PHYSICAL REVIEW B 70, 214505(2004)

Electronic specific heat and low-energy quasiparticle excitations
in the superconducting state of La_,Sr,CuQ, single crystals

Hai-Hu Wen?¥ Zhi-Yong Liu, Fang Zhou, Jiwu Xiong, and Wenxing Ti

National Laboratory for Superconductivity, Institute of Physics, Chinese Academy of Sciences, P. O. Box 603, Beijing 100080, China

Tao Xiang
Institute of Theoretical Physics and ICTS, Chinese Academy of Sciences, P. O. Box 2735, Beijing 100080, China

Seiki Komiya, Xuefeng Sun, and Yoichi Ando
Central Research Institute of Electric Power Industry, Komae, Tokyo 201-8511, Japan
(Received 8 March 2004; revised manuscript received 29 June 2004; published 3 December 2004

Low-temperature specific heat has been measured and extensively analyzed on a serjesSgCL&),
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 scalingClagwTVH=f(T/VH) of d-wave supercon-
ductivity. It is found that the scaling law can be nicely followed by the optimally doped safrpi@.15 in
quite a wide region of T/ H< 8K/ﬁ). However, the region for this scaling becomes smaller and smaller
toward more underdoped region: a clear trend can be seen for samples#@15 to 0.069. Therefore,
generally speaking, the scaling quality becomes worse on the underdoped samples in terms of scalable region
of T/\H. This feature in the underdoped region is explained as due to the low-energy excitations from a second
order (for example, antiferromagnetic correlatiahdensity wave, spin-density wave, or charge-density wave
ordep that may coexist or compete with superconductivity. Surprisingly, deviations frord-th@ve scaling
law have also been found for the overdoped sanfpte0.22), 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 reIatiby(T=0):A\fﬁ quite well for all samples inves-
tigated here; although the applicability of tHavave 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 termyy, the a value, etc. It is suggested that the residual linear teygi) 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 specific _heat is predicted to behave %48 C,,
=ky,TVH/H¢, with k in the order of unity. This prediction
One of few points with consensus in the cuprate superhas been verified by many measurements, which were taken
conductors is thel,2_y2 pairing symmetry in the hole-doped as the evidence fal-wave symmetr§—1417In the finite tem-

region. This has been supported by tremendous experii‘nentgerature and field region a scaling law is propd8ec
both from surface detectiérf and bulk measurements'#In

ad-wave superconductor with line nodes in the gap function, CvollT\"ﬁ = f(T/\VH) (1)

the quasiparticle density of statBOS) N(E) rises linearly _

with energy at the Fermi level in zero field, i.eN(E) ~ With T/VH=<Tc/\Hc(0). This scaling law_can be further
«|E-Eg, resulting i5 an electronic specific he&@,=aT?2, ~ converted into the form ofC,q/H=g(T/\VH) or C,q/T?
whereax v,/ T. andy, is the specific heat coefficient, which =y(T/VH), here f(x) or g(x) or y(x) are unknown scaling

is proportional to the DOS at the Fermi level of the normalfunctions. This scaling law has been proved in YBE®
state. In the mixed state with the field higher than a certairand in LSCO'~4It remains, however, unclear whether this
value, the DOS near the Fermi surface becomes finite, thersecaling law is still valid in the very overdoped region be-
fore, the quadratic terr€,=aT? will be surpassed and sub- cause the vortex core sizegrows up. In the underdoped
stituted by both the localized excitations inside the vortexregion, inelastic neutron scattering reveals that an antiferro-
core and the delocalized excitations outside the coremagnetic order emerges when the superconductivity is
Volovik'® pointed out that fod-wave superconductors in the suppresseé??° It is thus also interesting to check whether
mixed state, supercurrents around a vortex core lead to the d-wave scaling law proposed by Simon and Lee is appli-
Doppler shift to the quasiparticle excitation spectrum, whichcable in underdoped regime. In addition, the Simon-Lee scal-
strongly affects the low-energy excitation around the nodesing law is in agreement with the calculations as proposed by
It was shown that the contribution from the delocalized partKopnin and Volovik® and Volovik® in two extreme condi-
(outside the corewill prevail over the core part and the tions of temperature. In the low-temperature limit, the scal-
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ing law Cq/T?=y(T/ VH) becomes the Volovik's relation 3 - -
C,o=ATVH. When the temperature is increased, another re-  _ | = AddendaH=12T
lation C<aT?+bH is reached. The boundary between these o e 2T A
two regions isT/VH=T,/ VH¢, according to Volovik and 20F T e e om0 T /
Kopnin?! These theoretical models can be quantitatively ¢ —+—x=0.22(28.55 mg), H=0 ) //
tested by experiments on samples with different doping con- 3 q.5f ~ 02283 mal 2T /5,; _
centrations. 5

Another important but controversial issue is the vortex 1.0
core state in the cuprate superconductors. By solving the
mean-field Bogoliubov—de GennéBdG) equation theoreti- 0.5
cally, it is suggested that a zero-bias conductance peak

(ZBCP) exists in the vortex cor&:?3 However, this is in %%

sharp contrast with the experimental observatfdné
mainly on optimally doped samples. The absence of a ZBCP _
within the vortex cores was attributed to the presencielgf FIG. 1. Temperature dependence of the heat capacity from the

or is component® or the competing ordersee Sec. Il D. addenda with 11Qug Wakefield greasébottom solid line forH

In this paper we show that the DOS, because of vortex qua:—0 and dashed line fa =12T), and three typical sampleslled

