than the observed
onset temperature of 96 K from Fig., 17; this discrepancy is
believed due to the presence of the higher T, 512223 phase as
an impurity. The diamagnetic behavior is further illustrated
in a plot of logl-Xqia/T] versus log{(T-T.)/Te] in Fig. 33,
where from Eq. (20) Xgia(T) = <X> - Xo; the slope above ~ 110
K is - 1, as expected. As in Fig. 32, we believe the
deviation between experiment and theory in Fig. 33 below ~
109 K is due to Bi2223 impurity phase. The value of §1,(0)
is about 1.5 times that for YBajyCu307 [Lee et al., 1989] and
somewhat less than values (23.5 to 27.1 A) inferred from the
results of upper critical field measurements on thin film
[Kang et al., 19688) and single crystal [Beille et al., 1988;
Martin et al., 1989; Palstra et al., 1988a) samples, Taking



84

0.5+

v(107cm?®/gm)

WWWWS ° -
g
é
o] Bil.apbo'25r2CaCu203+5
H = 3 kG
I I
100 200 300 400

TEMPERATURE (K)

Magnetic susceptibility X vs. temperature of
Bi; gPbg 25rzCaCuz0gys in H = 3 kG, The solid

curve is LD 2 dimensional theory



Fig.

|OQKJ}“me/T]

33.

85

Biy gPbg,25r2Cacu20g+3

) o
-7 - H =~ 3 kG

"—10 l 1 I |
-2.0 -1.5 -1.0 =-0.5 0.0, 0.5

log,, [(T=T.)/Tc]

log-log plot of the SFD divided by temperature
Xdia/T vs. reduced temperature (T - Tg)/T, from

Fig. 32 for Bij; gPbg pSrjCaCuj0g,s. Solid line is
LD 2 dimensional theory



1l

il

86

the pair mass anisotropy ratio (M/m)1/2 « 50 from Ref.
[Naughton et al., 1988], one obtains Eg(0) = Eab(O)fm/Mjl/z o
0.4 A, This very small £ (0) value is about 1/3 of that (1.2
A) [Lee et al., 1989] for YBaCu3O7, and both are of atomic
dimensions,

For the Bij_yPbySryCasCu30jp4.gs system, there are three
Cu0y layers in the repeat distance s = 18.6 A along the c-
axis. Therefore, three interlayer Josephson tunneling
parameters (&;, (g and (3) are présent. As discussed above
for B12212, if &3, &2 >> L3 and %1 ~ Cp. then in the 3D
region the lower two bands dominate the fluctuations and ggff
= 2, However, in the 2D region all of the bands contribute
to the fluctuation diamagnetism, and we take gggg = 3 in this
case. FPFitt!'i«e Eq. (20) to the data in Fig. 23a above 110 K
for x = 0.20 yielded X, = 1.82(6) x 10~7 cm3/gm, T = 103(3)
K and E;p(0) = 18.0(6) A for ggff = 3. A similar fit to the
data in Fig. 23b for x = 0.25 gave Xg = 2;32(5) X 10‘7’
cm3/gm, T, = 107.8(3.2) K and E,b(0) = 11.8(4) A. The fits
are shown as the solid curves in Figs. 23a and 23b. Since
AT, is smaller for the x = 0.25 sample than for the x = 0.20
sample, the §,p(0) for £he formet sample 1is probably more
reliable. This value of 11.8 A is about haif that for Bi2212
(x = 0.2), but similar to that (13.6 A) [Lee et al., 1989)
for YBajCu3z0y. Plots of logl-Xgja/T) vs. log[(T-T¢)/Tc] for

the two B12223 samples are shown in Figs. 34a and 34b. As
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for B12212, the deviations between theory (solid lines) and
experiment below 110 K are believed to arise from the onset
of bulk (nonfluctuating) superconductivity below this
temperature, originating in these samples from the
nonnegligible transition widths (see Figs, 22a and 22b).

We note thatvif {3 = Gz, dynamic effects may be
important in the fitted 2D regime, and the derived parameter
values may be systematically in error by an unknown amount.

