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Low-temperature specific heat has been measured and extensively analyzed on a series of La2−xSrxCuO4

single crystals from underdoped to overdoped regime. From these data the quasiparticle density of state in the
mixed state is derived and compared to the predicted scaling lawCvol /TÎH= fsT/ÎHd of d-wave supercon-
ductivity. It is found that the scaling law can be nicely followed by the optimally doped samplesx=0.15d in
quite a wide region ofsT/ÎHø8K /ÎTd. However, the region for this scaling becomes smaller and smaller
toward more underdoped region: a clear trend can be seen for samples fromx=0.15 to 0.069. Therefore,
generally speaking, the scaling quality becomes worse on the underdoped samples in terms of scalable region
of T/ÎH. This feature in the underdoped region is explained as due to the low-energy excitations from a second
order (for example, antiferromagnetic correlation,d-density wave, spin-density wave, or charge-density wave
order) that may coexist or compete with superconductivity. Surprisingly, deviations from thed-wave scaling
law have also been found for the overdoped samplesx=0.22d, while the scaling law is reconciled for the
overdoped sample, when the core size effect is taken into account. An important discovery of present work is
that the zero-temperature data follow the Volovik’s relationDgsT=0d=AÎH quite well for all samples inves-
tigated here; although the applicability of thed-wave scaling law to the data at finite temperatures varies with
doped-hole concentration. We also present the doping dependence of some parameters, such as the residual
linear termg0, thea value, etc. It is suggested that the residual linear termsg0Td of the electronic specific heat
observed in all cuprate superconductors is probably due to the inhomogeneity, either chemical or electronic in
origin. The field-induced reduction of the specific heat in the mixed state is also reported. Finally, implications
on the electronic phase diagram are suggested.
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I. INTRODUCTION

One of few points with consensus in the cuprate super-
conductors is thedx2−y2 pairing symmetry in the hole-doped
region. This has been supported by tremendous experiments1

both from surface detection2–6 and bulk measurements.7–14 In
a d-wave superconductor with line nodes in the gap function,
the quasiparticle density of state(DOS) NsEd rises linearly
with energy at the Fermi level in zero field, i.e.,NsEd
~ uE−EFu, resulting in15 an electronic specific heatCe=aT2,
wherea~gn/Tc andgn is the specific heat coefficient, which
is proportional to the DOS at the Fermi level of the normal
state. In the mixed state with the field higher than a certain
value, the DOS near the Fermi surface becomes finite, there-
fore, the quadratic termCe=aT2 will be surpassed and sub-
stituted by both the localized excitations inside the vortex
core and the delocalized excitations outside the core.
Volovik16 pointed out that ford-wave superconductors in the
mixed state, supercurrents around a vortex core lead to a
Doppler shift to the quasiparticle excitation spectrum, which
strongly affects the low-energy excitation around the nodes.
It was shown that the contribution from the delocalized part
(outside the core) will prevail over the core part and the

specific heat is predicted to behave as15,16 Cvol

=kgnTÎH /Hc2 with k in the order of unity. This prediction
has been verified by many measurements, which were taken
as the evidence ford-wave symmetry.8–14,17In the finite tem-
perature and field region a scaling law is proposed18 as

Cvol/TÎH = fsT/ÎHd s1d

with T/ÎHøTc/ÎHc2s0d. This scaling law can be further
converted into the form ofCvol /H=gsT/ÎHd or Cvol /T

2

=ysT/ÎHd, here fsxd or gsxd or ysxd are unknown scaling
functions. This scaling law has been proved in YBCO8–10

and in LSCO.11–14 It remains, however, unclear whether this
scaling law is still valid in the very overdoped region be-
cause the vortex core sizej grows up. In the underdoped
region, inelastic neutron scattering reveals that an antiferro-
magnetic order emerges when the superconductivity is
suppressed.19,20 It is thus also interesting to check whether
thed-wave scaling law proposed by Simon and Lee is appli-
cable in underdoped regime. In addition, the Simon-Lee scal-
ing law is in agreement with the calculations as proposed by
Kopnin and Volovik15 and Volovik16 in two extreme condi-
tions of temperature. In the low-temperature limit, the scal-
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ing law Cvol /T
2=ysT/ÎHd becomes the Volovik’s relation

Cvol=ATÎH. When the temperature is increased, another re-
lation C~aT2+bH is reached. The boundary between these
two regions isT/ÎH=Tc/ÎHc2 according to Volovik and
Kopnin.21 These theoretical models can be quantitatively
tested by experiments on samples with different doping con-
centrations.

Another important but controversial issue is the vortex
core state in the cuprate superconductors. By solving the
mean-field Bogoliubov–de Gennes(BdG) equation theoreti-
cally, it is suggested that a zero-bias conductance peak
(ZBCP) exists in the vortex core.22,23 However, this is in
sharp contrast with the experimental observations,24–29

mainly on optimally doped samples. The absence of a ZBCP
within the vortex cores was attributed to the presence ofidxy
or is components28 or the competing orders(see Sec. III D).
In this paper we show that the DOS, because of vortex qua-
siparticle excitations, deviates from Simon-Lee scaling law
for the overdoped sample, but follows rather well with the
optimally doped sample. The deviations for the overdoped
sample are found to be induced by the vortex core size effect.
In the extremely underdoped region, it is found that the
Simon-Lee scaling law fails, except for in very low-
temperature regions. This can be understood as being due to
the competing order emerging within or nearby the vortex
cores.

II. EXPERIMENT

The single crystals measured in this work were prepared
by the traveling-solvent floating-zone technique. Samples
with seven different doping concentrationssp
=0.063,0.069,0.075,0.09,0.11,0.15,0.22d have been inves-
tigated. The sample withp=0.15 and 0.22 are from CRIEP,
and others are from NLSC(IOP). Part of the data for all
samples, will be presented, for example, the field-induced
change ofg at zero K, the residual linear termg0, and thea
value in the pured-wave expressionCDOS=aT2 whenH=0
(see Sec. III A). However, for clarity we mainly show the
data and analysis on three typical samples withx=0.22 (Tc
=27.4 K, overdoped), x=0.15 (Tc=36.1 K, close to optimal
doping point), and p=0.069 (Tc<12 K, underdoped,x
=0.063 originally) as characterized by AC susceptibility and
DC magnetization(shown by the insets in Figs. 3 and 8 and
in the main panel of Fig. 12). The quality of our samples has
also been characterized by x-ray diffraction patterns, and
RsTd data showing a narrow transitionDTcø2 K. For some
samples, the full width at the half maximum(FWHM) of the
rocking curve of the(008) peak is only 0.10°. The overdoped
sample has a mass of about 28.55 mg and 3.6632.3
30.5 mm3 in dimension. The optimally doped sample
weighs about 23.6 mg with dimensions of 3.133
30.5 mm3. For the underdoped sample with nominal con-
centrationx=0.063 before annealing, it has a superconduct-
ing transition temperature of about 12 K and a mass of about
32.89 mg and 3.7532.7530.5 mm3 in dimensions. By fit-
ting to the empirical relationTc/Tc

max=1−82.6 sp−0.16d2

with Tc
max=38 K the maximumTc at the optimal doping point

p=0.16, we estimate that the hole concentration of this

sample is aroundp=0.069. After annealing in flowing Ar gas
for 48 h, theTc drops down from about 12 K to 9 K, indi-
cating that the sample becomes more underdoped. Note that
Tc=9 K is expected exactly by the empirical relation atx
=p=0.063.