siparticle excitations, deviates from Simon-Lee scaling Ia\/\/t?'mbOIS forH=0 and open symbols fa#=121T, lines are guides to
for the overdoped sample, but follows rather well with the e eye.
optimally doped sample. The deviations for the overdopedample is aroun@=0.069. After annealing in flowing Ar gas
sample are found to be induced by the vortex core size effector 48 h, theT, drops down from about 12 K to 9 K, indi-
In the extremely underdoped region, it is found that thecating that the sample becomes more underdoped. Note that
Simon-Lee scaling law fails, except for in very low- T.=9 K is expected exactly by the empirical relationat
temperature regions. This can be understood as being due +p=0.063.
the competing order emerging within or nearby the vortex The heat capacity presented here was taken with the re-
cores. laxation method based on an Oxford cryogenic system Mag-
lab. The sample is put onto a microchip on which there is a
Il. EXPERIMENT tiny Cernox temperature sensor and a film heater. The micro-
chip, together with the sample, are hung up by golden wires
The single crystals measured in this work were prepare¢h vacuum. These golden wires are the only thermal links
by the traveling-solvent floating-zone technique. Samplegetween the microchip and the thermal sink, whose tempera-
with  seven different doping  concentrations(p  ture is well controlled. The temperature of the microchip is
=0.063,0.069,0.075,0.09,0.11,0.15,0.Rave been inves- controlled by the onboard small film heater and measured by
tigated. The sample witp=0.15 and 0.22 are from CRIEP, the onboard thermometer. When the temperature of the mi-
and others are from NLS@P). Part of the data for all crochip is stable, a heating power with fixed current is sent to
samples, will be presented, for example, the field-inducedne film heater on the chip and the time dependence of the
change ofy at zero K, the residual linear termp, and thea  chip temperature is measured simultaneously. The change in
value in the purel-wave expressiol€pos=aT? whenH=0  temperature is fitted to an exponential relatidT=AT,
(see Sec. lll A. However, for clarity we mainly show the Xx[1-exg-t/7)], and heat capacity is determined by (C
data and analysis on three typical samples wi#®0.22(T,;  +C,,9/«,; here, C and C,4q are the heat capacity of the
=27.4 K, overdopey x=0.15(T.=36.1 K, close to optimal sample and addendincluding a small sapphire substrate,
doping poiny, and p=0.069 (T,~12 K, underdopedX  small printed film heater, tiny Cernox temperature sensor,
=0.063 originally as characterized by AC susceptibility and 425 um gold wire leads, and Wakefield thermal conducting
DC magnetizatiorishown by the insets in Figs. 3 and 8 and greasgabout 100ug)], respectively, where,, is the thermal
in the main panel of Fig. J2The quality of our samples has conductance between the chip and the thermal link. The
also been characterized by x-ray diffraction patterns, angalue C,44 has been measured and subtracted from the total
R(T) data showing a narrow transitiakiT.<2 K. For some  heat capacity, thus th€ value reported here is only that
samples, the full width at the half maximu@WHM) of the  from the sample. In Fig. 1 we present the temperature and
rocking curve of th&008) peak is only 0.10°. The overdoped field dependence of the heat capacity from the addenda and
sample has a mass of about 28.55mg and 8B8 three typical samples. It is clear that the heat capacity of the
X 0.5 mn? in dimension. The optimally doped sample addenda is much smaller than the value of the samples. In
weighs about 23.6 mg with dimensions of XB  addition, the data of/T for the addenda extrapolates to zero
X 0.5 mn?. For the underdoped sample with nominal con-at T=0 K showing the only existence of a phonon part. One
centrationx=0.063 before annealing, it has a superconductcan also see that almost no field dependence can be observed
ing transition temperature of about 12 K and a mass of aboubr the addenda. However, for all samples, there is a clear
32.89 mg and 3.752.75X 0.5 mn? in dimensions. By fit- finite intercept al=0 K, which gives rise to a residual linear
ting to the empirical relationl,/T¢®=1-82.6 (p-0.16  term y, Meanwhile the field-induced change can be easily
with T{'®=38 K the maximunfl, at the optimal doping point observed for all samples, even for the very underdoped
p=0.16, we estimate that the hole concentration of thissample. The intercrossing of the dataHat0 andH=12 T at
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35 T T T T T TABLE I. Values of yy, @, 8, and § determined by fitting the
- o 0.069 data atH=0 to Eq.(2).
[ - 0.075 ]
< asp g:?? . p Te Yo a B 3
5 20F  ° g-;g - 0.22 274 219 0.463 0.186  0.00054
é 5l Fit to Equ(2) 1 0.15 361  1.90 0.177 0.120  0.00093
E 0.11 29.3 170 0.065 0.137  0.00096
O 10} T 0.09 24.4 2.64 0.158 0.145 0.00110
5k 0 0.075 156  3.72 0.131 0.177  0.00110
. 1 0.069 120 4.06 -0.07?  0.157  0.00117
0 2 4 6 8 10

T(K)
The above equation is used to fit the data Ht0
FIG. 2. Temperature dependence®fT for samplegp=0.069,  for some samples. The fitting results are shown in Fig. 2 and
0.075, 0.09, 0.11, 0.15, and 0)2& zero field. The solid lines are |isted in Table I, where the units foyo, @, B, and & are
fits to Eq.(2), and the parameters derived here are listed in Table ImJ mot? K‘Z, mJ mot? K‘3, mdJ mot? K“‘, and
mJ mof't K™, respectively. One can see thatdecreases
about 6 K for the undedoped sample is understandable arglickly toward underdoping anél (and thus the Debye tem-
will be discussed later. perature®p) does not change too much with doping. The
In all measurements taken for the present work, the magsudden drop ofx at p=0.11 may be induced by the well-
netic fieldH is always parallel to the-axis of single crystals, known% problem. The residual linear termy increases rap-
and the data are collected in the warm-up process after it iglly toward underdoping, which will be discussed later. The
cooled under a fieldffield-cooling procesgFC)]. In the data  « values are also comparable to those found by other
treatment, we us@&y=(Cyc—Cp=)/T instead of using\y  groups!314
=(Chjc—Ch.c)/T. The latter may inevitably involve the un-
known DOS contributions from another kind of vortifer
example, Josephson vortigaghenH L C. The field depen-
dence of the Cernox thermometer has been calibrated well by Figure 3 showsC/T as a function off2 at magnetic fields
Oxford before the Shipment. The true temperature has be%nging from O to 12 T for the Overdoped Samp|e_ The
derived automatically by the software with a calibration tab|eseparation between each field can be well determined. In a
with magnetic fields at 0 T, 1 T, 2T, 4 T, 8 T, and 12 T. |ow-temperature region the curves are rather linear, showing
The values at other fields are also obtained automatically byhat the major part is due to phonon Contribut'ﬁﬂq:ﬁT3
software by doing linear interpolations between two nearby+ 575, It is known that the phonon part is independent on the
fields. Therefore, the readout from the machine directly givesmagnetic field, this allows one to remove the phonon contri-
the true temperature value with the field effect corrected. pution by subtracting th€/T at a certain field with that at
zero field. The results after the substraction are shown in Fig.
4. The subtracted valuesAy=y(H)-y(0)=[C(T,H)
-C(T,H=0)]/T exhibit a rather lineail dependence in the

B. Overdoped sample withx=0.22

IIl. RESULTS AND DATA ANALYSIS
A. Fitting to the zero field data

Before showing the field-induced change of the heat ca- 30t ILaZ_XerCuod(x=0.2IZ)
pacity, we presentin Fig. 2) the temperature dependence of A
C/T for some samples at zero field. As mentioned previ- -~ BE_41 2T
ously, for ad-wave superconductor in the superconducting X b iTAT 8T ]

o - = [—+—8T e

state, it is known tha€pps=aT? whenH=0. In addition, as 2 t_._i2T
observed in other cuprate superconductors, the curve at zero = 15} Dy B i B
field extrapolates to a finite valuie,) at 0 K instead of zero. g S :
This was interpreted as a potential scattering effect due to a 5 10F ﬁ{fﬁ j He2000] ]
small amount impurities or disordet$® We will argue that 5t %"ﬁf‘éﬁg’?ﬂ = o0sf ]
this residual linear term may also reflect physics beyond the s 00855 15_;0(2‘5(3; 1025
simple argument of impurity scatteringee Sec. Il E As 00 O T TR R R TR T

also observed by other groups for the La-214 system, the
anomalous upturn of/T due to the Schottky anomaly of
free spins is very weak: 4 This avoids the complexity in
the data analysis. Together with the phonon contributior.
BT3+6T°, we have

T (K

FIG. 3. Specific heaC/T vs T2 of the overdoped samplé
0.22 at magnetic fields ranging from 0 to 12 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

C(H=0)/T= yo+ aT+ BT2+ 6T (2)
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ok ' 0 05T S 1T | C,o=b, TYH151631 and in the high-temperature linfit3
a 2T v 4T C,o=b,T2. This is not surprising because a scaling function
\m o BT < 8T | should be more general and cover most possible cases. When
_ \&%Q‘::ooo > 10T o 12T H. <H<H,, the total specific heat contains four parts:
j 4r TR »j:\>°‘; o T Doppler shift term from the region outside the c@g,, the
TE> Ww%jgjz”f?igo inner vortex core ternC., > HT, the residual linear term
. \%% wwvvo%;'ggggg 2oy YT, and the phonon terr,,. Here it is assumed that the
< \%%m pans TVvvgPoodl heat capacity contributed by the core region is equal for each
=0 o0 VVeZol g d independent on the external magnetic field. Thus
MWULOO% ROSE2T vortex an p ‘magnetic | ,
LT P, fanfaay Ceore depends only on the vortex density, which is propor-
0 “ogo o tional to H. The local DOS measured by S¥Mevealed that
. A i the low-energy DOS within the vortex core differs only

slightly from the case for @-wave superconductivityout-

side and far away from the vortex cgr&vhen changing the
FIG. 4. Temperature dependencefof=y(H)-y(0)=[C(H,T) external magnetic field, the Iow-energy DOS within the vor-

