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Magnetic-field dependence of the low-temperature specific heat of La22xSrxCuO4
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Recently, possible evidence from the low-temperature specific heat~LTSH! for the lines of nodes in the
superconducting order parameter of cuprate superconductors has attracted much attention and is still debated.
To clarify this issue and to cover the studies in different carrier doping regimes, we have measured LTSH of
La22xSrxCuO4 ~x50.10, 0.16, and 0.22! both in zero and applied magnetic fields. In all doping regimes, it is
found that the increase in the linear-T coefficientg is proportional toH1/2, consistent withd-wave supercon-
ductivity. The data shows clear evidence for anaT2 term at zero magnetic field in LTSH of La1.78Sr0.22CuO4.
Furthermore, our results are compared with the recently proposed scaling theory.@S0163-1829~98!50246-9#
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After many efforts made to clarify the pairing symmet
in high-temperature superconductors~HTSC’s!, a growing
consensus has emerged in recent years that the symme
hole-doped HTSC’s isd wave.1 One of the key experiment
which helped to establish this consensus is the lo
temperature specific heat~LTSH!. In d-wave superconduct
ors, at zero magnetic fieldH50, the electronic specific hea
Ce is proportional toT2 rather than exp(2D/T) as in conven-
tional s-wave superconductors, whereD is the superconduct
ing gap. In magnetic fields,Ce5g(H)T at low temperatures
with g proportional toH1/2, as first proposed by Volovik2

and later by others.3 Several papers4–8 on LTSH C(T,H) of
YBa2Cu3O72d ~YBCO! have reported experimental resu
which in general agree with thed-wave predictions, howeve
with controversies on the existence of theT2 term atH50.
All LTSH experiments on YBCO investigated only the op
mally doped and slightly overdoped samples. On the ot
hand, LTSH of La22xSrxCuO4 ~LSCO! at H50 was mea-
sured and an obviousT2 term has been identified.9,10 Besides
cuprates, studies onC(T,H) of other possibly unconven
tional superconductors were reported.11,12 In order to extend
the test of thed-wave model to different doping regimes, w
have measured LTSH of La22xSrxCuO4 for x50.10 to 0.22
both in zero and applied magnetic fields. In addition, it w
pointed out that theH1/2 dependence ing(H) might be a
general phenomenon due to flux-line interactions nearHc1.13

Since LSCO possesses smaller thermodynamics cri
fields than YBCO, LTSH experiments on LSCO may be e
cidating to this question. Our results show that the chang
g(H) can be well described by Volovik’s predictions in a
doping regimes. Furthermore, the data reveal convincing
dence of bothCe5aT2 at H50 andCe5AH0.5T at HÞ0 in
the same sample, wherea andA are constants. Compariso
of our results with the recent scaling theory14,15 is also pre-
sented.

Polycrystalline samples of La22xSrxCuO4 with x50.10 to
0.22 were carefully prepared from La2O3, SrCO3, and CuO
powder of 99.999% purity. Details of the preparation we
described in Refs. 9 and 10 and references therein. The p
der x-ray-diffraction patterns of all samples used in the
PRB 580163-1829/98/58~22!/14753~4!/$15.00
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periments show a singleT phase with impurity less than 3%
The transition width~90 to 10% by the resistivity drop! of Tc

is 3 K or less, suggesting a decent homogeneity of
samples.C(T) was measured from 0.6 to 10 K with a3He
relaxation calorimeter using the heat-pulse technique in
magnetic field up toH58 T. The precision of the measure
ment in the temperature range is about 1%. To test the a
racy of the field dependence of specific heat,C(T,H) of a
copper sample with mass 21.69 mg was measured atH50,
1, and 8 T, respectively. The scatter of data in different m
netic fields is 3% or better. A fit of data below 7 K results in
a linear term coefficientg50.70460.003 mJ/mol K2 and the
Debye temperatureUD5324 K, both of which basically
show no dependence onH. In this paper, we reportC(T,H)
measurements forH50 to 8 T onthree LSCO samples o
doping levelx50.10, 0.16, and 0.22 withTc533, 39, and 29
K, respectively.