The heat capacity presented here was taken with the re-
laxation method based on an Oxford cryogenic system Mag-
lab. The sample is put onto a microchip on which there is a
tiny Cernox temperature sensor and a film heater. The micro-
chip, together with the sample, are hung up by golden wires
in vacuum. These golden wires are the only thermal links
between the microchip and the thermal sink, whose tempera-
ture is well controlled. The temperature of the microchip is
controlled by the onboard small film heater and measured by
the onboard thermometer. When the temperature of the mi-
crochip is stable, a heating power with fixed current is sent to
the film heater on the chip and the time dependence of the
chip temperature is measured simultaneously. The change in
temperature is fitted to an exponential relationDT=DT0
3 f1−exps−t /tdg, and heat capacity is determined byt=sC
+Caddd /kw; here, C and Cadd are the heat capacity of the
sample and addenda[including a small sapphire substrate,
small printed film heater, tiny Cernox temperature sensor,
f25 mm gold wire leads, and Wakefield thermal conducting
grease(about 100mg)], respectively, wherekw is the thermal
conductance between the chip and the thermal link. The
valueCadd has been measured and subtracted from the total
heat capacity, thus theC value reported here is only that
from the sample. In Fig. 1 we present the temperature and
field dependence of the heat capacity from the addenda and
three typical samples. It is clear that the heat capacity of the
addenda is much smaller than the value of the samples. In
addition, the data ofC/T for the addenda extrapolates to zero
at T=0 K showing the only existence of a phonon part. One
can also see that almost no field dependence can be observed
for the addenda. However, for all samples, there is a clear
finite intercept atT=0 K, which gives rise to a residual linear
term g0. Meanwhile the field-induced change can be easily
observed for all samples, even for the very underdoped
sample. The intercrossing of the data atH=0 andH=12 T at

FIG. 1. Temperature dependence of the heat capacity from the
addenda with 110mg Wakefield grease(bottom solid line forH
=0 and dashed line forH=12 T), and three typical samples(filled
symbols forH=0 and open symbols forH=12 T, lines are guides to
the eye).
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about 6 K for the undedoped sample is understandable and
will be discussed later.

In all measurements taken for the present work, the mag-
netic fieldH is always parallel to thec-axis of single crystals,
and the data are collected in the warm-up process after it is
cooled under a field[field-cooling process(FC)]. In the data
treatment, we useDg=sCHic−CH=0d /T instead of usingDg
=sCHic−CH'Cd /T. The latter may inevitably involve the un-
known DOS contributions from another kind of vortice(for
example, Josephson vortices) whenH'C. The field depen-
dence of the Cernox thermometer has been calibrated well by
Oxford before the shipment. The true temperature has been
derived automatically by the software with a calibration table
with magnetic fields at 0 T, 1 T, 2 T, 4 T, 8 T, and 12 T.
The values at other fields are also obtained automatically by
software by doing linear interpolations between two nearby
fields. Therefore, the readout from the machine directly gives
the true temperature value with the field effect corrected.

III. RESULTS AND DATA ANALYSIS

A. Fitting to the zero field data

Before showing the field-induced change of the heat ca-
pacity, we present(in Fig. 2) the temperature dependence of
C/T for some samples at zero field. As mentioned previ-
ously, for ad-wave superconductor in the superconducting
state, it is known thatCDOS=aT2 whenH=0. In addition, as
observed in other cuprate superconductors, the curve at zero
field extrapolates to a finite valuesg0d at 0 K instead of zero.
This was interpreted as a potential scattering effect due to a
small amount impurities or disorders.8,30 We will argue that
this residual linear term may also reflect physics beyond the
simple argument of impurity scattering(see Sec. III E). As
also observed by other groups for the La−214 system, the
anomalous upturn ofC/T due to the Schottky anomaly of
free spins is very weak.11–14 This avoids the complexity in
the data analysis. Together with the phonon contribution
bT3+dT5, we have

CsH = 0d/T = g0 + aT + bT2 + dT4. s2d

The above equation is used to fit the data atH=0
for some samples. The fitting results are shown in Fig. 2 and
listed in Table I, where the units forg0, a, b, and d are
mJ mol−1 K−2, mJ mol−1 K−3, mJ mol−1 K−4, and
mJ mol−1 K−6, respectively. One can see thata decreases
quickly toward underdoping andb (and thus the Debye tem-
peratureQD) does not change too much with doping. The
sudden drop ofa at p=0.11 may be induced by the well-
known 1

8 problem. The residual linear termg0 increases rap-
idly toward underdoping, which will be discussed later. The
a values are also comparable to those found by other
groups.13,14

B. Overdoped sample withx=0.22

Figure 3 showsC/T as a function ofT2 at magnetic fields
ranging from 0 to 12 T for the overdoped sample. The
separation between each field can be well determined. In a
low-temperature region the curves are rather linear, showing
that the major part is due to phonon contributionCph=bT3

+dT5. It is known that the phonon part is independent on the
magnetic field, this allows one to remove the phonon contri-
bution by subtracting theC/T at a certain field with that at
zero field. The results after the substraction are shown in Fig.
4. The subtracted valuesDg=gsHd−gs0d=fCsT,Hd
−CsT,H=0dg /T exhibit a rather linearT dependence in the

FIG. 2. Temperature dependence ofC/T for samples(p=0.069,
0.075, 0.09, 0.11, 0.15, and 0.22) at zero field. The solid lines are
fits to Eq.(2), and the parameters derived here are listed in Table I.

TABLE I. Values of g0, a, b, and d determined by fitting the
data atH=0 to Eq.(2).

p Tc g0 a b d

0.22 27.4 2.19 0.463 0.186 0.00054

0.15 36.1 1.90 0.177 0.120 0.00093

0.11 29.3 1.70 0.065 0.137 0.00096

0.09 24.4 2.64 0.158 0.145 0.00110

0.075 15.6 3.72 0.131 0.177 0.00110

0.069 12.0 4.06 −0.077s?d 0.157 0.00117

FIG. 3. Specific heatC/T vs T2 of the overdoped samplesx
=0.22d at magnetic fields ranging from 0 to 12T. The inset shows
the diamagnetic transition at around 27.4 K determined by the
crossing point of the extrapolating line of the most steep part with
the normal state backgroundM =0.
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low-temperature region. One can also see that the negative
slope is actually field dependent. In the following we will
show that the field-dependent slope of the linear part in the
low-temperature region shown in Fig. 4 directly deviates
from the Simon-Lee18 scaling law.

