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Evidence for line nodes in the energy gap fo(La; gsSry 15 CuO,
from low-temperature specific-heat measurements
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The dependence of the low-temperature specific he@tafgsSr, 15 Cu0, on magnetic fieldH) is reported.
Low concentrations of paramagnetic centers allow a different approach to analysis of the data that minimizes
the problem of identifying the effects of the line nodes in the energy gap that are expeatieddue pairing.
As a consequence, these effects can be recognized even in the raw data. The data show evideTitéeofithe
expected forH=0, and a well definedH?T term for H+0. They conform to a scaling relation recently
predicted ford-wave pairing.

Tunneling and vortex-imaging experiments that give in-quasiparticle excitation spectrum and given in terms of an
formation on the symmetry of the order parameter have beenndetermined functioriF(z), and which can be written in
interpreted as showing the presence of a domimkwave two forms:
component in YB3Cu;0,_ 5 (YBCO).! Evidence bearing on

the symmetry of the order parameter that might be found in Cpos/HY?T=F(2), 1
bulk properties is of considerable interest for comparison 5
with these results. The line nodes in the energy gap that are Cpos/T*=F(2)/z. @

associated withd-wave pairing have substantial effects on For YBCO theT2 andHY2T terms were first identified in

the specific heatC), making it the ideal bulk property fpr e?<perimental data in a Stanford/UBC CollaboratfphBNL
study. There have been several reports of the observation Ata showed a similad Y2T term but the validity of ther2

these effects in YBCQRefs. 2-3 but there are significant term was questionet later LBNL data on better samples,

. )  TO%nd analyzed with a more accurate expression gy,
the presence of paramagnetic cent@®’s) and the compli- qo interpreted as confirming the presence of both térms.

cation in dealing with their contributionQ(,,9 to C. In this  Tpe analysis of the data to obtain tA@ and HY2T terms
context, specific-heat measurements on >(L&L)CUO,  was, in each case, complicated by the presence of a signifi-
(LSCO) are of special interest: for comparison with the con-cant contribution from the PC's. That complication was
flicting results for YBCO; as an extension of such measureayoided by the Geneva group by taking the difference be-
ments to a cuprate superconductor for which relatively |itt|etweenC(H) measured withH parallel and perpendicular to
other evidence on the symmetry of the energy gap is availthe ¢ axis? With the assumptions that the DOS contributions
able; and also because the concentration of PC’s can be relgeale by a constant factor and all other contributionSthl)
tively low,®> making a more definitive determination of the cancel, the difference is proportional @o(H). However,
d-wave effects possible. in essentially the same region &f and T in which the

In the presence of line nodes in the energy gap the constanford/UBC and LBNL data show anHY?T
tribution (Cpog) of the electron density of stat¢BOS) to C  dependencé®°the Geneva data show substantially different
is expected to have different dependencies on temperatutsshavior* The origin of the discrepancy may lie in the as-
(T) and magnetic fieldH) depending on the value of the sumption of the scaling by a constant factor@yos for the
parameter z=H 2T relative to a critical valuez,  two field directionst?
~HC_21’2TC: For z<z., i.e., lowT andH#0, an HY2T de- We report here measurements on two samples of LSCO,
pendence is predictéd, Cpos= BHY?T. In the widely used x=0.15, that were prepared in different laboratories. The
notation Cpos=[ v*(H)—y*(0)]T, where y*(0)T is the concentrations of PC’s are substantially lower than in the
ubiquitous zero-fieldT-proportional (“linear” ) term, this YBCO samples mentioned above, and their contributions to
corresponds td y*(H)— y*(0)]=BHY2 For z>z., both  the specific heat correspondingly smaller. The predicted
H-proportional, T-independent and@?, H-independent terms d-wave effects can be recognized qualitatively even in the
are predicted, with only the T2 term, aT?, occurring for raw data; theHY?T term is well established; a nonzero
H=028° These predictions are all consistent with a scalingCpog(0) is clearly present, but its small size precludes a
relationl® which is based on general considerations of theprecise determination of its temperature dependence. Al-
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FIG. 1. Specific-heat anomalies Bf. 3.017K 1
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though the specific heats differ significantly in other respects, L
the d-wave related effects observed in these samples are es- 12
sentially identical, suggesting that they are intrinsic proper-

ties characteristic of the superconducting state. Reports of a 10 I d’ (C-Cmg-chyp)/T2 |
preliminary analysis of the data for one sample have been T + /T 7
presented at several conferent&¥he somewhat different 0.0 - 0'5 —_ 10

conclusions reported here are based on a more rigorous

analysis of the datgData for 0.1 T, which contributed to an H4T (T K

erroneous conclusion in the earlier repdrthave been omit-

ted in this paper because of uncertainty in the 0.1-T heat FIG. 2. The specific-heat of sample A for representative tem-

capacity of the sample holdgr. peratures and eight magnetic fields, 0-9 T. Fheymbols repre-
The samples were polycrystalline anreD.5 g in mass. sent raw data; the open circles represent data corrected for