-C(0,T)]/T of the overdoped samplx=0.22. A linear behavior ~ t€X core is not expected to vary too much. At zero field, the

is clearly seen in the low-temperature region with a field-dependentotal specific heat contains three parigT and C,, and a
slope, which is not in accord with the proposed scaling law byquadratic termaT? due to the thermal excitation near the

Simon and Leésee text The straight lines in the low-temperature nodal region. ThusA+y can be written as
region are guides to the eyes. From these lines one can determine —
Ay=yH) = ¥0) =byvH + (b, = &) T+ beoeH.  (5)

the zero-temperature intercefpty and the slop&lAy/dT shown in
Fig. 5. From Eq.(5) one can see thaty depends ol through
the second term, however, the sldpe-« is still field inde-

low-temperature region. One can also see that the negatiygendent by definition. This clearly indicates that the Simon-
slope is actually field dependent. In the following we will Lee scaling law is still not enough to interpret the field de-
show that the field-dependent slope of the linear part in th@pendent slope oAy versusT as shown in Fig. 4.
low-temperature region shown in Fig. 4 directly deviates Let us keep going, still based on E&), we propose that
from the Simon-Le¥ scaling law. __ the core-size effect may have a sizable influence on the total

Accgding to the Simon-Lee scaling lavC,y/TvH vortex quasiparticle excitations. This is actually reasonable
=f(T/VH), in the low-temperature region, the Volovik's re- because the vortex core with sige fivg/ Ag grows up in the
lation is restored; thus, one h&,/T=AyH which further ~ overdoped side due to a smaller superconducting gap
leads to value®? whereug is the Fermi velocity and\, is the super-
conducting gap. By taking the vortex core si2€) into ac-
count, i.e., deducting the normal core area away from the
Volovik term, one can rewritdy as

Ay=(byVH +b,T) X (1 - &R2) - aT + borH,

T(K)

()

This clearly shows that there is a negative slope Xor
versusT, but the slopex is a constant. However, from Fig. 4 (6)
one can see that the slope changes slightly with the magnetic
field H. This indicates that the Volovik's relation alone is not Where¢ is the radius of the normal core afRy is the outer
enough to interpret the data. In the following, we will take radius of a single vortex where the supercurrent is flowing,
both the core-size and finite-temperature effects into accounthus Ra= ¢o/ 7H. Reorganizing all terms in Eq6) leads to
The former has not been considered in the original Simon- — wé? e
Lee scaling law because the size of the vortex core was\y=b;VH X <1 ——H) +(by— @) T—b,——HT + b, H.
thought to be small, and the contribution from that small %o %o
region is negligible. If the vortex core size becomes bigger, (7)
mg’ Szg;:gr-bsii:‘tezc;fgilgered when counting the DOS due to One can see that the th_ir(_JI term in K@) i_s just what we _

Let us first conside.r only the finite-temperature effect need for interpreting the difficulty as mentloneq ab_ove. Itis
Suppose that we are in the crossover region between the Io.n-e cessary to recall that th? core-size correction Is propor-
and high-temperature limits suggested by Volovik an&'ﬁonal to &, fqr example, it will be four t!mes _wherg
KopninZ! making Taylor’s expansion to the right-hand side doubles. Thus increase 6in 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

of the Simon-Lee scaling law lead to

data and derive some parameters. At zero temperature, only
the first and last terms are left in EG7). The values of
A~(T=0) are determined from the extrapolation of the linear
and H#0, b1=A. Since o(T®) is very small in me low- lines in Fig. 4 to 0 K and presented in Fig. 5. The data
temperature region, one therefore hag,/T=b;VH+b,T. Avy(H,T=0) are also determined by doing a linear fit to the
Interestingly, one can see that this simple formula containsaw dataC/T versusT? between 2 K and 4 K, and then
the results both in the low-temperature limit subtracting the zero-temperature valyg The results are

Ay=[C(H) - C(0))T=AVH - aT.

Cyo = boH + by TVH + b, T2+ 0(T9), (4)

whereby,=0 becauseC,,/T should not diverge whefi=0
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7 T T T T T T T 25T g T T T T T
©  Experimental o D ; La, Sr.Cu0, (x=0.22)
8 — 1995 H(10.0121H) e ) + 20f —a1T —o—27 ]
—~ 5f P . X : ——4T —o—8T
i’x T=0K 5 1sb —4—8T —2—10T |
T 4T H(T) 1 E w127
E -~ 0 2 4 & 8 10 12 E L % =
= 3t E o0 . g 1.0f . \E-\'A. =g ]
é 2 o35 Cen- é [ L0060, &OD .\(I\. /./l\.
=20 2 ol O-5mmy T | Yo *e e —u
< = \ ™ ~,
- S osf M T AL SO
1 % o ] . AW Sod
S gasl° 0 0: | . o/lo —®]
or o0 . ) 2 4 6 8
0 2 4 6 8 10 12 TH"(KT™?)

H(T) _ —
FIG. 6. Scaling of the raw daf&C(H)-C(0)]/TyH vs T/H for

FIG. 5. Field-induced DOS at 0 K of the overdoped sanfgle the overdoped sample based on the Simon-Lee scaling law. Clearly,
=0.22. The solid line is a theoretical curvey=1.995/H(1 no good scaling can be obtained.
—-0.012H). The dotted line represents the best fit to the case at the
unitary limit (Ref. 30. The inset shows the slomi\y/dT of the  neling spectrum within the vortex cores in very overdoped
straight lines shown in Fig. 4 in the low-temperature region. Theregions.
dashed line is a linear fit to the data at fields above 1 tesla. The It is necessary to estimate how much of the field-induced
intercept and the slope of the o_lashed line give rise to the prefacmr&elocalized DOS is contributed by the impurity scattering in
of the second and third terms in &@). our present sample. At the unitary limit at zero energy, i.e.,

] ] ] when T=0, Kiibert and Hirschfef} predict that the field-
quite close to each other using these two different methodsnguced relative DOS iy/ y,=P;(H/P,)log(P,/H), where
The solid line in Fig. 5 is a fit to the data using the first term P,=0.322A,/T)Y2, A, the gap maximum[ the impurity
i ialdi - 2T-1/2 . '
in Eq. (), yielding b1=1.995+0.046 g“] KT and  geattering rate, an®,=mH,/2a2 a~1. The dotted line in
fg /ﬁoao'pliiho'oos an(_j, thlusg— ZS'E 'f Thfj yalu;% Fig. 5 represents the best fit of this relation to our data yield-
=28 erived here 1S quLte close to that ound in Nerhst ing '/ Ag=0.00039(close to the clean limijt In addition, the
and STM measuremerts™ (20 A for the optimally doped |56 of H, derived here is about 21.58 which is too
Bi-2212 samplg We also tried to use the first term together g for the present sample. It is clear that the fit has poor
with the last term to fit the data, but found that the contnbu-qua”ty compared to the better fit in the clean lingiolid
tion fr_om the last term is extremely small. The fll‘.St term here"ne)_ Furthermore, the formula considering the impurity ef-
describes the zero temperature data very well, indicating th%

b ¢ q f the ord ct does not predict a field-dependent slope for the linear
absence of a second component of the order parameter, SUl)ation Ay versusT in the low-temperature region. There-