A second consideration is that among the three Cu0O; layers in
the layer repeat distance, one of the CuO; layers has no
bridging oxygens, whereas the other two layers do. 1If the
bridging oxygens turn out to have an important role in the
superconductivity [Miller et al., 1990; Vvaknin et al., 1989),
then one might have gggf = 2 rather than 3 in the 2D regime.
In this case, the derived £;,(0) and §.(0) values would
increase by a factor of 1.22. Finally, in a rigorous
application of the theory to the data for Bi2223, one could
compute numerically the fluctuation diamagnetism
contributions from the three superpair bands in the 2D regime
[Klemm, 1990],

Because of much stronger spin fluctuation contribution
above T, [Endoh et al., 1988; Shirane et al., 1987] in
Laj gSrgp,2Cu03 g9 compared to the above other two systems, it
is not easy to analyze the X(T) data for Laj gSrg pCuO3 gg,
in Fig. 35 which has T, ~ 31 K (Johnston, 1989; Johnston et
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al.} 1988). The strong ﬁemperature dependent X(T) above T,
is the superposition of contributions from spin fluctuations
and superconducting fluctuations, but close to T, we expect
that the Spih‘fluctuations will show smooth behavior.
Thereforef the‘hegative curvature close to TC is dominated by
the supérconducting fluctuation effect as in the above other

two‘SYStems.

B. Superconducting and Normal State Magnetic Susceptibility

Anisotropy

We would first like to fe-emphasize [Lee and Johnston,
1990b; Lee et al., 1989] that the observed susceptibility
data for pellet and grain aligned powder YBapCu3z0y in Fig. 7
and Fig. 13 exhibit‘no evidence for a Curie-Weiss
contribution to X(T). Herein, we will discuss the results
from aligned YBajCu307 samples. The data increase
monotonically with temperature fdr both field orientations,
exhibiting negative curvature below ~ 200 K. Between = 200 K
and 400 K, our data incfease approximately linearly with
temperature, confirming the intrinsic behavior deduced
‘previously based én a study of the variation of X(T) with
oxygen content in this system [Johnston et al., 1988; see
also Yamaguchi et al., 1989]. Other groups have also

observed directly (without Curie-term correction) that dx/d4T
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> 0 above T [Kanode et al., 19886 and 1988b: McGuire et al;,
1987]. However; most published data are dominated by the
presence of magnetic‘defects and/or impurity phases, yielding
“either nearly temperature independent X(7?) behavior or dx/dT
< 0 above To. The negative curvature in our data from T, =
91 K to = 200 K arises from a combination of superconducting
‘fluctuation diamagnetism and.a temperature dependent normal
stéte background‘susceptib;lity [Johnston et al.,v1988;
Kanoda et al., 1988a and 1988b; Klemm, 1990; Lee et al.,
1989]. Above = 200 K, the superconducting fluctuation
diamagnetism is negligible, and the temperature dependence of
X most likely arises from antiferromagnetic sﬁin fluctuations
. [Johnston, 1989;‘Johnston et al., 1988].

Of particular interest here is the anisotropy in x(T) in
YBajCu307 above ~ 200 K. For eomparison with the present
measurements, we list in Table I values of X., Xap and 4X for
YBajCu307 and for several other members of the high T,
cuprate family ebtained from other studies [Cheong et al.,
1987; Fukuda et al., 1988; Junod et al., 1988; Miljak et al.,
1988 and 1989; Takigawa et al., 1989; vaknin et al., 1990].
Because of the presence of variable amounts of paramagnetic
‘and‘ferromagnetic impurities in various samples, which are
sometimes not accounted for, perhaps the most reliable
quantity to compare is 4X. Our value of AX ior YRajCu307 is

slightly larger than those of Miljak et al. [1988 and 1989}
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and Fukuda et al. [1988], obtained for single crystals with a
somewhat lower Ter, and is about 80 % larger than‘recently
reported [Takigawa et al., 19891 for a sample of YBaj;Cu30vy
grain-aligned powder in epoxy. From our large‘Ax value,lWe
conclude that the degree of grain-alignment achieved in our
experiments is essentially 100 %; because our grain-aligned
samples are free-flowing péwders endlosed in quartz tubes, it
Qas not possiblé to'verify the‘degree of grain alignment
using X-ray diffraction techniques. . The reason that our
value of AX is largef than observed [Fukuda et al., 1988;
Miljak et al., 1988 and 1989] for the two single crystals‘may
be that the substantial number of paramagnetic impufities
present in those cr:stals haVe anisotropic susceptibilities
that partially cancel the anisofropy ihtrinsic to YBajyCu307.
A comparison of Ax for a ceramic‘compact with our value and
‘those in references [Miljak et al., 1988 and 1989] has been
useful in estimating the degree of grain-alignment in the
compact [Lusnikov et al., 1989]. It is noteworthy that the
AX values for nonmetallic La;Cu04 and Sr3Cu0yCly and for
metallic‘La1'838r0_12Cu04 in Table I are the same to within +
7 %. This similarity suggests that the local electronic
structufe around the Cu ions in the CuO; planes is similar in
these compounds.

