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Phase dependent differential thermopower ofs-wave-superconductor–normal-metal–
d-wave-superconductor junctions: Pair-breaking effects and Gaussian fluctuations

Sergei Sergeenkov* and Marcel Ausloos
SUPRAS, Institute of Physics, University of Lie`ge, B-4000, Lie`ge, Belgium

~Received 12 November 1998!

We start with revisiting our previous results on thermoelectric response ofs-wave-superconductor–normal-
metal–s-wave-superconductor (SNS) configuration in a C-shaped BixPb12xSr2CaCu2Oy sample in order to
include strong fluctuation effects. Then, by appropriate generalization of the Ginzburg-Landau theory based on
admixture ofs-wave (S) and d-wave (D) superconductors, we consider a differential thermoelectric power
~TEP! of s-wave-superconductor–normal-metal–d-wave-superconductor (SND) junction. In addition to its
strong dependence on the relative phaseu5fs2fd between the two superconductors, two major effects are
shown to influence the behavior of the predicted TEP. One, based on the chemical imbalance atSD interface,
results in a pronounced maximum of the TEP peak nearu5p/2 ~where the so-calleds1 id mixed pairing state
is formed! for two identical superconductors withTcd5Tcs[Tc . Another effect, which should manifest itself
at SD interface comprising ans-wave low-Tc superconductor and ad-wave high-Tc superconductor with
TcdÞTcs , predictsSp}Tcd2Tcs for the TEP peak value. The experimental conditions under which the pre-
dicted behavior of the induced differential TEP can be measured are discussed.@S0163-1829~99!09617-4#
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I. INTRODUCTION

During the last few years the order-parameter symme
has been one of the intensively debated issues in the fie
high-Tc superconductivity~HTS!. A number of experiments
points to itsdx22y2-wave character.1 Such an unconventiona
symmetry of the order parameter has also important impl
tions for the Josephson physics because for ad-wave (D)
superconductor the Josephson coupling is subject to an a
tional phase dependence caused by the internal phase s
ture of the wave function. The phase properties of the
sephson effect have been discussed within the framewor
the generalized Ginzburg-Landau~GL! ~Ref. 2! as well as
the tunneling Hamiltonian approach.3 It was found4 that the
current-phase relationship depends on the mutual orienta
of the two coupled superconductors and their interface. T
property is the basis of all the phase sensitive experim
probing the order-parameter symmetry. In particular, it
possible to create multiply connectedd-wave superconduct
ors which generate half integer flux quanta as observe
experiments.5 Various interesting phenomena occur in inte
faces ofd-wave superconductors. For example, for an int
face to a normal metal a bound state appears at zero en
giving rise to a zero-bias anomaly in theI -V characteristics
of quasiparticle tunneling6,7 while in such an interface to a
s-wave (S) superconductor the energy minimum correspon
to a Josephson phase different from 0 orp. By symmetry, a
small s-wave component always coexists with a predom
nantlyd-wave order parameter in an orthorhombic superc
ductor such as YBCO, and changes its sign across a
boundary.8,9 Besides, thes-wave andd-wave order param-
eters can form a complex combination, the so-calleds6 id
state which is characterized by a local breakdown of ti
reversal symmetryT either near surfaces10–13 or near the
twin boundaries represented by tetragonal regions with a
duced chemical potential.14 Both scenarios lead to a phas
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difference of6p/2, which corresponds to two degenera
states.15,16 Moreover, the relative phase oscillations betwe
two condensates with different order parameter symmet
could manifest themselves through the specific collective
citations~‘‘phasons’’!.17

At the same time, a rather sensitive differential techniq
to probe sample inhomogeneity for temperatures just be
Tc , where phase slippage events play an important role
transport characteristics has been proposed18 and success-
fully applied19 for detecting small changes in thermoelect
power~TEP! of a specimen due to the deliberate insertion
a macroscopic s-wave-superconductor–normal-meta
s-wave-superconductor (SNS) junction made of a normal-
metal layerN, used to force pair breaking of the superco
ducting component when it flows down the temperature g
dient. Analysis of the thermoelectric effects provid
reasonable estimates for such important physical parame
as the Fermi energy, Debye temperature, interlayer spac
etc. In particular, a carrier-type dependent thermoelectric
sponse of such aSNS configuration in a C-shaped
BixPb12xSr2CaCu2Oy sample has been registered and
temperature behavior belowTc has been explained within
the framework of GL theory.19