According to the Simon-Lee scaling lawCvol /TÎH
= fsT/ÎHd, in the low-temperature region, the Volovik’s re-
lation is restored; thus, one hasCvol /T=AÎH which further
leads to

Dg = fCsHd − Cs0dg/T = AÎH − aT. s3d

This clearly shows that there is a negative slope forDg
versusT, but the slopea is a constant. However, from Fig. 4
one can see that the slope changes slightly with the magnetic
field H. This indicates that the Volovik’s relation alone is not
enough to interpret the data. In the following, we will take
both the core-size and finite-temperature effects into account.
The former has not been considered in the original Simon-
Lee scaling law because the size of the vortex core was
thought to be small, and the contribution from that small
region is negligible. If the vortex core size becomes bigger,
this should be reconsidered when counting the DOS due to
the Doppler-shift effect.

Let us first consider only the finite-temperature effect.
Suppose that we are in the crossover region between the low-
and high-temperature limits suggested by Volovik and
Kopnin,21 making Taylor’s expansion to the right-hand side
of the Simon-Lee scaling law lead to

Cvol = b0H + b1TÎH + b2T
2 + osT3d, s4d

whereb0=0 becauseCvol /T should not diverge whenT=0
and HÞ0, b1=A. Since osT3d is very small in the low-
temperature region, one therefore hasCvol /T=b1

ÎH+b2T.
Interestingly, one can see that this simple formula contains
the results both in the low-temperature limit

Cvol=b1TÎH15,16,31 and in the high-temperature limit,21,31

Cvol=b2T
2. This is not surprising because a scaling function

should be more general and cover most possible cases. When
Hc1!H!Hc2, the total specific heat contains four parts:
Doppler shift term from the region outside the coreCvol, the
inner vortex core termCcore~HT, the residual linear term
g0T, and the phonon termCph. Here it is assumed that the
heat capacity contributed by the core region is equal for each
vortex and independent on the external magnetic field. Thus,
Ccore depends only on the vortex density, which is propor-
tional to H. The local DOS measured by STM26 revealed that
the low-energy DOS within the vortex core differs only
slightly from the case for ad-wave superconductivity(out-
side and far away from the vortex core). When changing the
external magnetic field, the low-energy DOS within the vor-
tex core is not expected to vary too much. At zero field, the
total specific heat contains three parts:g0T and Cph and a
quadratic termaT2 due to the thermal excitation near the
nodal region. Thus,Dg can be written as

Dg = gsHd − gs0d = b1
ÎH + sb2 − adT + bcoreH. s5d

From Eq.(5) one can see thatDg depends onT through
the second term, however, the slopeb2−a is still field inde-
pendent by definition. This clearly indicates that the Simon-
Lee scaling law is still not enough to interpret the field de-
pendent slope ofDg versusT as shown in Fig. 4.

Let us keep going, still based on Eq.(5), we propose that
the core-size effect may have a sizable influence on the total
vortex quasiparticle excitations. This is actually reasonable
because the vortex core with sizej~"vF /Ds grows up in the
overdoped side due to a smaller superconducting gap
value,32 wherevF is the Fermi velocity andDs is the super-
conducting gap. By taking the vortex core sizes2jd into ac-
count, i.e., deducting the normal core area away from the
Volovik term, one can rewriteDg as

Dg = sb1
ÎH + b2Td 3 s1 − j2/Ra

2d − aT + bcoreH, s6d

wherej is the radius of the normal core andRa is the outer
radius of a single vortex where the supercurrent is flowing,
thusRa

2=f0/pH. Reorganizing all terms in Eq.(6) leads to

Dg = b1
ÎH 3 S1 −

pj2

f0
HD + sb2 − adT − b2

pj2

f0
HT + bcoreH.

s7d

One can see that the third term in Eq.(7) is just what we
need for interpreting the difficulty as mentioned above. It is
necessary to recall that the core-size correction is propor-
tional to j2, for example, it will be four times whenj
doubles. Thus increase ofj in the overdoped side will have a
sizable effect on the total DOS, and core size effect should
be considered. Next let us make a closer inspection of the
data and derive some parameters. At zero temperature, only
the first and last terms are left in Eq.(7). The values of
DgsT=0d are determined from the extrapolation of the linear
lines in Fig. 4 to 0 K and presented in Fig. 5. The data
DgsH ,T=0d are also determined by doing a linear fit to the
raw dataC/T versusT2 between 2 K and 4 K, and then
subtracting the zero-temperature valueg0. The results are

FIG. 4. Temperature dependence ofDg=gsHd−gs0d=fCsH ,Td
−Cs0,Tdg /T of the overdoped samplesx=0.22d. A linear behavior
is clearly seen in the low-temperature region with a field-dependent
slope, which is not in accord with the proposed scaling law by
Simon and Lee(see text). The straight lines in the low-temperature
region are guides to the eyes. From these lines one can determine
the zero-temperature interceptDg and the slopedDg /dT shown in
Fig. 5.
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quite close to each other using these two different methods.
The solid line in Fig. 5 is a fit to the data using the first term
in Eq. (7), yielding b1=1.995±0.046 mJ K−2T−1/2 and
pj2/f0=0.012±0.003 and, thus,j=28.2 Å. The valuej
=28 Å derived here is quite close to that found in Nernst33

and STM measurements26,34 (20 Å for the optimally doped
Bi-2212 sample). We also tried to use the first term together
with the last term to fit the data, but found that the contribu-
tion from the last term is extremely small. The first term here
describes the zero temperature data very well, indicating the
absence of a second component of the order parameter, such
asidxy, or is since otherwise the Fermi surface would be fully
gapped and the Doppler shift had very weak effect on the
quasiparticle excitations. The inset of Fig. 5 shows the field
dependence of the slope of the linear part in Fig. 4. It is
clear that the slope increases roughly linearly withH
above 1T. This can be exactly anticipated by the second
and third terms in Eq.(7). From the inset of Fig. 5 one
obtains a−b2=0.305 mJ mol−1 K−3 and b2pj2/f0
=0.00238 mJ mol−1 K−3T−1. By takingj=28.2 Å, we obtain
the following values: a=0.501 mJ mol−1K−3 and b2
=0.196 mJ mol−1 K−3. The value ofa=0.501 mJ mol−1 K−3

found here is quite close to the value obtained by fitting the
zero field data to Eq.(2) (0.465 mJ/mol K2, see Table I).
Since the contribution from the core region[last term in Eq.
(7)] is negligible compared to the Volovik term, from Eq.(7)
one understands that the failure of using the Simon-Lee scal-
ing law in a very overdoped sample is because of the core-
size effect. This is actually quite reasonable because the core
size in the overdoped region grows up. We do not yet know
whether the negligible contribution from the core region is
because of the gapped feature within the core region, as
found in optimally and underdoped samples,24–29 or if it is
naturally small compared to the contributions from the
Doppler-shift effect of the surrounding superfluid. This casts
an interesting issue for future STM measurement on the tun-

neling spectrum within the vortex cores in very overdoped
regions.

