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Magnetic and thermal properties

of high Tc superconductors
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Iowa State University

Measurements of the normal state magnetic

susceptibility X(T) of YSa2Cu307, Bil.8Pb0,2Sr2CaCu208+6, and

Bi2_xPbxSr2Ca2CU3Ol0+6 (x - 0.2 and 0.25) were carried out.

All X(T) data show negative curvature below ~ 2T c. The data

for YBa2Cu307 are in excellent agreement 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 YBa2Cu307, part of the

negative curvature is inferred to arise from the normal state

background. We find a strong temperature dependent

anisotropy _X - Xc - Xab and estimate the normal state spin

contributions to X(T). The heat capacity C(T) of YBa2Cu307

is reported for 0.4 K < T < 400 K in zero and 70 kG magnetic

fields. In addition to the feature associated with the onset

of the superconductivity at Tc, two anomalies in CiT) were

observed near 74 K and 330 K, with another possible anomaly
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near 102 K; the temperatures at which they occur correlate

with anomalies in X(T) and ultrasonic measurements. The

occurrence of the anomaly at = 330 K is found to be sample-

dependent. The influences of a magnetic field and the

thermal and/or magnetic field treatment history dependence of

a pellet sample on C(T), the entropy and the influence of

superconducting fluctuations on C(T) near Tc, and the

possible source of the observed intrinsic nonzero 7(0) at low

T are discussed.
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I. INTRODUCTION

The discoveries of high Tc superconductors which show

superconducting transition temperatures (T c ) below [Bednorz

and Muller, 1986] and well above [Wu et al., 1987] 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
i

transition temperatures. Some of the unusual properties of

the new high T c superconductors compared with the old

conventional ones are: large T c , 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 c in

magnetic fields [Lee et al., 1990d; Phillips et al., 1987;

Salamon et al., i988], linear term in low temperature 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 c [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 T c , a lot of new and modified

microscopic models [And_:rson, 1987; Anderson and Zou, 1988;

Chen and Goddard, 1988; Kresin, 1987; Prelovsek et al., 1987;

Schrieffer et al., 1988; Varma et al., 1987] instead of the

conventional Bardeen-Cooper-Schrieffer (BCS) electron-phonon

theory [Bardeen et al., 1957] were proposed. But still there

is no consensus regarding the microscopic mechanism for the

superconductivity. From the measurements of electronic

transport and thermodynamic pruperties with single crystals,

unusually large anisotropy above and below T c was reported,

which has important implications for the many applications.

AI.so, due to the very short zero-temperature Ginzburg-

Landau(LD) coherence length in the CuO 2 plane _ab(0) of ~ 20

A [Inderhees et al., 1988; Kanoda et al., 1988a and 1988b;

Lee et al., 1989], weak flux pinning was observed [Yeshurun

and Malozemoff, 1988], 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 c by

the fluctuation effect [Dubson et al., 1987; Freitas et al.,

1987; Friedmann et al., 1989; Goldenfeld et al., ].988; 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 c superconductors briefly which were studied in

this work (see appendix). La2_xAxCuO4 (A = Ba, Sr, Ca) has

the K2NiF 4 structure and the_e are two CuO 2 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 CuO 2 planes [N0cker et al.,

1988; Stassis et al., 1988] _. The structure of the most

widely studied compound YBa2Cu307_8 is similar to the above

one in some respects: both are layered structures, with some

similarity to perovskite in a sense that Cu could be

octahedrally coordinated in the formally filled structure of

YBa2Cu3Og° But due to oxygen vacancy ordering, it has two

CuO 2 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 6 [Maeno et al., 1987; Tarascon et al.,



1987 and 1988a; Tokura et al., 1988; Xiao et al., 1988].

Other structures of Bi2Sr2Can_iCUnO2n+4+6 (n = I, 2, 3) are

shown in Appendix. In these materials, there is no CuO chain

at all and the number of CuO 2 layers are equal to n. For the

case of n _ 2 and 3, two CuO 2 layers are separated by a Ca

layer and in Bi2Sr2CaCu208+ 6 (n - 2), the distances between

the CuO 2 layers are ~ 3 A and ~ 15 A for neare_t and next

nearest CuO 2 layers, respectively [Tarascon et al., 1988b].

In superconductors, there are several fundamental

microscopic parameters, which are the penetration depth _,

coherence length _, critical field Hc, order paramete_ _(r),

and supeL'conducting energy gap 2A. 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 order

parameter can be inferred from the temperature dependence of

X(T) and low temperature behavior. Also, upper critical

field [Hc2(T) ] measurements [Bauhofer et al., 1989; Enomoto

et al., 1987; Forro et al., 1988; Iye et al., 1987; Nakao et

al., 1989; Palstra et al., 1988b; Welp et al., 1989] can

provide information about the coherence length and superpair

mass anisotropy. But due to broadness in the

magnetoresistance [Iye et al., 1987; Falstra et al., 1988a

arld 1988b; Sun et al., 1987] in the high T c superconductors

near Tc, the deteLminatlon of Hc2(T) from these measurements
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iS ambiguous. On the other hand, the measured effects of

superconducting fluctuation on the magnetic susceptibility

and heat capacity can provide important information about the

j

order parameter, coherence length and mass anisotropy

directly. In addition, the dimenslonality of the microscopic

interactions between the carriers can be inferred directly

from the temperature dependences of the fluctuation effects.

Especially, for the layered structures such as high T c

superconductors, direct determinations of dimensionality and

related microscopic parameters will be definitely useful and

can be determined easily from X(T) measurements with

different magnetic field directions with respect to the

crystal axis on high purity grain-aligned samples.

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 Landau1, 1950],

the free energy density (f) in the absence of a magnetic

field and a gradient in the complex-order parameter, _,(r),

can be expanded as

2 B 4
* _ + _(T)l_(r)l +- I_(r)l , (1)

s n 2

where _s and _n are the superconducting and normal state free

energy density, respectively, and _(T) depends on whether the
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superconducting (_ < 0) or norma! (_ > 0) state. The

superconducting transition temperature, Tc , is defined as the

temperature at which the coefficient _(T) changes sign,

Therefore below Tc, fS has the minimum value for <I41> _ o,

but above Tc it is minimum when <141.> = 0. However, due to

the finite temperature, thermal fluctuations of 4 raise the

total free energy density by an amount _ of o_der kBT. In

other words, even above Tc, the minimum can be obtained at

<1412> _ 0. This phenomenon _s called superconducting

fluctuation effect above _T c in superconductors, which leads

to the existence of a_dynamic fluctuation-induced

superconducting state above Tc . Since the total energy

density increase by thermal fluctuations is only ~ kBT, the

fluctuation effects are largest in amplitude if confined to a

small correlation volume. The old conventlonal

superconductors have zero-temperature GL coherence lengths,

_(0) (which characterizes the size of a Cooper pair) of order

i0 ] A. But in new high Tc superconductors , _(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 _uperconductors.

So far, there have been several reports for

superconducting fluctuation effects in high Tc copper oxide

superconductors from low-frequency [Dubson et al., 1987;

Freitas et al., 1987; Friedmann et al., 1989; Goldenfeld et



al., 1988; Hagen et al., 1988b; vn et al., 1988; Ong et al.,

1988; Vidal et al., 1988] and microwave [Porch et al., 1988]

conductivity data above T c = 91K as well as heat capacity

[Fisher et al., 1988a; Gordon et al., 1989; Inderhees et al.,

1988; Laegreid et al., 1989] data near T c for YBa2Cu307 ;

these indicate that superconducting fluctuations are strong

at temperatures in the vicinity of Tc and above, and that the

superconductivity is three-dimensional. In these

measurements, a strong temperature dependent background is

present and must be subtracted, subject to strong assumptions

about the background, in order to extract the fluctuation

contributions, leading to ambiguities in the derived

microscopic parameters. On the other hand, these

fluctuations are also observable as a diamagnetic

contribution to the magnetic susceptibility X(T) above Tc

[Freitas et al., 198"7; Johnston et al., 1988; Kanoda et al.,

1988a and 1988b; 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 c superconductors such as

Bi2Sr2CaCu208+6 (Bi2212) and Bi2Sr2Ca2Cu3Ol0+6 (Bi2223) are

similar to YBa2Cu307 (Y123) in that each has conducting CuO 2

layers and shows strong anisotropy in the structure [Koyama

et 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 Tc

superconductors similar in magnitude to those observed in

YBa2Cu307. However, as yet no well-defined sharp heat

capacity feature near T c has been observed in the bismuth-

based superconductors, presumably due to chemical

inhomogeneities in the samples; this precludes analysis of

the influence of superconducting fluctuations on C(T) near •

T c . Further, to our knowledge there is no convincing

evidence for fluctuation effects in other measurements on

these Bi-based materials.