TheC(T,H) data of samples withx50.16, 0.10, and 0.22
are shown in Fig. 1. The zero-field data for all samples are
to C(T,0)5g(0)T1aT21Clattice, where Clattice5bT3

1dT5 represents the phonon contribution. Data in ma
netic fields are fit to C(T,H)5g(H)T1Clattice
1nCSchottky(gmH/kBT), where the third term is a two-leve
Schottky anomalyCSchottky(x)5x2ex/(11ex)2. The anhar-
monic T5 term for the phonon contribution is usually neg
gible at low temperatures, though inclusion of this te
sometimes improves the quality of fit. Both the individua
field and global fit have been executed. It is found that b
give similar results and do not change any conclusion of
paper. The fit of data below 7 or 8 K does not result in any
significant change, either. In the following, the results
individual-field fit for C(T,H) data from 0.6 to 7 K will be
discussed.

The fitting results for all samples are described by
solid lines in Fig. 1, and the important resulting paramet
are listed in Fig. 2 and Table I. Forx50.16 sample,g(0)
50.77 mJ/mol K2 and b50.230 mJ/mol K4. The corre-
sponding Debye temperature isuD5389 K, which agrees
with the literature value determined from this temperatu
R14 753 ©1998 The American Physical Society
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range.16 The small but nonzerog~0! was observed in all three
samples, and remains unexplained within the cleand-wave
model.5 For both thex50.16 and 0.10 samples, no appare
T2 term atH50 was observed as in Ref. 6 for YBCO.g(H)
from the fit of data atHÞ0 is shown in Fig. 2. The increas

FIG. 1. C/T vs T2 of ~a! x50.16, ~b! x50.22, and~c! x
50.10 LSCO. For clarity, only data atH50, 0.5, 4, and 8 T are
shown. The solid lines are from the fit described in text. The cha
from Ce5aT2 at H50 to Ce5gT at HÞ0 is emphasized in~c! by
the arrow. Insets: the difference between data and the
DC(5Cdata2Cfit)/T vs T2.
t

in g(H) can be well described byAH1/2, which is a mani-
festation of the lines of nodes in the gap. It is interesting
note that the group at Berkeley obtainedA
50.47 mJ/mol K2 T1/2 for x50.15 LSCO,7 which is compa-
rable with our results. Forx50.22, at H50 C/T vs T2

shows an obvious downward curve at low temperatu
rather than a straight line, as marked by the arrow in F
1~c!. The fit results in a significantaT2 term. Since thisaT2

term is ;20% of total zero-field specific heat at 4 K and
exceeds thegT term above this temperature, its identificatio
is unambiguous~see Fig. 3!. At H50.5 T, this downward
curve becomes a straight line except below 1 K where the

e

fit

FIG. 2. Coefficient of the linear-T term g for ~a! x50.16, ~b!
x50.10, and~c! x50.22 samples. The solid lines represent the
of g5g(0)1AH1/2.
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contribution from the Schottky anomaly is important. T
existence of theaT2 term atH50 and its disappearance i
magnetic fields are both consistent with the predictions
thed-wave superconductivity. The increase ing(H) is again
well described byAH1/2. The obtainedn from the fit is of the
order 1 mJ/mol K for all samples, and the estimated conc
tration of spin-12 impurities per Cu atom is lower than 0.01%
one order of magnitude smaller than in the previo
experiments.4–6 Probably due to this reason, no upturn
C/T vs T2 was observed down to 0.6 K for all sample
Through the paper, we fixg52.0 to fit data.4–6 However, it
is found that the results are insensitive to the values og
from 1.5 to 2.5, partly because of the small magnetic con
bution toC.

With Ce both at zero and nonzero magnetic fields qua
tatively well described byd-wave superconductivity, it is
interesting to compare values ofa andA with the theoretical
estimates, and the results are summarized in Table I.
coefficienta is estimated to bea'gn /Tc , neglecting factors
assumed to be of order 1. For thex50.22 sample, taking
gn512 mJ/mol K2 for the correspondingTc from Ref. 10,
the estimate givesa50.41 mJ/mol K23, comparable to the
observeda50.31 mJ/mol K3. Similar estimates give much

TABLE I. Comparison of LTSH experimental results with th
estimates ofd-wave model.

x50.10 x50.16 x50.22

Tc ~K! 33 39 29
gn (mJ/mol K2) 5 10 12
Hc2 ~T! ;50
Estimateda
~mJ/mol K3!

0.17 0.26 0.41

Observeda
~mJ/mol K3!

,0.06 ,0.01 0.3160.02

EstimatedA
~mJ/mol K2T1/2!