It is necessary to estimate how much of the field-induced
delocalized DOS is contributed by the impurity scattering in
our present sample. At the unitary limit at zero energy, i.e.,
when T=0, Kübert and Hirschfeld30 predict that the field-
induced relative DOS isdg /g0=P1sH /P2dlogsP2/Hd, where
P1=0.322sD0/Gd1/2, D0 the gap maximum,G the impurity
scattering rate, andP2=pHc2/2a2, a<1. The dotted line in
Fig. 5 represents the best fit of this relation to our data yield-
ing G /D0<0.00039(close to the clean limit). In addition, the
value of Hc2 derived here is about 21.53T, which is too
small for the present sample. It is clear that the fit has poor
quality compared to the better fit in the clean limit(solid
line). Furthermore, the formula considering the impurity ef-
fect does not predict a field-dependent slope for the linear
relation Dg versusT in the low-temperature region. There-
fore, together with the extremely smallG /D0 found in the
present case, we believe that the field-induced DOS in our
sample comes mainly from the Doppler-shift effect on the
supercurrent outside the cores. The residual linear termsg0Td
of electronic specific heat will be discussed separately in the
Sec. III C.

In order to show the inapplicability of the Simon-Lee
scaling law for the overdoped sample, we present the raw
datafCsHd−Cs0dg /TÎH versusT/ÎH in Fig. 6. Clearly, the
scaling looks very poor. From the above discussion, we con-
clude that the failure of the Simon-Lee scaling law in the
very overdoped region is due to the quite large vortex core
size, which needs to be corrected.

The nice fit in Fig. 5 with only the first term of Eq.(7)
suggests that the core region makes a very small contribution
to the DOS, otherwise the last termbcoreH should be size-
able. This implies that the low-energy DOS inside the vortex
core is very small. Based on this idea, we write a different
scaling law as follows:

DC/T2 + a

1 − pj2H/f0
=

ÎH

T
fS T

ÎH
D s8d

One can use this equation to test the idea about the vortex
core-size correction. We present the data ofsDC/T2+ad /

FIG. 5. Field-induced DOS at 0 K of the overdoped samplesx
=0.22d. The solid line is a theoretical curveDg=1.995ÎHs1
−0.0121Hd. The dotted line represents the best fit to the case at the
unitary limit (Ref. 30). The inset shows the slopedDg /dT of the
straight lines shown in Fig. 4 in the low-temperature region. The
dashed line is a linear fit to the data at fields above 1 tesla. The
intercept and the slope of the dashed line give rise to the prefactors
of the second and third terms in Eq.(7).

FIG. 6. Scaling of the raw datafCsHd−Cs0dg /TÎH vs T/ÎH for
the overdoped sample based on the Simon-Lee scaling law. Clearly,
no good scaling can be obtained.
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s1−pj2H /F0d versus T/ÎH in Fig. 7 with a
=0.501 mJ/molK3 andpj2/f0=0.0121 derived above. The
data collapse on one branch and show good consistency with
the expected theoretical curve. The slight scattering or devia-
tion from the main scaling branch is due to the simple as-
sumption made for the core-size corrections1−j2/Ra

2d and
the rough estimation fora value. It is worth noting that to
have this nice data collapse and be consistent with the theo-
retical curve, we need to takebcore<0, again showing a
small contribution from the inner vortex core. The nice data
collapse using Eq.(8) suggests that the Simon-Lee scaling
law can be reconciled by considering the vortex core-size
effect. It is interesting to note that the electronic thermal
conductivity derived by Sunet al.35 is not consistent with the
Volovik’s expression in the low-temperature region for the
overdoped sample, rather it shows a plateau when the field is
high. However, theH1/2 law is followed very well in the
low-temperature region for the optimally doped sample. Our
core-size correction picture may provide an alternative inter-
pretation to this discrepancy.

C. Optimally doped sample„x=0.15…

In order to have a comparison with the overdoped sample,
in this section we present the data from an optimally doped

sample withx=0.15. The raw data of specific heat for the
optimally doped sample is shown in Fig. 8. The separation
between each field can also be easily distinguished in the
low-temperature region. Again here the curve at zero field
extrapolates to a finite valuesg0d at 0 K instead of zero. This
will be discussed in the forthcoming Sec. III D. It is found
that the linear behavior ofDg versusT for the overdoped
sample(shown in Fig. 4) is absent here. This may be due to
the much smallera value (see Table I). We then check
whether thed-wave scaling law is applicable here. If the
Volovik (Doppler shift) effect really dominates here, one can
expect that CsHd−Cs0d=T2ysT/ÎHd−aT2, thus, fCsHd
−Cs0dg /T2, or fCsHd−Cs0dg /TÎH should scale withT/ÎH.
In Fig. 9 we present the result offCsHd−Cs0dg /TÎH versus
T/ÎH. It is clear that the scaling is rather good compared to
that of the overdoped sample[Fig. 6]. Here the value of
Dg /ÎH in the zero-temperature limit gives the prefactorA in
the Volovik’s relation Cvol=ATÎH, which is about
0.55 to 0.6 mJ mol−1 K−2T−1/2. In Fig. 10 we present the
Simon-Lee scaling law asfCsHd−Cs0dg /T2 versusT/ÎH.
One can see that the scaling is reasonably good. All data
below about 10 K collapse onto one branch. We have been
aware that Noharaet al.13 successfully used the Simon-Lee

FIG. 8. Raw data ofCsHd /T vs T2 for the optimally doped
sample. The inset shows the diamagnetic transition measured in the
ZFC mode at 20 Oe.

FIG. 9. Scaling of the raw datafCsHd−Cs0dg /TÎH vs T/ÎH for
the optimally doped samplesx=0.15d. The scaling looks rather
good.

FIG. 7. Plot of the dataCscal=sDC/T2+ad / s1−pj2H /f0d vs
T/ÎH. It is clear that the data collapse onto one main branch, which
is expected by the theoretical expression with core-size correction
[Eq. (8)].

FIG. 10. Scaling of the raw datafCsHd−Cs0dg /T2 vs T/ÎH for
the optimally doped sample based on the Simon-Lee scaling law.
Clearly, the scaling quality is quite good.
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scaling law for the overdoped samplex=0.19, but failed for
the optimally doped sample. The failure of using the Simon-
Lee scaling law in Nohara’s experiment for the optimally
doped sample is in contradiction to the reports from many
other groups.11,12,14This may be caused by the way in which
they derivedDg. As stressed in Sec. III B, we useDg
=fCHic−CH=0g /T instead of usingDg=fCHic−CH'Cg /T to
derive the field-induced change ofg. The latter(as used by
Nohara et al.) may inevitably involve the unknown DOS
contributions from another kind of vortice(for example, Jo-
sephson vortices), when H'C. For La−214 system, since
the Schottky anomaly is very weak, it is not necessary to
deriveDg in the second way. While Noharaet al.13 obtained
a relatively good scaling for the overdoped sample we would
not comment on the validity of this successful scaling atx
=0.19. One reason for the discrepancy between their results
and ours may be because of the different doping levels; our
samplesx=0.22d is more overdoped, and the vortex core size
is certainly larger and needs to be corrected.