In the present paper, we consider theoretically the beh
ior of induced TEP atNS, ND, andSD interfaces and dis-
cuss its possible implications for the above-mentioned t
of experiments. The paper is organized as follows. In Sec
we briefly review the experimental results forSNSconfigu-
ration ~with both holelike and electronlike carriers of th
normal-metalN insert! and present a theoretical interpret
tion of these results, based on GL free-energy function
both below and aboveTc . The crucial role of the pair-
breaking effects~described via the chemical balanceDm be-
tween the quasiparticles and Cooper pairs! in understanding
the observed phenomena is emphasized. In Sec. III, ext
ing the early suggested11,14 GL theory of an admixture of
11 974 ©1999 The American Physical Society
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PRB 59 11 975PHASE DEPENDENT DIFFERENTIAL THERMOPOWER OF . . .
s-wave andd-wave superconductors to incorporate stro
pair-breaking effects, we calculate the differential th
mopowerDS of SND configuration nearTc . The main the-
oretical result of this section is the prediction of a rath
specific dependence ofDS on relative phase shiftu5fs
2fd between the two superconductors. Two independ
mechanisms contributing to the peak valueSp(u)
5DS(Tc ,u) of the differential thermopower are discusse
One, based on the chemical balance betweenSandD super-
conductors at anSD interface~and responsible for charge
related interference effect!, is discussed in Sec. III A. It re
sults in a pronounced maximum of the peakSp(u) nearu
5p/2 ~the so-calleds1 id mixed pairing state! for two iden-
tical superconductors withTcd5Tcs[Tc . This mechanism
can be realized, e.g., in ad-wave orthorhombic sample~like
YBCO! with twin boundaries which are represented by
tragonal regions of variable width, with a reduced chemi
potential. Another mechanism~discussed in Sec. III B!,
which is active in the absence of the normal-metal lay
takes place when two different superconductors withTcd
ÞTcs are used to form anSD interface. This situation can b
realized for ans-wave low-Tc superconductor~like Pb! and a
d-wave high-Tc superconductor~like orthorhombic YBCO!
and is shown to yieldSp(u)}Tcd2Tcs for predicted TEP
peak value.

II. SNSCONFIGURATION REVISITED

A. Experimental setup and main results

Before turning to the main subject of the present paper
us briefly review the previous results concerning a carr
type dependent thermoelectric response ofSNSconfigura-
tion in a C-shaped BixPb12xSr2CaCu2Oy sample~see Ref. 19
for details!. The sample geometry used is sketched in Fig
where the contact arrangement and the position of the sam
with respect to the temperature gradient¹xT is shown as
well. Two cuts are inserted at 90° to each other into a ri
shaped superconducting sample. The first cut lies paralle
the applied temperature gradient serving to define a ver
symmetry axis. The second cut lies in the middle of the ri
wing, normal to the symmetry axis, separating two simi
superconductors withS85S95S or D and completely inter-
rupting the passage of supercurrents in this wing. The p

FIG. 1. Schematic view of the sample geometry withS8NS9
junction and contacts configuration. HereS8 and S9 stand fors
wave- and/ord wave-type superconductor. The thermopowersSR

and SL result from the thermal voltages detected by the con
pairs 425 and 127, respectively.
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sage of any normal component of current density is m
possible by filling up the cut with a normal metalN. The
carrier type of the normal-metal insertN was chosen to be
either an electronlikeNe ~silver! or holelike Nh ~indium!.
Thermal voltages resulting from the same temperature gr
ent acting on both continuous and normal-metal-filled hal
of the sample were detected as a function of tempera
around Tc . The measured difference between the th
mopowers of the two halvesDS5SR2SL was found to ap-
proximately follow the linear dependence

DS~T!.Sp6B6~Tc2T!, ~1!

with slopesB2 and B1 defined forT,Tc and T.Tc , re-
spectively. HereSp5DS(Tc) is the peak value ofDS(T)
at T5Tc . The best fit of the experimental data wit
the above equation yields the following values for silv
~Ag! and indium ~In! inserts, respectively~see Fig. 2!:
~i! Sp(Ag)520.2660.01mV/K, B2(Ag)520.1660.1
mV/K2, B2(Ag)/B1(Ag)51.960.1; ~ii ! Sp(In)50.83
60.01mV/K, B2(In)50.1760.1 mV/K2, B2(In)/B1(In)
52.160.1.