To analyze our data in Table I, we separate X for each

field direction into orbital and spin contributions:



95

X(T) = xOrb 4 xspin(m), | (21)

where‘xorb is assumed independent of temperature whereas
XSPin pay depend on temperature. In the absence of
superconducting fluctuation diamagnetism (i.e.; above = 200

K), we assume

X'Ofb = xdia + XVV' ‘ (22)

which consists of the isotropic core diamagnetism xdia ang
the paramagnetic, and in general anisotropic, Van Vleck
contribution XYV (we absorb possible contributions from

Landau diamagretism into XS5PiP). From Egs. (21) and (22),
AX = Xe - Xap = 8XVV + axSPin | o (23)

Estimates of xSPin ang XVV have been made previously for
YBapyCu3O7. From the observed varietion in the heat capacity
jump at T. with derived temperature independent
susceptibility, Junod et al. [1988] derived the values in
Table II. Analysis of the shifts from nuclear resonance
experiments yielded other estimates, shown in Table II
[Pennington et al., 1989; Takigawa et al., 1989; Walstedt et

al., 1988]. Also shown in Table II are the pfedictions from
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band theory for xdia and XVV of hypothetical Sc;Cu04 [Leung
et al., 1988]); the XVV values are smaller than inferred for
cu(2) tons in the CuO3 planes in YBajCu307.

Takigawa et al. [1989]) derived their values of stin
using their anisotropic X data in Table I. Sinée we find
~that the intrinéic anisotropy is much larger than reported in
ﬁhat raference,‘we have re-computed XSPin ysing Egs. (21) and
(22), their values for xdia and xVV, and our X anisotropy
data, and the results are shown in Table II. The spin
susceptibility is larger by about 10 % for H || ¢ than for H
| ¢, rather than the reverse [Takigawa et al., 1989],
consistent with the sign of axSpPin ip SEZCuOZClz [vaknin et
~al., 1990]; the latter XSPiN anisotrepy probably arises from
anisotropy in the spectroscopic splitting factor g of the
spin 1/2 Cu*? ions [Vaknin et al., 1990]. We note that all
the derived values of x5PiN for YBa,Cu307 in Table II would
shift upwards by 1.8 x 10~° cm3/mole if the value of xdia
computed from reference [Selwood, 19561 (-19.3 x 10-5

cm3/mole) were substituted for the value in Table II.
C. DC Resistivity
Unlike the almost temperature independent background in

magnetic susceptibility, there is a strong temperature

dependent background above T, .in resistance. Therefore to
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separate the fluctuation part only from the measured
resistance is not easy. But we can expect metallic property
which shows linear temperature depehdénce in reéistance far
above T,. 1In Fig. 5, there is an almost linear region
between 150 K and 230 K and significant bendihg down behavior
due to fluctuation effect can be seen below ~ 120 K, which is
consistent with the result of magnetic susceptibility.
Besides the fluctuation effect, the apparent anomaly around
250 K, which might be related with a structural phase
transition [Calemczuk et al., 1988; Cheong et al., 1987;
Johnston et al., 1987 and 1988; Laegreid et al., 1987; Miljak
et al., 1988 and 1989), is, in a sense, consistent with those
results. Even thougﬁ there are some reports indicating‘the
same anomaly in single crystal, polycrystalline pellet and
powder samples, the origin of anomalies around 250 K needs

further clarification (see below).
D. Heat Capacity

a. Near T,

Here we will discuss the results in Fig. 26 of the set
of four sequential C(T) measurements using the continuous
heating method at Berkeley. The differences between the
first data set A in zero field and the subsequent zero field

sets B and D are striking. Near T,, the heat capacity in B
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is about 6% less than in A. Using the traditional method of
entropy balance to estimate the heat capacity jump at Te (but
see below), one obtains AC/T, = 32 mJ/K2-mole YBayCu307 for
B, which is 42% less than the value of 55 mJ/mole-K2 for a.
These differences may be compared with the absolute accuracy
of each meaéurément of 0.5% and with an expected
reprbducibility‘much better than this. Thus, these
differences are real and must arise from a thermal history
dependence of the heat capacity. Smaller differences are
apparent. between the data sets B and D. In D, a sharp
anomaly ét about 74 K is observed which appears to be smeared
out in sets A and B; this anomaly occurs at about the same
temperature as that seen in the magnetization data at 50 kG
in Fig. 9. The origin of these anomalies is unknown.