asid,y, or is since otherwise the Fermi surface would be fully¢ .o together with the extremely smdll'A, found in the
gapped and the Doppler shift had very weak effect on the osent case, we believe that the field-induced DOS in our

quasiparticle excitations. The inset of Fig. 5 shows the fiel ample comes mainly from the Doppler-shift effect on the

dependence of the slope of the linear part in Fig. 4. It isgnercurrent outside the cores. The residual linear teg®

clear that the slope increases roughly linearly with : o . . g
; L of electronic specific heat will be discussed separately in the
above 1T. This can be exactly anticipated by the secondg,. |/ c P P y

and third terms in Eq(7). From the inset of Fig. 5 one In order to show the inapplicability of the Simon-Lee

obtains  a—-b,=0.305 MIMoK™3 and  b,7&/ ¢y -
- a1 ) _ ) scaling law for the overdoped sample, we present the raw
t_h(()e'oatzyﬁgwni]r;] mo\faifuel—' : IE’% ?(I)(Iln?n\g]_rﬁglllf(é’ V\;engbtsln data[C(H)-C(0)]/TVH versusT/VH in Fig. 6. Clearly, the

9 LA 2 scaling looks very poor. From the above discussion, we con-

=0.196 mJ mott K3, The value ofa=0.501 mJ mott K3 . : ; ;
found here is quite close to the value obtained by fitting theCIUde that the failure of the Simon-Lee scaling law in the

zero field data to Eq(2) (0.465 mJ/mol K, see Table )l Z?ng aﬁﬁoggg df%éogelscg#gcttzdthe quite large vortex core
Since the contribution from the core regifiast term in Eq. T’he nice fit in Fig. 5 with only .the first term of Eq7)
(7] is negligible compared to the Volovik term, from E{) )

one understands that the failure of using the Simon-Lee sca uggests that the core region makes a very small contribution

ing law in a very overdoped sample is because of the core= the DOS, otherwise the last tertRyd should be size-

size effect. This is actually quite reasonable because the co‘r':‘eble' This implies that the low-energy DOS inside the vortex

T : core is very small. Based on this idea, we write a different
size in the overdoped region grows up. We do not yet know_ __+. )
e oY . . _scaling law as follows:

whether the negligible contribution from the core region is _
because of the gapped feature within the core region, as ACIT?+a \H ( T )
: ; 9 A —_— = —f| —
found in optimally and underdoped samp?ésﬁ or if it is 1-n&Hidy T \VH
naturally small compared to the contributions from the
Doppler-shift effect of the surrounding superfluid. This casts One can use this equation to test the idea about the vortex

an interesting issue for future STM measurement on the tureore-size correction. We present the data(AC/T?+a)/

(8
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3-5 [ T T T T 100 .
3.0 :|_
25} h
. E \
520} o
o B10'F —o—aT i
15} it —4a—6T x=0.15 \
‘_I _A_BT
1.0 - t —v—10T o
o5l 9 —v—12T
0 2 4 6 8 10 2 L
10 1 10

TH"™(KT™) TH™ (KT™?)
FIG. 7. Plot of the dateCso=(AC/T?+a)/(L-m&H/ ) Vs

T/\H. Itis clear that the data collapse onto one main branch, Whicl}he

is expected by the theoretical expression with core-size correctioa

[Eq. ()]

(1-7&HId,) versus T/YH in Fig. 7 with sample withx=0.15. The raw data of specific heat for the

=0.501 mJ/mok?3 and ¢/ y=0.0121 derived above. The optimally doped sample is shown in Fig. 8. The separation

data collapse on one branch and show good consistency ij,ptween each field can alsq be easily distinguished in_ the
the expected theoretical curve. The slight scattering or devi ow-temperature region. Again here Fhe curve at zero _f|e|d
tion from the main scaling branch is due to the simple as€Xtrapolates to a finite valuey) at 0 K instead of zero. This
sumption made for the core-size correctidn-£/R2) and will be discussed in the forthcoming Sec. Il D. It is found
the rough estimation fow value. It is worth noting that to that the linear behavior ohy versusT for the overdoped

have this nice data collapse and be consistent with the the F?mple(srl]wown II? Fig. 4IIS absen'ErhSIre. lﬂ\}:/s "t]ﬁy bert]juekto
retical curve, we need to takle,.~0, again showing a e much smallefa value (see Table I We then chec

small contribution from the inner vortex core. The nice dat(,%//vhether thed-wave scaling law is applicable here. If the

collapse using Eq(8) suggests that the Simon-Lee scaling olovik (Doppler shify effect reallx_dommates here, one can
law can be reconciled by considering the vortex core-siz&XPECt tzhat C(H)_C(O):TZV(HVH)_QTZ' thus, [C(cﬂ)
effect. It is interesting to note that the electronic thermal~ C(0)1/T%, or [C(H)-C(0)]/TyH should scale withr/H.
conductivity derived by Suet al35 is not consistent with the 1N Fig. 9 we present the result p€(H) -C(0)]/TVH versus
Volovik’s expression in the low-temperature region for the T/VH. It is clear that the scaling is rather good compared to
overdoped sample, rather it shows a plateau when the field #§at of the overdoped sampl&ig. €]. Here the value of
high. However, theH? law is followed very well in the Ay/VH in the zero-temperature limit gives the prefactoin
low-temperature region for the optimally doped sample. Outthe Volovik's relation C,=ATyH, which is about
core-size correction picture may provide an alternative inter0.55 to 0.6 mJ mof K=2T"¥2 In Fig. 10 we present_the

FIG. 9. Scaling of the raw daf&(H)—C(0)]/TVH vs T/H for
optimally doped sampléx=0.15. The scaling looks rather
ood.

pretation to this discrepancy. Simon-Lee scaling law agC(H)-C(0)]/T? versusT/yH.
_ One can see that the scaling is reasonably good. All data
C. Optimally doped sample(x=0.19 below about 10 K collapse onto one branch. We have been

In order to have a comparison with the overdoped sampleaware that Noharat al'® successfully used the Simon-Lee
in this section we present the data from an optimally doped

1.0 T T T T L) T T
25} La, Sr,Cu0, (x=0.15) 08}
o Il ——0T ——05T i “ 6F
szo- ——1T ——2T . 06
5 ——4T ——6T ]
€15F _._gT € 04}
= o ]
g E
— 10+ T 02t
5 | Q
5F M @oocmmmmm 0.0
L H=12t00'|' 004 5 10 15 20 25 30 35 40 45]
0 N 1 N ! . . T.(K) N Q0.2 1 ! 1 1 1 1 1
0 20 40 60 80 100 o 1 2 3 4 5 6 7 8
-I-2 ( K2 ) T/H1/2(KT-1/2)
FIG. 8. Raw data ofC(H)/T vs T? for the optimally doped FIG. 10. Scaling of the raw daf&C(H)-C(0)]/T? vs T/\H for
sample. The inset shows the diamagnetic transition measured in thibe optimally doped sample based on the Simon-Lee scaling law.
ZFC mode at 20 Oe. Clearly, the scaling quality is quite good.
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FIG. 11. Zero-temperature specific heag(H) of the optimally T(K)

doped sample. The solid line is a theoretical expressigH)

=0.57%H (mJ/molK?), which fits the data very well. The dashed  FIG. 12. AC susceptibility and DC magnetization of the under-
line is a fit to the first term of Eq(7), yielding a small and unrea- doped sample witp=0.069. The bottom curve is the real pattof
sonable negative value foré?/ ¢ the ac susceptibility, and the upper one is the imaginaryxjaiy

