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Identification of the bulk pairing symmetry in high-temperature superconductors:
Evidence for an extendeds wave with eight line nodes
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We identify the intrinsic bulk pairing symmetry for both electron- and hole-doped cuprates from the existing
bulk- and nearly bulk-sensitive experimental results such as magnetic penetration depth, Raman scattering,
single-particle tunneling, Andreev reflection, nonlinear Meissner effect, neutron scattering, thermal conductiv-
ity, specific heat, and angle-resolved photoemission spectroscopy. These experiments consistently show that
the dominant bulk pairing symmetry in hole-doped cuprates is of extesidade with eight line nodes and of
anisotropics wave in electron-doped cuprates. The proposed pairing symmetries do not contradict some
surface- and phase-sensitive experiments that show a predordimaate pairing symmetry at the degraded
surfaces. We also quantitatively explain the phase-sensitive experiments along akées for both
Bi,Sr,CaCyOg,, and YB3Cu;O7_,, .
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I. INTRODUCTION magnetic penetration depth, Raman scattering, single-particle
tunneling, Andreev reflection, nonlinear Meissner effect,
An unambiguous determination of the symmetry of theneutron scattering, thermal conductivity, specific heat, and
order parametefpair wavefunctionin cuprates is crucial to ARPES. These experiments consistently show that the domi-
the understanding of the pairing mechanism of high-nant bulk pairing symmetry in hole-doped cuprates is of ex-
temperature superconductivity. In recent years, many experiendeds wave with eight line nodes and of anisotropic
ments have been designed to test the order-pararf@®r Wave in electron-doped cuprates. The proposed pairing sym-

symmetry in the cuprate superconductors. However, contrgnetries do not contradict some surface- and phase-sensitive

dictory conclusions have been drawn from different experi-€XPeriments that show é-wave pairing symmetry at the

mental technique’; *® which can be classified as being bulk dégraded surfaces. The extendewave pairing symmetry

sensitive and surface sensitive. For example, the magne,[Eeduced from the bulk-sensitive experiments is also in quan-

penetration depth measurements and polarized Rama ltative agreement with the well-designed phase-sensitive ex-

. . o eriments along the axis for both BySr,CaCyOg,, and
scattering experiments are bulk sensitive. Angle-resolve Ba,C,0,_, (YBCO) y
photoemission spectroscopyARPES is essentially a 2607 -y '
surface-sensitive technique. However, the ARPES data for
Bi,Sr,CaCuyOg.,, (BSCCQO should nearly reflect the bulk IIl. THE PAIRING SYMMETRY IN HOLE-DOPED
properties since the cleaved top surface contains an inactive CUPRATES
Bi-O layer, and the superconducting coherent length along
the c axis is very short. The single-particle tunneling experi-
ments can probe the bulk electronic density of states when We first examine the high-resolution ARPES data ob-
the mean free path is far larger than the thickness of théained for BpSr,CaCyOg., Crystals'*'® From the ARPES
degraded surface layt.Therefore, the single-particle tun- data, one can determine the angle dependence of the super-
neling experiments along the Cy@lanes are almost bulk conducting gap with a resolution as high a2 meV1% Due
sensitive due to a large in-plane mean free patiQ0 A).  to the complication arising from a possible superlattice con-
In contrast, the phase-sensitive experiments based on the Jobution in theX quadrant, we only use the data obtained for
sephson tunneling are rather surface sensisirece pair tun-  the'Y quadrant to extract the gap function. In Fig. 1, we show
neling is limited by the coherence length, which is ratherthe angle dependence of the superconducting &gf) in
short in cuprates so that they might not probe the intrinsic the Y quadrant for slightly overdoped and heavily overdoped
bulk superconducting state if the surfaces are strongly deBSCCO single crystals. The data were taken from Refs. 14
graded. In this case, the observed product of the critical curand 16. Here is the angle measured from the Cu-O bonding
rent times the junction normal-state resistarig®() will be  direction. For the slightly overdoped sampkg. 1(a)], the
very small compared with the Ambegaokar-Baratoff limit. gap Ap at §=45° (diagonal direction is very small (3.5
Then the OP symmetry at surfaces may be different from the-2.5 meV), and the gap symmetry could be consistent with
one in the bulk® Therefore, the surface- and phase-sensitivea d-wave symmetry, i.eA(6) =A cos 2. On the other hand,
experiments do not necessarily provide an acid test for théhe gap along the diagonal directiofi-(Y) for the heavily
intrinsic bulk OP symmetry. overdoped samplgFig. 1(b)] is not small (9:2 meV),

Here, we identify the intrinsic bulk pairing symmetry for which is obviously inconsistent with thd-wave pairing
both electron- and hole-doped cuprates from the existingymmetry. A similar evolution of the gap function with the
bulk- and nearly bulk-sensitive experimental results such agdoping has been observed by the bulk-sensitive polarized

