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Low-Temperature Specific Heat of YBaCu3O7—_5,0 = 6 = 0.2: Evidence for d-Wave Pairing
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The dependence of the specific heat of YBaO,_s on temperaturé?) and magnetic fieldH)
shows a number of features predicted dewave pairing: ar'? term for H = 0 and anH'/?T term for
H # 0 and low T, with a crossover to a strongér dependence at high&t. For all H and T, these
results are consistent with a recently proposed scaling relation. Values of the parameters derived from
experimental data agree with theoretical predictions. [S0031-9007(99)08481-1]

PACS numbers: 74.25.Bt, 74.72.Bk

There is a growing consensus, based primarily orwas concluded that the evidence forra term was not
tunneling and vortex-imaging experiments that give infor-convincing [8]. Determining the contributio(Cy,g) of
mation on the symmetry of the order parameter [1], thaparamagnetic centers (PC’s) @bwas a major source of
the superconductivity of YB&L1;0,-5 (YBCO) involves  ambiguity in the conclusions about tif& term. With
d-wave pairing. Nevertheless, there is still considerableespect to the'/2T term, however, the Stanford/UBC
interest in the evidence af-wave pairing that might be and LBNL results are in good agreement [8]. On the
found in bulk properties, and the specific hé@y is the  other hand, recent data from the Geneva group [9], which
obvious candidate. The electron density of states (DOS)ive no evidence bearing on the reality of thé term,
its contribution(Cpos) to C, and particularly the depen- show a significantly different dependence of the mixed-
dence of that contribution on magnetic figlf) are ex- stateCpps on bothH andT.
pected to be very different fat-wave ands-wave pairing. We report here data on two new samples that have
Measurements af (H) can therefore contribute to the evi- relatively low concentrations of PC’s, for one of which
dence bearing on the nature of the pairing. They also giv€'pos was determined for different carrier concentrations
values of the DOS for comparison with model calculationsby making stepwise changes in the oxygen content
of the quasiparticle excitation spectrum. and remeasuring” [10]. The use of a more accurate

In the superconducting state it is expected on quitexpression forCy,,, that has noH-dependent adjustable
general grounds that a line of nodes in the energy gaparameters [10] and the low concentrations of PC’s make
associated withi-wave pairing givesCpos(0) a 7> de-  possible a more reliable analysis of the= 0 data. In
pendence [2,3] in place of the exponential dependencthe common interval off, the results are in qualitative
characteristic of the gap without nodessitwave super- agreement with the Stanford/UBC report in showing a
conductors. In the mixed state &h'/2T term has been zero-field 72 contribution as well as theé?!/2T term.
predicted for al-wave superconductor at loW[4,5], but At higher T they show clear evidence of the predicted
with a crossover at a valug ~ HC‘;/ 2Tc of the parame-  Crossover. For alH andT they are consistent with the
terz = H~ /2T to a high7, low-H region in which both  proposed scaling relation. In addition, the new results
aT? term that is independent @f, and aT-independent suggest that the-wave effects are not very sensitive to
H-proportional term appear [3]. These terms arise fronimpurities or, for0 = § = 0.1, to carrier concentration.

a Doppler shift of the quasiparticle excitation spectrum in In addition toCpos, C(H) includes four other contribu-
the outer regions of the vortices, and the crossover reflect#ns that together constitute a “background” specific heat
a change in the intervortex separation. These prediction$ bked),

are'all consistent With a sc'aling relation derived on thg C(H) = Cpos(H) + Cprga(H), (1)
basis of general considerations of the low-energy quasi-

particle excitation spectrum of &wave superconductor, _ #
Cpos/H"*T = F(H™'/2T), whereF is an undetermined Corga(H) = Coag (H) + Cip(H) + Cia + v (O,
scaling function [6]. (2)