Besides the fluctuation effects, there have 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]. But

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

Tc cuprates, because these anisotropies should depend in

detail on the nature of these excitations. And still there



exist some controversies about (i)anomalies around T c (~ 91

K) and ~ 220 K - 240 K in the heat capacity C(T)of YBa2Cu307

which may arise from possible phase transitions [Butera,

1988; Fossheim et al., 1988; Ishikawa et al., 1988; Junod et
i

al., 1988], (ii) the presence of a linear term in C(T) at low

temperature [Phillips et al._ 1989 and 1990; Reeves et al.,

1989], and (iii)the m_]nitude of the superconducting

fluctuation effect on C(T) around Tc. Also, from sound

attenuation measurements, two possible phase transitions

around 65 K and around 130 K are reported [Bhattacharya et

al., 1988].

In this work, we report X(T) data for YBa2Cu307,

Bi2_xPbxSr2CaCu208+ 6 (0.0 _ x _ 0.5), and

Bi2_xPbxSr2Ca2CU3Ol0+6 (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 YBa2CU3OT, we

present the results of a new calculation of the angular

dependence of the superconducting fluctuation diamagnetism

(SFD) and compare the predictions with our X(T) data for

highly oriented powder with H II c and H _ c. This

comparison shows that the data are consistent with s-wave

superconducting pairing and that strong SFD exists up to at

least 12b K; theoretical fits to the observed SFD provide

quantitative estimates of the zero-temperature cc_herence
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lengths and the effective mass anisotropy. We infer that the

background X(T) exhibits negative curvature above Tc . For

the Bi2212 and Bi2223 samples, the Curie-Weiss-type
i

contribution to X(T) from impurity phases was found to be _

absent for the Bi2223 samples and Bi2212 samples with x =

0°i, 0.2 and 0.3. For these samples, above a few K above TC,

the X(T) data show two-dlmensional fluctuation behaviors.

From fits of the static Lawrence-Doniach two-dimensional

prediction, as modified by Klemm [1990], for the fluctuation

susceptibility to the data, the in-plane GL coherence lengths

tab(0) of Bi2212 and Bi2223 are obtained and compared with

values derived from publ_shed upper critical field

measurements.

From the magnetic susceptibility measurements, we find

strong anisotropy in X(T)for the superconducting as well as

normal states of high purity YBa2Cu307. The origin of

anisotropy in X(T) will be discussed and we compare our

results with previous measurements on single crystals and

powders.

Also we carried out extensive high resolution

measurements of C(T) for the same high purity batch of

YBa2Cu307. Our primary goals were to (i) determine whether

the nonzero Sommerfeld coefficients ¥(T = 0) _ 4 mJ/mole-K 2

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 ¥(T = 0) 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 [Johnston

et al., 1988; Miljak et al., 1988 and 1989] and/or 320 K

[Johnston et al., 1988], and in other types of measurements

at various 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 independent

fluctuating droplets of superconductivity, the linearized GL

free energy functional was written as

r (- v . [=ll (r)l (2)
GL * i c

where _(r) is the order parameter, m* is the pair mass, _ is

a temperature-dependent coefficient and A is the vector

potential. Here, the I_I 4 term in the GL free energy was

neglected since only temperature outside of the critical

region were considered, where the contribution of the

quadratic term is very small. The coefficient _ is related

to the GL coherence length £(T) by a = M/Im*_2(T), where [(T)

- _(0)[Tc/(T-Tc)] I/2. Expanding the order parameter _(r) in

terms of the normalized eigenfunctions of a particle in a



13

uniform magnetic field [ziman, 1972], the free energy

functional can be written as

2 r n 1 ]F - r. IC(q,k,n)l L_(k, + ) + Io I (3)
GL q, k,n 2

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

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

2 2
1 )_ k 1 2eMH

E(k, n +-) - + (n +--) (4)
2 2m* 2 m*c

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[-FGL(_)/kBT] over all possible $(r).

Using the thermodynamic relations F = - kBTInZ and magnetic

susceptibility X " - 82F/_H 2, and the Poisson sum rule,

Schmid showed that the free energy and diamagnetic

susceptibility induced by superconducting fluctuations can be

written as

2

1 r Irl e q 2

o 2 _c
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and

_kB_(0) T Tc ] 1/2X (T)--- ---- [, , (6)6 ¢2 T- _c
o

where Fo is the normal state free energy, V is the volume and

the GL coherence length {(T) is given by _(T) - _(0)[Tc/(T,

Tc)Ii/2 with zero temperature GL coherence length _(0).

Therefore, for a bulk superconductor, the fluctuation induced

diamagnetism is proportional to the temperature dependent

factor T[To/(T-Tc)] I/2 and the corresponding magnetization is

linear in H. experiment [Gollub et al., 1969] showed that at

low magnetic field, the above temperature dependence 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 H 2 are present in

equation (3). In 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 -- v_ T g(x) (7)
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with

x - , (8)
dT T c H

where g(x) is a universal function independent of the

material (see Prange, 1970) and Ht2 is the upper critical

magnetic field. This result explained the experimental

results well around Tc and in low magnetic fields. But

comparing this express.ion 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 c .

To improve the agreement in high magnetic fields, a

microscopic theory was proposed [Kurklj_rvi et al., 1972; Lee

and Payne, ].971], 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 - - ¢'B T g(x, H/H s ) (9)
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where g(x,H/H s) is a universal function (see Lee and Payne,

1971) and Hs 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 electrodynamlc effects play an important role. But

in the case of the dirty limit, where the GL coherence length

is much larger than the mean free path such as for the In-

16%TI superconductor, strong large dynamic effects are

expected and there was disagreement between the above

equation (9) and experimental results due to locality. Maki

and Takayama improved the above calculation by including

dynamic corrections for the dirty limit [Maki and Takayama,

1971] and found that such corrections gave good agreement

with experimental results for dirty limit superconductors.

Br 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. In their model, only the magnetic field

perpendicular to the layer was considered and the
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superconducting order parameter in adjacent layers 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

perpendJ, cular to the layer. Then the energy of single

particle is given by

_2 2
¢ (k)- k + < [i- cos(ek)] (J.0)

2m Ii l

where m is the in-layer effective mass, k ll and k± are the

components of the wave vector parallel and perpendicular to

the layer, respectively, s is the d_.stance between layers, <

is the Josephson tunneling parameter given by < - M2/Ms 2 and

M is the out-of-layer effective mass. Then the fluctuation-

induced diamagnetism for H perpendicular to the layer is

gi yen by

2 2 -1/2

_kBTtab(T) [ 4mtab(T) ]
X (T)- - I + (ii)
c 3_2s Ms 2

where tab(T) is the in-layer coherence length, %o is the flux

quantum and the coherence length tc(T) perpendicular to the

layer is given by [m/M]I/2tab(T). tab(T) can be expressed aG

tab(0)[Tc/(T-Tc)] I/2, where tab(0) is the zero temperature

Ginzburg_-Landau coherence length. If tc(T) >> s/2, then the
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temperature dependence of Xc(T) is given by T[Tc/(T-Tc)] I/2

which is 3 dimensional behavior, while T[Tc/(T-Tc)] if _u(T)

<< S/2, which is 2 dimensional behavior. The dimensional

crossover temperature TO is g_.ven by Tc[l + 4m_b(0_,'Ls 2].

For the case of a magnetic field parallel to the la_er in the

scheme of the Lawrence-Doniach model, the superconducting

fluctuation-induced diamagnetism can be written as [klemm,

1990]

1/2 1/2

X (T) - (0) T . (12)
ab 6¢_ ab T- Tc

In this case, no dimensional crossover occurs. Most known

high 'rc superconductors except Ba0.6K0.4BiO 3 and

Lal.85Sr0.15CuO4 contain more than one conducting layer in a

layer repeat distance s, which means that the Lawrence-

Doniach model should be modified 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 arising 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 8 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 2 layers per repeat distance s, with N-I equal

interlayer spacings d and one different spacing d' (N -2 for

YBa2Cu307 ), and one complex s-wave order parameter per layer;

the repeat distance s = d' + (N - l)d. The layers are

coupled by Josephson-like tunneling, with parameters <i and

<2, 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.r 1988; Oh et

al., 1988; Porch st al., 1988; Vidal et al., 1988], here we

considered only Gaussian fluctuations. The Gaussian

fluctuation free energy is diagonalized, yielding N order

parameter bands (in terms of their c-axis dispersions), with

N distinct T c values. Just above the highest T c , the

fluctuations are dominated by the three dimensional (3D)

regime of a single cellular order parameter. In the 2D

regime further above Tc, more of the order parameters

contribute to the f±uctuations, with their relative

contributions depending upon the <i and <2 values. The weak

field regime is defined by _cT% << 1 and H < H o m %o/SVFT _

[Klemm, 1990], where %o, _c, T% and v F 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 c is

X(8,T) = Xc(T) cos28 + Xab(T) sin28, where by the standard

techniques [Klemm, 1974; Klemm et al.0 1973; Schmid, 1969]

for N = 2

-16_2ab(0) ® e de _ dq

Xc(T)= 2_-. _ kBTcn (13)m

3_2s_° n=0,l 0 ,ee - 1 0 e2+[Bn'(T)+Cn(T)Xn(q)]2

and

-2m_ a (0) ® de e2+B_ )I/2 I/2
_/2r {[ (T -Bn(T)