Measurements were made in a calorimeter used recently f@aramagnetic-center and hyperfine contributions. See text for dis-

measurements on YBC®:! The thermometer calibration cussion.

and tests of the accuracy of the results were similar to those

described briefly in connection with earlier measurem@nts.agnd small interpolations to the's for H=0 were made for

The value_s ofy* (0) and the magnitudes of t_he anomalies atine 40 data) If Cpos= BHY2T, as predicted for a range of
T, vary widely for LSCO samples, suggesting the Presencey that does not includél =0, and if Cpyp ANd Cpyag Were
of Var!aqe’ but often large, amounts qf nonsupe_rconductmg]eg”gible, those points would fall on parallel straight lines
material* that would compromise any interpretation @fin with the slope B, and H=0 intercepts at[Cp(T)

) al

te*rng)s of d—\t/)valve effdec;[]s. Tlhe_ rellatir\]/ely Srr&alll values of +y*(0)T]/T? for that T. If there were in addition a nonzero
7" (0) (see belowand the relatively sharp and large anoma- ., ntribution, a T2, to Cpog(H,T) atH=0, theH=0 point

lies allt T (I:l_ C|0”|1p5;”50” W'Ith those Ff_or Othtfr tLtShCO would fall above theH =0 intercept of the straight line by an
samlg eys,f R]ar cu arylor Sam? Asee I'g.t la e? et mounte. In fact, the points representing the raw data do
q??hl ydo esef?ant]p €s and their appropriateness or a Stuy o rm qualitatively to these expectations. The evident dis-
ot the d-wave eflects. . crepancies, which are more significant at the lower tempera-
For a cuprate superconducto§(H,T) includes four ;
“back 4 Ut i additi e C(T tures, can be attributed ©,,3 and Cy,.
ackground” contributions in addition t€pos: CiaT), Refinement of the analysis of the data require analytical

the lattice contribution; *(0)T, the zero-field : Ch e
. ’ — o expressions forCy,,, and Cp,aq- Chyp, Which is important
T-proportional termCr,(H,T), the hyperfine contribution; ;1 o4 the Iowesg'y,phas them?grrTDh(yIZ)T‘z, but there is no

Cma.Q(H’T).' the PC contnb_uhor@se_e, €.9., Refs. 5. and 11 f_or obvious analytical expression f&@,,,. Just as for YBCO
a dISC_US§IO)”I For comparison W't.h the theoretu_:al _pred|c- (Refs. 3 and 1)ithe low-T data could not be fitted with the
tions it is convenient to organize the contributions toSimple Schottky expressions fGr,, that would be expected
C(H,T) in a form suggested by Eq2), for spin4 PC’s. For YBCO the problem was resolv%j&by the
2_ 2 recognition that there were singlet-ground-state '8s
CH.TT'=CoodH. DT HAM+SHT). @) well as sping PC’s, and the use of ESR-derived paraméfers
where  A(T)=[C(T)+¥*(0)T}/T?> and &(H,T) to obtain an expression for their loWeontribution toCp,,g.
=[Chyp(H,T)JrCm‘,jlg(H,T)]/T2 represent, respectively, the Although C(H,T) for LSCO also suggests the presence of
H-independent andi-dependent background contributions. singlet-ground-state PC'’s, the data are not well represented
Raw data for representative fixed’'s are plotted as by the ESR parameters used for YBG@nd there is no
C(H,T)/T? vs HY3T (the + symbol$ in Fig. 2. For eaci  reason to expect that they would)b®Vithout independently
the eight points represent the data for the eight valuds.of determined spin-Hamiltonian parameters it was not possible
(The data were taken at very close to the sarteefor all H,  to find an analytical expression f@y,4 that accounted for
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! FIG. 4. TheH2 dependence dEpos/T=[y* (H)— * (0)] for
= H+#0. See text for discussion.
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=Cpos/T2. Although there is a well defined, nonzero value

of Cppg0), as isalso apparent in Fig. 2, it is not propor-
FIG. 3. (a) Values of, the slopes of the straight lines in Fig. 1. tional to TZ: as shown by th& dependence o&'. At the

(b) Values ofa’=Cpog0)/T2, where the curves are guides to the lOwestT, it is possible that the apparent valuesadfreflect

eye. See text for discussion. small errors in the correction fo€,,y and Cy,,,, but that

effect would decrease rapidly with increasiigt is possible
the data at the lowesE. However, the effect of thé1=0  that impurities contribute to the deviations ©fog0) from

splitting of the PC levels becomes less important with in-a T2 behavior® but for YBCO it seems that at least some
creasingT. Accordingly, the analysis was restricted to 2.5 impurities produce normal regions without affecting the pa-
<T=<10K for sample A and &T=<10K for sample B, rameters characterizing the superconducting regions of the
where the data were adequately represented with Spinsample’ Another possibility is that the order parameter is not
Schottky functions wittlg=2.1. The concentrations of PC’s, purely d wave, but mixed, modifying the shape of the

T(K)

0.96x10* and 1.7 10 *mol (mol LSCO ™ for samples
A and B, respectively, and the parameters @y, were

