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We present specific heat measurements on optimally dope@®®y 1:Cu0,_; (PCCO single crystals from
which we determine the condensation energy, entropy, and the thermodynamic critical field. Our analysis of the
specific heat jump &f. suggests that the coupling in electron-doped cuprates is weaker than in the hole-doped
cuprates. In addition, the entropy balance in the superconducting state suggests that any depression in density
of states(DOS) at T>T, i.e., a pseudogap, would have to be very srialis than 10% of average DS
Finally, a study of the residual electronic specific heat of an optimally doped PCCO before and after oxygen
reduction suggests that this anomalous contribution is due to normal regions in the sample.
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There has been a significant increase of interest in th8+0.1 mg high purity copper sample, and a 3.2+0.1 mg Nb
superconducting and the normal state properties of electrosample. Our measurements were within 5% of the standard
doped high¥; superconductors in the past few years. How-values(uncertainties in determining the mass of the sample
ever, some important fundamental parameters of these mater differences in the purity of the standard sample and our
rials have not been accurately measured yet. In this paper weample are included in this eryor
report the results on thermodynamic properties, such as the The specific heat jump af; is due to the free energy
specific heat jump at the transition temperat{irg, the con-  difference between the superconducting and normal states.
densation energy, and the thermodynamic critical field takedhe sharp transitions of conventional superconductors have
on single crystals of P& 1:CuQ,_s (PCCO. We discuss made it possible to determine the size of this jump very
these results in the context of the pseudogap and strong coaecurately. However, in electron-doped cuprates, issues such
pling effects in the electron-doped cuprates. In addition, weas broad superconducting transitions and small samples have
present comparative data for optimally doped PCCO beforgnade it very difficult to measure this junipBy using a
and after annealing to study the origin of the well-knownsensitive thermal relaxation calorimetry technique and small
residual electronic specific heat in the superconducting stat€CCO single crystal samples, we measured the specific heat

Previous measurements on electron-doped cuprates havé the normal and the superconducting states. The normal
studied the thermodynamic properties of these matelridls. state was reached by applying a magnetic figtt>H,)
However, polycrystalline samples of varying quality haveparallel to thec axis of the crystal. Figure(d) shows the raw
made it very difficult to establish consistent results regardinglata atH=0 T andH=5 T for a PCCOx=0.15 single crystal
these properties. The recent improvements in samples, paiH,=5 T for this crystal. As is clear from Fig. (a), the
ticularly in single crystal samples, have not been accompazero field data are very smooth due to the broad supercon-
nied by remeasurements of the thermodynamic propertieslucting transition(T,=23+3 K). Hence, it is very difficult to
Hence, the motivation of this work is to fill this gap in terms extract the specific heat jump by just analyzing the zero field
of reliable experimental data on high quality single crystalsdata. On the other hand, the difference betweenthe 5and 0 T

When discussing the coupling effects we assumed a BCS#ata [Fig. 1(b)] shows a clear peaklike structure at
type electron-boson coupling, even though it is not clear af=18.2 K, which is close to the temperature where super-
this moment if such effects are significant or relevant forconductivity is established throughout the sample. The size
high-T, superconductors. However, the hole-doped data if this jump is (C¢.—C,)/T.=AC/T.=6.1 mJ/mole K,
the literature have usually been analyzed in this manner, andhere “mole” means per mole of Cu. This jump is approxi-
in order to make a comparison with that data we also usechately three times higher than some of the previous results
the same formalism. on polycrystalline samples of PCO®efs. 1 and Band is in

The PCCO single crystals are grown by the directionalgood agreement with high quality NgCe,£CuO,_s
solidification technique. The nonsuperconducting as-growiNCCO) polycrystalline sample3A lower limit for the size
crystals are annealed at 900 °C in an inert atmosphere aff the specific heat jump ai; has been estimated from mag-
flowing argon gas in order to attain superconductivity. Thenetization measurements on NCCO single crystals to be
cerium concentration of the crystals was determined usindC/T.=3 mJ/mole K (Ref. 6), which is consistent with our
wavelength dispersive x-ray analyi&/DX) to an accuracy data.
of £0.005. The experiments were performed in a Quantum For weak-coupling BCS theornAC/T.y,=1.43, which is
Design physical property measurement sysifAMS with  in very good agreement with data on conventional
a modified sample holder in order to eliminate the field de-superconductors, with a few exceptions like mercury.
pendence of the addenda. The data were taken using thernetheoretical work showed that the ratidC/T.y, can
relaxation calorimetr§l. Au-7% Cu wires(1—3 mil in diam-  be larger in the strong-coupling linit(which explains
eten are used as a weak link to connect the holder to théead and mercury dataSpecific heat data on hole-doped
thermal bath, and the thermometers were calibrated in differeuprates showed much larger values fhC/T.y, than
ent magnetic fields. Our setup was tested by measuring the BCS weak-coupling limifsee Ref. 8 for an extensive
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Substituting A=0 and NE;)=1.3 states/eV cell yields