3M_c(0)¢_/_ _ kB(TTcn, j (14)
Xab(T) =

e 1/2
n=0,1 0 (e -I)[e2+B_(T)]

where

8Ten
Bn(T) - In(T/Tcn), (15)

zT

2
16TcnM _c (0 )

Cn(T) = , (16 )
KTX 2

and

- 1/2
in(q) = <i + <2 +- [<12 +<22 + 2<l<2Cos(q)] (17)
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are the order parameter band energies in terms of q- kzs and

the Josephson tunneling parameters <l and <2, where n = 0 (I)

corresponds to- (+) for the two order parameter bands, and

where the transition temperature Tcl for the upper band is

given by

2 -2

(Tcl/Tc0)In(Tc0/Tcl) _ 4m_ab(0)_( max{<l,<2}. (18)

The Ginzburg-Landau coherence lengths _ab(T) _=

ab_ab(0)[in(T/Tc0)]-i/2 and tc _ _ /e, where e = IL,/M is the

ratio of pair effective masses parallel and perpendicular to

the a-b plane, and %o is the flux quantum hc/2e. M is given

by M2(I/<I + I/<2)/s2 in terms of the microscopic tunneling

parameters. They defined y - <I<2/(<i + <2 )2, so that 0 _ y

1/4. The above equations are exact in the low-field regime

within the framework of the time dependent Ginzburg-Landau

theory, which _s accurate in the entire Gaussian fluctuation

regime, neglecting scattering effects. The above model is

consistent with the Klemm, Luther and Beasley (KLB) [Klemm et

al , 1975] form for N = I, which is an extension of the LD

model to an arbitrary local magnetic field S direction. Also

note that for <I = <2 = <, s = 2d and neglecting dynamic

effects, the above model reduces to the LD mode].. For either

<I << <2 or <2 << <I, it is again of the LD form with < =

<i<2/(<i + <2) in equation (I0). It should be noticed that

with dynamic effects included in the calculation, there is no
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distinct dimensional crossover between 2 dimensional and 3

dimensional temperature dependences, in contrast to

predictions [Klemm, 1974; Klemm et al., 1973; Lawrence and

Doniach, 1971; Schmid, 1969] when these effects are

neglected. Indeed, the dynamic effects can yield a

temperature dependence similar to that previously expected

[Klemm, 1974; Klemm et al., 1973; Lawrence and Doniach, 1971;

Schmid, 1969] for dimensional arossover even when dimensional
L

crossover does not occur (S I c) [Klemm, .1990].
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III. EXPERIMENTAL DETAILS

A. Sample Preparations

a. YB 2cu3 7-

A 15 g master batch of polycrystalline YBa2Cu307_ 6 was

prepared from pre-dried Ames Lab Y203, 99,999% CuO and 99.9%

BaCO 3. 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

remaining 3 g was maintained 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 02 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

YBa2Cu307_ 6 was single phase with lattice parameters a =

3.71.2(2) A, b = 3.895(4) A and c = 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 6 ~ 0 [Johnston et al., 1987].
L

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 (_m) 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 aze 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-O eutectic composition impurity [McCallum, 1989]. In

order to ascertain the amount of eutectic impurity present in

the YBa2Cu307 powder, a small powder sample consisting of 90

wt.% powder YBa2Cu307 was mixed with 5 wt.% BaCuO 2 and 5 wt.%

CuO and the mixture heated to 960 °C in a tube furnace under

02 gas to form a eutectic mixture plus YBa2Cu307 majority

phase. A DTA scan as in Fig. la was then performed, and the

results are shown in Fig. lb. The ratio of the enthalpy

under the peak in Fig. la to that in Fig. ib indicates that

(0.6 ± 0.2) wt.% of our YBa2Cu307 powder sample consists of

the eutectic impurity mixture.

b. Bi2_xPbxSr2CaCu208+8 and B!2_xPbxSr2_a2Cu3Ol0+8

Polycrystalline samples of Bi2_xPbxSr2CaCu208+8

(Bi2212), 0.0 4 x _ 0.5, and Bil.8Pb0.2Sr2Ca2Cu3Ol0+6

(Bi2223) were prepared by the solid state method from

stoichiometric mixtures of 99.99% Bi203, 99.9% PbO, 99.99%

SrCO 3, 99.99% CaCO 3 and 99.999% CuO. 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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Fig. la. Differential thermal analysis scans in 02 gas for
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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 Bi2212 (x-0.0),

is shown in Fig. 2,

B. Grain Alignment of YBa2Cu307_ 6

As first pointed out by Farrell et al. [Farrell et al.,

1987], grain alignment of YBa2Cu307 powder can be achieved

near room temperature by placing a free-flowlng powder

freshly mixed with epoxy in a strong magnetic field H; very

good alignment with c I I H is retained once the epoxy has

cured. We first utilized this method with H - 80 kG at 300 K

using Epotek 301 epoxy. Shown in Fig. 3 are X(T) data for

the epoxy alone (H m 10 kG), for the grain-aligned powder

elone (c II s, H - 3 kG, see below), and for 27 mg of the

aligned powder in 9 mg of epoxy (c I I 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 YBa2Cu307
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Fig. 2. Differential thermal analysis scans in 02 gas for

Bi2Sr2CaCu206+ 6 powder sample
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below ~ 200 K is ao,Lpletely ma_ked by the paramagnetic

imput'ity/def.ect contribution. We further observed _or this

aligned sample in epoxy that the screening susceptibility

below T c for H - 50 G was degraded. The deterio_'ation 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 tail must originate ff:om a chemical reaction

between the sample and epoxy.

We therefore sought a better method of grain alignment.

lt is known that X(T) for H I I c (Xc) is larger than that for

H I c near room temperature [_'arrell st al., 1987; Fukuda et

al., 1988], whereas Xc < Xab if T < %1c [Solin et al., 1988;

Tranquada et al., 1988]. The free energy is minimized for c

}I H above Tc and for c I H below T c , 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 graln-alignment of

our YBa2Cu307 powder in the SQUID magnetometer. The free-

flowing powder was placed in a quartz tube sample l,older

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 50 kG with c II H

by holding the sample temperatut'e at 300 K (> Tc), or with c

i H at I0 K (< Tc), and vibrating the sample rod overnight.
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The amplitude of vibration was then slowly (ove_ minutes)

reduced to zero and then the field reduced to zero and

essentially complete alignment was achieved. 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 obvio]s advantages of thi8 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 orientations.

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) data for powders grain-aligned in situ

with c I I H before and after heavily grinding the powder.

The grain size of the heavily ground sample was measured, as

above, to be _ 1 _m, much smaller than the above value of 25

_m measured prior to grinding. Although X(T) for the heavily

ground sample still shows negative curvature above Tc, the

slope dX/dT becomes negative above about 200 K; this

indicates the presence of a Curle-Welss contribution,

presumably originating from magnetic defects generated during

grinding.
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Fig. 4. Magnetic susceptibility X VS, temperature for

grain-aligned YBa2Cu307 with H II c, before

(filled squares) and after (open squares) heavily

grinding the powder in air
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C. DC Resistivity Measurements

The standard four-probe method was used for a bar-shaped

YBa2Cu307 sample from 300 K down to 77 K. The sample

dimensions were 1.0 x 1.0 x 3.8 mm 3. 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 quantum

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. In measuring superconducting

properties, such as the Meissner effect, screening
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magnetization and transition temperature (Tc), 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 YBa2Cu307 was found to be equivalent to ~ 3

ppm of iron metal impurities with respect to copper. This

small ferromagnetic impurity contribution to M is corrected

for in the data YBa2Cu307 below. In Bi2_xPbxSr2CaCu208+8 and

Bi2_xPbxSr2Ca2Cu3010+8, from the magnetization M versus

magnetic field H, M(H), isotherms at 300 K, the ferromagnetic

impurity levels were found to be equivalent to between ~ 1

ppm and - 3 ppm of iron metal impurities with respect to

copper. These small ferromagnetic impurity contributionsto

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 YBa2Cu307 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 Cu +2

local magnetic moments in the sample, and thereby deduce

information about the intrinsic low temperature Sommerfeld

heat capacity coefficient y(T = 0). C(T) data for both the

powder and pellet samples were obtained between 120 K and 400

K using a Perkin Elmer 7700 Differential Scanning Calorimeter

(DSC) at a T ramp rate of i0 °C/min in a search for possible

phase transitions. For comparison with these C(T) data,

magnetic susceptibility X(T) data for the same samples were

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 plate0 with the thermometer

attached to the opposite side of the plate. For the pulse

C(T) measurements at Berkeley, the sample was wrapped with

silver foil to enhance the thermal contact between sample and

addenda and attached to a copper plate with a small amount of

GE 7031 varnish. A small thin-film heater was mounted onto

the silver foil. In these measurements, the duration of a

heat pulse was about 2 min at high temperatures and 30 s

below 30 K. The thermal equilibration time was about 5 and

i0 min in the respective T ranges.

