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Specific heat of Lat &Sr() 2Cu04'. Anomaly at the superconducting transition
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We have measured the specific heat of La& 8Srp2Cu04 between 4 and 60 K. We found a step in

the specific heat hC(T, )/T, =33 mJ/molK, and a linear term at low temperatures with a slope
y'=4~2 mJ/molK2. From these results we conclude that the Sommerfeld parameter for the
conduction electrons is @=18+'2 mJ/molK .

High-temperature superconductivity in La2 M„Cu
oxides, with M being strontium or barium, is known to be
a bulk phenomenon. ' Oxygen annealing improves the
superconducting sample fraction as indicated by
magnetic-flux expulsion and resistive transition measure-
ments. Nevertheless, flux expulsion and resistivity do not
yield reliable quantitative values for the bulk factor.

We have performed measurements of the specific heat
on a sample of La~ 8Srp 2Cu04. We observed a step at the
onset temperature of the superconducting transition, as
well as a linear term y'T at low temperatures. Using the
results of these measurements together with reasonable
assumptions, we derive a value for y and the fraction of
the sample that undergoes transition.

The sample was prepared following the methods de-
scribed in Ref. 2. After initial baking in air at 1130 C, it
was oxygen annealed at 1000 C for 12 h. Its weight in-
creased 0.5% during this last treatment. The results of x-
ray analysis at room temperature show that more than
95% of the sample corresponds to the tetragonal phase of
La~ 8Srp 2Cu04. Less than 5% of the sample was a phase
identified as La2SrCu206.

The specific-heat measurements were performed in a
semiadiabatic calorimeter using standard heat pulse tech-
niques, over a range between 4 and 60 K. The results are
shown in Fig. 1. The inset in this figure enlarges the re-
gion around 40 K, after four-point data smoothing. We
identify the onset temperature of superconductivity TM,
with the point where C(T) changes its slope. The inset
also shows /J. C(TM) obtained from linear extrapolation of
C(T) above and below the transition temperature region.
The specific-heat "jump" is /JC(TM) =1.36 J/molK, cor-
responding to hC/C =8%. Specific-heat measurements
by Batlogg et al. in La& 85Srp ~5Cu04 show an anomaly of
1%. Recent measurements by Maple et al. on
La~ 8Srp 2Cu04, using the same type of calorimeter, failed
to show any jump. We are unable to account for these
discrepancies.

If all the electrons underwent transition, our results give
y =23 m J/mol K assuming a Bardeen-Cooper-SchrieA'er
(BCS) weak-coupling limit. Clearly, our measured value
of /JC(T~)/TM =33 mJ/molK implies either high values
for the Sommerfeld parameter, or a non-BCS behavior for
high-T, superconductors, or both.
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FIG. 1. Specific heat of La&8Srp2Cu04 as a function of temperature. The inset shows the region around 40 K. The inset also
shows hC(T~) (see text).
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We have found a linear term at low temperatures (be-
tween 4 and 6 K), C/T=y'+PT, with y'=4+'2mJ/
molK . This value coincides with that measured by Ma-
ple et al. and can be associated to a fraction of electrons
that remain in the normal state. Although such behavior
could be due to other reasons, i.e., magnetic impurities,
they would also affect the slope of C/T vs T . We mea-
sure P =0.21+ 0.01 mJ/molK, which gives a Debye tem-
perature of 400 K, or a Debye sound velocity of
3.4XIO cm/s. From vibrating-reed experiments at 800
Hz and low temperatures in the same system, Esquinazi
etal. find that the Young-modulus sound velocity is
v~ =5.6X 10 cm/s. This should be a good approximation
of the longitudinal sound velocity. Brun et al. estimate
the transversal sound velocity to be vr =3.2X 10 cm/s us-
ing Brillouin scattering on surface waves. The appropri-
ate average of these two values gives vD =3.5X 10 cm/s.
From ir and Raman measurements, the Debye tempera-
ture is estimated to be 475 K at 0 K. The agreement
among these data with ours gives support to the interpre-
tation of the y'T term as due to a noncondensed fraction
of normal electrons.

We examine our previous estimate of y within a model
based on simple assumptions. First of all, we assume that
the spread-out specific-heat anomaly is due to a corre-
sponding spread in the transition temperatures of different
portions of the sample, probably because of composition
inhomogeneities, as may be present in these samples. '

To describe this spread, let n(T)dT be the fraction of the
sample that has its transition temperature between T and
T+d T. Besides, we shall take the relation between
specific heat and temperature, in a superconductor with a
single T„ to be that given by a two-fluid model with a par-
abolic temperature dependence of the thermodynamic
critical field: C,i(T) = yT above T, and C,i(T) =3yT /
T, below T, (our estimates depend, but not critically, on
the exponent chosen for this dependence).

In this case, the electron specific heat of the inhomo-
geneous superconductor would be yT above the maximum
T, =TM, and

"OO pOO

C,i=yT 1 —„n(T)dT+3T „n(T)/T2dT

below TM. We are assuming that y is basically the same
throughout the sample. For temperatures lower than the
minimum in the spread of T, 's C,i/T=y(1 —Nz. )
+O(T ), where Nr is the fraction of the sample that has
become superconducting.

If n(T) is taken to be constant no, the electronic specific
heat would behave as C,i=yTll+2np(TM —T)] for
(TM —T) «TM. From the change in slope of C(T) at
TM (see the inset in Fig. 1) we find noy=7 mJ/molK .