0.96

ObservedA
~mJ/mol K2T1/2)

0.29 0.39 1.02

FIG. 3. The components of LTSH of thex50.22 sample.
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smaller values ofa for x50.10 and 0.16 than the estimate
a of x50.22 ~see Table I!. Therefore, it is possible that th
T2 term cannot be confirmed by our measurements fox
50.10 and 0.16 may be either due to the intrinsic sm
values ofa, or due to the effects of a small amount of defec
or impurities which will be discussed later. In the samed-
wave scenario,A5kgn /Hc2

1/2, whereHc2 is the upper critical
field andk is a factor of order 1.2,4,5 Hc2 of LSCO is much
less known than that of YBCO. TakingHc2550 T for x
50.16 with H parallel to thec axis,17 A'0.96 mJ/mol K2

T1/2 after averaging the anisotropy ofHc2 . Given the uncer-
tainties in such ask and Hc2 , the observedA50.39 agrees
reasonably well with the theoretical estimate. It would
valuable to carry out the same comparison forx50.10 and
0.22. However,Hc2 of x50.10 or 0.22 is not available to ou
best knowledge. According toA5kgn /Hc2

1/2 and assuming
that Hc2 is roughly proportional toTc , one should expec
that A of x50.10 is close to that ofx50.16 andA of x
50.22 is much larger. Our results do show this trend.

According to the recent scaling theory,14,15 Ce}TH1/2 is
exact only whenT/H1/2!Tc /Hc2

1/2. WhenH is around thec
axis, roughly speaking, this criterion is satisfied in our e
periments, especially at high fields~see Fig. 4!. SinceHc2 is
anisotropic,Ce}TH1/2 might not be valid whenH is parallel
to the planes. For polycrystalline samples, however, wh
the contribution toCe from all directions is averaged, mos
of the contribution comes from around thec axis whereHc2
is smaller. Therefore, a polycrystalline sample should s
show theTH1/2 term.18 To compare with the scaling theory
Ce /(TH1/2) vs T/H1/2 for x50.16 sample is shown in Fig. 4
HereCe is obtained byCe5C2nCSchottky2Clattice. Consis-
tent with the scaling theory, all data at variousT and H
collapse into one scaling line for each sample, and the sc
data show a crossover to a strongerT/H1/2 dependence a
largeT/H1/2 as proposed by the scaling theory. For polycry
talline samples, one interesting question is whether the s
ing relation holds forH parallel to the planes. The very re
cent theoretical work suggests that there exists a sca
function for H parallel to the planes, which form could de
pend on whetherH is along the node.18 Although it is still

FIG. 4. Scaling plots ofCe /(TH12) vs T/H1/2 for x50.16. Sym-
bol: s50.5 T; l51 T; L52 T; m54 T; j56 T; h58 T.
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not clear theoretically, the experimental data seem to sug
that there is some approximate scaling relation for polycr
talline samples. The scaled data forx50.10 and 0.22 are
similar and will be discussed elsewhere.

In addition to the intrinsic small values ofa for x50.10
and 0.16, another alternative to explain the absence ofaT2

in these samples is the impurity effect. Should there be so
impurities or defects in CuO2 planes, the impurity scattering
rate G could convert theT2 term to the linearT term. Fur-
thermore,g(H)5g(0)@11D(H/Hc2)ln(Hc2 /H)#, where D
'D/32G.19,20 This expression can be tried to describeg(H)
of x50.16, and results inG/D50.006. In principle, the scal-
ing in Fig. 4 should break down with the presence of imp
rity scattering. However, with such a smallG/D, the break-
down might be too small to resolve by the measurement19

Trying the same expression on thex50.22 sample fails to
obtain a satisfactory fit, consistent with the presence of
aT2 term. It is therefore compelling that thex50.22 sample
.
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represents a cleand-wave superconductor. Whether the im
purity scattering causes the absence of theaT2 term in the
other two samples and the validity of the expression ofg(H)
with impurities cannot be concluded by the present d
More studies on systematic impurity doping are underway
elucidate these questions.

In conclusion, byC(T,H) measurements, we have show
that the superconducting state of LSCO is consistent with
d-wave scenario for the underdoped, optimum doped,
overdoped samples. No matter how different and curi
their normal state might be,21 LSCO samples of all doping
levels seem to possess the same superconducting state
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