Additional C(T) measurements, accurate to 0.5%, were

made on the pellet sample in Berkeley in H = 0 and H = 70 kG

from 68 K to ii0 K using a high resolution continuous heating
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method and the same sample mounting and addenda as for the

pulsed measurements, with a heating rate of = 4 mK/s. A

series of four measurements were made, with one in the 70 kG

field. Three zero-field measurements were made to determine

the reproducibility of the measurements and the 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 YBa2Cu707 pellet sample at room

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

respect to that at room temperature versus temperature is

shown in Fig. 5. We can see the apparent bending down

behavior starting around 120 K. 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, Tc(R = 0), was observed at 91.5 K and maximum

slope in dR/dT was at 93.2 K.

B. Magnetic Susceptibility

a- Polycrystalline pellet yBa2Cu307_ 8

Meissner effect M/H measurements of the polycrystalline

pellet sample in H = 50 G gave 48% of -i/4_ at l0 K with a

zero-field-cooled value in the same H of 127%, both

uncorrected for demagnetization factors (Fig. 6). The

Meissner effect attained I0 and 50% of its maximum value at

91.4 and 88.1 K, respectively. The X(T) data of

polycrystalline pellet YBa2Cu307 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 YBa2Cu307. 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 (~ 2Tc). The region of negative curvature below ~ 200 K in

Fig. 7 suggests the onset of either filamentary

superconductivity or superconducting fluctuatior_ diamagnetism

(SFD) in the sample. The field-cooled (FC) magnetization

curves below Tc in H - 50 G, 500 G, 3 kG, i0 kG and 50 kG are

shown in Fig. 8. Below Tc, negative curvature in M(T) can be

seen for the magnetic fields greater than 3 kG. In Fig. 9 we

replot the magnetization data for 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 Tc,

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 YBa2C__uU3OT_6

M(T) data for YBa2Cu307 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 YBa2Cu307 in a field of 50 G for both H II c

and H I c, as well as for the randomly oriented powder. The
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results for X(T) • M(T)/H are shown in Fig. i0. Uncorrected

for demagnetization factors, the randomly oriented powder

shows 165 % of (-i/4_) screenin 9 susceptibility and a 42 %

Meissner effect. From Fig. i0, these measurements depend

sensitively on the magnetic field orientation, as expected.

The anisotropy in the screening susceptibility is comparable

with that found 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 Meissner and shielding results to be

identical for aligned powders and single crystals. Fig. ii

shows the screening susceptibilities for the three

measurements in Fig. i0 normalized to the values at i0 K; for

B Ii 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. i0, and the apparent transition

width is of order Tc .

Magnetic susceptibility X(T) data were obtained above T c

= 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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Fig. 10. Screening diamagnetism (filled symbols, zero-

field-cooled) and Meissner effect (open symbols,

field-cooled) vs. temperature for nonaligned

powder (circles) and grain-aligned YBa2Cu307 in a

field of 50 G with H II c (triangles) and H I c
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vs. temperature for the screening measurements of

grain-aligned YBa2Cu307 in Fig. i0
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The X(T) data for H = 3 kG are shown in Fig. 13 for this

YBa2Cu307 powder sample before and after grain-alignment.

The X(T) for the aligned YBa2Cu307 are shown again in Fig.

14, along with a theoretical fit to the background (solid

curve, see below). This powder sample does not show any

clear indication of the anomalies at 220-240 K and/or 310 K

which was seen in Other X(T) studies such as for our pellet

sample above [Cheong et al., 1987; Johnston et al., 1987 and

1988; Miljak et al°, 1988 and 1989]. Another complete set of

data for this sample closely reproduced the data in Fig. 13

The X(T) data for each measurement increase monotonically

with increasing temperature and exhibit negative curvature

below ~ 200 K (~ 2Tc). Above 240 K, the data increase

approximately linearly with temperature, with slope (1.40 ±

0.08) x 10 -10 cm3/gm-K for both Xc and Xab. The anisotropy

aX • Xc - Xab is plotted in Fig. 15. Above Tc, AX > 0,

whereas below T c , AX < 0. That _X passes through zero very

nearto T c is consistent with the temperature dependent

anisotropy 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 Tc, IXc/Xabl > I.
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c. Bi2_xPbxS__[r2CaC_____u208+6 and Bi2_xP_xSr2C__aa2Cu3Ol0+6

Meissner effect data for the Bi2_xPbxSr2CaCu2Os+ 6

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 Ton is = 96 K, with a Meissner fraction of 40% of
4

-I/4_ at 10 K, uncorrected for demagnetization factors. The

Meissner effect attained i0 and 50% of its maximum value at

93 K and 89 K, respectively. It is well-known that

Bi2Sr2CaCu208+ 6 has Ton = 85 K, whereas Ton = ii0 K for

Bi2Sr2Ca2Cu3Ol0+6 [Koyama et al., 1988; Matsui et al., 1988].

Our value Ton = 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 Ton value and magnitude of the Meissner effect

depend on the Pb content x. For x - 0.0, 0.1 and 0.2, Ton =

96 K, but for x = 0.3, Ton shifts down to 92 K. The data for

x m 0.5 show two clear transitions, with Ton = 107 K and = 89

K, respectively. Defining the superconducting transition

width AT c as the difference between the temperatures at which

the Meissner effect attains 10% and 50% of its maximum value,

we find AT c = 6 K, 4 K, 4 K and 3 K for x = 0.0, 0.I, 0.2 and

0.3, respectively. Since the different samples had different

and irregular 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
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Magnetization M(T) data below Tc 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 Tc in H - 50 G, 3 kG, i0 kG, 20 kG and 30 kG were

obtained and are shown in Fig. 19. Between T c and the second

derivative maximum temperature, positive curvature in

dM(T)/dT is seen for H > 3 kG, which is opposite to the

behavior observed for YBa2Cu307 [Lee and Johnston, 1990b and

1990c]; these behaviors are not yet understood.

X(T) data above Tc for the Bi2212 samples wit_i 0.0 < x <

0.5 in H - 3 kG are shown in Figs. 20 and 21. For 0.i & x ._

0.3, dX(T)/dT is positive at least up to 400 K. However, for

x - 0.0 and 0.5, dX(T)/dT is negative above ~ 150 K,

indicating the presence of appreciable amounts of magnetic

impurity phases with a Curie-Weiss-like susceptibility.

The Meissner effects and screening susceptibilities for

our samples of Bi2_xPbxSr2Ca2Cu3Ol0+6 with x = 0.20 and 0.25

in H = 50 G are shown in Figs. 22a and 22b. The value of Ton

for x = 0.2 is ~ 108 K; the Meissner effect and screening

magnetization data yield M/H = 18% and 34% of -i/4_ at i0 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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0.2 sample show the presence of a small amount of the Bi2212

phase. The Meissner effect attained i0 and 50 % of its

maximum value at 106 K and 99 K for x=0.2, and i08 K and 103

K for x = 0.25, respectively.

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

23b. As for YBa2Cu307 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 YBa2Cu307 pellet sample 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

agreement 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

whole temperature range is similar _ to the results of previous

measurements on relatively magnetically pure samples [Fisher

et al., 1988b; Junod et al., 1989; Sun et al., 1990].

To ascertain the reproducibility of the heat capacity

near Tc, a series of four measurements was carried out using

the Berkeley continuous heating calorimeter. Initially, 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 = ii0 K. A feature with a
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Fig. 24. Overview of heat capacity C(T) vs. temperature T

for a polycrystalline YBa2Cu307 pellet sample in

zero applied magnetic field from pulsed

calorimeter measurements at Ames (below ~ 120 K),

pulsed calorimeter measurements at Berkeley (I -

30 K), continuous heating calorimeter measurements

at Berkeley (68 - ii0 K, top data set here, set A

in Fig. 26), and differential scanning calorimeter
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Fig. 26. Heat capacity divided by temperature C/T vs. T for

T - Tc measured at Berkeley using a continuous

heating 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 applied magnetic field H before

measurement; B: cooled from ii0 K and held at 65 K

overnight (H = 0); C: cooled from Ii0 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 irl C/T for B increased to

91.0 K from the value of 89.5 K found for A. From Fig. 26,

large differences between the two measurements are seen in
4

both the magnitude of C(T) and the size of the feature near

T c . Also, there is a hint of an anomaly near 102 K in B not

evident in A, and of anoma].ies at ~ 74 K in both B and A.

There were no differences obvious 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 magnetic 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 Tc 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 has

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, the 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 weakanomaly 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 i0 K at Ames and at Berkeley ar8 shown in Fig.

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 YBa2Cu307 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. From

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 Tc for the

pellet and powder samples of YBa2Cu307 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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Fig. 27. Low temperature pulsed heat capacity divided by

temperature C/T vs. T 2 in zero field measured at

Ames (squares) and Berkeley (clrcles)
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Fig. 28. Low temperature pulsed heat capacity divided by

temperature C/T vs. T2 measured at Berkeley with H

- 0 (circles) and 70 kG (crosses); the zero-field

data are the same as in Fig. 27 from Berkeley.