In én applied field of 70 kG, the heat capacity in a
plot of C/T vs. T (data set C) shows a smooth, broad peak at
T. and only a slight downward shift in the peak temperature
compared with the zero field data, as previously reported
[Fisher et al., 1988b; Salamon et al., 1988]. As noted
above, a sharp anomaly was observed at 74 K in data set D;
these data were taken in zero field after the high field set
C was obtained. Thus, although it seems unlikely, the
magnetic field history of the sample may be involved with the
appareht irreproducibility of C(T) in Fig. 26, in addition to
the above influence of the thermal history. The C/T data set
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C in H = 70 kG is larger in magnitude than the zero field set
B between = 75 K and = 85 K, whereas it is smaller between =
85 K and = 93 K. In the latter region, the entropy change A4S
= 5(0) - 5(70 kG) = 83 mJ/mole-K, and in the former it is -55
mJ/mole-K, ylelding a net entropy change ASpet = 28 mJ/mole-
" K. This apparent nonconservation of entropy is not yet
| understood; it could conceivably arise‘through the above
thermal history dependehce of C(T) or from the limited
temperature range of the measurements in Fig. 26.

bue to lack of detailed knowledge of the dominant
lattice contribution to-the heat cépacity of high Tc.cﬁprate
superconductors near Tg, it is not clear how to accurately
éeparate the observed heat capacity into electronic and
lattice parts. A further complication is that close to Tor
the thermodynamic and electronic transport properties of the
cuprate supercondudtors are dominated by the influence of
superconducting fluctuations [Klemm, 1990]. Therefore, |
without taking into account the fluctuation term carefully,
one might infer an inaccurate mean-field heat capacity jump
AC at T,, which would then lead to an inaccurate estimate of
the normal state Sommerfeld coefficient y if one used, e.g.,
the BCS result relating y to AC (AC/yT. = 1.43).

Wé now consider the fluctuation contribution to the
observed C(T) to lowest order. After references [Klemm,

1990; Lee et al., 1989), we utilize a model in which there
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are two conducting layers per unit cell in YBajCu307, each of
which is assignéd one complex s-wave order parameter; the
layers are coupled by Josephson tunneling. Above T., the
relationship between the supercohductidg fluctvation heat
capacity Cfl(T) and the superconducting fluctuation

diamagnetism xgl(T) with H || ¢ is given by [Klemm, 1990]

3¢ xEl(m)
an2rEdL(0)

Cp (T) = - « xflm/r, 24
where ¢4 is‘the flux quantum hc/2e and Eab(O) is the zero-
temperature Ginzburg-Landau coherence length within a CuGj
layer. Below T, in the three-dimensional fluctuafion region,
'the fluctuation heat capacity Cfl(T) is reduced from CEy(T)
by ~ 1,/2 [Brand and Doria, 1988; Inderhees et al., 1988;
Klemm, 1990; Muzikar, 1988].

Using Eq. (24), the measured xgl(T) and the derived
‘éab(O), one can estimate the contributions C}(T) and Cgp(T)
to the measured C(T) above and below T,, respectively. Then,
by subtracting these contributions from C(T), an estimate of
the sum of the lattiﬁe and electronic heat capacities in the
ébsence of superconducting fluctuations (meah~field heat
capacity Cyp) can be obtained. Here, we do not account for
the superconducting transition width [Klemm, 1990; Sharifi et
"al,, 1989]) arising from chemical inhomogeneity in the sample.

Therefore, the calculated fluctuation heat capacity diverges
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close to T, (Fig. 36), in‘contrast to our observations. For
temperatures somewhat removed from the averagevTc, we expect
the calculated fluctuafion contributions to more accufately
apply to the observations; |

In Fig. 37a, we replot the observed C/T vs. T data set D
in Fig. 26 (crosses) and Cyp(T) derived as described above
(6pen circles) for the temperature ranges 81 - 85 K and 95 to
101 K, using E4p(0) = 13.6 A and xEl(T) from reference [Lee
et al., 1989]. For the temperature region closer to T., we
linearly extrapolated Cyp(T) on both sides of T, to T, (solid
lines). T, was taken to be 90.8 K, the temperature at which
a pulsed C(T) data set taken at Ames over a limited
temperatufe range spanning T, (not presented here) showed a
sharp cﬁsp. Thie is also the temperature at which the
magnetization data for H=150G in Fig. 9 showed a sharp
onset, and is the average peak temperature of C(T)/T for data
sets A, B and D in Fig. 26. From Fig. 37a, the mean-field
heat capacity jump at T, is inferred toc be ACyp(Tqs)/To = 33
mJ/mole-K2, cbincidentally nearly the sane as the above value
AC/Ty = 32‘mJ/‘mole—K2 obtained using conventional entropy
balance near To. The value of ACyp yields yyp = 23 mJ/mole-
K2 using the above BCS weak coupling mean-field result. This
vymp value is less than most reported vy valueé [Fisher et al.,
1988b; Junod et al., 1989; Stupp and Ginsberg, 1989].