We see in Fig. 1 that the "step" in the specific heat ex-
tends 2 K below TM (this agrees with the results of Ref.
6). If we assume that the transition of the whole sample
occurs in those two degrees, we would conclude that
y= 14 m J/mol K, but such total transformation is unlike-
ly: Figure 2 shows flux expulsion, resistivity, and
specific-heat data for the same sample. It is seen that flux
expulsion and resistivity hardly changed within 2 K below
TM. Let us assume that a fraction Ny of the electrons un-
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FIG. 2. (a) Flux expulsion, (b) resistivity, and (c) specific
heat for the same sample of La] SSrp 2Cu04. N/v is defined as the
flux through the sample in the normal state. The specific-heat
step is seen to occur well above the onset of the superconductivi-
ty determined by flux expulsion and resistivity.

hC(TM) = yTMNr [3TM/(TM —2) —1] . (2)

Using the experimental value hC(TM-) = 1.36 J/molK and
TM=41.5 K it is found that yNr =15.2mJ/molK, in
good agreement with the value obtained from the change
of the slope of the specific heat and the low-temperature
behavior.

These values are much higher than those which have
been reported recently: Panson etal. " find y=2.7 ~0.1

J/molK; Foner eral. ' give y=6. 3 and 14.8 J/molK;
Batlogg eral. give y=6~1.5 J/molK for LaissSroi5-
Cu04. Also for this last compound, Kwok etal. ' set

dergoes transition at a constant rate no, over the two de-
grees below TM. The remaining normal fraction (1 Nr)—
gives rise to the linear specific heat at low temperatures.
Then two equations for y and N~ can be written
y(1 Nr) =4~2—mJ/molK and yNr=14mJ/molK,
which are solved by Nr=0. 8+'0. 1 and y=18~2mJ/
molK .

Flux expulsion sets a lower bound to N~. Magnetiza-
tion measurements show a flux expulsion of 50%, that is,
N& ~ 0.5.

Subtraction of the electronic specific heat given by Eq.
(1) with this rectangular n(T), the roughest approxima-
tion consistent with the step, removes quite satisfactorily
the anomaly in C(T).

With the same assumptions mentioned above and using
expression (1) we calculate C,~(T) at temperatures below
the specific-heat anomaly region. By a linear extrapola-
tion of this expression to TM we calculate
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bounds for 7 between 5.9 and 7.3 J/molE. The highest
value we know of is that given by Maple etal. for
Lat sSrp zCu04, y = 15.6 J/molE, which is still lower than
ours. However, the fact that the simple model we have
used allows us to correlate three simultaneous features of
the specific heat (the magnitude of the jump, the change
in slope at TM, and the linear term at low temperatures),
using one value for y, makes us confident that our result is
a fair estimate for the Sommerfeld parameter in

Lai 8Sro 2Cu04.
The fact that 80% of the sample undergoes the super-

conducting transition within 2 K of the onset, while the
flux expulsion and resistivity curves extend their variations
to much lower temperatures, hints strongly at a bond-

percolation origin ' ' for these phenomena, whatever
the microscopic causes of the high-temperature supercon-
ductivity in the bulk of the sample. This point of view is
further reinforced by the fact that oxygen-annealing
changes markedly the flux expulsion and resistivity curves
but not the onset of the transition.

The authors acknowledge valuable conversations with
Blas Alascio and M. Schluter. We thank M. E. de la
Cruz for several discussions and comments during the
preparation of the manuscript. This work is partially sup-
ported by the Consejo Nacional de Investigaciones
Cientificas y Tecnicas of Argentina.

'J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986);
C. W. Chu, P. H. Hor, R. L. Meng, L. Gao, Z. J. Haung, and
Y. Q. Wang, Phys. Rev. Lett. 58, 405 (1987).

2R. Cava, R. B. van Dover, B. Batlogg, and E. A. Rietman,
Phys. Rev. Lett. 58, 408 (1987).

S. Uchida, H. Takagi, K. Kitazawa, and S. Tanaka, Jpn. J.
Appl. Phys. Lett. (to be published).

4D. A. Esparza, C. A. D'Ovidio, J. Guimpel, E. Osquiguil,
L. Civale, and F. de la Cruz, Solid State Commun. 63, 137
(1987).

5We thank M. Benyacar for performing the x-ray analysis and
reporting on unpublished data.

B. Batlogg, A. P. Ramirez, R. J. Cava, R. B. van Dover, and
E. A. Rietman, Phys. Rev. B 35, 5340 (1987).

7M. B. Maple, K. N. Yang, M. S. Torikachvili, J. M. Ferreira,
3. Neumeier, H. Zhou, Y. Dalichaouch, and B. W. Lee (un-
published).

P. Esquinazi, J. Luzuriaga, C. Duran, D. A. Esparza, and C. A.

D'Ovidio (unpublished).
T. Brun, M. Grimsdtich, K. E. Gray, R. Bhadra, V. Maroni,

and C. K. Loong (unpublished).
P. E. Sulewski, A. J. Sievers, S. E. Russek, H. D. Hallen,
D. K. Lathrop, and R. A. Buhrman, Phys. Rev. B 35, 5330
(1987).

' A. J. Panson, G. R. Wagner, A. I. Braginski, J. R. Gavaler,
M. A. Janocko, H. C. Pohl, and 3. Talvacchio (unpublished).

' S. Foner, T. P. Orlando, E. J. McNiff' Jr. , J. M. Tarascon,
L. H. Greene, W. R. McKinnon, and G. W. Hull (unpub-
lished).
W. K. Kwok, G. W. Crabtree, D. G. Hinks, D. W. Capone II,
J. D. Jorgensen, and K. Zhang, Phys. Rev. B 35, 5343 (1987).

' D. R. Bowman and D. Stroud, Phys. Rev. Lett. 52, 299
(1984); C. Ebner and D. Stroud, Phys. Rev. B 31, 165 (1985).

'5K. A. Muller, M. Takashige, and J. G. Bednorz, Phys. Rev.
Lett. 58, 1143 (1987).