The solid curve is a fit to the zero-field data

(see text )
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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 T c . 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 T c 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. Thls

anomaly might be a manifestation of flux-pinning effects,

although this appears unlikely because the magnetization is

reverLiDle with increasing and decreasing field at this field

and temperature [Mitre et al., 1989]. Alternatively, it

could be a reflection 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 Fluctuatj.on Diamagnetism above T c

a. YBa2C_307_ 6

In order to compare grain aligned magnetic

susceptibility (×), 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 8

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]. In that

model, there are N conducting CuO 2 layers per unit cell, with

N-I equal interlayer spacings d and one different spacing d'

(N = 2 for YBa2Cu307 ), and one complex s-wave order parameter

per layer; the c-axis unit cell edge s - d' + (N - l)d. The

layers are coupled by Josephson-llke tunneling, with

parameters <i and _2, respectively. In twinned YBa2Cu307,

the intertwin distance is usually _ 1500 A. We therefore

take VF_ _ to be _ 1 vm, which implies H o k 17 kG, so our

measurements are in the weak field regime. In 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 Tc superconductors, we have changed the temperature-
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dependent part [(T-Tc)/T c] in a(T) of equation (i) to

In(T/T c) 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 ×(T) to the

fluctuating superconducting order parameter.

In comparing our theory with the data in Fig. 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.i at. %; see section V.

D. b. below) of magnetic impurity phases. Consider the

anisotropy _X • XI Ic - Xlc derived from Fig. 14 and shown in

Fig. 15. The first (spin correlation) contribution should be

absent in aX, since it is essentially isotropic. From Fig.

15, _X • 4×0 " 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 6X(T) • _X(T) - dXo, plotted in

Fig. 30, is thus expected to contain only the SFD

contribution of present interest, and we therefore fit 6X(T)

with the above theory. Heat capacity measurements on our

sample gave T c - 90.8 K, which is not an adjustable parameter

in the fits below.
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Fig. 30. Plot of 6X m _X- AXo vs. (T-Tc)/Tc; the solid

curve is our optimum fit to the data and the other

two curves are for nonoptimum fits
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Theoretically predicted 6X(T) curves were computed

,

numerically for y values between 0.01 and 0.2499, 8 values of

0.001 to 0.04 and tab(0) values of i0 to 30 A. The

calculations were compared with the data on a plot of lOgl0[-

6X/T] vs, logl0[in(T/Tc)] for T < 126 K, and the standard

deviation _ for each set of parameter values was computed.

At fixed _ab(0) and y, e was varied to give the minimum

(Fig. 31). Fits with _ _ 0.035 were judged acceptable; fits

with _ - 0.044 were noticeably worse. For combinations of

the three parameters yie].ding _ > 0.035, the fits showed

systematic deviations from the data over appreciable ranges

of temperature and were deemedunacceptable. The

combinations of parameters which gave acceptable fits to the

data in Fig. 30 are _ab(0)-(13.6 +_ 0.8) _, y = 0.20 ± 0.05

and e - 0.0076 ± 0.0015. For these parameter ranges, both

order parameter bands have nonzero Tc values [see Eq. (18)]

and both therefore contribute to the SFD. Our optimum fit (a

- 0,027) is given by the solid curve in Fig. 30. Regions of

_ab(0) values between 17 and ~ 25 A and below 12 Aare

clearly unacceptable (_ > 0.07). However, tab(0) values near

30 A are almost acceptable (_ _ 0.038) if y = 1/4, as shown

in the Fig. 30. Such large values of tab(0) are, however,

inconsistent with recent dc M(T) measurements [Welp et al.,

1989] of dHc2/dT at T c for S Jj c, which give _ab(0) = 13.8

A. A further prediction of 8X(T) for tab(0) = 11o5 A, tc(0)
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- l.B A and y _ 0.01, parameters derived [Aronov et al.,

1989] from recent fits (excluding dynamics) to
q

paraconductivity data, is shown in the Fig. 30; these

parameters [Aronov et al., 1989] are obviously not consistent

with our _X(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 c (indicative of 3D

behavior), we infer that the width of the critical region is

less 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 ii0 K < T < 126 K is

approximately -I, naively (i.e., in a static calculation)

indicative of 2D behavior in that region, this interpretation

is complicated by _ the dynamic effects present in the theory

[Klemm, 1990]. Our ratio ]./_ = M/m ~ i00 to 150 is

consistent with some [Forro et al., 1988; Enomoto et al.,

1987; Iye et al., 1987] Hc2 anisotropy data near T c which

indicate M/m ~ 70 - 120. For these _ values, one would

expect dimensional crossover in Xc(T) [but not in Xab(T)] to

occur in the T regime pictured in the Fig. 30.

The background X(T) for H I I c and M i c was determined

by subtracting the above 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

numerous other studies which indicate that some sort of

structural, magnetic and/or electronic modification of

YBa2Cu307 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 stats X(T) background turns out to be

anisotropic, then the parameters 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 ontemperature.

b. Bi2_xP__bbxS__[2CaC_____uu208+6,Bi2_xP_bbxS__[r2C__aa2C__uU3Ol0+8,and

Lal.8S__[0.2CuO4-6

The structures of these Bi-based copper oxide

superconductors are similar to YBa2Cu307 in that they each

contain CuO 2 layers. Therefore, we expected and found the

magnitudes of the superconducting fluctuation diamagnetism

(SFD) to be similar; in each case the region of negative

curvature (attributed to the SFD) begins above ~ 2T c as in

YBa2Cu307 •

f
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Our measurements were carried out on randomly oriented

samples, so the measured susceptibilities are powder averages
/

<X> : /,_

1 2

<×>(T) -- × (T) + -× (T) . (.I,9>
3 c 3 ab

The pair mass anisotropies in B12212 and Bi2223 are much

larger than in YBa2Cu307 [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 to Xab(T)

is less than that to Xc(T) by a factor of ~ i00. Many

experiments [Beille et al., 1988; Farrell et al., 1989; Kang

et al., 1988; Martin 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 Xab(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 c. From Eq. (19) and Ref. [Lawrence

and Doniach, 1971], one obtains {

1 _kB _b (0 )T Tc

<X>(T) " Xo - - geff _ [ ] (20)3 3_,is T- T c
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l

where Xo contains the normal state contributions in the

absence of fluctuations and is assumed to be independent of

T. _o is the flux quantum hc/2e and geff is the effective

number of complex s-wave order parameters in the repeat

distance s discussed above; in the 2D regime, geff m 2 for

Bi2212 and 3 for Bi2223 (see below).

Bil.8Pb0.2Sr2CaCu208+ 6 has two CuO 2 layers in the layer

repeat distance s - 15_4 A along the unit cell c-axis and is

much more two-dimensional in the superconducting and normal

states than is the case for YBa2Cu307. In terms of the

phenomenological model for the high Tc 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 <2 and <i are expected to be

much different from each other, whereas they are similar in

Y123 [Lee et al., 1989; see above section]. For <2 << <i,

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 Tc

compared with the n m 0 band, the n = 1 band contributes

significantly to the SFD in this region [Klemm, ].990].

Therefore, the effective number of complex s-wave order
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parameters in the repeat distance s is taken to be one in the

3D region and two in the 2D region. Below, we fit the data

in the 2D region only.

The observed X(T) for Bil.sPb0.2Sr2CaCu2OS+ 6 from Figs.

20 and 21 is replotted in Fig. 32. Our best fit of Eq. (20)

to the data above = Ii0 K is shown as the solid curve. Close

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

However, above ~ ii0 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, Tc = 91.1(1 _) K and _ab(0) =

20.4(2) i. The value T c = 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 Tc Bi2223 phase as

an impurity. The diamagnetic behavior is further illustrated

in a plot of log[-Xdia/T] versus log[(T-Tc)/T c] in Fig. 33,

where from Zq. (20) Xdia(T) - <X> - Xo; the slope above ~ 110

K is - i, as expected. As in Fig. 32, we believe the

deviation between experiment and theory in Fig. 33 below ~

109 K is due to B12223 impurity phase. The value of £ab(0)

is about 1.5 times that for YBa2Cu307 [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., 1988] and single crystal [Beille et alu, 1988;

Martin et al., 1989; Palstra et al., 1988a] samples. Taking
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Fig. 32. Magnetic susceptibility X vs. temperature of

Bil.8Pb0,2Sr2CaCu208+6 in H - 3 kG. The solid

curve is LD 2 dimensional theory
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Fig. 33. log-log plot of the SFD divided by temperature

Xdia/T vs. reduced temperature (T- Tc)/T c from

Fig. 32 for Bil.sPb0.2Sr2CaCu2Os+ 6. Solid line is

LD 2 dimensional theory
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the pair mass anisotropy ratio (M/m) I/2 = 50 from Ref.