A. The pairing symmetry in Bi,Sr,CaCu,Og..,
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S0 value (15-2 meV) for the heavily overdoped sample with
40 i a BSCCO ] T.=60 K is very close to the value (8 meV) inferred
I T =87K | from a break junction spectrum of a similar crystal with
301 ¢ 1 =62 K.22 The discrepancy in the former case may be due to
< I ] the fact that the doping level in the top layer with the ARPES
g 20 t g probes could be slightly lower than in the buile., the top
;’ - 1 CuGO, layer might be slightly underdopgdrhus, the ARPES
10 | 1 experiments on the BSCCO single crystals are nearly bulk
I ] sensitive, in contrast to the ARPES experiments on other
O T cuprates, which are essentially surface sensitive.
20 [ e ] If the proposed gap function€q. (1) and Eq.(2)] are
' b 1 indeed relevant, they should be also consistent with other
[ ] bulk-sensitive experimental results such as the in-plane mag-
15 [ ] netic penetration depth,,(T). Since there are eight line
[ ] nodes in the proposed gap function, the change of the in-
% plane penetration depth at low temperatures should be pro-
g 10 ] portional toT. Following the procedure in Ref. 23, we can
a I readily show that the slope
5t ] AN ap(T/AT=[Nap(0)IN2/A ]V (1+58)/(1—s). (3)
0 [ Compared with thel-wave symmetry, the magnitude of the

slope dA,u(T)/dT is enhanced by a factor of

V(1+s8)/(1-5). In terms of Ay, and Ap, we find thats
FIG. 1. The angle dependence of the superconducting\gap ~ (3) can be rewritten as

in the Y quadrant for BjSr,CaCyQg,, (BSCCO crystals: (a)

slightly overdoped sample witfi,=87 K; (b) heavily overdoped AN ap(T)/dT=N4p(0)In2/VANAp. (4)

sample withT.=60 K. The magnitudes of the gap were extractedlt is interesting to see that\ ,,(T)/[Aap(0)dT] is inversely

Kgm QZPCEUSS??E;:; iid;eirt]i?) :)6 Here is the angle measured 0 tional toAyAp, namely, the geometric average of
' Ay andAp.

Raman scatteringwhich also shows that the difference in The single-.particle Funneling spectroscopy can probe t.he
the magnitudes of the gaps along the Cu-O bonding directioﬁl”:)ercon.dUCtIng de_nsny of states with f|_ne energy resolution
and the diagonals becomes smaller and smaller towar snd considerable d|rect|onqllty. For an |sotrogwave su-
overdoping. perconductor, the characteristit/dV vsV curve in theSIN

The question is: what functional form d&f(6) can fit the (where S represents a superconductor, dndndN are the

angle dependence of the gap shown in Fig. 1? In general, thlgsulatlng and normal-metal layers, respectiyaynneling

_ Junctions exhibits a steplike peak at a voltage=A/e. For
i]_ap calnn tbheeg(speriizei OaS(oar?e ﬁ;: AqC0S F+A4c0s & an anisotropic gap functiof(#), the directional dependence
“a e d— VY,

of the tunneling differential conduction is given®y

-20 0 20 40 60 80 100
Angle 6 (degree)

A(6)=A(cos40+s), 1

dl 27
. : . : ——(V,0 0—6
wheres is the parameter reflecting the isotrogievave com- dV( o) 0 P o

ponent. This gap function has eight line nodes $sr1,
while there are no nodes fe>1. The gap functiofEq. 1]
is also called extendes wave (denoted bys* wave. The
polarized Raman data for an optimally doped
HgBaCaCyOg., , are in good agreement with tis& -wave HereN(#8) represents the anisotropy of the band dispersion,

evV—-il'
J(eV—iT)%2—A2%(0)

X R N(o)de. (5

gap functior? If we take the absolute value df(#6), then I' is the lifetime broadening parameter of an electrp(@
—6y) is the angle dependence of the tunneling probability
|A(6)|=|A(cos 40+5)|. (2) that decays exponentially ap(6— 6y)=exd—pBsir’(¢

—6y)] (9 is the angle of the tunneling barrier directjpand
We fit the data of Fig. 1 by Ed2). It is remarkable that the parametep decreases with decreasing barrier resistance
the fits are rather good. This indicates that the ARPES datRy . For simplicity, we assume a cylindrical Fermi surface,
may be consistent with the extendsg@vave symmetry. The so that bothN(6#) and 8 are independent of the angle. This
ARPES specified maximum gal,, at =0 for the slightly  will not change the basic features of tti&dV curve. In Fig.
overdoped sample is 363 meV, which is much larger than 2 we show the numerically calculated results of the renor-
the value (28 meV) determined from break junction malized dl/dV for a gap function ofA(6)=A(cos 4+s)
spectra! On the other hand, the ARPES determingj with A=24 meV ands=0.25. One can readily show that the
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[~200 Q, Ref. 25, indicating a smalp value. It is remark-
able that there are four well-defined peak features in the
spectrum that resemble curvein Fig. 2. The pronounced
zero-bias peak arises from Josephson tunnéfidgWhen
the barrier resistance is abov&(2, the inner gap features
disappeaf® in agreement with curv8 in Fig. 2. We would
like to mention that, foiISIS break junctions, the peak posi-
tions are located &V=*+2A,, and+2A. From the spec-
tra, we obtainAy,,=26+0.5 meV, andAp,=9.5-0.5 meV.
The A, value obtained from the break junction spectrum is
the same as that found from tleeaxis intrinsic tunneling
junctions made of the insulating Bi-O layefsErom theA,
and Ap values, we deduce a gap functidr{#) =A(cos 4
+s) with A=17.75 meV andé=0.46. With this gap function
andX ,,(0)=2690+ 150 A ?” we calculate from Eq(4) that
d\ap(T)/dT=10.2-0.6 A/K, in excellent agreement with
the measured values (1&:2.2 A/K) .22 Similarly, the ear-
lier break junction spectra for an overdoped BSCCO with
T.=86 K also indicate double gap features A&f,=24
*2meV and atAp=12+1 meV (Ref. 28. The tunneling