However, this value is consistent with the value (26 mJ/mole~
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Kz) obtained ffom a free electron gas analysis of the spin
susceptibility ([Lee and Johnston, 1990b] above T, derived
from x(T) data as in Figs. 7 and 13. We estimate the density
of states at the Fermi enérgy to be D(Ep) = 3.3 states/eV-Cu
atom using the relation yyp = nzuBZD(EF)/3kB;

A similar analysis of the C(T) data set A in Fig. 26 is
shown in Fig. 37b. Here, we find ACyp/T. = 64 mJ/mole-K2,
and YMF ‘ 44 mJ/molé—K2 in the BCS weak coupling limit. The
ACmp/To value is significantly larger than the above value
8C/Tg = 55 nJ/mole-K2 obtained using conventional entropy

balance near T,.

b. Between 0.4 K and 10 K

The Ames and Berkeley pulse calorimeter measurements
are in agreement below ~ 5 K, as seen in Fig. 27. At higher
temperatures, a large differencé becomes apparent; both
measurements are accurate to 1-2% below 30 K, so these
differences are real. The source of this differencé between
the two C(T) data sets above 5 K is not known. This
difference amounts to a difference in the lattice heat
capacity apparently induced by change in the thermal and/or
magnetic field history of the sample, as documented near T,
in Fig. 26 and above 120 K in Fig. 29. The two C(T) data
sets in Fig. 27 yield Debye temperatures differing by more

than 30 K (see below).
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In Figs. 27 and 28, the low—tempefature upturn in C(H =
0)/T starfs near 2 K, arising primarily from magnetically
isolated cu*? local magnetic moments. A common impurity in
YBapCu3O7 samples is BaCuOp [Eriksson et al., 1989;
Kuentzler et al,, 1988) and is one of the components of the
eutectic impurity present in our samples as documented
above. Some samples of BaCuOj exhibit C(T)/T behavior
nearly independent 6f T at low T, while others show an
upturn [Eckert et al., 1988; Kuentzler et al., 19881.
Considering the presence of this impurity phase as well as
localized Cu*? moments in our saﬁples of YBapCu30y, we fit

our zero-field C(T) data with the expression

A

C(T) =

- oyt o)T + B3T3 + BgT? + ByT! (25)
where the first term accounts for the low T upturn, the
second is a linear term of unknown origin, and the remaining
terms are due to the lattice contribution. Fitting Eg. (25)
to the zero-field data in Fig. 28 yields A_y = 13.1(3) mJ-
K/mole, v*(0) = 5.0(1) mJ/mole-K2, B3 = 0.33(1) mJ /mole-k4,
Bs = 4.22(8) x 1073 mJ/mole-k®, nd B; = 2.02(4) x 10-5
,mJ/mcle-Ke. From the value of B3y, the calculated Debye
temperature ©p = 422(8) K, which is similar to reported
values [FPisher et al,, 1988b; von Molnar et al., 1988;

Swenson et al., 1989]. For the Ames C(T) data set in Fig.
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27, y*(T = 0) = 5.7(6) nd/mole-K2, which is equal within
experimental error with the value from the Berkeley data,
‘whereas ®p = 456 K, about 30 K larger than the Berkeley
value. The large difference between the Ames and Berkeley
data sets between 5 K and 10 K is real, as noted above, and
apparently arises from the different thermal‘histories of‘the
saﬂple in the two measurements.

It is known that a sufficiently high magnetic field can
cause the C(T)/T upturn for H = 0 to become a Schottky-like
anomaly [Gopal, 1966]. In Fig. 28 for H = 70 kG, there is
indeed a broad maximum in C(T)/T near 3 K and there is a
sharp upturn at much lower temperature. This sharp upturn is
from the coupling between the magnetic field and the Cu
nuclear moments [Gopél, 1966; Lounasmaa, 1962). To analyze

the H = 70 kG results, we used the expression

Anf
C(T) = ——— + nyCgcp(T) + ¥*"(H)T + Clagtice (26)
T
with
82 e /T
Cgeh(T) = R , (27)

T2 [1 + e8/T)2

where the first term in Eq. (26) is due to the hyperfine
interaction, the next term is the Schottky anomaly due to nj
mole fraction of isolated Cu*2 defects, Cguep(T) is the heat