TheT? andH'/?T terms were first identified in experi- whereC,s (H) is the contribution of the PC'€y, (H) =
mental data by Moleet al. [7], in a Stanford/UBC col- D(H)T 2 is primarily a hyperfine contributior¢,, is the
laboration. Their conclusions were based on a “global’H-independent lattice contributiony™(0)T is the zero-
fit, one in which data for alH were analyzed simultane- field, T-proportional (“linear”) term. (See Ref. [10] for
ously with aT? term (« T?) included in the fitting expres- further discussion.) Preliminary examination of the data
sion for H = 0. LBNL data gave similar results when showed the crossover at ~ 6.57 /2 K. Accordingly,
fitted in the same way [8], but in both cases a fit to thethe “basic” fit to the data, a global fit, was made with
zero-field data alone gave negative valuesagfand it  the theoretical expressions f6hos for z < z.: aT? for
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H =0, andAy*(H)T for H #+ 0. Forz > z. the data slightly different values of some parameters.) Of the two
points were omitted from the fit, anGpos was calculated terms inCpos predicted forz > z., it is the T2 term that
using Cpieq @s determined in the fit. ThE dependence is suggested by the data. The other, Fsproportional
predicted forCpps for H # 0 andz < z. was incorpo- T-independent term, would give a negative slope to the
rated in the fitting expression, asy*(H)T, butits validity data forT = 5K and H = 05T in Fig. 1(@). The

as a representation of the experimental data was tested @nossover is also surprisingly sharp: A simple fit with a
several ways [10]. However, thg dependence was left T-independent DOS that matches the limiting slopes of
open:Ay*(H) was determined independently for edéh  the 0.5-T data gives a width of5 K.

The results of the fit for sample DW54A are shown as The new expression faf ., (H) makes possible a more
Cpos/T in Fig. 1(a), where the solid symbols represent thedirect examination of th&/ = 0 data for ar'> term. With
omitted data points. Fd = 0, Cpos shows the predicted the exception ofCy,,, which is important only near and
T2 dependence; the line through the points represents thgelow 1 K, the contributions t€px.q can be determined
value ofa determined in the fif).064 mJK 3 mol~!'. For for any H without using the data for thakl, because
H # 0 andz < z., Cpos/T = Avy*(H); the horizontal there are noH-dependent adjustable parameters in the
lines correspond to the values afy*(H) determined in  new expression fo€y,,, (H), and the other terms i@y q
the fit. For H # 0 and z > z., the data points (solid are independent off. Figure 1(b) shows the result of
symbols) deviate from the horizontal lines, and they are fit in which the H = 0 data and all theH =05 T
approximated by the sloping lines, which are paralleldata were omitted, and'pos calculated usingCpkeq(H)
to the line through thed = 0 data. ForH = 0.5 and determined by the data for all oth&r. The sloping lines
1 T, the changes in the slope At~ 5 and 6 K mark the correspond to the value @i determined in the basic fit.
crossover. (These changes in the slope are the basis fd@xcept for the lowF upturn in theH = 0 data, which
not consequences of, the exclusion of the highgreints  is the Cyy, (0)/T that was not determined in that fit, the
from the fit: A fit to all the data gives essentially the results are essentially identical to those obtained in the
same changes in the slope, as deviations from the fit, buttasic fit. ForH = 0, they confirm the existence of th&

term and the validity of the value of obtained in a global
- fit to all the data. (FoH = 0.5 T, they provide additional
T 09900000, @1 evidence that the change in the slope is not a consequence
[ ] of omitting some points from the fit and including others.)

