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Normal- and superconducting-state properties of Lat 85Sro t5Cu04
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(Received 27 January 1987)

We report results of resistivity, magnetoresistance, transition-temperature, and upper-critical-
field measurements of LaL85Srp. l5Cu04. We derive values for the coherence length, mean free
path, and electronic specific heat and compare our results with those for Ba(Pb,Bi)03. We con-
clude that phonon-mediated superconductivity can explain the high transition temperatures in

these materials.

The recent discovery of high-T, superconductivity in
(La,M)zCu04 alloys where M Ba, Sr, and Ca has creat-
ed strong interest in the basic properties and mecha-
nisms for superconductivity in this class of materials. The
layered perovskite structure of these alloys contains a
two-dimensional network of oxygen octahedra which is re-
lated to the three-dimensional perovskite structure of
Ba(Pb, Bi)Os, another anomalously-high-T, superconduc-
tor. The Fermi surfaces of both materials show nesting
features7 which are thought to couple to low-energy pho-
nons which drive either superconductivity ' or metal-
semiconductor phase transitions. The samples of
(La,M)zCu04 alloys presently available are polycrystal-
line sintered aggregates whose properties vary widely with
preparation technique. In particular, the samples exhibit
many properties characteristic of granular superconduc-
tors' and measurements are often more sensitive to the
coupling between particles than to the intrinsic behavior of
the bulk material.

In order to better characterize the superconducting- and
normal-state properties of the (La,M)2Cu04 alloys, we
have performed detailed measurements of the normal-state
resistivity, superconducting transition temperature, and
upper critical field in a sample of (La~ ssSro ~s)Cu04
which has an unusually low resistivity. The low resistivity
means that the particles are relatively well coupled so that
our measurements better approximate the intrinsic behav-
ior of these materials. We derive the zero-temperature
critical field, the coherence length, the mean free path, and
limiting values of the normal-state electronic specific heat.
We compare our results with those for Ba(Pb, Bi)03 and
discuss the possibility of phonon-mediated superconduc-
tivity.

The samples were prepared by a coprecipitation tech-
nique followed by pressing and sintering. Soluble nitrates
of La, Cu, and Sr were mixed in solution in their correct
proportions. The materials were coprecipitated as insolu-
ble carbonates and hydroxycarbonates through the addi-
tion of sodium carbonate solution. The precipitate was
centrifuged, washed, and dried overnight at 140 C. The
dried powder mixtures were then fired at 825 C for 2 h to
form the oxides which were then pressed to approximately
60% of the theoretical density and sintered at 1100 C in
air for 4 h. The resulting pellets were generally about 80%
of the theoretical density of 7.14 g/cm . Following this
preparation, our sample was oxygen annealed at 500 C
for 12 h.
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FIG. 1. Electrical resistance vs temperature for Lal.85Srpl5-
Cu04 in magnetic fields of 0, 4, and 8 T. The solid line is a
linear fit to data above 44 K extrapolated to T 0 K. Inset
shows the diff'erence curve of R(H 0) —R(H 8T) vs temper-
ature.

The resistivity data were taken by a standard four-probe
ac method at 100 Hz with a measuring current of 5 mA,
corresponding to a current density of about 0.70 A/cm .
Electrical contact was made to the sample through copper
wires attached to the sample with conducting silver paste.
Data were taken at fixed fields of 0, 4, and 8 T from 4 to
80 K, and at several fixed temperatures from 1 to 45 K in
fields from 0 to 8 T.

The temperature-dependent data are shown in Fig. 1.
There is a nearly linear temperature dependence between
T, and room temperature with a relatively large resistance
ratio of 4.3. The resistivity at T, is 403 pA cm, consider-
ably lower than that in other samples. ' There is a
smooth S-shaped transition into the superconducting state,
with no resistive "foot" extending to low temperatures, as
has been observed in samples without oxygen anneal-
ing. ' The midpoint of the transition is T, =33.4 K, the
10-90% transition width is 3.17 K, and zero resistivity is
achieved at 28. 1 K.

The high-temperature side of our transition curve is
much more extended than the low-temperature side, sug-
gesting that there may be measurable effects of supercon-
ductivity well above T, . As shown in the inset of Fig. 1,

5343 1987 The American Physical Society



5344 W. K. KWO K et al.

there is clear eviden

o 1

ng.
c ion of the s

The transition tern er

e sample i

h
T =

Xt

, while at 28

er currents
o width is 6

o not bee'ieve that th p
's necessar'

is de

in s becauseing grains
ooi co

a similar de
r sta of Ba(Pb 8'

agnetic field, the s
erably b d

e midpoint of the tr ansition d

t th'in experimen
, the resist

At 20K

e e
onzero valu

etween ze
and above th ere is

folio ed
e normal-s
thi in 0.3%

netoresista
r increase at h ighe

inFi .
between 0 and 8 T.

wa
ein th

C lfi ld
P ~

sence of su e

eds were d

se percon-

h 1'
g.
p

were determined

tion field

o ransi-
p

correspondin g

ment 1

pows curvature n in
. ..C...C

seri ed 1

1 1 ronic structure d-

bl h

s a temperat
e-

at in samplesp p p
annealing 6 H owev- 10.0

I I

La i.esSro sscuO 4

er, this
or La, Sr )C...b„.l

at reported

g
slope and T .