[Naughton et al., 1988], one obtains tc(0) - _ab(0)[m/M]i/2 =

0.4 A. This very small tc(0) value is about i/3 of that (1.2

A) [Lee st al., 1989] fee YBa2Cu307, and both are of atomic

dimensions.

For the Bi2_xPbxSr2Ca2Cu3010+6 system, there are th_ee

CuO 2 layers in the repeat distance s - 18.6 A along the c-

axis. Therefore, three interlayer Josephson tunneling

parameters (<i, <2 and <3) are present. As discussed above

for Bi2212, if <i, <2 >> _3 and <I ~ <2, then in the 3D

region the lower two bands dominate the fluctuations and geff

- 2. However, in the 2D region all of the bands contribute

to the fluctuation diamagnetism, and we take geff= 3 in this

case Fitt_l ¢, Eq (20) to the data in Fig 23a above ii0 K

for x - 0.20 yielded Xe " 1.82(6) x 10 -7 cm3/gm, T c - 103(3)

K and tab(0) - 18.0(6) A for geff f" 3. A similar fit to the

data in Fig. 23b for x - 0.25 gave Xe = 2.32(5) x 10 -7

cm3/gm, T c _ 107.8(3.2) K and tab(0) - 11.8(4) A. The fits

are shown as the solid curves in Figs. 23a and 23b. Since

AT c is smalle_ for the x _ 0.25 sample than for the x - 0.20

sample, the tab(0) for the former sample is probably more

reliable. This value of 11.8 A is about half that for Bi2212

(x - 0.2), but similar to that (13.6 A) [Lee et al., 1989]

for YBa2Cu307 . Plots of log[-Xdia/T] vs. log[ (T-Tc)/T c] for

the two B12223 samples are shown in Figs. 34a and 34b. As
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Xdia/T vs. reduced temperature (T- Tc)/T c from

Fig. 23a for Bil.sPb0.2Sr2Ca2Cu3010+8. Solid line

is LD 2 dimensional theory
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for Bi2212, the deviations between theory (solid lines) and

experiment below lln K are believed to arise from the onset

of bulk (nonfluatuatlng) superconductivity below this

temperature, originating in these samples from the

nonnegligible transition widhhs (see Figs. 22a and 22b).

We note that if <I _ _2, 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 seaond consideration is that among the three CuO 2 layers in

the layer repeat distance, one of the CuO 2 layers has no

bridging oxygens, whereas the other two layers do. If the

bridging oxygens turn out to have an important role in the

superconductivity [Miller et al., 1990; Vaknin et al., 1989],

then one might have geff = 2 rather than 3 in the 2D regime.

In this case, the derived _ab(0) and tc(0) val_es 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 c [Endoh st al., 1988; Shirane et al., 1987] in

Lal.sSr0.2CuO3.96 compared to the above othel: two systems, it

is not easy to analyze the X(T) data for Lal.sSr0.2CuO3.96 ,

in Fig. 35 which has Tc ~ 31 K [Johnston, 1989; Jol]nston et
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Fig. 35. Magnetic susceptibility X vs. temperature of

powder La l.Ssr0.2CuO3.96 in H - 6 kG from

references [Johnston, 1989; Johnston et al., 1988]
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al., 1988]. The strong temperature dependent X(T) above T c

is the superposition of contributions from spin fluctuations

and superconducting fluctuations, but close to Tc we expect

that the spin fluctuations will show smooth behavior.

Therefore, the negative curvature close to Tc is dominated by

the superconducting fluctuation effect as in the above other

two systems.

B. Superconducting and Normal State Magnetic Susceptibility

" Anisotropy

We would first like to re-emphasize [Lee and Johnston,

1990b; Lee et al., 1989] that the observed susceptibility

data for pellet and grain aligned powder YBa2Cu307 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 YBa2Cu307 samples. The data increase

monotonically with temperature for both field orientations,

exhibiting negative curvature below ~ 200 K. Between = 200 K

and 400 K, our data increase approximately linearly with

temperature, confirming the intrinsic behavior deduced

previously based on 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/dT
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> 0 above T c [Kanoda et al., 1988a 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(T) behavior or dX/dT

< 0 above T c . The negative curvature in our data from T c =

91 K to = 200 K arises from a combination of superconducting

fluctuation diamagnetism and a temperature dependent normal

state background susceptibility [Johnston et al., 1988;

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 fL_om antiferromagnetic spin fluctuations

[Johnston, 1989; Johnston et al., 1988].

Of particular interest here is the anisotropy in X(T) in

YBa2Cu307 above ~ 200 K. For comparison with _he present

measurements, we list in Table I values of Xc, Xab and 6X for

YBa2Cu307 and for several other members of the high T c

cuprate family obtained 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 themost reliable

quantity to compare is 6X. Our value of AX for YBa2Cu307 is

slightly larger than those of Miljak et al [1988 and 19891
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and Fukuda et al. [1988], obtained for single crystals with a

somewhat lower Tc, and is about 80 % larger than recently

reported [Takigawa et al., 1989] for a sample of YBa2Cu307

grain-aligned _powder in epoxy. From our large _X value, we

conclude that the degree of grain-alignment achieved in our

experiments is essentially i00 %; because our grain-aligned

samples are free-flowing powders enclosed in quartz tubes_ it

was not possible to verify the degree of grain alignment

using X-ray diffraction techniques. The reason that our

value of _X is larger 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 impurities

present in those crystals have anisotropic susceptibilities

that partially can_el the anisotropy intrinsic to YBa2Cu307.

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

_X values for nonmetallic La2CuO 4 and Sr2Cu02Cl 2 and for

metallic 5al.88Sr0.12CuO4 in Table I are the same to within +

7 %. This similarity suggeshs that the local electronic

structure around the Cu ions in the CuO 2 planes is similar in

these compounds.

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

field direction into orbital and spin contributions:
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X(T)- X°rb + xspin(T), (21)

where X°rb fs assumed independent of temperature whereas

xsP in may depend on temperature. In the absence of

superconducting fluctuation diamagnetism (i.e., above = 200

K), we assume

Xor,b = xdia + xVV, (22)

which consists of the isotropic core diamagnetism Xdia and

the paramagnetic, and in general anisotropic, Van Vleck

contribution XVV (we absorb possible contributions from

Landau diamagnetism into xspin). From Eqs. (21) and (22),

AX " Xc - Xab " _X Vv + 6X spin • (23)

Estimates of xsP in and XVV have been made previously for

YBa2Cu307. From the observed variation in the heat capacity

jump at Tc 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 predictions from

.
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band theory for Xdia and Xvv of hypothetical Sc2CuO 4 [Leung

et al., 1988]; the Xvv values are smaller than inferred for

Cu(2) ions in the CuO 2 planes in YBa2Cu307.

Takigawa et al. [1989] derived their values of xsP in

Using their anisotropic X data in Table I. Since we find

that the intrinsic anisotropy is much larger than reported in

that reference, we have re-computed xsP in using Eqs. (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 I0 % for H II c than for H

I c, rather than the reverse [Takigawa et al., 1989],

consistent with the sign of axsP in in Sr2CuO2Cl 2 [Vaknin et

al., 1990]; the latter xsP in anisotropy probably arises from

anisotropy in the spectroscoplc splitting factor g of the

spin 1/2 Cu +2 ions [Vaknin et al., 1990]. We note that all

the derived values of xsP in for YBa2Cu307 in Table II would

shift upwards by 1.8 x 10 -5 cm3/mole if the value of Xdia

computed from reference [Selwood, 1956] (-19.3 x 10 -5

cm3/mole) were substituted for the value in Table II.

C. DC Resistivity

Unl_ke the almost temperature independent background in

magnetic susceptibility, there is a strong temperature

dependent background above Tc in resistance. Therefore to
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separate the fluctuation part only from the measured

resistance is not easy. But we can expect metalllc property

which shows linear temperature dependence in resistance far

above T c . In Fig. 5, there is an almost linear region _

between 150 K and 230 K and significant bending down behavior

due to fluctuation effect can be seen below ~ 120 Ka 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 though 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).

l

D. Heat Capacity

a. Near Tc

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 Tc, 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 Tc (but

see below), one obtains AC/T c - 32 mJ/K2-mole YBa2Cu307 for

B, which is 42% less than the value of 55 mJ/mole-K 2 for A.

These differences may be compared with the absolute accuracy

of each measurement of 0.5% and with an expected

reproducibility 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 at 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 an 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

Tc 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

apparent 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 _s larger in magnitude than the zero field set

B between = 75 K and = 85 K, whereas ft is smaller between =

85 K and = 93 K. In the latter region, the entropy change AS

- S(0) - S(70 kG) = 83 mJ/mole-K, and in the former it is -55

mJ/mole-K, yielding a net entropy change _Sne t u 28 mJ/mole-

K. This apparent nonconservation of entropy is not yet

understood; it could conceivably arise through the above

thermal history dependence of C(T) or from the limited

temperature range of the measurements in Fig. 26.