. . extrapolating the most steep transition portion of the real part of the
Scallng_law for the overdoped sampdeo.lg, b.Ut failed f_or AC susceptibility to the normal state backgrougd=0), the T,
the optimally doped sample. The failure of using the Simon-

. ) ; . - =12 K is determined here. The inset shows the DC magnetization
Lee scaling law in Nohara’'s experiment for the optimally

d d le is i tradiction to th ts f measured in the FC and ZFC processes. Below about 7.5 K, the
ope Samp1612|514|n contradiction 1o the reports from rr?anymagnetization measured in FC mode is rather stable. The slight
other groups!1214This may be caused by the way in which

. ; temperature dependence of the magnetization measured in ZFC
they derivedAy. As stressed in Sec. Il B, we us&vy P P g

=[Cye-Cucol/T instead of usingAy=[Crye—Cy, /T to mode is induced by the flux penetration.
derive the field-induced change ¢f The latter(as used by
Noharaet al) may inevitably involve the unknown DOS
contributions from another kind of vortigéor example, Jo-
sephson vorticgs whenH L C. For La-214 system, since
the Schottky anomaly is very weak, it is not necessary to D. Underdoped sample
deriveAy in the second way. While Nohagi al*® obtained In this section the low-temperature specific heat of under-
a relatively good scaling for the overdoped sample we wouldjoped La_,Sr,CuO, (p=0.069, 0.075, 0.09, and 0)14ingle
not comment on the validity of this successful scalingkat crystals is reported in magnetic fields up to TL2t is found
=0.19. One reason for the discrepancy between their resultfat the Volovik's relatiorC,, = ATH? s still satisfied in the
and ours may be because of the different doping levels; oufero-temperature limit, but the proposed Simon-Lee scaling
sample(x=0.22 is more overdoped, and the vortex core sizejay, i.e., Cuol/Tzzf(T/\fﬁ), is not followed so well, except
is certainly larger and needs to be corrected. for at very low temperaturegelow about 3—4 K

The dataAy(H,T=0) is determined by doing a linear fit  Figure 12 shows the temperature dependence of the AC
to the raw dataC/T versusT? between 2 K and 4 K, and susceptibility and DC magnetization of the underdoped
then subtracting the zero-temperature vajge The results  sample L& ™*Sr,CuQ, (p=0.069. The transition temperature
are shown in Fig. 11. We tried to fit the zero-temperaturegrops from about 12 K to 9 K after extracting some oxygen
data in Fig. 11 to the first term in E@7) in terms of core- oyt of the samplénot shown hergby annealing the sample
size correctior{shown by the solid ling It turns out that the  in Ar gas for 48 hr. TheT, keeps stable on further annealing
correction termm¢”H/ ¢ is very small and negative, which in Ar gas. TheT, is increased again when the sample is
is certainly unreasonable. This actually indicates thT  treated in flowing oxygen. The DC magnetization measured
=0) can be nicely fitted to the theoretical expressionin the FC process shows a transition width of about 2.5 K.
Ay(H)=0.57AH(mJ/mol K?). Using C,q/T=ky,WH/He,  Below about 7.5 K theVi(T) curve keeps flat. The magneti-
we haveky,=0.57A4H,. A similar value(0.49 was derived  zation measured in ZFC mode shows a slight increase with
by Fisheret all! for La-214 sample withk=0.15. Taking temperature induced by the easy flux penetration in the very
He,~100T2 and k=0.747, we havey,~7.8mJ/mol ¥,  underdoped region. Specific heat has been measured in the
which is very close to the reported values for optimally FC mode as done for all other samples. This mode provides
doped La-214 sampfé:*41t is worth of noting here that the a vortex system that is close to equilibrium state and, thus,
field-induced extra DOS at 0 K can be nicely fitted with therelatively uniform3® Presented in Fig. 13 is the specific heat
Volovik’s relation C,, = TVH, albeit the residual linear term C/T as a function ofT? at magnetic fields ranging from
Yo IS quite large. This suggests that the residual linear ternd to 12 T for this underdoped sample before annealésy
vo observed commonly in cuprate superconductors mayimatedp=0.069. In the low-temperature region the curves
originate from some other properties, such as inhomogeneitare rather linear, showing that the major part is due to the
It may not be induced by the small-scale impurity scatteringphonon contributiorC,,=8T3+5T°, and have no slight up-
otherwise theH/? law should not be followed so well. Since turn due to the Schottky anomaly of free spins. The curve at
both the Simon-Lee scaling law and Volovikid are fol-  zero field extrapolates to a finite valiig,) at 0 K, again

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

214505-7



WEN et al. PHYSICAL REVIEW B 70, 214505(2004)

12 T T T T T T T T T T T T T T T T T T
——0T 10} .
—-—0.5T =

=0.060
—~1gF — 17 0Tt 12T o8k P 4
& — =27 x
— ——4T ©
g ——8T E 06 1
2 8l —.—s8T . g
——10T S04f 1
E — =127 E 04 o Experiment
S gl _ E osl — 0.28H" i
»»»»»»»» 0.059H In(45.4/H)
4 1 L 1 L Il L 00 I 1
0 5 10 15 20 25 30 35 o 2 " 5 3 10 12
T (K H (T)

FIG. 13. Raw data o€(H)/T vs T2 for the underdoped sample FIG. 15. Field-induced change gfat 0 K for the underdoped
p=0.069. One can see that the field-induced change of specific heghmple withp=0.069. The solid and dashed lines are fits to the
becomes much smaller than that of the optimally and overdopegheoretical relation of Volovik effect at the clean limit and the im-
sample. purity scattering at the unitary limit, respectively.

showing the existence of a residual linear term, which will beyheny subtracted the zero-temperature vajge The results

discussed later. As mentioned before the phonon part is ifgre shown in Fig. 15. In order to compare to the theoretical
dependent of the magnetic field, this allows one to removeyegictions, the increase in(H,T=0) was fitted with

the phonon contribution by subtracting ti#T at a certain Ay(H,T=0)=AH®, and the value oB is 0.52 andA is about
field with that at zero field, one hasC=C(H)-C(0)=C,o (28 The valueB, derived here from free fitting, is very

—aT? andAC/T?=C,q/ T?~a. The results after the subtrac- ¢|ose t0 0.5 as predicted by the Volovik thedfyyhich may

tion are shown in Fig. 14. One can see that the linear parhapifest the existence of a line node in the gap function. We
with negative slope, as appearing for the overdoped sampleg,  a1so  fix B=05 and find out that A

. o 5
is absent here. This is understandable wheralue (or aT =0.282 mJ/mol RTY2, This is also compatible with the re-

term) is very small compared to the field-induced change ofg s of other group& For the zero-temperature data we also

total specific heat. Therefore, for this underdoped sample, ngnsidered the core-size correction, i.e., tried to use the first

> . )
apparent® term atH=0 was observed, which can be found o of Eq.(7) to fit the zero-temperature data. But it gives
egsﬂy in the overdo_ped LSCO sample: This is consistenfise to a small and negative value o2/ ¢, which is cer-
with the data shown in Table | and experimental results fro”‘tainly unreasonable

, . . 2 . i
other groups on LSC®'* The disappearance of thisT> 4 the underdoped sample, we used the Simon-Lee scal-
term was usually interpreted as being due to either the IMing law to scale our data. The results[@(H)—C(0)]/TVH

purity scattering, Whi(.:h smearzs out th_e nodal effectz or thE{/ersusT/ VH are shown in Fig. 16. The data fan out showing

_sn;all V;IEG of coef::menty”of T YVe m” show Itlhat th.'s ItS a poor scaling quality. Clearly, the data cannot be scaled
mb uceT y a much smalley, value (thus smallera) jus using the Simon-Lee scaling law except for at very low tem-

abovele. peratures. We plot also the data ¢C(H)-C(0)]/T?