FIG. 2. Numerically calculated curves of the renormalized Spectra are in good agreement with ARPES data for an over-

dl/dV for a gap function of A(68)=A(cosH+s) with A
=24 meV ands=0.25. The four curves correspond to different
values of the parametels, 8, andd,, which are indicated in the
figure. The curve#\, B, andC are vertically shifted up by 3, 2, and
1, respectively.

maximum gap isAy=(1+s)A=30 meV atd=0, and the
gap along the diagonal directions idp=(1—-s)A

=18 meV. From Fig. 2, one can see that either two or four

peak features appear clearly in tti§dV curves, depending
on the tunneling barrier direction and/or tjgevalue. For a
small B value (corresponding to a small barrier resistance
four peak features are well defingsee curved). The peak
positions are located a&V=+*A,, and =Ay. Therefore,
from the peak positions, we can determiig andAp.

In Fig. 3, we plot the normalized!/dV curve at 14 K for
anSI1S(whereS=BSCCO and is the insulating laygrbreak
junction on a BSCCO crystal that is slightly overdopdd (

=90 K).2° The junction has a very low barrier resistance

3
— BSCCO (OD) Am =26.0 meV
3 Tc=895K  Ap=95meV
N
Ts2r -
£
o
£
31t 1
°
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FIG. 3. Normalizedd|/dV curves at 14 K for theSIS break

doped BSCCO withT,=83 K.!®* The ARPES experiment
clearly showed that Ay=20*=2meV, and
Ap=12+2 meV!® Moreover, the inner gap features also ap-
pear inSIS break junction spectra of a heavily overdoped
crystal withT,=62 K, corresponding t&A\p=7.5-9.0 meV
(Refs. 22 and 29 The magnitude ofAp is in excellent
agreement with that found from the ARPES experinisee
Fig. 1(b)].

We would like to point out that the values afy, deter-
mined from the Raman spectrum Bf; symmetry may be
overestimated due to the fact that the extended van Hove
singularity is slightly below the Fermi level. In this case, the
spectra would show double peaks at Raman shifts &, 2
and 2\/A2M + §U2H, where¢,  is the energy position of the van
Hove singularity below the Fermi level. Whefy,<<Ay,
one can only see a single broad peak slightly below

2VAut Eop-

B. The pairing symmetry in YBa,Cu;0;_,

Evidence for an extendedwave pairing symmetry in
YBa,Cu;0;_, (YBCO) also comes from single-particle tun-
neling spectra. Figure 4 shows the scanning tunneling spec-
trum for a slightly overdoped YB&u;0;_, crystal®® Four
peak features appear in this spectrum that are similar to curve
D in Fig. 2. From the peak positions, we obtaiy,=30
+2meV, andAp=19+1 meV. The size ofA;=30 meV is
consistent with a break junction spectrdfrand a scanning
tunneling spectrum along treeaxis directiorf A gap feature
with Ap=19 meV was also seen in a scanning tunneling
spectrurfi that is very similar to curve& in Fig. 2.

Now we discuss the Andreev reflection. Since there is a
sign change about its nodal directions in our extended
swave order parameter, the Andreev-bound surface states
can be formed. This will lead to a zero-bias conduction peak
if tunneling is nearly along one of the nodal directions, and

junctions on a slightly overdoped BSCCO crystal. The spectra werghe bare Fermi velocities between the cuprates and normal

taken from Ref. 25.

metals(e.g., Ag and Al are well matched. For hole-doped
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FIG. 4. Scanning tunneling spectrum for a slightly overdoped
YBa,Cu;0; (YBCO) crystal. The spectrum was taken from Ref.  FIG. 5. Temperature dependence of thaxis A2(0)/\2(T) for
30. a very high-quality YBaCu;O; (YBCO) crystal withT,=88.7 K.

The data were taken from Ref. 32. The solid line is the calculated
cuprates, the bare Fermi velocit} strongly depends on the curve for thes*-wave gap function deduced from the tunneling
angled, that is,vE is small along the bonding direction and spectrum in Fig. 4. The dash line is the calculated curve for a
large along the diagonal directions. This implies that the obd-wave gap function with\ ;=30 meV.
servation of the Andreev reflection is difficult for tunneling