The dataDgsH ,T=0d is determined by doing a linear fit
to the raw dataC/T versusT2 between 2 K and 4 K, and
then subtracting the zero-temperature valueg0. The results
are shown in Fig. 11. We tried to fit the zero-temperature
data in Fig. 11 to the first term in Eq.(7) in terms of core-
size correction(shown by the solid line). It turns out that the
correction termpj2H /f0 is very small and negative, which
is certainly unreasonable. This actually indicates thatDgsT
=0d can be nicely fitted to the theoretical expression
DgsHd=0.577ÎHsmJ/mol K2d. Using Cvol /T=kgn

ÎH /Hc2,
we havekgn=0.577ÎHc2. A similar value(0.49) was derived
by Fisheret al.11 for La−214 sample withx=0.15. Taking
Hc2<100 T32 and k<0.7417, we havegn<7.8mJ/mol K2,
which is very close to the reported values for optimally
doped La−214 sample.13,14 It is worth of noting here that the
field-induced extra DOS at 0 K can be nicely fitted with the
Volovik’s relation Cvol~TÎH, albeit the residual linear term
g0 is quite large. This suggests that the residual linear term
g0 observed commonly in cuprate superconductors may
originate from some other properties, such as inhomogeneity.
It may not be induced by the small-scale impurity scattering,
otherwise theH1/2 law should not be followed so well. Since
both the Simon-Lee scaling law and Volovik’sÎH are fol-

lowed very well for the optimally doped sample, the core-
size effect seems to be very weak.

D. Underdoped sample

In this section the low-temperature specific heat of under-
doped La2−xSrxCuO4 (p=0.069, 0.075, 0.09, and 0.11) single
crystals is reported in magnetic fields up to 12T. It is found
that the Volovik’s relationCvol=ATH1/2 is still satisfied in the
zero-temperature limit, but the proposed Simon-Lee scaling
law, i.e., Cvol /T

2= fsT/ÎHd, is not followed so well, except
for at very low temperatures(below about 3–4 K).

Figure 12 shows the temperature dependence of the AC
susceptibility and DC magnetization of the underdoped
sample La2−xSrxCuO4 sp=0.069d. The transition temperature
drops from about 12 K to 9 K after extracting some oxygen
out of the sample(not shown here) by annealing the sample
in Ar gas for 48 hr. ThenTc keeps stable on further annealing
in Ar gas. TheTc is increased again when the sample is
treated in flowing oxygen. The DC magnetization measured
in the FC process shows a transition width of about 2.5 K.
Below about 7.5 K theMsTd curve keeps flat. The magneti-
zation measured in ZFC mode shows a slight increase with
temperature induced by the easy flux penetration in the very
underdoped region. Specific heat has been measured in the
FC mode as done for all other samples. This mode provides
a vortex system that is close to equilibrium state and, thus,
relatively uniform.36 Presented in Fig. 13 is the specific heat
C/T as a function ofT2 at magnetic fields ranging from
0 to 12 T for this underdoped sample before annealing(es-
timatedp=0.069). In the low-temperature region the curves
are rather linear, showing that the major part is due to the
phonon contributionCph=bT3+dT5, and have no slight up-
turn due to the Schottky anomaly of free spins. The curve at
zero field extrapolates to a finite valuesg0d at 0 K, again

FIG. 11. Zero-temperature specific heatDgsHd of the optimally
doped sample. The solid line is a theoretical expressionDgsHd
=0.577ÎH smJ/molK2d, which fits the data very well. The dashed
line is a fit to the first term of Eq.(7), yielding a small and unrea-
sonable negative value forpj2/f0.

FIG. 12. AC susceptibility and DC magnetization of the under-
doped sample withp=0.069. The bottom curve is the real partx8 of
the ac susceptibility, and the upper one is the imaginary partx9. By
extrapolating the most steep transition portion of the real part of the
AC susceptibility to the normal state backgroundsx8=0d, the Tc

=12 K is determined here. The inset shows the DC magnetization
measured in the FC and ZFC processes. Below about 7.5 K, the
magnetization measured in FC mode is rather stable. The slight
temperature dependence of the magnetization measured in ZFC
mode is induced by the flux penetration.
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showing the existence of a residual linear term, which will be
discussed later. As mentioned before the phonon part is in-
dependent of the magnetic field, this allows one to remove
the phonon contribution by subtracting theC/T at a certain
field with that at zero field, one hasDC=CsHd−Cs0d=Cvol

−aT2 andDC/T2=Cvol /T
2−a. The results after the subtrac-

tion are shown in Fig. 14. One can see that the linear part
with negative slope, as appearing for the overdoped sample,
is absent here. This is understandable whena value(or aT2

term) is very small compared to the field-induced change of
total specific heat. Therefore, for this underdoped sample, no
apparentT2 term atH=0 was observed, which can be found
easily in the overdoped LSCO sample. This is consistent
with the data shown in Table I and experimental results from
other groups on LSCO.13,14 The disappearance of thisaT2

term was usually interpreted as being due to either the im-
purity scattering, which smears out the nodal effect, or the
small value of coefficienta of T2. We will show that this is
induced by a much smallergn value (thus smallera) just
aboveTc.

Next let us have a look at the field-induced DOS atT
=0 K. The dataDgsH ,T=0d is determined by doing a linear
fit to the raw dataC/T versusT2 between 2 K and 4 K, and

then subtracted the zero-temperature valueg0. The results
are shown in Fig. 15. In order to compare to the theoretical
predictions, the increase ingsH ,T=0d was fitted with
DgsH ,T=0d=AHB, and the value ofB is 0.52 andA is about
0.28. The valueB, derived here from free fitting, is very
close to 0.5 as predicted by the Volovik theory,16 which may
manifest the existence of a line node in the gap function. We
can also fix B=0.5 and find out that A
=0.282 mJ/mol K2T1/2. This is also compatible with the re-
sults of other groups.14 For the zero-temperature data we also
considered the core-size correction, i.e., tried to use the first
term of Eq.(7) to fit the zero-temperature data. But it gives
rise to a small and negative value ofpj2/f0, which is cer-
tainly unreasonable.

For the underdoped sample, we used the Simon-Lee scal-
ing law to scale our data. The results offCsHd−Cs0dg /TÎH
versusT/ÎH are shown in Fig. 16. The data fan out showing
a poor scaling quality. Clearly, the data cannot be scaled
using the Simon-Lee scaling law except for at very low tem-
peratures. We plot also the data offCsHd−Cs0dg /T2

=CDOS/T2−a versusT/ÎH in Fig. 17. One can again see the
poor scaling in a wide temperature region. The Simon-Lee

FIG. 13. Raw data ofCsHd /T vs T2 for the underdoped sample
p=0.069. One can see that the field-induced change of specific heat
becomes much smaller than that of the optimally and overdoped
sample.