Next let us have a look at the field-induced DOSTat = Cood T a versusT/ Hin Fig. 17. One can again see the
=0 K. The dataAy(H,T=0) is determined by doing a linear _~PoS . -~ N g. 17. One gain
poor scaling in a wide temperature region. The Simon-Lee

fit to the raw dateC/T versusT? between 2 K and 4 K, and

1.2 ———————T 77— I I —o—1T
04} b
1.0f . - ] —~ e
~ 0 Qﬁgﬁr ) p=0.069 g —o—AT
L 08f ﬁi‘q;%@f ) : = —a—6T
'g 06+ c\jb’?@yj‘d‘}‘fﬂxﬁ%\i[ ‘ ,/\v,\ 1 ;!C 03} —a_gT
= 04} ,.w"-‘-:‘f\-./\ }’f\-/k;" o 1 B :;::]Ig¥
€ ool Mﬁﬁﬁqﬂﬁ"‘*\\\ Y 1 S
~— - ey . » /.‘/ L ‘ ¥ - 0 2 B -
5 0.0 _._os57 —e—i7 *f}'\; ] E ]
S 0ol TN T / < {
——6T ——8T y
04F 107 12T ) E 0.1r \ i
-0.6 L Pl \ /D
012 3 4567 8 9 10 8 D\
T(K) 0.0 A/
FIG. 14. The subtracted daf&€(H)-C(0)]/T vs T for the un- TH"™ (KT™)

derdoped samplép=0.069. It is clear that no linear part with _ -

negative slope of\y vs T as appearing for the overdoped sample  FIG. 16. Scaling of the raw datAC/TyH vs T/VH for the

can be observed here. This may be induced by the much smaller samplep=0.069 based on the Simon-Lee scaling law. Clearly, no
value. good scaling can be obtained, except for at very low temperatures.
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FIG. 17. Scaling of the raw datAC/T2=[C(H)-C(0)]/T? vs FIG. 19. Scaling of the raw datAC/T?=[C(H)-C(0)]/T? vs

T/\H for the samplep=0.069 based on the Simon-Lee scaling law. T/ VH for the samplep=0.09 based on the Simon-Lee scaling law.

Good scaling can be found only at very small valueg bfH.
not rule out the possibility of impurity scattering to play a

scaling law has been applied to all samples investigated jfominant role in the field-induced change pfin very un-

this work (p=0.069, 0.075, 0.09, 0.11, 0.15, 0)2& is easy derdqpeq_samples. However this speculation cannot interpret
to find that the scaling quality becomes better and bettef€ nicevH dependence of the field-induced DOS at 0 K, as
when the doping concentration is increased from 0.069 t§nOwn in Fig. 15. Itis worth noting that the dirty limit for-
0.15. One can even see the gradual change among these fpula of Kubert_and ﬂwschf_eﬁ?] is a more flexible fit to the
derdoped sample®=0.069, 0.075, 0.09, 0.}1the scaling datg than the S|m|c_)Ie‘H .rela.t|on. One needs to seek an alter-
curves fan out like that in Fig. 17 for samples with native way to clarify this discrepancy. _

=0.069, 0.075, but the scaling pattern becomes narrower to- 1he second possibility is that of the core size effect ap-
ward higher doping. The scaling behaviors are shown ifP€aring in the overdoped sample. We then try to scale the
Figs. 18-20 for samples witp=0.075, p=0.09, andp  data by using Eq(8) and leaving botha and m&*/ ¢, as

=0.11. A clear trend for a better scaling at a higher dome{)ree-fitting parameters. Unfortunately, no good scaling can
can be easily seen here. e found by choosing any values farand &%/ ¢. This is

Simon-Lee scaling law in an underdoped region. One possfor 7¢”/ ¢ is obtained if we fit the zero-temperature data in
bility is due to the impurity scattering effect as suggested by~i9- 15 to the first term of Eq(7). Both indicate that the

Kiibert and Hirschfeld® Thus we use the dirty limit formula failure of the Simon-Lee scaling law here is not due to the
Y(H)=y(0)[1+D(H/Hg)In(He/H)] to fit the data at 0 K, core-size effect. One may argue that the data are scalable

whereD ~ A/32T". For simplicity, we show here only the fit Within only a very narrow scaling region af/vH, for ex-

to the data of the sample=0.069. It is found that the data @mple, from Figs. 16-18, the scalable region is about
can also be roughly fitted by the relation with impurity scat- T/ VH<1.5 KT %% This is, of course, possible because we
tering (as shown by the dashed line in Fig.))15he obtained ~do not know the precise value for many parameters. How-
results for the sample with=0.069 areH,=45.6T, ¥(0) ever, we can have a rough estimation to check whether this is

=4.03 mJ/mol K, I'/A=0.046. Thus, it seems that one can-

0.7 . r . T
—a—05T
' ' ' 05T 061 Y% —o—1T ]
03_ —D—1T Py 05_ N —0—2T _
7 —e—2T v ——4T
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00r  x=0.075
_0_1 1 1 1 1
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0 1 2 3 4 5 T/Hm(KT'm)

T/H1l2(K-I--112)
FIG. 20. Scaling of the raw datAC/T?=[C(H)-C(0)]/T? vs
FIG. 18. Scaling of the raw datAC/T?=[C(H)-C(0)]/T> vs  T/\H for the samplep=0.11 based on the Simon-Lee scaling law.
T/\H for the samplgp=0.075 based on the Simon-Lee scaling law. Now the fanning-out of the scaling curves are strongly constrained,
Good scaling can be found only at very small valueg bfH. showing a better scaling behavior.
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reasonable. Provided the scalable region VH I |
<T./\Hu(0)=1.5, inputting T,=12 K, one hasH(0) 10 Extracted data
=64 T, which seems too big for this very underdoped osl ATOK |
sample. s 0.063
Another possible reason for the failure of the scaling law E 06L o 0.069 -
is that the sample is in the underdoped region with a % ® 0.075
pseudogap in the normal state. When the sample is in the 2 o4} °© 009
mixed state, some competing or coexisting order, such as the & : g':;
short-range antiferromagnetic or¢f&#3-41 or the SDW 0.2r v 022 ]
order*? or ad-density-wavgDDW) ordef is enhanced, and —r
this enhanced order will certainly contribute to the total spe- 007 ]
cific heat. For example, for the 2D AF correlation, it is 0 2 1 3 8 10 13
known thatCar T2, Therefore, qualitatively, the failure of H(T)