along the bonding direction since the valueu@falong this  =Atanh(2.2/T/T.—1) (Ref. 33. In Fig. 5, we compare the
direction is small compared with that of Au or Ag. Due to experimental data for YBCQRef. 329 (open circlesand the
the strong anisotropy QfE in cuprates, the Andreev reflec- numerically calculated resulsolid line) for the above de-
tion mainly probes the gap feature@V=Ap. If tunneling  duced gap functiom\ () =24.5(cos 4+0.225) meV. It is
is along one of the diagonal directions, and the angle beremarkable that the data are in quantitative agreement with
tween the nodal and diagonal directions is far larger than théne calculated result without any fitting parameters. The
half tunneling angle(depending onB), one can see an dashed line is the calculated result fod-avave gap function
s-wave-like gap approximately equal to, in the Andreev  A(6)=Apcosd with Ay =30 meV. It is clear that the
reflection spectra. Indeed awave like gap feature &V  agreement between the data and the calculated curve is poor
=20 meV has been observed in the Andreev reflection speder the d-wave symmetry. It is worthy to note that the tem-
tra of several YBCO crystals witf,.=90 K3' We would  perature dependence ®f,(0)/\2,(T) is mainly determined
like to mention that, in general, the double gap featuresy the gap function, so the shape of the Fermi surface has
should also appear in the Andreev reflection spectra whelittle effect on)\zb(O)/)\ o(T)-
the B value is small and2 does not have a significant an-  The gap function of YBCO deduced from the tunneling
isotropy. and the\,(T) data is also consistent with the measured
The tunneling data of YBCQFig. 4) are thus consistent transverse magnetizatian; in the Meissner statéas plot-
with a gap function A(f)=A(cos#+s) with A  ted in Fig. 6. This bulk-sensitive experiment shows a very
=24.5 meV ands=0.225. This gap function is in quantita- small sine fourfold component of the transverse magnetiza-
tive agreement with the-axis A4(T) data (which reflect tion, that is at least four times smaller than the predicted
magnetic screening in Cy(planes for a fully oxygenated value from thed wave symmetry. This indicates that the
YBCO crystal®? From Eq. (4), we calculated\,(T)/dT  dominant pairing symmetry is not tiiewave. Using the for-
=4.0 A/K using\,(0)=1600 A (Ref. 32, Ap=19 meV, mulas reported in Ref. 34, we can calculate the sine compo-
and Ay=30 meV. We will get the same value of nents of the transverse magnetization for ffiewave gap
d\a(T)/dT if we useAp=21 meV, andA, =27 meV. For function deduced above. We find that the sine fourfold com-
a d-wave gap function A(8)=Aycosd with Ay, ponent for thes* -wave OP is a factor of 8.9 smaller than for
=30 meV, the calculated\ ,(T)/dT=3.2 A/K. The mea- the pured-wave OP. The predicted sine-Fourier amplitude at
sured value ofi\,(T)/dT is 4 A/K.3? It is evident that the period 27/4 is indicated by a horizontal solid line in Fig. 6.
extendeds-wave gap function is in much better agreementThe calculated amplitudes atr22, 27/3, 27/4, and 27/5
with experiment than thd-wave gap function. are similar while the ones at other periods are much smaller.
Now we calculate the temperature dependence oftis clear that the predicted amplitudes at all the periods are
A2,(0)/\2,(T) for thes* -wave gap function. For a cylindri- below the noise level, which is about&L0™ *° emu? There-

cal Fermi surface fore, the very small nonlinear Meissner effect observed in the
overdoped YBCO is in agreement with tk&-wave OP or
ab( ) 2m with a nodeless OFRef. 4 rather than with thel-wave OP.
- 1+(1/7T)f f dedf— ) A nodeless OP symmetry is in contradiction to the observed
ab linear T dependence of the thermal conductivity down to a
Here E= e+ A?(6,T), f is the Fermi-Dirac distribution very low temperatur¢50 mK).*®
function, A(0,T)=A(T)(cos H+s9), and A(T) In addition, we further show that th& -wave gap func-
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\S]
o

[T T T T T T T T T T T ] =0.24 mJ/moleR. The calculated values are in excellent
agreement with the measured valuest,/T=0.14
+0.03 mW/Kcm (Ref. 33 and C./T?=0.20
d-wave ] +0.05 mJ/moleR (Ref. 38.
Moreover, thermal conductivity of YBCO as a function of
period 2n/4 1 the angle of an in-plane magnetic field relative to the crystal
C st-wave | axes has been studied both theoretically and
i © e l ] experimentally’®“° A theoretical calculation for the angular
o °* [ ) d hnd

(10-10 emu)
=

dependence of the magnetothermal conducti¥Vifiows that

ce o0 ¢ an extended-wave gap produces a more symmetric angular

L1 | variation than ad-wave gap. It appears that both sets of

0 4 8 12 16 experimental dafd“® are more consistent with an extended
Angular Frequency s-wave gap than a-wave gap.

Fourier amplitude of m(3f)

o
\ &

FIG. 6. Sine-Fourier amplitudes of the transverse magnetization N _
my in the Meissner state for a high-quality YR2u,0; (YBCO) C. The pairing symmetry in La,_,Sr,CuO,

crystal. The data were taken from Ref. 4. The solid line is the The polarized Raman scattering dAtdor nearly opti-
predicted sine-Fourier amplitude a4 for thes* -wave gap func- mally doped La_,Sr,Cu0O, (LSCO) with T,=37 K yield
tion deduced from the tunneling spectrum in Fig. 4 andalexis A [kaT.=7.7. From the measured value of
Na(T) data in Fig. 5. The calculated amplitudes at/2, 27/3, d)\::,(T)B/[C)\ab(O)dT] for the optimally doped LSC® one

2m/4, and 27/5 are similar while the ones at other periods are much . . .
smaller. The dash line is the predicted sine-Fourier amplitude aran readily calculate ZKMAD/kBTC_LLZ using Eq.(4).