Due to lack of detailed knowledge of the dominant

lattice contribution to the heat capacity of high Tc cuprate

superconductors near Tc , it is not clear how to accurately

separate the observed heat capacity into electronic and

lattice parts. A further complication is that close to Tc,

the thermodynamicand electronic transport properties of the

cuprate superconductors 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 Tc, which would then lead to an inaccurate estimate of

the normal state Sommerfeld coefficient y if one used, e.g.,
F

the BCS result relating y to AC (_C/yT c = 1.43).

We 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 YBa2Cu307, each of

which is assigned one complex s-wave orderparameter; the

layers are coupled by Josephson tunneling Above T the• Cr

relationship between the superconducting fluctuation heat

capacity C_I(T) and the superconducting fluctuation

diamagnetism X_I(T) with H I I c is given by [Klemm, 1990]

+ x 1(T) -X I(T)/T (24)
Cii(T) = _ _ ,

4 _2T_b( 0 )

where _o is the flux quantum hc/2e and _ab(0)is the zero-

temperature Ginzburg-Landau coherence length within a Cue 2

layer. Below Tc in the three-dimensional fluctuation region,

the fluctuation heat capacity C_I(T) is reduced from C_i(T)

by ~ 1//2 [Brand and Doria, 1988; Inderhees et al., 1988;

Klemm, 1990; Muzikar, 1988].

Using Eq. (24), the measured X_I(T) and the derived

_ab(0), one can estimate the contributions C_I(T) and C_I(T)

to the measured C(T) above and below T c , respectively. Then,

by subtracting these contributions from C(T), an estimate of

the sum of the lattice and electronic heat capacities in the

absence uf superconducting fluctuations (mean-field heat

capacity CMF) 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 Tc (Fig. 36), in contrast to our observations. For

temperatures Somewhat removed from the average Tc , we expect

the calculated fluctuation contributions to more accurately

apply to the observations.

In Fig. 37a, we replot the observed C/T vs. T data set D

in Fig. 26 (crosses.) and CMF(T) derived as described above

(open circles) for the temperature ranges 81 - 85 K and 95 to

101 K, using tab(0) _ 13.6 A and xfI(T) from reference [Lee

et al., 1989]. For the temperature region closer to Tc , we

linearly extrapolated CMF(T) on both sides of T c to Tc (solid

lines). T c was taken to be 90.8 K, the temperature at which

a pulsed C(T) data set taken at Ames over a limited

temperature range spanning Tc (not presented here)showed a

sharp cusp. Thi_ is also the temperature at which the

magnetization data for H = 50 G 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 c is inferred to be aCMF(Tc)/Tc = 33

mJ/mole-K 2, coincidentally nearly the same as the above value

aC/T c _ 32 mJ/mole-K 2 obtained using conventional entropy

balance near T c . The value of ACMF yields YMF = 23 mJ/mole-

K2 using the above BCS weak coupling mean-field result. This

YMF value is less than most reported y values [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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K2) obtained from a free electron gas analysis of the spin

susceptibility [Lee and Johnston, 1990b] above T c derived

from X(T) data as in Figs. 7 and 13. We estimate the density

of states at the Fermi energy to be D(E F) = 3.3 states/eV-Cu

atom using the relation YMF = _2_B2D(EF)/3kB"

A similar analysis of the C(T) data set A in Fig. 26 is

shown in Fig 37b Here, we find 6CMF/T c = 64 mJ/mole-K 2

and YMF I 44 mJ/mole-K 2 in the BCS weak coupling limit• The

_CMF/Tc value is significantly larger than the above value

AC/T c I 55 mJ/mole-K 2 obtained using conventional entropy

balance near T c .

b. Between 0.4 K and i0 K

The Ames and Berkeley pulse calorimeter measurements

are in agreement below ~ 5 K, as seen in Fig• 27. At higher

temperatures, a large difference becomes apparent; both

measurements are accurate to 1-2% below 30 K, so these

differences are real. The source of this difference 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 c
!

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-temperature upturn in C(H =

0)/T starts near 2 K, arising primarily from magnetically

isolated Cu +2 local magnetic moments. A common impurity in

YBa2Cu307 samples is BaCuO 2 [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 BaCuO 2 exhibit C(T)/T behavior

nearly independent of T at low T, while others show an

upturn [Eckert et al., 1988; Kuentzler et al., 1988].

Considering the presence of this impurity phase as well as

localized Cu +2 moments in our samples of YBa2Cu307, we fit

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

A_ 2

C(T) _ + y*(0)T + B3T3 + B5T5 + B7T7 (25)
T2

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 Eq. (25)

to the zero-field data in Fig. 28 yields A_ 2 - 13.1(3) mj_

K/mole, y*(0) - 5 0(1) mJ/mole-K 2 B - 0 33(1) mJ/mole-K 4,' " ' 3 "

B 5 _ 4.22(8) x 10 -3 mJ/mole-K6v _nd B7 = 2.02(4) x 10 -5

. mJ/mole-K 8. From the value of B3, the calculated Debye

temperature ®D " 422(8) K, which is similar to reported

values [Fisher 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, %,*(T = 0) = 5.7(6) mJ/mole-E 2, which is equal within

experimental error with the value from the Berkeley data,

whereas ®D _ 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

sample in the two measurements.

lt 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
i

indeed a broad maximum in C(T)/T near 3 K and there is a

sharp upturn at much lower temperature. This sha_'p upturn is

from the coupling between the magnetic field and the Cu

nuclear moments [Gopal, 1966; 5ounasmaa, 1962]. To analyze

the H - 70 kG results, we used the _xpression

Ahf

C(T) - T2 + niCsch(T) + y*(H)T + Clattic e , (26)

with

62 e6/T

CSch(T) = R , (27)
T 2 [1 + e6/T] 2

where the first term in Eq. (26) is due to the hyperfine

interaction, the next term is the Schottky anomaly due to ni

mole fraction of isolated Cu +2 defects, CSch(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. In Eq. (27), R is

thr molar gas constant and 8 is the energy splitting in K of

the spin I/2 Zeeman levels in the field H: 8 m /_BH/kB,

assuming a gyromagnetic factor g = 2. From a fit to the data

on a CT 2 versus T 3 plot at low T, we find Ahf = 0.4'7(i) mJ-

K/mole YBa2Cu307, which is close to the theoretical value of

0.50 mJ-K/mole for the three moles of Cu, two of Ba and one

of Y nuclei in one mole of YBa2Cu307 [Ahrens et al., 1983;

Fisher et al_, 1988a and 1988b]. y*(H- 70 kG) is found to

be 6.5(2, mJ/mole-K 2. From y*(H = 0) and y*(H _ 70 kG), we

have 8y*/SH ~ 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(T, H = 70 kG) data according to Eq. (25)_ the

experimental isolated Cu +2 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 niCsch(T)

from Eq. (27) for n i = 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 +2 defects,

n i, was found above to be 0.0044(1) mole Cut2/mole YBa2Cu307.

This could arise from isolated defects in the YBa2Cu307

majority phase lattice itself and/or in the BaCuO 2 impurity

lattice. The latter possibility is supported by the magnetic
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field dependence of C(T) for BaCuO2+ x [Ahrens et al., 1988].

The DTA measurements revealed about 0.6 wt.% of Y-Ba-Cu-O

eutectic impurity phase in our YBa2Cu307 sample,

corresponding to 0.3(i) wt.% BaCuO 2. If the upturn in the

zero field C(T) and the Schottky-like anomaly in C(T_ H=70

kG) are generated from all of the Cu +2 moments in this amount

of BaCuO 2, one would expect n i - 0.014(5) mole Cu+2/mole

YBa2Cu307, significantly greater than the observed n i value.

Thus, the bulk of the Cu +2 ions in the BaCuO 2 impurity phase

do not contribute to the zero-field low-temperature upturn in

the observed C(T).

Our nonzero y*(T- 0, H- 0) • y'_(0) value evidently

arises from the YBa2Cu307 phase and/or the bulk BaCuO 2 (BCO)

impurlty phase (the contribution to y*(0) from cue impurity

is negligible). We consider first the second possibility.

The above value of 0.3(i) wt.% BaCuO 2 corresponds to nBC O =

0.014(5) moles BaCuO2/mole YBa2Cu307. For BaCuO 2 heat-

treated in a way similar to the preparation of our sample of

YBa2Cu307, one expects YBCO < 80 mJ/mole BaCuO 2 from

published heat capacity data [Kuentzler et al., 1988]. Thus,

we expect the impurity contribution Yi to OUL" measured 7'(0)

for YBa2Cu307 to be given by Yi _ nBCOYBCO < 1.1(4) mJ/K 2-

mole YBa2Cu307. This value is much less than the above

observed values 7*(0) - 5.0(i) and 5.7(6) mJ/mole-K 2. We

conclude that the intrinsic 7(0) associated with the
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YBa2Cu307 lattice itself in our pellet sample is 7(0) _ 4.0

mJ/mole-K 2. A similar value was obtained by Reeves et al.,

[1989] based on a Raman scattering determination of the

BaCuO 2 concentration, coupled with low temperature C(T)

measurements.