capacity per mole of these defects, and y*(H)T is the linear
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contribution in the 70 kG magnetic field. 1In Eq. (27), R is
thr molar gas constant and 8§ is the energy Splitting in K of
the spin 1/2 Zeeman levels in the field H: & = ugH/kp,
assuming a gyromagnetic factor g = 2, From a fit to the data
on a CT% versus T3 plot at low T, we find Apg = 0.47(1) mJ-
K/mole YBayCu3O5, which is close to the theoretical value of
0.50 mdJ~K/mole for the three moles of Cu, two of Ba and one
of Y nuciei in one mole of YBapCu3Oy [Ahrens et al., 1983;
Fisher et al., 1988a and 1988b). +y*(H = 70 kG) is found to
be 6.5(2, md/mole~K2. From y*(H = 0) and y*(H = 70 kG), we
have 8y*/38H ~ 0,021 mJ/mole-K2-kG, which is similar to the
reported value [Fisher et al., 1988a]. By subtracting the
hyperfine, linear and lattice (from the H = 0 fit) terms from
the observed C(7, H = 70 kG) data according to Eq. (25), the
experimental isolated Cu*? contribution to C(T, H = 70 kG)
was computed and is plotted vs. T in Fig. 38 (open circles).
Also shown is the theoretical Schottky contribution nyCgan(T)
from Eq. (27) for ny = 0.0044 (solid curve); the good
agreement attests to the accuracy of applying Eq. (26) to fit
the data.

The impurity mole fraction due to isolated cu*? defects,
ny, was found above to be 0.0044(1) mole Cut?/mole YBapCu307,
This could arise from isolated defects in the YBajCu30y
majority phase lattice itself and/or in the BaCuO; impurity
lattice. The latter possibility is supported by the magnetic
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n:C./T (mJ/molekK?)

Fig. 38. Heat capacity of the magnetically isolated Cut?
magnetic defects derived from the observed data
divided by temperature njyCy/T vs. T for YBajyCu30y
pellet sample in a field of 70 kG (open circles).
The solid curve is the theoretical prediction for
ng = 0,0044 moles of spin 1/2 defects per mc'e of

¥BayCu309



112

field dependence of C(T) for BaCuOp.g fAhrens et al,, 1988].
The DTA measurements revealed about 0.6 wt.% of Y-Ba-Cu-0
eutectic impurity phase in our YBaj;Cu3Oy sample,
corresponding to 0.3(1) wt.% BaCuO3. If the upturn in thg
zero f£ield C(T) and the Schottky-like anomaly in C(T, H=70
kG) are generated from all of the cu*? moments in this amount
of BaCuOj, one would expect ny = 0.014(5) mole cut/mole
YBayCu30q, significantly greater than the observed nj value.
Thus, the bulk of the Cu*? ions in the BaCuO, impurity phaso
do not contribute to the zero-field low-temperature upturn in
the observed C(T).

Our nonzero y*{(T = 0, H = 0) m v*(0) value evidently
arises from the YBa;Cu307 phase and/or the bulk BaCuOjp (BCO)
impurity phase (the contribution to y*(0) from cu0 impurity
is negligible). We consider first the second possibility.
The above value of 0.3(1) wt.% BaCuOj corresponds to npcp =
0.014(5) moles BaCuOj/mole YBapCu30y. For BaCuQp heat-
treated in a way similar to the preparation of our sample of
YBajCu3z07, one expects ypco < 80 mJ/mole BaCuOp from
published heat capacity data [Kuentzler et al., 1988]. Thus,
we expect the impurity contribution yj; to our measured y"(0)
for YBapCu3Oy7 to be given by vy = ngeoypco < 1.1(4) ma/K2-
mole YBajyCu3zOy. This value is much less than the above
observed values y*(0) = 5.0(1) and 5.7(6) mJ/mole-K2. We

conclude that the intrinsic y(0) associated with the
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YBasCu30y lattice itself in our pellet sample lg y(0) = 4.0
mJ/mole-K2, A similar value was obtained by Reeves et al.,
(1989] based on a Raman scattering determination of the
BaCqu concentration, coupled with low temperature C(T)
measurements .

The question now arises as to whether this y(0) is
intrinsic to a perfectly ordered YBapCu307 lattice, or
whether it arises in some way from the presence of lattice
disorder. One scenario presented recently is that lattice
disorder and the presence of resultant localized Cut+2
magnetic moments produces normal (nonsuperconducting) regions
in the sample, resulting in a nonzéro v(0) and an upturn in
the zero field C(T}/T assocliated with those regions [Phillips
et al., 1989 and 1990]).

¢. Above 120 K

Oour x(T) data for the pellet sample in Fig. 29
partially confirm previous X(T) measurements [Johnston et
al., 1988; Miljak et al., 1988 and 1989)] that anomalies
sometimes occur at ~ 240 K, ~ 330 K, or both. The data for
this sample show only the anomaly near 330-350 K with no
obvious anomaly near 240 K. Our C(T) data for the pellet
sample Laken on warming show an anomaly at ~ 330 - 350 K,
and therefore appear to confirm that the corresponding

anomaly in X(T) is a bulk effect and not due to impurity



i

114

phases. The origin of these anoumalies is not known,
However, the anomaly in the C(T) data for the pellet sample
was not unambiguously observed on cooling, possibly due to
the above thermal history dependence of C(T). X(T) and C(Ti
data fo. our powder sample taken on warming from 120 K to

400 K and cooling from 400 K to 120 K showed no anomalies.
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VI. CONCLUSIONS

We have 'presented X(T) data for YBasCu307,
Bij..4PbySroCaCujs0g,.s (0.0 € x € 0.5), and
Bijy_xPbySraCasCuzOypsg (x = 0.2 and 0.25) which show the
lowest levels of paramagnetic impurities/defects‘reported to
date.