27/4 for ad-wave gap function. Then we get 2 /kgT.=2.3, i.e.,Ap=3.8 meV. This value

is in good agreement with the Andreev reflection spectrum of

. 3 . .

tion is in quantitative agreement with the low-temperature®Ptimally doped LSCJ; which shows theswave-like gap
thermal conductivity, specific heat, and surface Andreevf€ature aeV=3.5 meV. Therefore, three independent bulk-
bound states. By replaciniy, with VAyAp in the equations sensitive experlmen'gs on optimally doped LSCO conS|_stentIy
for the low-temperature electronic thermal conductiviy ~ SU99€st @ 9ap funct|o_m(0)=8.1(cos 4+0.53) meV with
and specific heaE,, for thed-wave gap function in the clean A0 =38 meV anddy =12.5 meV.

limit,® we obtain the following equations for ast-wave NOW we can quantit_atively explain the neu_tron-scattering
gap function: experiment on an optimally doped LSCO single cryétal.

The experiment shows that low-energy magnetic excitations
are peaked at the quartet of wave vectors #5135, 0.5
= 7) and(0.5, 0.5£0.135) in the normal state, and a spin gap with
T 6dVAyAp energy of about 6.7 meV appears in the low-temperature
superconducting state. The magnitude of the spin gap should
be equal to twice the superconducting gap along the incom-
mensurate wave vectorge., at 6=39°)2 From the gap

2
Kel kg rke

and

Cer _ 9Z(3)kake g  function deduced above, we calculaté (B9°)=6.2 meV,
T2 mhved /—AMAD' (8) in remarkably good agreement with experiment. Moreover, it

was also fountf that the spin gap a=45° is 6+2 meV,
Herevg andkg are the Fermi velocity and momentum along which is consistent with 2 ,=7.6 meV within experimental
the nodal directions, respectively,is the average interlayer uncertainty. Obviously, thd-wave gap function is incompat-
distance, and/(3)=1.20. One should note that impurity ible with the large spin gap observed along the diagonal
scattering tends to suppress the values of batiT and  direction. The neutron data might also be consistent with an
Ce//T2. The Fermi velocity along the nodal directions hasisotropic spin gap, as suggested by Lakteal ** However,
recently been obtained for YBCO from the studies of surfacehe isotropic spin gap is incompatible with ti€ depen-
Andreev-bound state$. The deduced Fermi velocityr is  dence of the spin-lattice relaxation rate observed in hole-
(1.2+0.2)x 10° m/s, which is a factor of 2 smaller than the doped cuprates. Only with ths*-wave gap function for
measured Fermi velocity along the diagonal directions from.SCO can one quantitatively explain the neutron experi-
the ARPES data of BSCC#.This suggests that the nodal ment, Raman scattering, magnetic penetration depth, An-
directions might be far away from the diagonal directions.dreev reflection, and magnetic resonances.
For thes*-wave gap function deduced above for overdoped
YBCO, the nodal directions are about 19° away from the
diagonal directions(i.e., at #=26°). Indeed, from the
ARPES data of BSCC&, one can clearly see that the Fermi
velocity atd=26° is smaller than that &=45° by a factor The recent measurementsof,(T) in an electron-doped
of about 2. Substituting r=1.2x10° m/s, ke=0.7 A"13" P, o{Ca, 15CU0,_, (PCCO reveal contradictory resulf§:*’
d=5.85 A, A,,=30 meV andAp=19 meV into Eq(7) and  In a high-quality PCCO thin film with the lowest residual
Eq. (8), we obtain k¢ /T=0.12 mW/Kecm and C,/T?  resistivity and the highedt,, the temperature dependence of

Ill. THE PAIRING SYMMETRY IN ELECTRON-DOPED
CUPRATES
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[Nap(T) —Nap(0)]/N45(0) is consistent with as-wave pair- 2650

ing symmetry with a reduced energy gap
2A(0)/kgT.=2.9% On the other hand, the low-temperature
Nap(T) in less ideal PCCO single crystals exhibits a power-

law temperature dependence, as expected from a dirty 2600 i
d-wave superconductd. <
We show that these apparently conflicting data might well E
be reconciled by a deeper understanding of how microstruc- c I
. ; <" 2550
ture affects screening. It is well known, for example, that the I
screening length in the weakly coupled Josephson array of
grains is dominated by the magnitude and temperature de-
pendence of the Josephson coupling current between array 2500 [

element$® Thus, tunnel coupling across grain boundaries — T T 1
and/or planar defecteveak linksg, rather than the BCS re- I
sponse of the grains themselves, mainly determines the mag- . .

netic screening length, surface resistance, and critical current  *<C A ", ..