the Simon-Lee scaling law in the underdoped region can be
understood in the following way. By increasing the magnetic  FIG. 21. Field dependence of the field-induced extraormal-
field, a second order is generated or enhanced within thiged by the value at 17 at 0 K. The solid line represents the
vortex core and nearby regionabout 100 A On one hand theoretical cgrveHl’z. It .is found that the data from different
this region is gapped, leading to a decrease of the total po&mples at different doping levels follow thée"? law reasonably
at the Fermi level simply by reducing the region where thewell
supercurrent can flow. On the other hand, the AF or SDW or
DDW region will contribute a different term to the total spe- that for almost all samples, the field-induced extra DOS at
cific heat due to spin or other-type excitation. The relevan® K follows the H2 relation reasonably well despite thg
competing order under a magnetic field, according to bottvalue highly disperses. This feature was also discovered by
neutron scattering2° and NMR measuremeftmay be the Chenet all* on three typical sample&=0.10, 0.16, and
AF order. STM measurement by Hoffmanal** indicates a  0.22. Noharaet al’® measured three single crystals
checkerboardlike modulation with periodicity of4f the  =0.10, 0.16 and 0.)9%nd empirically found that the opti-
LDOS. This was regarded as the direct observation of thenally doped sampléx=0.16 has the lowest value of,
strong electronic correlation with the underlying competing(y,=2.8, 1.5, and 2.2 mJmdlK 2 for x=0.10, 0.16, and
order, which was predicted by many theoretical0.19, respectively, obtained from Fig. 1 of Ref)1@henet
works38-41.45-48Thjs qualitative picture calls for further de- al.'# found similar behavior among three samples with
tailed analysis and evidence from other experiments. Since0.10, 0.16, and 0.22y,=1.49, 0.7, and 1.41 mJm3IK 2,
the heat capacity from the enhanced second order has a temespectively. This raises the question of the origin of this
perature dependence ©f with e>1, at zero temperature the residual linear term and its correlation with the field-induced
specific heat from this term is zero, thus tH&? law from  quasiparticle DOS. As mentioned before, if the field-induced
the Doppler shift of thel-wave superconductivity is restored. DOS is related to the impurity scattering, another relaflon
This may be the reason for that the zero-temperature datéy/y,=P.(H/P,)log(P,/H) is expected. This is sometimes
follows the HY2 law, but the data at finite temperatures do contradicting to the experiment resgitee dotted line in the
not satisfy the Simon-Lee scaling law very well. main panel of Fig. B In addition, theyH dependence of the
field-induced change of is certainly not obtained by acci-
dent, since it is found on different samples from different
groups, even on polycrystalline sampléstrom the view
Almost in all cuprate superconductors, a residual lineapoint of chemistry, it is not true that the optimally doped
term of electronic specific heak has been observed in the sample is the cleanest one because, in most cases, the under-
low-temperature limitT—0, even in the best samples to doped samples can be more easily grown with high quality.
date. In YBaCuwsO; single crystals, Moleet al® found that  In this sense, the residual linear term may be related to some
Yo is larger for the twinned samples than for the detwinnedother properties rather than the impurity scattering.
ones. Meanwhile, they further found thg increases when In Fig. 22 they, values for different single crystals mea-
the sample becomes more underdoped. Clearly, one can cosured in our experiment from underdoped to overdoped are
clude thaty, is related to the impurities or disorders in the shown. The value ofy, is obtained by fitting the zero field
samples. While quite surprisingly, for many samples withdata to Eq(2) (see Table)l It is clear that the minimurmy,
quite differenty, values; it is found that the zero-temperatureis found in the region around 0.11 or 0.125. The valueyfpr
data can be expressed g$l, T=0)=7y,+AVH, showing evi-  found from our data are more close to the data of Noleara
dence ford-wave pairing. This may suggest thgg is not  al.'® on single crystals, but clearly higher than that obtained
mainly induced by the impurity scattering, otherwise theon polycrystalline sample’$. Thus far, we do not know the
field-induced extra DOS should not follow the relation reason for this discrepancy. For our extremely underdoped
AC(H,T=0)/T=AvH so well. In Fig. 21, we present the sample(x=0.063 investigated here, although the data at fi-
field dependence ofAy=[C(H,T=0)-C(0,T=0)]/T nor- nite temperatures cannot be treated with the Simon-Lee scal-
malized to the value for each sample at aboufT1Mean- ing law, the data in the low-temperature lindit—0, how-

—

while we show theH? law by the solid line. One can see ever, can still be nicely expressed hyH, T=0)=y,+AVH,

E. The residual linear term vy,
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FIG. 22. The doping dependence gf of La,_,Sr,CuO, crys-
tals. It is clear that the minimuny, value is found in the region
aroundp=0.11 to 0.125.

FIG. 23. Temperature dependence of the figl@ T) induced
change ofAy=[C(12T)-C(0T)]/T vs T for three typical samples
(x=0.22, overdoped: filled circlex=0.15, optimally doped: dia-
monds;x=0.069, underdoped: triangled he horizontal axis is nor-
even the absolute increase ofH,T=0) by field is much  malized toT, of each sample. In the high-temperature regime below
smaller thany,. Therefore, it is reasonable to conclude thatT,, the field-induced change of DOS becomes negative.
the field-induced part is mainly contributed by the Doppler-
shift effect on the supercurrent outside the vortex coresteport another phenomenon: field-induced reduction of spe-
while the residual linear termy, is mainly contributed by cific heat in the mixed state. In Fig. 23, we present the tem-
some small normal regions, which weakly depends on th@erature dependence of the fi¢l2 T) induced change of
magnetic field. Similar explanations to the origingfhave  for three typical samples analyzed above, hehe
been suggested many times in the #8dthis may be under- =[C(12T)-C(0T)]/T. Although the data are strongly scat-
stood in the following way. In underdoped Bi-2212 single tered, one can still see thgt) the field-induced chang&y
crystals, scanning-tunneling-microscopi€TM) measure- becomes negative at about 0.5-0 (2) the curves have a
ment indeed reveal a mixture of superconducting regionsimilar shapeAvy is positive in low-temperature region, then
with sharp quasiparticle coherent peaks on the tunnelingg becomes negative and finally comes back to zero in high-
spectrum, and the nonsuperconducting regions withemperature regionnear T, for optimal and overdoped
pseudogaplike tunneling spectrdfnin the overdoped side, sample. For the overdoped sample, tiey keeps negative
the tiny normal cores as proposed in the Swiss-cheesgbove 0.5T, until T, at which Ay suddenly goes back to
model?! or the mesosscopic normal regions suggested byero. For the optimally doped sample, the is negative
Fukuzumiet al>? and Wenet al.> will contribute a residual above about 0.7, up to the highest temperature we mea-
term y, which does not show an apparent increase with th&ured herg30 K). However for the underdoped sample, it
field. As proposed by Fukuzungt al>? that the domelike shows that thely keeps negative until 1.5.. Similar data
electronic phase diagram may be formed by the mixture ofvere obtained by Fishet al! on samples wittx=0.15. Our
three phases: the antiferromagnetic phase in the extremeljata nearT, is more scattered because our setup can only
underdoped region, d-wave superconducting region with measure samples with maximum mass of 50 mg. This fea-
the robust superconductivity near the optimal doping pointture, namely, the negativky in the high-temperature region,
and a nonsuperconducting Fermi liquid in the overdoped reis a consequence of entropy consideration, which has been
gion. According to this simple picture thg should increase observed in all types of superconductors. In the low-
in the underdoped and overdoped regions, which is just theemperature region, when a magnetic field is applied, vorti-
case as shown by the data in Fig. 22. Therefore, we wouldes will be generated leading to higher DOS near the Fermi
argue that the residual linear term may be mainly contributedurface, so thaty=y(H)—(0) is positive. When the tem-
by some nonsuperconducting regions due to phase sepafgerature is increased to satisfy the field-independent entropy
tion, either chemical or electronic in origin. This interesting aboveT,, in a certain region beloW,, Ay should be nega-
argument needs certainly to be further checked with datgive. The most interesting point is that for the underdoped
obtained by different techniques on different systems. sample here, even above, 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 ofy can be negative nedr. It is difficult to under-

In above analysis, we concentrate on the data below 10 Ktand the field-induced reduction of specific heat well below
(below 6 K for the very underdoped sampl€his is also the T, since the normal core region always gives rise to a higher
temperature region in which most of the low-temperatureDOS of quasiparticle. Outside the vortex core, the DOS is
specific heat data was reported in the literature. Now welmost negligible. However, this field-induced reduction of

F. Field-induced reduction of specific heat
in high-temperature regions
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specific heat well belowW is found to be a general feature of 2.0 - - -
all LSCO crystals we investigated thus far. This may be re- 1.8 —o-Present work on S.C.
lated to the intrinsic properties of cuprate superconductors. 16} —o-Noharaetal.on S.C.