In YBayCu3z0y, for H || ¢ as well as H | ¢, X increases
monotonically with temperature from T, up to at least 400 K.
We find that part but not all of the negative curvature
arises from superconducting fluctuation diamagnetism (SFD).
The remainder arises from a temperature dependent background;
this is likely reflected in the backgrounds of other
properties such as the conductivity, which may significantly
alter the interpretation of the influence of superconducting
fluctuations on these properties. Our analysis is consistent
with a superconducting order parameter with s-wave symmetry
on each layer, as in the Lawrence-Doniach model. From fits
of our new theory to the X data of YBajCu307, estimates of
microscopic parameters were obtained.

By varying the Pb doping level in the
Bij_yxPbySryCaCuz0g,s (0.0 ¢ x € 0.5) and
Bijg_xPbySraCazCu3z0igss (x = 0.2 and 0.25) systems, samples
were obtained which showed no evidence for magnetic

impurities in x(T) measurements. For these samples, X
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increased monotonically from T, up to at least 400 K, with
strong negati?e curvature below ~ 200 R, aS‘in YBayCu30y. By
fitting the data in the two-dimensional regime with the
Lawrence—Doniaéh theory as modified by Klemm [1990], the
negativé curvature in X(T) for each of these samples is
concluded to arise from superconducting fluctuation
diamagnetism. The data are consistent Qith‘a superconducting‘
ofder‘parametér with s-wave symmetry, and indicate that the
'Bi2212 and Bi2223 are highly two-dimensional, consistent with
othér measurements on tﬁin films [Kang et al., 1988] and
single crystals [Bei]le et al., 1988; Martin et al., 1989;
Palstra et al., 1988a]. The in-plane Ginzburg-Landau
coherence lengths &,,(0) for Bi2212 (20.4 A) and Bi2223 (-~
11.8 A) derived rfrom the fits to the data are similar in
magnitude to that (13.6 A) previously inferred for YBa;Cu30j
[Lee et al., 1989]. Our §,,(0) values for Bi22l2 and Bi2223
are tentative. The fole of the out of plane oxygen ibns in
the superconductivity of the Cu0O; layers in 312223 is not Yet
clear. Additionally, the explicit fluctuatlion diamagﬁetism
contributions from the superpair bands in the 2 D regime and
the potentially important dynamic effects remain to be
included in the theoretical fits to the data.

From the normal state x(T) data of YBa;Cu307, the spin
susceptibility xSPiN was derived using the orbital

susceptibility values for cu*? ions inferred from the nuclear
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reéonance measurements of Takigawa et al. [1989], and found
to be nearly isotropic, in agreement with those authors.
Thus, most of the large anisotropy in X above ~ 200 K is of
‘orbital‘origin, arising from the Cu d-orbitals. The
anisotropy AxVV in the orbital X found for Cu(2) in the Cu0y
layers of YBapCu307 is about the same as observed for
nonmetallic LaZCuO4‘and SryCu05Cly, and for superconducting
metallic Laj gSrp, 1CuO4, where the latter three compounds
contain Cu0p layers but no CuO chain layers. This similarity
suggests that the iocal electronic environments around the Cu
ions iﬁ‘the CuOy layers of all four compounds are similar,
despite the fact that two of the compounds exhibit metallic
chafacter whereas the other two do not.

We have accomplished some of the goals of our heat
capacity C(T) study of high purity YBaj;Cu307. From a
determination of the BaCuO; magnetic impurity phase
concentration in our batch of this compound from differential
thermal analysis measurements, coupled with analysis of low
(> 0.4 K) temperature C(T) measurements in zero and 70 kG
applied magnetic fields, we conclude that the Sommerfeld heat
capacity coefficient intrinsic to ﬁhe YBajCu30q phase in our
pellet sample is y(0) = 4.0 mJ/mole-K2. The origin of this
v(0) is not yet clear. One possibility which is often
considered is that this y(0) is an indication that part of

the sample does not become superconducting; i.e., y(0)/y is

B | " oo T O R IR
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the nofmal fraction, whe:e v is the normal state Sommerfeld
coefficient. |