FIG. 14. The subtracted datafCsHd−Cs0dg /T vs T for the un-
derdoped samplesp=0.069d. It is clear that no linear part with
negative slope ofDg vs T as appearing for the overdoped sample
can be observed here. This may be induced by the much smallera
value.

FIG. 15. Field-induced change ofg at 0 K for the underdoped
sample withp=0.069. The solid and dashed lines are fits to the
theoretical relation of Volovik effect at the clean limit and the im-
purity scattering at the unitary limit, respectively.

FIG. 16. Scaling of the raw dataDC/TÎH vs T/ÎH for the
samplep=0.069 based on the Simon-Lee scaling law. Clearly, no
good scaling can be obtained, except for at very low temperatures.
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scaling law has been applied to all samples investigated in
this work (p=0.069, 0.075, 0.09, 0.11, 0.15, 0.22). It is easy
to find that the scaling quality becomes better and better
when the doping concentration is increased from 0.069 to
0.15. One can even see the gradual change among these un-
derdoped samples(p=0.069, 0.075, 0.09, 0.11); the scaling
curves fan out like that in Fig. 17 for samples withp
=0.069, 0.075, but the scaling pattern becomes narrower to-
ward higher doping. The scaling behaviors are shown in
Figs. 18–20 for samples withp=0.075, p=0.09, and p
=0.11. A clear trend for a better scaling at a higher doping
can be easily seen here.

There are several possibilities for the failure of using
Simon-Lee scaling law in an underdoped region. One possi-
bility is due to the impurity scattering effect as suggested by
Kübert and Hirschfeld.30 Thus we use the dirty limit formula
gsHd=gs0df1+DsH /Hc2dlnsHc2/Hdg to fit the data at 0 K,
whereD<D /32G. For simplicity, we show here only the fit
to the data of the samplep=0.069. It is found that the data
can also be roughly fitted by the relation with impurity scat-
tering (as shown by the dashed line in Fig. 15). The obtained
results for the sample withp=0.069 areHc2=45.6T, gs0d
=4.03 mJ/mol K2, G /D=0.046. Thus, it seems that one can-

not rule out the possibility of impurity scattering to play a
dominant role in the field-induced change ofg in very un-
derdoped samples. However this speculation cannot interpret
the niceÎH dependence of the field-induced DOS at 0 K, as
shown in Fig. 15. It is worth noting that the dirty limit for-
mula of Kübert and Hirschfeld30 is a more flexible fit to the
data than the simpleÎH relation. One needs to seek an alter-
native way to clarify this discrepancy.

The second possibility is that of the core size effect ap-
pearing in the overdoped sample. We then try to scale the
data by using Eq.(8) and leaving botha and pj2/f0 as
free-fitting parameters. Unfortunately, no good scaling can
be found by choosing any values fora andpj2/f0. This is
inconsistent with the fact that an unreasonable negative value
for pj2/f0 is obtained if we fit the zero-temperature data in
Fig. 15 to the first term of Eq.(7). Both indicate that the
failure of the Simon-Lee scaling law here is not due to the
core-size effect. One may argue that the data are scalable
within only a very narrow scaling region ofT/ÎH, for ex-
ample, from Figs. 16–18, the scalable region is about
T/ÎHø1.5 KT−0.5. This is, of course, possible because we
do not know the precise value for many parameters. How-
ever, we can have a rough estimation to check whether this is

FIG. 17. Scaling of the raw dataDC/T2=fCsHd−Cs0dg /T2 vs
T/ÎH for the samplep=0.069 based on the Simon-Lee scaling law.
Good scaling can be found only at very small values ofT/ÎH.

FIG. 18. Scaling of the raw dataDC/T2=fCsHd−Cs0dg /T2 vs
T/ÎH for the samplep=0.075 based on the Simon-Lee scaling law.
Good scaling can be found only at very small values ofT/ÎH.

FIG. 19. Scaling of the raw dataDC/T2=fCsHd−Cs0dg /T2 vs
T/ÎH for the samplep=0.09 based on the Simon-Lee scaling law.

FIG. 20. Scaling of the raw dataDC/T2=fCsHd−Cs0dg /T2 vs
T/ÎH for the samplep=0.11 based on the Simon-Lee scaling law.
Now the fanning-out of the scaling curves are strongly constrained,
showing a better scaling behavior.

ELECTRONIC SPECIFIC HEAT AND LOW-ENERGY… PHYSICAL REVIEW B 70, 214505(2004)

214505-9



reasonable. Provided the scalable region isT/ÎH
øTc/ÎHc2s0d=1.5, inputting Tc=12 K, one hasHc2s0d
=64 T, which seems too big for this very underdoped
sample.

Another possible reason for the failure of the scaling law
is that the sample is in the underdoped region with a
pseudogap in the normal state. When the sample is in the
mixed state, some competing or coexisting order, such as the
short-range antiferromagnetic order19,20,37–41 or the SDW
order42 or ad-density-wave(DDW) order43 is enhanced, and
this enhanced order will certainly contribute to the total spe-
cific heat. For example, for the 2D AF correlation, it is
known thatCAF~T2. Therefore, qualitatively, the failure of
the Simon-Lee scaling law in the underdoped region can be
understood in the following way. By increasing the magnetic
field, a second order is generated or enhanced within the
vortex core and nearby regions(about 100 Å). On one hand
this region is gapped, leading to a decrease of the total DOS
at the Fermi level simply by reducing the region where the
supercurrent can flow. On the other hand, the AF or SDW or
DDW region will contribute a different term to the total spe-
cific heat due to spin or other-type excitation. The relevant
competing order under a magnetic field, according to both
neutron scattering19,20 and NMR measurement,7 may be the
AF order. STM measurement by Hoffmanet al.44 indicates a
checkerboardlike modulation with periodicity of 4a of the
LDOS. This was regarded as the direct observation of the
strong electronic correlation with the underlying competing
order, which was predicted by many theoretical
works.38–41,45–48This qualitative picture calls for further de-
tailed analysis and evidence from other experiments. Since
the heat capacity from the enhanced second order has a tem-
perature dependence ofTe with e.1, at zero temperature the
specific heat from this term is zero, thus theH1/2 law from
the Doppler shift of thed-wave superconductivity is restored.
This may be the reason for that the zero-temperature data
follows the H1/2 law, but the data at finite temperatures do
not satisfy the Simon-Lee scaling law very well.