~—~
()
~—

. 400{% ¥»=3.1 mJ/mole R. The experimental values on our PCCO
% 50 x=0.15 crystals vary betweeny,=3.8—5.3 mJ/mole K
g Substituting the experimental, values into Eq.(1) yields
2 200 A=0.2-0.7. A similar analysis on hole-doped
E 100 superconductot8 shows much larger coupling constants,
o 5 — ST which suggests that coupling effects are weaker in electron-
0 6 12 18 24 30 doped cuprates compared to the hole-doped cuprates. This
(b) T(K) result is also consistent with angle-resolved photoemission

spectroscop(ARPES measurementd which were inter-
preted in terms of smaller electron-boson coupling in
electron-doped cuprates compared to the hole-doped cu-
prates. The largeAC/T.y, ratios in hole-doped cupratés
also support this idea.

An independent way of estimating the Sommerfeld con-
stant, vy, is to use the relation

## ACIT=6.1 mJ/imoleK?
0 6 12 18 24 30
T(K) ~ dHe

aT

ACIT(mJ/mole K?)
ANvonvso

=Ap¥n, (2

FIG. 1. (Color onling (a) Temperature dependence of specific
heat for an optimally doped crystal, ReCe) 1:CuO,
(Tc=23+3 K), atH=0 T andH=5 T (Hllc axis). The inset shows
H=0 T andH=5 T data around.. (b) The difference between the
superconducting stai@i=0 T) and the normal stattH=5 T) as a
function of temperature.

wherep is the resistivity afl, # is a coupling constant, and
A=1.25T/K)(mQ cm)*(mJ/mole Cu K™t (Ref. 17.
Equation(2) is valid only in the dirty limit, and it is not clear

at this moment if our samples are in this limit. However, the
aim of this analysis is to get an estimate fgy using the
esults of independent measurements and compare this esti-

list for measurements up to 1990 and Ref. 9 for recen ate with the results of our specific heat measurements.

data on a high quality crystalThe experimental data on T i
- ransport measurements have shown thad.,/dT=

I:?E“O (YBCO) show AC/Tey,~2.5-3.5 for samples _ 41/ (Ref. 18, and p~0.05nm cm (Ref. 19.
ving Assuming a weak-coupling limit(»=1), we obtain

different superconducting volume ratios and different levels -6 /mole R. Thi | fr i bound f
of disordef-1? Reference 10 extrapolates &C/T.y,=4.8 /" 4 mJ/mole K. This value ofy, is an upper bound for

for a fully superconducting YBCO sample. Reference 7the experimentay, since anyy>1 would reducey,. There-

o . ~ fore, our experimental results of,=3.8—-5.3 mJ/mole K
calcul_ates an upper limit oAC/Tey,~10 for strong are in agreement with the estimate gffrom Eq. (2).
coupling d-wave superconductors. Our data on PCCO .
_ . . The superconducting state has a lower entropy than the
show that AC/Tcy,=1.620.1. In this calculation normal state. This entropy difference is obviously zero at two
v,=3.8+0.2 mJ/mole K (from specific heat data shown in ' by y

Fig. 3 and AC/T,=6.1+0.3 mJ/mole K have been used points: T=T. and T=0. At some temperature between these
. C_ . L . .

However, the fact that the superconducting transition istWO’ the entropy difference shows a maximum. The entropy

broad and that our ma o . (gifference between the two states can be calculated from
gnetization measurements give 70%

superconducting volume fraction suggests that the magnitude T/lc.-C

of the jump is definitely larger than the BCS weak-coupling S(T) - ST :f (%)d?, (3)

limit. As will be discussed later, the experimental condensa- 0 T

tion energy of our sample is approximately 65% of the ideal

d-wave case, which is similar to the superconducting volumevhere G and G, refer to the normal and superconducting

fraction we estimate from our magnetization data. Considerspecific heats, respectively. An important thermodynamic

ing a similar superconducting ratio for the jump in the spe-quantity that can be calculated from our specific heat data is

cific heat implies thahC/T.y,~2.3+0.2 for a 100% super- the condensation energy of the superconducting state, which