For z < z., Cpos is in excellent agreement with
the predicted”'/2T dependenceCpos = Ay*(H)T =
BH'2T, with B8 = 0.91 mJK 2T"/2mol~!, as shown by
the solid triangles in Fig. 2. The open triangles in Fig. 2
demonstrate a relation between the zero-fielderm and
the H'/2 proportionality ofAy*(H) that is inherent in the
experimental data and supports the conclusion that both
are real. They represent values ®d¥%*(H) derived with
the 72 term omitted from the fitting expression. That
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FIG. 1. Cpos as obtained in two fits in which different points, 0 05 Lo 15 20 25 30
shown as solid circles, were omitted: (a) the basic fit; (b) a H"(T")

fit with all 0- and 0.5-T data omitted. All lines that are

not horizontal have the same slope, that of the fit to theFIG. 2. Ay*(H) as obtained in the basic fit (solid triangles)
H = 0 data in (). The error bars on the 5-T points represengind in one with no7? term in the fitting expression (open
+0.5% C(H)/T. They would be approximately the same for triangles), with a least-squares fit to at#'/? dependence

all H. for each.
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omission more than doubles the rms deviation from an 13 R oo
H'/? least-squares fit td y*(H), and the deviation from YBa,Cu,0,

the fit of Ay*(0), the point that is necessarily most af- 12+ DW54A 1
fected, is particularly conspicuous. Within the uncertainty
inherent in other quantities that enter into the comparison,
the values of parameters derived from experimental data
are in satisfactory agreement with theoretical predictions
for a [2,3], B [4], andz,. [3], giving additional support to
the d-wave interpretation.

Most results, both experimental [11] and theoretical 07l $ T e 7T ]
[12], on the mixed-stat&pos for conventionals-wave ' N
superconductors give aHT dependence in place of the 0.6 L e s
H'/2T found for YBCO, but there are several exceptions ! 10
that deserve comment. Measurements gBi\howed a z=H"T (T""K)
negative curvature of (H) vs H and led to the suggestion
that this behavior, sometimes approximating tHé/2
dependence reported for YBCO, was a general feature of
superconductors in the mixed state [13]. However, ther(?

are several reasons for questioning the relevance of tha? 3 - .
) ; ) .11 mJK™? mol™" would encompass the other 18 points
1/2 . )
conclusion to thé?'/*T term in YBCO: C(H) was linear for which that ratio is 1%—29%.

ool OO e I el tho crsatune. - For sample DWALAC(H) was measured for different
P 9 values ofs. Fors = 0, 0.022, 0.044, 0.066, and 0.096,

f‘;g\?léid'if]atﬁ]peezﬂe'”rggigf%;'ﬁgbﬁihﬁ];’;ffn“f’g‘;gt_s the values ofa were 0.044, 0.059, 0.081, 0.062, and
coole3d sample in constati{ ga\’/e a positive curvature 0.062 mJK™*mol 1; the values ofg were 0.82, .0'66’
[14]. Also very relevant to a1ny comparison with YBCO is 0.72, 0.72, and0.71 mIK™T"!2mol !, respectively.

) For higher values ofé, o« was immeasurably small,

the general expectation, andllts.expe_rlmental ver|f|cat|0%nd there were systematic deviations &f*(H) from
[15], that the low-energy excitations in the vortex cores

. . the proportionality toH!/2. It is difficult to estimate
Egg} grrzdufeecfgiz ti?] "t]:]:enCCSn;gtg)unaeli%%%fg;?;%orfhthe uncertainties in the values of these parameters but,
P P P ) ors by articularly for «, they are substantial, and the variations
small size of the cores. On the theoretical side it hag . <t s = 0’1 should be interoreted with caution
also been suggested that the deviations from linearify in The data fgr éamples DW54A gnd DWA41A are sir.nilar
for both YB.CO and .\?{S' might be understood as ansing (s those reported earlier for another polycrystalline sample,
from the high density of low-energy states shown in an

random-matrix model, but the calculation does not give P6 [8]. The most important features of the data for
. r - IVl three of these samples are, at least qualitatively, the
an estimate of the magnitude or a prediction of the form

. . same as those for the single crystal studied by Moler
of the deviation [16]. Although the mixed-stafios of o ) [7] and also for that sample after detwinning [17].