E. The residual linear term g0

Almost in all cuprate superconductors, a residual linear
term of electronic specific heatg0 has been observed in the
low-temperature limitT→0, even in the best samples to
date. In YBa2Cu3O7 single crystals, Moleret al.8 found that
g0 is larger for the twinned samples than for the detwinned
ones. Meanwhile, they further found thatg0 increases when
the sample becomes more underdoped. Clearly, one can con-
clude thatg0 is related to the impurities or disorders in the
samples. While quite surprisingly, for many samples with
quite differentg0 values; it is found that the zero-temperature
data can be expressed asgsH ,T=0d=g0+AÎH, showing evi-
dence ford-wave pairing. This may suggest thatg0 is not
mainly induced by the impurity scattering, otherwise the
field-induced extra DOS should not follow the relation
DCsH ,T=0d /T=AÎH so well. In Fig. 21, we present the
field dependence ofDg=fCsH ,T=0d−Cs0,T=0dg /T nor-
malized to the value for each sample at about 12T. Mean-
while we show theH1/2 law by the solid line. One can see

that for almost all samples, the field-induced extra DOS at
0 K follows theH1/2 relation reasonably well despite theg0
value highly disperses. This feature was also discovered by
Chen et al.14 on three typical samples(x=0.10, 0.16, and
0.22). Nohara et al.13 measured three single crystals(x
=0.10, 0.16 and 0.19) and empirically found that the opti-
mally doped samplesx=0.16d has the lowest value ofg0

(g0=2.8, 1.5, and 2.2 mJmol−1 K−2 for x=0.10, 0.16, and
0.19, respectively, obtained from Fig. 1 of Ref. 13). Chenet
al.14 found similar behavior among three samples withx
=0.10, 0.16, and 0.22(g0=1.49, 0.7, and 1.41 mJmol−1 K−2,
respectively). This raises the question of the origin of this
residual linear term and its correlation with the field-induced
quasiparticle DOS. As mentioned before, if the field-induced
DOS is related to the impurity scattering, another relation30

dg /g0=P1sH /P2dlogsP2/Hd is expected. This is sometimes
contradicting to the experiment result(see dotted line in the
main panel of Fig. 5). In addition, theÎH dependence of the
field-induced change ofg is certainly not obtained by acci-
dent, since it is found on different samples from different
groups, even on polycrystalline samples.14 From the view
point of chemistry, it is not true that the optimally doped
sample is the cleanest one because, in most cases, the under-
doped samples can be more easily grown with high quality.
In this sense, the residual linear term may be related to some
other properties rather than the impurity scattering.

In Fig. 22 theg0 values for different single crystals mea-
sured in our experiment from underdoped to overdoped are
shown. The value ofg0 is obtained by fitting the zero field
data to Eq.(2) (see Table I). It is clear that the minimumg0
is found in the region around 0.11 or 0.125. The value forg0
found from our data are more close to the data of Noharaet
al.13 on single crystals, but clearly higher than that obtained
on polycrystalline samples.14 Thus far, we do not know the
reason for this discrepancy. For our extremely underdoped
samplesx=0.063d investigated here, although the data at fi-
nite temperatures cannot be treated with the Simon-Lee scal-
ing law, the data in the low-temperature limitT→0, how-
ever, can still be nicely expressed bygsH ,T=0d=g0+AÎH,

FIG. 21. Field dependence of the field-induced extrag normal-
ized by the value at 12T at 0 K. The solid line represents the
theoretical curveH1/2. It is found that the data from different
samples at different doping levels follow theH1/2 law reasonably
well.
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even the absolute increase ofgsH ,T=0d by field is much
smaller thang0. Therefore, it is reasonable to conclude that
the field-induced part is mainly contributed by the Doppler-
shift effect on the supercurrent outside the vortex cores,
while the residual linear termg0 is mainly contributed by
some small normal regions, which weakly depends on the
magnetic field. Similar explanations to the origin ofg0 have
been suggested many times in the past.49 This may be under-
stood in the following way. In underdoped Bi−2212 single
crystals, scanning-tunneling-microscopic(STM) measure-
ment indeed reveal a mixture of superconducting regions
with sharp quasiparticle coherent peaks on the tunneling
spectrum, and the nonsuperconducting regions with
pseudogaplike tunneling spectrum.50 In the overdoped side,
the tiny normal cores as proposed in the Swiss-cheese
model,51 or the mesosscopic normal regions suggested by
Fukuzumiet al.52 and Wenet al.,53 will contribute a residual
term g0 which does not show an apparent increase with the
field. As proposed by Fukuzumiet al.52 that the domelike
electronic phase diagram may be formed by the mixture of
three phases: the antiferromagnetic phase in the extremely
underdoped region, ad-wave superconducting region with
the robust superconductivity near the optimal doping point,
and a nonsuperconducting Fermi liquid in the overdoped re-
gion. According to this simple picture theg0 should increase
in the underdoped and overdoped regions, which is just the
case as shown by the data in Fig. 22. Therefore, we would
argue that the residual linear term may be mainly contributed
by some nonsuperconducting regions due to phase separa-
tion, either chemical or electronic in origin. This interesting
argument needs certainly to be further checked with data
obtained by different techniques on different systems.

F. Field-induced reduction of specific heat
in high-temperature regions

In above analysis, we concentrate on the data below 10 K
(below 6 K for the very underdoped sample). This is also the
temperature region in which most of the low-temperature
specific heat data was reported in the literature. Now we

report another phenomenon: field-induced reduction of spe-
cific heat in the mixed state. In Fig. 23, we present the tem-
perature dependence of the fields12 Td induced change ofg
for three typical samples analyzed above, hereDg
=fCs12Td−Cs0Tdg /T. Although the data are strongly scat-
tered, one can still see that:(1) the field-induced changeDg
becomes negative at about 0.5−0.7Tc; (2) the curves have a
similar shape:Dg is positive in low-temperature region, then
it becomes negative and finally comes back to zero in high-
temperature region(near Tc for optimal and overdoped
sample). For the overdoped sample, theDg keeps negative
above 0.5Tc until Tc at which Dg suddenly goes back to
zero. For the optimally doped sample, theDg is negative
above about 0.7Tc up to the highest temperature we mea-
sured heres30 Kd. However for the underdoped sample, it
shows that theDg keeps negative until 1.5Tc. Similar data
were obtained by Fisheret al.11 on samples withx=0.15. Our
data nearTc is more scattered because our setup can only
measure samples with maximum mass of 50 mg. This fea-
ture, namely, the negativeDg in the high-temperature region,
is a consequence of entropy consideration, which has been
observed in all types of superconductors. In the low-
temperature region, when a magnetic field is applied, vorti-
ces will be generated leading to higher DOS near the Fermi
surface, so thatDg=gsHd−gs0d is positive. When the tem-
perature is increased to satisfy the field-independent entropy
aboveTc, in a certain region belowTc, Dg should be nega-
tive. The most interesting point is that for the underdoped
sample here, even aboveTc, one clearly sees a magnetic
field-induced change of entropy. This implies an abnormal-
normal state, which is far from a conventional metal. For a
conventional s-wave superconductor, the field-induced
change ofg can be negative nearTc. It is difficult to under-
stand the field-induced reduction of specific heat well below
Tc, since the normal core region always gives rise to a higher
DOS of quasiparticle. Outside the vortex core, the DOS is
almost negligible. However, this field-induced reduction of

FIG. 22. The doping dependence ofg0 of La2−xSrxCuO4 crys-
tals. It is clear that the minimumg0 value is found in the region
aroundp=0.11 to 0.125.