. o . ' = Chenetal. onP.C.
In ad-wave superconductor, theoretically it is predicted that <= 1.4} o philips etal. on P.C. .
there is a ZBCP within the vortex core, which should also & 1.2[ .
contribute a quite high DG3%3in the mixed state. Besides, ‘Tx 1.0} . ]
a high DOS will be generated by the Doppler-shift effect of © ogl| ]
the supercurrent surrounding the vortex core. Normally the f 061l ]
sum of these two terms are larger than the zero-field term € g4[ /. - ]
Cpos=aT?, leading to a field-induced enhancement of DOS  « 02l 00o—e- =@ ]

in the low-temperature region. When the temperature is high, 0.0 , , ,
the Doppler-shift effect will be smeared out by strong ther- 0.05 0.10 0.15 0.20 0.25
mal excitation, and, finallyAy becomes negative. As far as
we know, no quantitative theoretical expression abdt

FIG. 24. The doping dependence of the prefag&an v(T=0)

. =y,+AHB, B=0.5. It is evident that thé-value incr ith th
has been reported thus far fordavave superconductor ina , ’° , B=~0.5. Itis evident that thé-value increases with the
hole concentration, monotonously. The data measured on polycrys-

wide temperature region. We cannot hav_e a quantltatlve Ulline samples are somewhat smaller, which is perhaps induced by
C!erstandlng _tp our data. However, this field-induced reducfhe random orientation of the grains. For some grains the field is not
tion of specific heat well belowl, may be understood as arajiel to thec-axis, leading to a smaller contribution to the field-
being due to the anomalous feature of the vortex core statg,qyced change of.

i.e., a gapped vortex core as seen by the ST, based on

the assumption that the contributions from the core region is

much smaller than the outside region where either the Dopheat measurement about the ZBCP within the vortex core is
pler shift or the strong thermal excitation dominates. Actu-consistent with the tunneling resifts?®and certainly clears
ally, the Simon-Lee scaling law become€g, = T? relation  yp the concerns about the surface conditions in the STM
in the high-temperature region. In this case the quasiparticltheasurement. Recent results from NMR also show the ab-
excitation outside the vortex core is almost the saw®)  sence of a ZBCP inside the vortex cdPdn this sense our
with or without applying a magnetic field. However, since data together with the earlier NMR data present a piece of
the vortex core region is gapped or contributes a negligiblevidence from bulk measurements for an anomalous vortex
part to the total DOS, one needs to take the core region awayore. Interestingly, it is widely perceived that the normal
from the total area in calculatingy, naturally leading to a state in overdoped region shows a Fermi-liquid behavior
negative value ofAy. even when the superconductivity is completely suppre3sed.
If this is the case, the mean-field frame of BdG theory based
on the conventionad-wave superconductivity seems not
enough to interpret the anomalous vortex core state in HTS.
In the low-temperature region, our analysis indicates thafor the underdoped sample, the Simon-Lee scaling fails ex-
the field-induced quasiparticle DOS can be well described bgept for in very low-temperature regions. This is interpreted
Volovik’s theory or the Simon-Lee scaling law, although a as due to the presence of a secqgdpped order, such as
correction due to the core-size effect is needed for the ovelAF, SDW, or DDW, within and nearby the vortex core. How-
doped sample. This means that the prerequisite for thever, one needs more theoretical and experimental efforts to
theory, i.e., thed,o_» pairing symmetry is well satisfied. show the justification for this argument.
Therefore, it naturally rules out the presence of a second- By fitting the field-induced extra DOS at zero temperature
order parameter, such &, or is, either due to overdopifig  to the relationAy=AH"? we obtained the prefactdxin the
or to the field effec?* in all samples investigated here. Mean- wide-doping regime, wheré=0.74y,/VH.1” The results
while, for the overdoped sample, another interesting pheare presented in Fig. 24. It is seen that fgalue increases
nomenon is that the vortex core region contributes very littlewith the doping concentration, monotonously. This can be
(at least much smaller than that induced by the Doppler shifunderstood in the following way: by increasing doping the
if the supercurrent would flow in the same arémthe total normal state valuey, will increase2® the Hg, will drop down
DOS. We have also tried to analyze the data of the optimallyat least it is the case in the overdoped regidmerefore the
doped and underdoped samples in a way that for the oveA value will increase monotonously in the overdoped side.
doped one, for example, to fit the data in Figs. 11 and 15 t®ne can see from the data that tAevalue keeps almost
the first term in Eq(7). It turns out, however, that the cor- constant in the extremely underdoped region, which means
rection termm&?H/ ®, derived is small and negative, which thaty, andHg, should both decrease with underdoping. This
is unreasonable. For the optimally doped sample, it is quiténdicates that theH,, becomes smaller, and the coherence
easy to understand because the vortex core becomes vdgngth & becomes larger toward more underdoping. This is
small. However, for the underdoped sample, it is quite haraonsistent with the recent conclusion drawn by Vétral 32
to understand because the core size tends to grow uf tooby analyzing the data about the low-temperature flux dynam-
The negligible contribution from the vortex core region mayics. This conclusion about the coherence length calls for a
suggest that the ZBCP is absent within the cores, even in thairect check to the vortex core size by using scanning tun-
overdoped region. This suggestion inferred from the specifieieling microscopy in the future.

IV. DISCUSSION
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V. CONCLUDING REMARKS ors. It is argued that this linear term may be related to inho-
) o ~mogeneity(either electronic or chemicglrather than be sim-

In conclusion, the field-induced change of the electronicyy explained as due to the small-scale impurity scattering as
specific in the mixed state of a series,L&rCu0, single  syally thought. This conclusion is made because the field-
crystals has been measured and extensively analyzed. It i§guced extra DOS at zero temperature follows the Volovik’s
found that the field-induced DOS of the optimally doped | |aw reasonably well in all doping regime. It is hard to
sample fits the predicted Simon-Lee scaling law for&ave  pejieve that this nice consistency is obtained by accident.
superconductor very well, while deviations have been foundgy, results generally concludedawave pairing symmetry
for the overdoped s_ample. Hov_vever, it is reconciled for theror the hole-doped La,Sr,CuO, samples, although some
overdoped sample if one considers the core-size effect Presompeting orders may coexist with the superconductivity,

vided the contribution from the inner vortex core is small gng an anomalous featuf@issing of the ZBCPmay appear
compared to that due to the Doppler shift in the same aregyithin the vortex core.

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 qislerh as
AF, SDW, or DDW) within and nearby the vortex core. The  This work is supported by the National Science Founda-
negligible contribution from the vortex core region may sug-tion of China, the Ministry of Science and Technology of
gest the absence of the ZBCP in the vortex core, even in th€hina, the Knowledge Innovation Project of the Chinese
overdoped region, although it is expected by theAcademy of Sciences. We thank Xiaogang Wen, Dunghai
Bogoliubov—de Gennes theory fordawave superconductor. Lee, Ashvin Vishwanath, Subir Sachdev, Jan Zaanen, C. S.
Finally, we present the doping dependence of the residudling, Pengcheng Dai, Zhengyu Weng, Qianghua Wang, and
linear term+y, commonly observed in cuprate superconduct-Zidan Wang for fruitful discussions.
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