For each of these five samples, measured in three different

_ 1/2 +em
L1E — Cpe=091H"T K.

o Q.5T x 5T

Cpog/H"”T (mJ T"? K™ mol™)

FIG. 3. A test of the scaling relation.

r which aT?/C(0) is 2%—3.5%; error bars at 0.04 and

preponderance of evidence suggests an approxidate
dependence, and it is reasonable to conclude thaf thg
dependence in YBCO is a manifestationiefvave pairing.

The results of the basic fit are in excellent agreement 30 00
with the proposed scaling relation [6], as shown in Fig. 3 Foos L
in a plot of Cpos/H'/?T vs z. For z = z. almost all ~ st
the points fall within+5% of a horizontal straight line, g 02 L
corresponding to theH'/2T dependence demonstrated 9 20F
in Figs. 1(a) and 2: The test of the scaling relation 3 shoorl
can be extended t&/ = 0 by rewriting it in the form o7 .-
Cpos/T? = z7'F(z) and plottingCpos/7T> vs z !, as in S R
Fig. 4. The deviations from the horizontal straight line 08 T v 7T ]
at z ~ 6.5 T"Y/2K in Fig. 3 then appear as deviations 05| e ?/T 1
from the straight line atz™! ~ 0.15 T'2K=!. It is T Cpos =09HTT

apparent that these deviations are consistent with a smooth 0.0 0 YRR 1'5 2'0 2‘5 Y
extrapolation to the single point at! = 0 that represents ’ : T o ’ ‘
the H = 0 data by the value ofr obtained in the basic z =H"T (T"K")

fit. The error bars on that point represent the spread of|G. 4. A test of the scaling relation that includés= 0 data.
Cpos(0)/T? calculated for the 32 individual data points The inset is an expanded view of the same data for oW
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calorimeters with three independently derived temperaturéhe concentrations of spib-PC’s alone by a factor of 5.
scales, including DW41Afdd = 6§ < 0.1, aglobal analy- A possible explanation of the small effect of the concen-
sis gave &' term inC(0) and, forH # 0 andT = 7 K trations of PC's onx is that the spir%— PC’s, which are
(the upper limit of the analysis of the Stanford/UBC data),in the CuO chains, are only weakly coupled to the super-
Cpos * H'2T. (The effects on the derived values @f conductivity in the Cu@ planes, and the spin-2 PC's,
andg of the difference between data for single crystals andvhich are in the planes, produce local normal regions with-
polycrystals, differences in other parameters characteristigut affecting the superconductivity elsewhere [10]. It has
of the samples, and variations in fitting procedures havealso been shown that twin boundaries contribute t(0)
been considered elsewhere [8].) The Geneva group hg$7]. Perhaps they, and other physical defects, also pro-
reported no evidence bearing on té term but it has duce small-scale normal regions without otherwise affect-
reported results of several measurementsCghs for  ing the superconducting properties.

H # 0that differ substantially among themselves and with This work was supported by the Director, Office of
the LBNL and Stanford/UBC results. For one singleBasic Energy Sciences, Materials Sciences Division of
crystal Cpos(H) was obtained by subtracting data for the U.S. Department of Energy under Contract No. DE-
H || ab from data forH || ¢ and assuming that all other AC03-76SF00098.

contributions toC(H) canceled [9]. Cpos(H) was not Note added—Some of the features interpreted here as
proportional toT’; the H dependence afpps was stronger evidence ford-wave pairing in YBCO have also been
at lowerT; in a plot similar to that in Fig. 3, the data are seen in(La; g5Sr.15)CuQ, [20].

best represented by a straight line with a pronounced nega-

tive slope that would appear at45° to the horizontal.

Data for another single crystal treated in the same way

(Ref. [18], see Figs. Il 3,15, 16) and two polycrystalline

samples (Ref. [18], see Figs. Il 13,14) all gave©gos *Present address: Department of Chemistry and Bio-
that was not proportional t@, but the dependence dif chemistry, Brigham Young University, Provo, UT 84602.
was different in each case and generally strongéovaer TPermanent address: Department of Physics, Amherst
T for the polycrystalline samples. College, Amherst, MA 01002.
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