conducting PCCO sample. is the free energy difference between the superconducting
The experimental, is also larger than the band structure and the normal states. The condensation energy can be cal-

calculations, which is evidence for electron-boson couplingculated from

effects. Such calculations determine the density of states at

the Fermi level to beN(E;) = 1.3 states/eV cel(Ref. 13. _ Te ) ) :
The expression E(T) = ] [SW(T") = SdT)H]dT". (4)

n= ?N(Ef)sz(l +\), (1) Figure 2a) shows the condensation energy and the entropy
difference as a function of temperature for an optimally
where\ is the electron-boson coupling constant, can be usedoped PCCO crystal. The condensation energy for a flat den-
to estimatey, using band structure density of stat{&09S). sity of states is given by
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FIG. 2. (Color onlin® (a) The entropy difference between the THKY)
superconducting and normal states and the condensation energy of )
the superconducting state as a function of temperatby&he tem- FIG. 3. (Color onling (8 The temperature dependence of an

perature dependence of the thermodynamic critical field foroptimally doped PCCO crystal before and after annealing. (e

Pr, gCe 1:CUO, and a BCS fit of the formH(T)=H/0)[1 is the same for both the annealed and the nonannealed saiiles.
—(T/TC)Z]. Another nonannealed sample in 0 T and 10 T magnetic fields.

hence a depression in DOS, ®(T)/T, atT> T, is necessary

31 in order to attain entropy balané&.This depression in

Ec= aN(0)Ay/2 = Y22 MmO)AF2, ®) S(T)/T, or average DOS, %s been taken as aﬁ evidence for a
B pseudogap.

whereA, is the superconducting gap maximum. For a BECS Our data show that in optimally dopedype cuprates the
wave superconductar=1, and for a BC3i-wave supercon- entropy is almost balanced between the normal and the su-
ductor «~=~0.4. The upper critical field of this crystal was perconducting states for<OT<T.. Linearly extrapolating
found from specific heat measurements to be approximatelfhe (C,—C,)/T to T=0 results in 35 mJ/mole K for the
5 T. The smalleH, of this crystal compared to other opti- negative area in Fig. 1betweenT=0 K and T=10.8 K),
mally doped crystals we measuréd.,~7 T) could be due whereas the positive area is 38 mJ/mole (§etween
to a smaller superconducting gdpunneling spectroscopy T=10.8 K andT=24.0 K). The =8—-9% difference between
measurements typically show~4 meV (Ref. 20]. It is  the two entropies is the error margin of our analysis. This
also possible that this crystal is cleaner than the other crystalgsult suggests that even if there is a pseudogap ahofoe
we studied, and hence has a lowdy,. Using A;=3 meV  electron-doped cuprates at optimal doping, the depression in
~34xkgs, a=0.4, and y,=3.8mJ/mole R for  the density of states would be less than 10% of the available
Pr; g£C& 15CUQ,_; results in E;=782+100 mJ/mole. Our states. ARPESRef. 22 and optical conductivi§?>* mea-
experimental value of 568 mJ/mole is approximately 70% ofsurements performed on electron-doped cuprates are in
the BCSd-wave prediction, and less than 30% of thwave  agreement with this conclusion: Ref. 23 does not observe
prediction. Considering the similar superconducting volumeany pseudogap in NCCO, and Ref. 24 observes a very small
fraction of the sample=70%, we conclude that our data are gap, which vanishes at a slightly higher doping than opti-
more consistent witld-wave symmetry. This conclusion is mally doped. However, this does not rule out the existence of
also in agreement with our previous heat capacity experia pseudogap fof <T,, i.e., a pseudogap coexisting with the
ment where a nonlinear field dependence of electronic sp&uperconducting gap, as has been suggested from tunneling
cific heat was found! Data on hole-doped cuprates have aexperimentg5:26

similar deficiency inE, from BCS d-wave theory® Such a Another important quantity that can be calculated from
discrepancy could have various sources, including a less thasur data is the thermodynamic critical field(T). The free
100% superconducting sample. energy difference between the superconducting and the nor-