“nodes.” Perhaps most importantly, however, the predicted
T2 dependence is a loW-approximation that is probably not

obtained from global fits. Essentially the same concentravalid to 10 K, which is~T./4. For YBCO theT? depen-

tions of PC’s were obtained in single-field fits fbir=3, 5,

dence is reasonably well defined Tg/10° Given these con-

and 7 T, the fields in whiclC .4 is most important. These siderations, and the assumption that the limiting Bvee-
contributions were subtracted fro®(H,T), and the points havior of Cpog(0) is T2, as it is in YBCO?® a reasonable
thus corrected plotted as the open circles in Fig. 2. All fur-estimate of the value of the coefficient isa
ther analysis was based on these corrected points. ~0.09 mIK 3mol™?, the value ofa’ for both samples at 3

For eachT and forH=1 T the corrected data points were K, which is ~T./10.
fitted with the straight line shown in Fig. 2. The derived The data are compared with the scaling relation in Fig. 5.
values of3 are essentially independent ®ffsee Fig. 83)], Figure 3a) demonstrates the collapse onto a single straight
corresponding toCpog(H)=BHY?T with (8)=0.50 and line, Cpos=BHY?T, of the individual data points foH
0.51 mJK 2T Y2 mol ! for samples A and B, respectively. #0. The plot in Fig. §b) permits the inclusion of théd
Although the 0.5-T data were omitted from these fits, they=0 data, which are represented by vertical bars that give the
fall very close to the lines, and their inclusion in the fits hasrange of values o#’. In the corresponding plot for YBCO
a negligible effect on the derived values@fC,,; and y* (0) the points for low nonzero values BfY4T deviate from the
were obtained by fitting théd=0 intercepts of the lines, straight line in a way that suggests a smooth crossover to the
A(T)=[Cpt+ y* (0)T]/T?, with  Ci=B3T3+BsT®>  HY%T=0 data® Although there is no such evidence for the
+B,T7, to obtainy* (0)=0.44 and 1.23 mJK®mol *and  crossover in Fig. &), it could well occur in the region in
B3;=0.259 and 0.221 mJKmol ! for samples A and B, HY¥T in which there are no data. The absence of data points
respectively.Cpos Was then obtained for alH and T as  in that region and the uncertainty in the valuecohotwith-
Cbos=C—Crag— Chyp—TzA(T). A somewhat different standing, both Figs. (8 and 5b) are consistent with the
way of demonstrating the consistency of the-0 data with  predicted scaling.
Cpos(H) = BHY?T is shown in Fig. 4. For each nonzek The observation of a nonze@pog(0) reported here for
including 0.5 T, for which the data were omitted from the fits x=0.15 is at variance with the conclusion of Chenal’
in Fig. 2, an average value of* (H) was obtained by aver- who measured€(H) for x=0.16 and found no evidence of
agingCposover allT’s. These values ang* (0) are plotted such a term. The discrepancy may arise in part from differ-
vs H'2. Least-squares fits t9* (H), including y* (0), give  ences in the precision of the ddteompare Fig. &) with
essentially the same values @fs the averages of the values their Fig. 4], but differences in the data analysis are probably
obtained in the constructions in Fig. 2. This figure empha-at least as important. They based their conclusion on a
sizes the accuracy with which the data for€8=<9 T con-  singleH(H=0) fit and represente@,,4 (the concentration
form to the predictedH?T dependence. of PC's was similar to that of sample)Aby a simple

For H=0, Cpos is represented in Fig.(B) as a'(T) Schottky anomaly foif =0.6 K. Even random scatter in the
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data is more likely to lead to an erroneous conclusion about

the T2 term in a singleH fit than a global fitt® Furthermore,
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=0.31mJK 3mol™?, for x=0.22, which could be consistent
with the estimate ofr=0.09 mJ K >mol~! reported here for
x=0.15 and the expectatibhthat « would be approximately
the same for underdoped- and optimally doped samples, but
larger for overdoped samples. Their conclusions abouHthe
dependence d€ppgfor H#0 were similar to those reported
here[compare Figs. 4 and(& with their Figs. 2a) and 4.

The substantially higher values af reported by Momono

et al?° are of questionable reliability because they appear to
be based on the assumption tiif; is the same for super-
conducting and Zn-doped, nonsuperconducting samples. In
fact, C, for both YBCO and LSCO is remarkably sensitive
to doping, and even to details of sample preparatiop;
differs by 17% for the two LSCO samples described in this
papej.

In summary, the electron-density-of-states contribution to
the specific heat ofLa; g5y 15CuQ, shows, with a high
degree of accuracy, thé¥?T dependence expected for line
nodes in the energy gap aht¥ 0, and conformity to a scal-
ing relation predicted for d-wave order parameter for afl.

The existence of a finite contribution fef= 0, also expected
for line nodes, is clearly established but its small size pre-
cludes a precise determination of its temperature depen-
dence. The similarity of these features for two samples that
differ in other respects gives confidence that they are intrin-
ic properties characteristic of the superconducting state.

the data reported here suggest that the Schottky anomaly The work at Lawrence Berkeley National Laboratory was

would not be an adequate representatiogfg, increasing
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