(see the review article in Ref. 49The extrinsic effect due to - Tr . * :’-_-.'-3.'.‘-;.". L
the weak links can lead to a linedrdependence in the ef- o S et et . .': ’.":‘,",-1"
fective A,,(T) at low temperatures and to a large residual = 0 -'-. RO e :, Ay
surface resistanc®. Similarly, Hebardet al®* showed that - IR O ERUN
the current-induced nucleation of vortex-antivortex pairs at = r ERR T © ]
defects can make an additional extrinsic contribution to the < A Y '
screening length, i.e., a pinning penetration depfh(T). 2r <. 1
Within this scenario, the\?,(T) in zero magnetic field is 3 L
given by* o 1 2 3 4 5 6

Temperature (K)
Np(1) =AEp(0)/(1—1?), €)

. FIG. 7. (a)Temperature dependence Xof,(T) below 6 K for a
where t=T/T;, A3y(0)=[Po/H(0)]V2Ng/m, D is the  pcco single crystal. The solid line is the fitted curve by Ei)
flux quantumNy is t.he areal density of unlformlly dlstrlbuted with 2A(0)/kgT,=2.9 and\5,(0)=1643 A. The value ohL,(0)
defects, andH.(0) is the zero—tem_perature critical _f|eld. In was found to be 1606100 A from the optical data Ref. 53b)
the presence of the external dc fidij the expression for The difference between the data and the fitted curve. The data are
AbL(OH) has to be modified” The total screening length is from Ref. 47.

Nap(t) = VIN5p(D) 12+ [NPL(1) ]2, where\L(t) is the intrin-
sic London penetration depth Assuming ars-wave pairing  \as measured to be 25004 This crystal showsTo"s®tat
symmetry, we readily show that the,,(T) at low tempera- 55 (defined by the onset of diamagnetbsandT[j"d at 19

tures[below 0.2(0)/kg] is given by K [defined as the inflection point on,,(T)1.” A wide su-
AL (0)]2 perconducting transition in this crystal manifests a rather low
Aol T) =N (0) + 2P [ A0/ 2kaT quality of the crystal.
(1) =Aax(0) Nan(0) V" (0)/2ke We fit the data by Eq(10) with two fitting parameters
A(0) and\L,(0) and with a fixedT.=20.5 K (the average
A2, (0)—[A5,(0)]2 A SR .

x exy — A(0)/kgT]+ —22 ab T2 of T2"**'and T"?). The solid line is the fitted curve by Eq.

® Nan(0)T2 (10). It is remarkable that the fit is very good. This can be

seen more clearly in Fig.(8) where the difference between
the data and the fitted curve is plotted. There is a negligible
systematic errofthe deviation is less than the magnitude of
Jhe data scattering From the fit, we findA(0)/kg=29.6
+0.1 K, and\5,(0)=1643 A. The deduced ,(0) is in
excellent agreement with the value (160000 A) obtained
from the optical datd® The magnitude of A(0)/kgT,
=2.9is also the same as the one deduced from a high-quality
film where theT? term is abserit® The value ofA(0) justi-

= JTA(0)/12kg T — _ fies the fit to the data below 6 K, namely, 8@)/kg.
Mao(T)=hap(0)F han(0) VA (0)/2Kg T exl A(O)/kB(E]l) Therefore, the\,,(T) data for the crystal are in quantitative

agreement with an anisotropsenvave pairing symmetry with
In Fig. 7(a), we plot temperature dependencelgf,(T) no nodes.

below 6 K for a PCCO single crystdthe data are from Ref. From the values of\5,(0) and \,,(0), we calculate
47). The zero-temperature in-plane penetration depif0) A2, (0)=1884 A. Using the relation AR, (0)

(10

It is clear that theT? dependence ok ,,(T) at low tem-
peratures in zero field can be completely caused by the e
trinsic effect, that is, the nucleation of vortex-antivortex pairs
at defects. IfNg is negligible,)\ab(O)=A;b(O), and thesec-
ond term in Eq.(10) is absent. Then we recover the BCS
expressior?
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FIG. 8. TheT? dependence of the quantity X5,(0)/A5,(T) FIG. 9. Temperature dependence[af,,(T) — N ap(0)1/A a45(0)

over 0.4-10.8 K for the same PCCO crystal as the one in Fig. 7.for a high-quality PCCO thin film with the lowest residual resistiv-

The crossover from th&2 to a higher power-law dependence starts ity and the highesT. . The solid line is the fitted curve by E¢L1)
at about 5 K. There is no crossover from ffeto the T dependence  with 2A(0)/kgT,=2.7. The data are from Ref. 46.
atT*=9 K.

All these results consistently suggest that the pairing symme-
=[®o/H(0)]\V2N4/7 andH.(0)=2 kOe® we estimateN,  try in electron-doped cuprates is the anisotrapigave with
=5.2x 109%cn?, corresponding to one defect over 1333 cuNP liné nodes. e
sites. This implies that a small density of defects can produce Polarized Raman scatterifighas also shown that the

a quite large\h,(0) that contributes a substantied term in symmetry of the order parameter in NgC,eCUG,—y
Aa(T) (NCCO is consistent with an anisotropgwave. More pre-
a .