The entropyS(T) is a measure of the total number of mal states can be expressedgas uH2/ 8. Figure 3 shows
electronic excitations at temperatufe while S(T)/T is a  the temperature dependence Hf, and the BCS fit to the
measure of the density of states averaged over an energiata usingH.(T)=H,(0)[1-(T/T.)?] (Ref. 27. In calculating
~kgT. In a simple metaB(T)/T is a constant, i.e., indepen- the BCS fit we usedH(0)=1100+100 Oe, and,=19 K (a
dent of temperature. Similarly in a conventional superconvalue between the peak temperatilire18.2 K of Fig. 1 and
ductor, this quantity is constant in temperature Tor T.. I the onset temperature of superconductivity from magnetiza-
other words, the area undéCs—C,)/T from T=0to T=T,  tion, T=20 K). Figure 3 shows that there is a good agree-
adds up to zero and hence the entropy is balanced. In holeaent between our data and the BCS fit betw&er®d K and
doped cuprates around optimal doping, the area under=T./2, beyond which the theory underestimates the experi-
(CsC)/T from T=0 to T=T, does not add up to zero, and mental data. For a conventioraivave superconductor such
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an underestimation would suggest strong electron-phonomhe absence of any field dependence in the specific heat of
coupling. However, the difference between the fit and thenonannealed crystals suggests that the linear term does not
data for conventional superconductors is usually less thaRave this origin. It is possible that larger fields or lower

~5% (Ref. 5, which is much smaller than what we observe (emperatures are necessary to observe the two-level spin con-
in our data. Such significant differences between BCS theoryip ition. but this would be very unusual.

and data on cuprates in the vicinity Bf have been attributed The absence of any difference in the magnitudey(

rcon in fl ion n rong- lin . .
te?‘fec?;%%scg)u?lé?sttin?ate :)Jiatuf tlgog+1%0d0esitsoingrg§ggn- gbefore and after annealing, and the absence of any field de-
! c +

able agreement with previous specific heat measurements @¢ndence in the nonannealed crystals, are most consistent
NCCO that foundH.=1400 Oe(Ref. 2. with the existence of metallic regions in the sample
Specific heat measurements on cuprates have shown a hich are not affected by the annealing procedure. This
sidual electronic specific heat at zero magnetic fieldjs also consistent with the reduction #{0) with improve-
Cies= ¥(0)T. Improvements in the sample quality have madements in the sample quality. Supporting evidence for
the magnitude of this term smaller; however, this residuathis possibility comes from the ratig,/[ y,+ ¥(0)]. Attribut-
specific heat has still been observed in all cuprate samplgag the y(0) term to the metallic phase, i.e., nonsupercon-
studied to date. Despite many studies and speculations in thfcting, andy, to the superconducting pha&éis assumed
literature, the origin of this term has not been conclusivelythat the volume ratio is similar to the density of states jatio
identified yet].'o We studied the magnitude of this term by then the ratioyn/[7n+ ’)/(O)] should be similar to the super-
measuring the specific heat of a crystal before and after ansonducting volume fraction from magnetization measure-
nealing. To our surprise, we did not observe any change ipyents(~0.70, which is close to what we observe in our
the magnitude of the/(0) term between the semiconducting g5ta: ol [yn+ ¥(0)]=3.8/(3.8+1.9=0.67.
nonannealed crystals and the superconducting annealed crys-|, summary, the measurements reported in this paper on
tals. Figure 3 shows an example of such data on an optimally,o thermodynamic quantities of an optimally dopetype
doped crystalT.=23+3 K, and mass=5 mgThe factthata cyprate have several important implications. In this doping
residual specific heat is observed in the nonanne@edsu- e n-type cuprates show electron-boson coupling effects
perconductingsample rules out the possibility 9f0) being  owever, the strength of this coupling is weaker than in the
due to nodal excitations of thé-wave gap. This result is pgle-doped cuprates. The condensation energy of these ma-
consistent with a thermal conductivity experiment on PCCOerials is more consistent witld-wave superconductivity
which showed«/T~0 atT=0 K (Ref. 29. = compared te-wave superconductivity. The approximate en-
In order to study any possible two-level spin system caus@opy balance suggests that even if there is a pseudogap at
of this linear term, we studied the field dependence of ther > T_for the optimally doped PCCO, the size of this gap is
specific heat of a nonannealed optimally doped crystal. Agery small(less than 10% of average DP@nd finally, the
shown in Fig. 8b), there is a very small field dependence, if yesidual linear contribution to the specific heat can best be

any, up to 10 T magnetic field between 2 and 10 K, and thgjescribed as the electronic specific heat of metatimnsu-
residual heat capacity was essentially the same in all fieldgerconductingregions in the sample.

(only 0 and 10 T data are shown for clarity but 2, 4, 6, and

8 T data also look similar The two-level spin systems that ~ We would like to thank Andy Millis for helpful discus-
are observed in cupratéas Schottky anomalies at<5 K)  sions. This work was supported by the National Science
usually have a strong field dependence between 0 and 10 Foundation Grant No. DMR 01-02350.
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