e eo b

d 1

PP
th th Pe auli limitin c

e conclude that
th er critical fields

he
model th e Fermi su f

sions,
cw ereaa

r ace area

coherence

e unit-cel

c e =0 can be estim

e tobe in th
e 8 - ooper-SceB - - c rieffer(BC )S co

elow and the Fe

y a factor of 3 (s

in
eis in the d

isttvity of 403 0
T~ 440

e HH
py gives a 1

' c- eat co%'e cient y =4.9

6. 0

5. 0

36 K

34 K

32 K

31 K

8. 0

6.0 ioX

4. 0

ED

3.0
CJ

I— 2. 0
CA
UJ
tX:

1.0

0.0
0.0 2. 0 4. 0

F IELO (10 G)

I

6.0

30 K

29 K

28 K

26 K

24 K

22 K

20 K

10 K

8.0

FIG. 2.. Resistanc e vs ma gnetic field for variouss temperatures
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TABLE I. Comparison of properties of two samples of La2-„Sr„Cu04 with those of
Ba(Pbi, Bi, )05.

y (mJ/K2mole f.u. )

goL (A)
ggcs (A)
H,&~i (T)
[—dH, 2/dT]y; (T/K)
~ (A)

n (10"cm ')
&unit~s (~')
T. (~)
p(T, ) (pncm)
p(300 K)/p(T, )
vF (10S cm/s)

La i.s5Sr().&5Cu04

7.31 (clean)
4.90 (dirty)

30-50
34-51

36
1 ~ 51

&17 (Z'-T, )
&4 (T 300 K)

5c
190.1
33.4
403
4.3

0.0834 (clean)
0.124 (dirty)

Lal.SOSI0.20Cu04'

10-15
0.5

36.2
2300
—2

BaPb( —„BixOg

5 1 6&,b, d

60-79 (x 0.25)b'

6b

0 5-0 7b,c

15 (x 0.2)~

2.0-3.2 "
316.3 (x 0.216) ~

10.7- 12'8
540-1100 "

1d

0.32b

'Reference 4.
bReference 11.
'Reference 14.

Reference 17.
cEstimated from the Fermi surface
dimensions of Ref. 5.

Reference &.

Reference 9.

mJ/K mole f.u. Because dirty-limit critical-field slopes
are higher than clean-limit slopes, the clean-limit WHH
formula

[ —dH, 2/dT1 y; 1.38 x 10 (y/S) T,

gives an upper limit to y. Using the estimate of S de-
scribed above, we obtain an upper limit of y 7.3 mJ/
K mole f.u. , remarkably close to the lower limit. Ap-
parently, our sample is not too far from the clean limit, a
conclusion well supported by our estimates of the mean
free path and coherence length.

Some insight into the origin of the high T, in La~ 85-

Srp i5Cu04 can be obtained from the comparison with
Ba(Pb, Bi)05 given in Table I. Each material is composed
of oxygen octahedra which have characteristic rotational,
breathing, and tipping phonon modes, and each shows
structure in the phonon density of states' ' at relatively
low energies, below 11 meV. As a erst approximation, we
take the phonon properties of these two materials to be
similar. However, there are important differences in the
electronic properties. La2 —„Sr„Cu04 is a layered corn-
pound with a nearly two-dimensional Fermi surface con-
taining large Aat regions allowing nearly all the electrons
to participate in the nesting, while Ba(Pb, Bi)05 is a
three-dimensional compound with a rounded Fermi sur-
face where nesting features involve only a fraction of the
electrons. Therefore, we expect the electron-phonon in-
teraction induced by nesting to be stronger in La2 —„-
Sr„Cu04 than in Ba(Pb, Bi)05. Our measurements show
that y is a factor of 3-5 larger in La~ 85Sro ~5Cu04 than in
Ba(Pbp sBip 2)05. " This large value of y could be due to
a van Hove singularity in the band structure of
La~ 85Sro~5Cu04 as proposed elsewhere, or to a larger
electron-phonon renormalization. In any case, the larger

enhanced density of states is the major diA'erence between
the two materials and is responsible for the much higher
T, 's observed in the (La,M)2Cu04 alloys.

To test whether a phonon-mediated mechanism for
La2 —„Sr„Cu04 is possible, we use the McMillan factori-
zation formula' '

N(EF)(l )/M(co ) ayb,

where N(EF) is the band density of states per unit volume
and yb is the corresponding electronic speci6c-heat coe5-
cient. As a rough estimate, we assume that the phonon
properties of Lais5Srpi5Cu04 are similar to those of
Ba(Pb,Bi)05, so that the values of A, for the two materials
simply scale by the band density of states. Taking A, 1.2
(Ref. 20) and ys 7.88 J/m K (Ref. 8) for Ba(Pbp75-
Bip25)05 gives a=0.15 m K /J. Using y (1+%,)yb
-(1+1,)X/a we arrive at estimated values of X, in the
range 3.1-3.9 for La~ 85Sro ~5Cu04. For strongly coupled
systems the relation between T, and X is roughly linear if
the phonon spectrum is unchanged. ' ' ' Assuming that
the phonon properties of the two materials are similar, we
may scale T, for Ba(Pb, Bi)05 by the ratio of the A, values
to obtain T, for Lai s5Srp ~5Cu04 in the range 34-42 K.
We conclude that if the electron-phonon interaction pro-
duces the superconductivity in Ba(Pb, Bi)05, it is also cap-
able of producing high-T, superconductivity in
La~ s5Srp i5CU03.
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