In order to rule out the possibility that the data can be aIsoC.'SGIy’ the tunneling spectaare consistent with a gap func-

consistent with @-wave symmetry in the dirty limit, we plot tion: A(6) :A(S+C.03. ) with s>1. If we useAy=2.5T,

2 2 2 . (Ref. 56 and the minimum gap ,= 1.4T . [from the\ ;,(T)
the data as £ \;,(0)/N5p(T) vs T< in Fig. 8. It is apparent datd, we find A(8)=1.15(3.52 cos ) meV for an
that the quantity + \2,(0)/\2,(T) is proportional toT? be- ’ e

I bout 5 K. F dirt duct electron-doped cuprate witid =24 K. Therefore, three
ow abou 5 or a dirtyd-wave superconductor, a cross- bulk-sensitive experiments consistently indicate an aniso-
over fromT< to T dependence should be seen at a temper

ture T =X (0) N2/ Ay (0)dhoe /dT2], where Ay (0) is atroplc swave pairing symmetry in electron-doped cuprates.

the maximum gap at zero temperattteUsing \4,(0)
—2500 A,47 d)\ab/dT2=3.7 A/K2,47 andA,,(0)=2.5T, '56 IV. PHASE-SENSITIVE EXPERIMENTS ALONG THE

one findsT* =9 K. There is no such crossover at any tem- C-AXIS DIRECTION

peratures up to 11 Ksee Fig. 8 Only a possible crossover  The most reliable phase-sensitive experiment is the atomi-
from the T? to a higher power-law dependence is seen atally clean BSCCO Josephson junctions between identical
about 5 K. Therefore, the data cannot agree withciveave  single-crystal cleaves stacked and twisted at an awfgle
pairing symmetry. Furthermore, the absence of the lifear apout thec axis? The quality of the junction is nearly the
term in Aop(T) indicates that the extrinsic contribution t0 same as that of the intrinsic Josephson junctions made of the
Nap(T) due to weak link® is negligible in this crystal. Bi-O insulating layers. Theoretically, it has been shown that

In Fig. 9, we show A ap(T) —Nap(0)1/Aap(0) as a func-  the critical current . of the twist junction is?®
tion of temperature for a high-quality PCCO thin filtthe

data are from Ref. 46 The film has the lowest residual re-

sistivity (<50uQ cm) and the highesT, (24 K) reported |C“E| MmA|cosl ¢o, (12
for the PCCO systerff This indicates a high quality of the
film, which was grown using molecular beam epitaxy. Thewherel=0,1,2 ... ., andy <7, for I=1. The above equa-

optimal quality of the film may be due to the fact that ation indicates that thes-wave component contributes to the
homogeneous oxygen reduction can be easily achieved icritical current much more effectively. The experiment
thin films. Since the data at low temperatures are quite flat, ishows? that thel . value is nearly independent of the twist
appears that there is neitheanor T contribution. We thus  angle¢,, and the temperature dependencé.Gé consistent

fit the data below 6.5 K by Eq11) with one fitting param-  with the Ambegaokar-Baratoff model for awave super-
eterA(0). Thebest fit givesA(0)/kg=31.9£0.1 K, which  conductor. This indicates that tlsewvave component in this
justifies the fit to the data below 6.5[K-0.2A(0)/kg]. This  material must be significant compared with the other high
leads to A (0)/kgT,=2.7, which is nearly the same as that angular momentum components. For slightly overdoped
deduced above for the less ideal crystal where there is BSCCO, we have found that the gap function Ag6)
significantT? term in\ ,5(T) due to the existence of defects. =17.75(cos 4+0.46) meV for T,=90 K, and A(#)
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=18(cos 4+0.33) meV forT,=86 K. Then we haveA, tricrystal experiments are rather surface sensitive, so these
=6-8 meV, which is not small compared with tgevave  experiments are probing the OP symmetry at the surface/
component\ ;=18 meV. Sincey,< 7,,° the dominant con-  interface, rather than in the bulk. Based on the Ginzburg-
tribution to the I, should be theswave component, as Landau free energy, BahcHllhas shown that the OP sym-
observed? From the magnitude of thewave component, metry near surfaces/interfaces can be different from that in
we can calculatel [Ry=(7/2e)A;=9-12 mV. The mea- the bulk if the bulk OP is strongly suppressed at the surfaces.
sured| Ry value is about 8 mV¥? This is in quantitative Experimentally, the observe@Ry, values in all the tricrystal
agreement with _the predicted value considering the fact thagxperiments are about two orders of magnitude smaller than
the strong coupling effect can reduce thRy value by more  the intrinsic Ambegaokar-Baratoff limit. For example, in the
than 20%. N _ _ ~ optimally doped YBaCu;0;_,, the magnitude of the maxi-
Another reliable phase-sen;nwg experiment is cthiaqs mum gapA,,(0) is about 30 meV:'” Then the intrinsic
Pb/YBgCu;0,— Josephson-junction exper|méﬁt.Th|§ IRy value should be equal to the Ambegaokar-Baratoff
JEnCt'On can be described &INS (whereS=YBCO, S limit Ay (0)/2e=47 mV, which has been confirmed by a
l_Pb’ and andN represent the msulhatlng arr:d norrlnal-metal nearly idealS1S break junction experimenf. However, the
e}yers,tr:especylvecj)y Dl:.e totﬁ Virylks ort Cq"irentt engiftl d observed IRy values in the tricrystal experiments on
along the c-axis direc |on,. € bulk gap will be strongly e'YBaZCug,O7_y and TLBa,CuQ;,, (Refs. 9 and 1P are
pressed at theéS| interface; the depression factor e3¢ .
. . about 1.8 mV and 0.5 mV, respectively. These values are
(Wherec is the lattice constant along the ¢ axi$ From &, . M
- . . about two orders of magnitude smaller than the intrinsic bulk
=£ap/y (Where y is the mass anisotropy parameter anOlvalues Similarly, the observddRy value in the NCCO and
equal to about 8 for optimally doped YBCE®), we get - ’ . N .
d P y dop 0 gete. PCCO tricrystal experiments is about 0.1 mV, as inferred