FIG. 23. Temperature dependence of the fields12 Td induced
change ofDg=fCs12Td−Cs0Tdg /T vs T for three typical samples
(x=0.22, overdoped: filled circles;x=0.15, optimally doped: dia-
monds;x=0.069, underdoped: triangles). The horizontal axis is nor-
malized toTc of each sample. In the high-temperature regime below
Tc, the field-induced change of DOS becomes negative.
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specific heat well belowTc is found to be a general feature of
all LSCO crystals we investigated thus far. This may be re-
lated to the intrinsic properties of cuprate superconductors.
In a d-wave superconductor, theoretically it is predicted that
there is a ZBCP within the vortex core, which should also
contribute a quite high DOS22,23 in the mixed state. Besides,
a high DOS will be generated by the Doppler-shift effect of
the supercurrent surrounding the vortex core. Normally the
sum of these two terms are larger than the zero-field term
CDOS=aT2, leading to a field-induced enhancement of DOS
in the low-temperature region. When the temperature is high,
the Doppler-shift effect will be smeared out by strong ther-
mal excitation, and, finally,Dg becomes negative. As far as
we know, no quantitative theoretical expression aboutDg
has been reported thus far for ad-wave superconductor in a
wide temperature region. We cannot have a quantitative un-
derstanding to our data. However, this field-induced reduc-
tion of specific heat well belowTc may be understood as
being due to the anomalous feature of the vortex core state,
i.e., a gapped vortex core as seen by the STM,26 or based on
the assumption that the contributions from the core region is
much smaller than the outside region where either the Dop-
pler shift or the strong thermal excitation dominates. Actu-
ally, the Simon-Lee scaling law becomes aCvol~T2 relation
in the high-temperature region. In this case the quasiparticle
excitation outside the vortex core is almost the samesaT2d
with or without applying a magnetic field. However, since
the vortex core region is gapped or contributes a negligible
part to the total DOS, one needs to take the core region away
from the total area in calculatingDg, naturally leading to a
negative value ofDg.

IV. DISCUSSION

In the low-temperature region, our analysis indicates that
the field-induced quasiparticle DOS can be well described by
Volovik’s theory or the Simon-Lee scaling law, although a
correction due to the core-size effect is needed for the over-
doped sample. This means that the prerequisite for the
theory, i.e., thedx2−y2 pairing symmetry is well satisfied.
Therefore, it naturally rules out the presence of a second-
order parameter, such asidxy or is, either due to overdoping6

or to the field effect54 in all samples investigated here. Mean-
while, for the overdoped sample, another interesting phe-
nomenon is that the vortex core region contributes very little
(at least much smaller than that induced by the Doppler shift
if the supercurrent would flow in the same area) to the total
DOS. We have also tried to analyze the data of the optimally
doped and underdoped samples in a way that for the over-
doped one, for example, to fit the data in Figs. 11 and 15 to
the first term in Eq.(7). It turns out, however, that the cor-
rection termpj2H /F0 derived is small and negative, which
is unreasonable. For the optimally doped sample, it is quite
easy to understand because the vortex core becomes very
small. However, for the underdoped sample, it is quite hard
to understand because the core size tends to grow up too.32

The negligible contribution from the vortex core region may
suggest that the ZBCP is absent within the cores, even in the
overdoped region. This suggestion inferred from the specific

heat measurement about the ZBCP within the vortex core is
consistent with the tunneling results24–28and certainly clears
up the concerns about the surface conditions in the STM
measurement. Recent results from NMR also show the ab-
sence of a ZBCP inside the vortex core.29 In this sense our
data together with the earlier NMR data present a piece of
evidence from bulk measurements for an anomalous vortex
core. Interestingly, it is widely perceived that the normal
state in overdoped region shows a Fermi-liquid behavior
even when the superconductivity is completely suppressed.55

If this is the case, the mean-field frame of BdG theory based
on the conventionald-wave superconductivity seems not
enough to interpret the anomalous vortex core state in HTS.
For the underdoped sample, the Simon-Lee scaling fails ex-
cept for in very low-temperature regions. This is interpreted
as due to the presence of a second(gapped) order, such as
AF, SDW, or DDW, within and nearby the vortex core. How-
ever, one needs more theoretical and experimental efforts to
show the justification for this argument.

By fitting the field-induced extra DOS at zero temperature
to the relationDg=AH1/2, we obtained the prefactorA in the
wide-doping regime, whereA=0.74gn/ÎHc2.

17 The results
are presented in Fig. 24. It is seen that theA-value increases
with the doping concentration, monotonously. This can be
understood in the following way: by increasing doping the
normal state valuegn will increase,56 theHc2 will drop down
(at least it is the case in the overdoped region). Therefore the
A value will increase monotonously in the overdoped side.
One can see from the data that theA-value keeps almost
constant in the extremely underdoped region, which means
thatgn andHc2 should both decrease with underdoping. This
indicates that theHc2 becomes smaller, and the coherence
length j becomes larger toward more underdoping. This is
consistent with the recent conclusion drawn by Wenet al.32

by analyzing the data about the low-temperature flux dynam-
ics. This conclusion about the coherence length calls for a
direct check to the vortex core size by using scanning tun-
neling microscopy in the future.

FIG. 24. The doping dependence of the prefactorA in gsT=0d
=g0+AHB, B<0.5. It is evident that theA-value increases with the
hole concentration, monotonously. The data measured on polycrys-
talline samples are somewhat smaller, which is perhaps induced by
the random orientation of the grains. For some grains the field is not
parallel to thec-axis, leading to a smaller contribution to the field-
induced change ofg.
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V. CONCLUDING REMARKS

In conclusion, the field-induced change of the electronic
specific in the mixed state of a series La2−xSrxCuO4 single
crystals has been measured and extensively analyzed. It is
found that the field-induced DOS of the optimally doped
sample fits the predicted Simon-Lee scaling law for ad-wave
superconductor very well, while deviations have been found
for the overdoped sample. However, it is reconciled for the
overdoped sample if one considers the core-size effect pro-
vided the contribution from the inner vortex core is small
compared to that due to the Doppler shift in the same area.
The Simon-Lee scaling law is applicable in the underdoped
region only in very low-temperature regions. We attribute
this to the appearance of a second competing order(such as
AF, SDW, or DDW) within and nearby the vortex core. The
negligible contribution from the vortex core region may sug-
gest the absence of the ZBCP in the vortex core, even in the
overdoped region, although it is expected by the
Bogoliubov–de Gennes theory for ad-wave superconductor.
Finally, we present the doping dependence of the residual
linear termg0 commonly observed in cuprate superconduct-

ors. It is argued that this linear term may be related to inho-
mogeneity(either electronic or chemical), rather than be sim-
ply explained as due to the small-scale impurity scattering as
usually thought. This conclusion is made because the field-
induced extra DOS at zero temperature follows the Volovik’s
ÎH law reasonably well in all doping regime. It is hard to
believe that this nice consistency is obtained by accident.
Our results generally conclude ad-wave pairing symmetry
for the hole-doped La2−xSrxCuO4 samples, although some
competing orders may coexist with the superconductivity,
and an anomalous feature(missing of the ZBCP) may appear
within the vortex core.
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