The question now arises as to whether this 7(0) is

Intrinsic to a perfectly ordered YBa2Cu307 lattice, or

whether it arises in some way from the presence of lattice

disorder. One scenario pres_nted recently is that lattice

disorder and £he presence of resultant localized Cu +2

magnetic moments produces normal (nonsuperconducting) regions

in the sample, resulting in a nonzero 7(0) and an upturn in

the zero field C(T)/T associated with those regions [Phillips

et al., 1989 and 1990].

c. Above 120 K

Our 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
J

sample taken 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
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phases. The origin of these anomalies 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(T)

data fo_ our powder sample taken on warming from I_0 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 YBa2Cu307,

Bi2..xPbxSr2CaCu208+8 (0,0 _ x _ 0.5), and I i_!_l'

Bi2_xPbxSr2Ca2Cu3010+_ (x - 0.2 and 0.25) which show the

lowest levels of paramagnetic impurities/defects reported to

date.

In YBa2Cu307, for H II c as well as H I c, X increases

monotonically with temperatuL'e from T c 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 5awrence-Doniach model. From fits

of our new theory to the X data of YBa2Cu307, estimates of

microscopic parameters were obtained.

By varying the Pb doping level in the

Bi2_xPbxSr2CaCu208+ 8 (0.0 _< x _< 0.5) and

Bi2_xPbxSr2Ca2CU3Ol0+6 (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 c up to at least 400 K, with

strong negative curvature below - 200 K, as in YBa2Cu307. By

fitting the data in the two-dimensional regime with the

Lawrence-Doniach theory as modified by Klemm [1990], the

negative curvature in X(T) for each of these samples is

concluded to arise from superconducting fluctuation

diamagnetism. The data are consistent with a superconducting

order parameter with s-wave symmetry, and indicate that the

Bi2212 and Bi2223 as[e highly two-dimensional, consistent with

other measurements on thin 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 <ab(0) for Bi2212 (20.4 A) and Bi2223 (0-

11.8 A) derived from the fits to the data are similar in

magnitude to that (13.6 A) previously inferred for YBa2Cu307

[Lee et al., 1989]. Our tab(0) values for Bi2212 and Bi2223

are tentative. The role of the out of plane oxygen ions in

the superconductivity of the CuO 2 layers in Bi2223 is not yet

clear. Additionally, the explicit fluctuaSion diamagnetism

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 YBa2Cu307, the spin

susceptibility xsP in was derived using the orbital

susceptibility values for Cu +2 ions inferred from the nuclear
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resonance measurements of Takigawa et al. [1989], and found

to be nearly isotropic_ in agreement with those authors.

Thus, most of th_ large anisotropy in X above ~ 200 K is of

orbital origin, arising from the Cu d-orbitals. The

anisotropy _X VV in the orbital X found for Cu(2) in the CuO 2

layers of YBa2Cu307 is about the same as observed for
i

nonmetallic La2CuO 4 and Sr2CuO2Cl2, and for superconducting

metallic Lal.9Sr0.1CuO4, where the latter three compounds

contain CuO 2 layers but no CuO chain layers. This similarity

suggests that the local electronic environments around the Cu

ions in the CuO 2 layers of all four compounds are similar,

despite the fact that two of the compounds exhibit metallic

character whereas the other two do not.

We have accomplished some of the goals of our heat

capacity C(T) study of high purity YBa2Cu307. From a

determination of the BaCuO 2 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 coefflcient intrinsic to the YBa2Cu307 phase in our

pellet sample is y(0) = 4.0 mJ/mole-K 2. The origin of this

y(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
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the normal fraction, where T is the normal state Sommerfeld

coefficient.

lt is clear that superconducting fluctuations have a

dramatic influence on the thermodynamic and electronic

transport properties of the high T c cuprates in the vicinity

of T c . Heat capacity measurements on single crystals of

YBa2Cu307 near Tc show strong evidence for a nonmean-field

shape, attributed to these fluctuations. However, even

slight broadening of the superconducting transition, as in

most polycrystalline samples of YBa2Cu307, rapidly smooths

out this shape to appear mean-field-like. Indeed, a mean-

field-likeshape 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 Tc, 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 YBa2Cu307 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 experiments, for example,

we found that the powder sample of YBa2Cu307 did not show the

anomalies at ~ 330 K in C(T) and X(T) seen for the pellet

saraple. Finally, and unexpectedly, our C(T) measurements on

the pellet sample of YBa2Cu307 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 - i0 K) and

higher (70 -- 120 K) T regimes were strongly influenced by the

thermal/magnetic field history. The heat capacity jump at Tc

and Debye temperature (but not the y*(0) value) derived from

these data were quite different for different experiments,

and the shape and size of the 74 K anomaly were also strongly

history dependent. These types of effects have been observed

in elastic measurements of various types, where it is found

that such effects are highly sample dependent. Thus, for

example, the heat capacities of some samples of YBa2Cu307 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

r

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

Ba0.6K0.4BiO3 PmTm 27 Hinks et
a = b = c = 4.293 al., 1988

Lal.85Sr0.15CuO 4 I4/mmm 37 Cava et al.,
a = 3.779 1987

c =13.226

Ndl.85Ce0.15CuO 4 I4/mmm 24 Tokura et
a = 3.95 al., 1989
c = 12.07

YBa2Cu307 Pmmm 91 Le Page et
a = 3.827 al., 1987
b = 3.877

c = 11.708

YBa2Cu408 Cmmm 80 Fisher et
a = 3.841 al., 1989
b = 3.872
c = 27.240

Y2Ba4Cu7Ol4 Cmmm 40 Bordet et
a = 3.851 al., 1988
b = 3.869
c = 50.290

Pb2Sr2(Ca,Y)Cu308 Cmmm 80 Cava et al.,
a = 5.435 1988
b = 5.463
c = 15.817
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Bi2Sr2CuO 6 I4/mmm 6 Torrance et
a = 3.810 al., 1988
c - 24.607

Bi2Sr2CaCu208 I4/mmm 85 Tarascon et
a = 3.812 al., 1988b
c = 30.66

Bi2Sr2Ca2Cu3Ol0 P4/mmm ii0 Koyama et
a - 5.396 al., 1988
c - 37.180

TIBa2CuO 5 P4/mmm - Beyer et
a = 3.869 al., 1988
c m 9.694

TIBa2CaCu207 P4/mmm 103 Marosin et
a = 3.857 al., 1988
c = 12.754

TiBa2Ca2Cu309 P4/mmm ii0 Subramanian
a m 3.853 et al., 1988
c = 15.913

Tl2Ba2CuO 6 I4/mmm 90 Torardi et
a = 3.866 al., 1988a
c = 11.620

Tl2Ba2CaCu208 I4/mmm 99 Hewat et
a = 3.856 al., 1988
c = 29.260

Tl2Ba2Ca2Cu3Ol0 I4/mmm 125 Torardi et
a = 3.850 al., 1988b
c - 35.880



i

134

/,--o :/I' @ <Bo,K)
oL.



135

YBa2Cu408 Y2Ba4Cu7Ol4



' 136

_ Pb • Cu

es, Oo

I, 0 Ca,Y _ vacancy

Pb2Sr2(Ca,Y)Cu308

(Z)Bi (_Ca

®sr lcu Oo I._-J_

Bi2Sr2Cu06 Bl2Sr2CaCu208 Bi2Sr2Ca2Cu3010



137

Q Tl _)Ca

°. oo
i$ iiI

q_=-0--4

___ _,___

Tl2Ba2CuO 6 Tl2Ba2CaCu208 Tl2Ba2Ca2Cu3010

OTI

-Iu' J_'<- °' ° o OCu

qi ° _ o 0

| o

77, 0-_ < ,
,__ , --o

TIBa2CuO 5 TIBa2CaCu207 TiBa2ea2eu309



138

IX. ACKNOWLEDGMENTS

I would like to express my deepest appreciation to my

advisor Prof. David C. Johnston for his guidance,

encouragements throughout this work.

I also extend my thanks to Dr. Richard A. Klemm for his

theoretical contributions and helpful discussions; to P_of.

Douglas K. Finnemore and Prof. Bruce N. Harmon for their

encouragements throughout this research; to Prof. Clayton A.

Swenson for numerous advices and discussions throughout

specific heat measurements in Ames; to Dr. Norman E. Phillips

and Dr. Robert A. Fisher for arranging me to do the specific

heat measurements at Berkeley; J. H. Cho for providing one of

the Bi2223 samples.

Finally, I would like to extend many thanks to my wife

Moonja Jeong, who stayed too far away throughout my and her

whole graduate careers, for her patience. Without her

consistent encouragement and patience this work could never

have been possible.

This work was performed at Ames Laboratory under

contract no. W-7405-Eng-82 with the U. S. Department of

Energy. The United States government has assigned the DOE

report number IS-T 1448 to this thesis.

THIS THESIS IS DEDICATED TOMY WIFE AND OUR FIRST BABY.