=1.7 A by takingé,,=14 A. Therefore, the gap size at the -
Sl interface will be suppressed by a factor of about 7. Sincdro™ the measured critical current density=6 Alcn (Ref.

the bulks-wave componend, in slightly overdoped YBCO 20 and the empirical relation betwe¢gRy and J. % This
is 3-5 meV/(see abovg this component at the | interface 'Ry value is also about two orders of magnitude smaller
should be reduced to 0.4-0.7 meV. Then tpBy value is  than the intrinsic bulk value, which is estimated to be
calculated to be 0.93-1.27 mV, in quantitative agreement-8 MV with A (0)=2.5T..* Therefore, the OP at the in-
with the measured one~(0.9 mV) 3 terfaces of the grain-boundary junctions must be strongly
Now we discuss another-axis Josephson tunneling ex- depressed in order to explain such snigRy values. This
periment in which a conventional supercondudf) is de-  strong depression in the order parameter ensures the condi-
posited across a single twin boundary of a YBCO cry&tal. tion under which the OP symmetry near surfaces/interfaces
Because Pb is amwave superconductor, the Pb countereleccan be different from that in the buf. Hence, it is very
trode couples only to the-wave component of the YBCO likely that the tricrystal experiments are detecting the OP
order parameter. If YBCO were predominantlyvave, any  symmetry at the degraded interfaces, which may be different
small swave component added to the dominahtvave from the intrinsic one in the bulk.
component would change sign across the twin boundary. In- Now the question arises: How can the bulk OP be so
this case, magnetic fields parallel to the boundary would prostrongly depressed at the surfaces of the grain-boundary
duce a local minimum i atB=0, in agreement with the jnctions? It is known that the coherent length in cuprates is
o.bservgtlor?. The experlmental results. 'ghus appear to Pro-very short due to a large superconducting gap and small
vide evidence for mixed- ands-wave pairing symmetries in - cormj velocity. The short coherent length in cuprates can
the bulk with a reversal in the sign of tsewave component a4 1o a large depression of the OP near the interfaces even
a_crolssdthe b_ounda;y. Howgzer, if the bu':; OP symmetry Im Qvithin the conventional theory of the proximity effedt®®
single domain werel+ s or d—s, one would expect a nearly Alternatively, several group$®showed that there are pos-
zero | . in heavily twinned crystals. The fact that the ob- ibl ducting reaions near the boundarv of the
served! ;R in heavily twinned crystals is nearly the same Sy honsuperconducting reg . y ortn
¢ N junction due to hole depletion and/or strain, so that the criti-

as the one in the single-domain cryStaiules out the bulk )
d+s- or d—s-wave OP symmetry in YBCO. Therefore the C?I current density can be .red.ucgd by several orders of mag-
only possibility is that a half or fractional flux is trapped in nitude compared with the |ntr|ns.|c bulk yalue. )

There is another way to explain the tricrystal experiments.

the twin boundary. Also, this can naturally explain why : : )
does not go to zero even for a symmetric junction with theAs discussed above, the boundaries of the grain-boundary

same junction area in both sides of the twin boundary. junctions are intrinsically underdoped superconductors or
nonsuperconducting antiferromagnets due to hole depletion

V. PHASE-SENSITIVE EXPERIMENTS ALONG THE AB and/or strairf*~%" For underdoped cuprates, the supercon-
PLANES ductivity mainly arises from the Bose-Einstein condensation

of preformed pair§? In this case, the symmetry of the su-
The phase-sensitive tricrystal experiments on both holeperconducting condensate is different from the pairing sym-
and electron-doped cupraf®$1°show that the OP symme- metry; the former isd wave while the latter might be
try is d wave, in contradiction with the above conclusion s-wave®® Since Josephson tunneling probes the symmetry of
drawn from many bulk-sensitive experiments. In order tothe superconducting condensate, dh@ave symmetry of the
resolve the above discrepancy, one should notice that theondensate is consistent with the tricrystal experiments.
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VI. CONCLUSION for both B,Sr,CaCyOg,, and YB3CuO,_,. The pro-
posed pairing symmetries do not contradict some surface-
and phase-sensitive experiments that show a predominant
d-wave pairing symmetry at the degraded surfaces.

In conclusion, the existing bulk- and nearly bulk-sensitive
experiments consistently show that the dominant bulk pair
ing symmetry in hole-doped cuprates is of extendedave
with eight line nodes and of anisotropsovave in electron-
doped cuprates. The deduced extend@dve pairing sym-
metry for hole-doped cuprates is also in quantitative agree- The author would like to thank R. Prozorov, L. Alff, S.
ment with the phase-sensitive experiments alongctleeis  Kamal, and W. N. Hardy for sending their published data.
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