It is clear that superconducting‘fluctuations have a
dramatic influence on the thermodynamic and electronie
transport properties of the high T, cuprates in the vicinity
of T.. Heatl capacity measurements on single crystals of
YBaj;Cu307 near T, show strong evidence for a nonmean-field
shape, attributed'to these'fluctuations. However, even
slight broadening of’the superconducﬁing transition, as in
most polycrystalline samples of YBayCu30y, rapidly smooths
out this shape to appear mean-field-like. 1Indeed, a ﬁean—
field-like shape was found for our pellet sample. Utilizing
the data and theory, a quantitative estimate of the
fluctuation heat capacity was made and found to be
significant on the scale of the measurements. A lowest-order
attempt was made to extract the mean-field heat capacity in
the absence of the fluctuations. We find that the heat
capacity jump at T,, deduced from C(T) data using the
conventional entropy balance technique, may be appreciably
affected by th¢ presence of the fluctuations.

There have been numerous reports in the literature of
anomalies occurring at various temperatures in various
measurements of YBaZCu3O7 which have not been confirmed as
magnetic or structural transitions by neutron or x-ray

scattering techniques. We presented calorimetric evidence
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that one such anomaly in the magnetic susceptibility X(T) at
~ 310-330 K is a bulk phase transition of some kind. The
occurrence of these transitions is highly sample-dependent,
and it is not known what characteristics of the samples
control their occurrence. In our experiméhts, for example,
we found that the powdef sample of YBajCu307 did not show the
anomalies at ~ 330 K in C(T) and X(T) seen for the pellet
‘sample{ Finally; and unexpectedly, our C(T) measurements on
the pellet sample of YBayCu307 revealed a surprisingly strong
~influence of the thermal and/or magnetic field history of the
sample. The magnitude of C(T) in both the low (5 - 10 K) and
higher (70 - 120 K) T regimes were strongly influenced by the
thermal/magnetic field history. The heat capacity jump at Tg
and Debye temperature (but not the Y (0) value) aerived from
these data were quite different for different experinents,
and the shape and size of the 74 K anomaly were also strongly
history dependent. These types of effects have heen observed
in elastic measuremenﬁs of various types, where it is found
that such effects are highly sample dependent. Thus, for
example, the heat capacities of some samples of YBa;Cu307 are
highly stable with time and thermal cycling. |
The anomaly in C(T) near 74 K and an additional anomaly
at 330-350 K are correlated with anomalies in the magnetic
properties at similar temperatures. The origins of these

anomalies are not known. A hint of a possible phase
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transition near 102 K was also observed in our C(T) data. A
detailed understanding of these anomalies must await further

structural and other measurements.
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VIII. APPENDIX

Compound Space Group and T.(K) Reference
Lattice Parameters(A)

- Bag, gKg,4BiO3 Pm3m 27 Hinks et

a=b=1c= 4,293 al., 1988

Laj gsSrp,15Cu0y4 I4/mmm : 37 cava et al.,
a=3.779 1987
c = 13.226

Nd1_85Ce0;15CUO4 I14/mmm 24 - Tokura et
a = 3.95 al., 1989
c = 12.07

YBajyCugz09 Pmmm 91 Le Page et
a = 3.827 al., 1987
b = 3.877
c =11.708

YBayCuyOg Cmmm 80 Fisher et
a = 3.841 ‘ al., 1989
b = 3.872
c = 27.240

YoBaygCuq014 Cmmm 40 Bordet et
a = 3.851 al., 1988
b = 3.869
c = 50.290

PbySrp(Ca,Y)Cu3z0g Cmmm 80 Cava et al.,
a = 5.435 1988
b = 5.463
c = 15.817



BizStzCuOGV
BisSryCaCujOg

Bierzca2CU3010

TlBa)CuOg
TlBazCaCuy07y
TlBayCajCu30g
T1l,yBajCulg
leBa2CaCuéOQ

Tl;BajsCajCuz0qg
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14/mmm
a = 3,810
c = 24,607

I4/mmm
a = 3,812
c = 30.66

P4 /mmm
a = 5,396
c = 37.180

P4/mmm .
a = 3.869
c = 9.694

P4 /mmm
a = 3.857
c = 12,754

P4 /mmm
a = 3,853
c = 15,913

I4./mmm
a = 3.866
c = 11,620

I4/mmm
a = 3.856
c = 29.260

I4/mmm
a = 3.850
c = 35.880

85

110

103

110

90

99

125

Torrance et
al., 19868

Tarascon et
al., 1988b

Koyama et
al., 1988

Beyer et
alcl 1988

Marosin et
al., 1988

Subramanian
et al., 1988

Torardi et
al., 1988a

Hewat et
al., 1988

‘Torardi et

al., 1988b
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