B. Interpretation

It is important to mention that, unlike the case of mixe
SND configuration~considered in Sec. III!, the suggested
interpretation of the current experimental results forSNS
configuration does not involve the phase of the order par
eter and hence is not sensitive~at least nearTc) to the pairing
symmetry of the two superconductorsS8 andS9. To describe
the observed behavior of the differential TEP both below a
aboveTc , we can roughly present it in a two-term contrib
tion form:19,20

t

FIG. 2. The temperature dependence of the observed differe
thermopower ofSNSconfiguration defined by Eq.~1!. The upper
~lower! part of the picture refers to In~Ag! normal-metal insert in
the right wing~see Fig. 1!. The asymmetric curved triangle shap
are approximated by linear shapes produced by the linear fit to
data points~see the text for details!.
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DS~T!5DSav~T!1DSf l~T!, ~2!

where the average termDSav(T) is assumed to be nonzer
only belowTc ~since in the normal state the TEP of HTS
found to be very small21,22! while the fluctuation term
DSf l(T) should contribute to the observableDS(T) for T
.Tc . In what follows, we shall discuss these two contrib
tions separately within a mean-field theory approximation

1. Mean value of the differential thermopower:DSav„T…

Assuming that the net result of the normal-metal inser
to break up Cooper pairs that flow toward the hotter end
the sample and to produce holelike~In! or electronlike~Ag!
quasiparticles, we can write the difference in the generali
GL free-energy functionalDG of the right and left halves o
the C-shaped sample as

DG@c#5DF@c#1Dmucu2, ~3!

where

DF@c#[FR2FL5a~T!ucu21
b

2
ucu4 ~4!

and

Dm[mR2mL . ~5!

Herec5ucueif is the superconducting order parameter,Dm
accounts for the chemical balance between quasiparticles
Cooper pairs;a(T)5a(T2Tc) and the GL parametersa
and b are related to the critical temperatureTc , zero-
temperature BCS gapD051.76kBTc , the in-plane Fermi en-
ergy EF

ab5pF
2/mab* , and the total particle number densityn

as a5bn/2Tc5(4D0kB /EF
ab)(me /mab* ). In fact, in layered

superconductors,Dm.EF
c .Jc

2/EF
ab , where EF

c 5EF
ab/gm

2 is
the out-of-plane Fermi energy andJc the interlayer coupling
energy within the Lawrence-Doniach model (gm5mc* /mab*
is the mass anisotropy ratio, andmab* .8me for this mate-
rial!.

As usual, the equilibrium state of such a system is de
mined from the minimum-energy condition]G/]ucu50
which yields forT,Tc

uc0u25
a~Tc2T!2Dm

b
. ~6!

Substituting uc0u2 into Eq. ~3! we obtain for the average
free-energy density

DV~T![DG@c0#52
@a~Tc2T!2Dm#2

2b
. ~7!

In turn, the difference of thermopowersDS(T) can be re-
lated to the corresponding difference of transport entrop
Ds[2]DV/]T as DS(T)5Ds(T)/nq, where q is the
charge of the quasiparticles. Thus finally the mean value
thermopower associated with a pair-breaking event re
~below Tc)

DSav~T!5Sp,av2Bav~Tc2T!, ~8!

with
-

s
f

d

nd

r-

s

of
ds

Sp,av5
Dm

2qTc
, ~9!

and

Bav5
D0kB

2qEF
abTc

. ~10!

Before we proceed to compare the above theoretical find
with the available experimental data~see Fig. 2!, we first
have to estimate the corresponding fluctuation contributi
to the observable TEP difference, both above and belowTc .

2. Mean-field Gaussian fluctuations of the differential
thermopower:DSfl „T…

The influence of superconducting fluctuations on transp
properties of HTS~including TEP and electrical conductiv
ity! has been extensively studied for the past few years~see,
e.g., Refs. 23–32 and further references therein!. In particu-
lar, it was found that the fluctuation-induced behavior m
extend to temperatures more than 10 K higher than the
spectiveTc . Let us consider now the region nearTc and
discuss the Gaussian fluctuations of the pair-breaking
duced differential TEPDSf l(T). Recall that according to the
theory of Gaussian fluctuations,33 the fluctuations of any ob-
servable, which is conjugated to the order parameterc ~such
as heat capacity, susceptibility, etc.! can be presented in
terms of the statistical average of the square of the fluc
tion amplitudê (dc)2& with dc5c2c0. Then the differen-
tial TEP above (1) and below (2)Tc have the form of

DSf l
6~T!5A^~dc!2&6 , ~11!

where

^~dc!2&5
1

ZE ducu~dc!2e2S[c] . ~12!

Here Z5*ducue2S[c] is the partition function withS@c#
[(DG@c#2DG@c0#)/kBT. A is a coefficient to be defined
below. Expanding the free-energy density functionalDG@c#

DG@c#'DG@c0#1
1

2 F ]2DG
]c2 G

ucu5uc0u

~dc!2, ~13!

around the mean value of the order parameterc0, which is
defined as a stable solution of equation]G/]ucu50 we can
explicitly calculate the Gaussian integrals. Due to the f
that uc0u2 is given by Eq.~6! below Tc and vanishes atT
>Tc , we obtain finally

DSf l
2~T!5

AkBTc

4a~Tc2T!24Dm
, T<Tc, ~14!

and

DSf l
1~T!5

AkBTc

2a~T2Tc!12Dm
, T>Tc. ~15!
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As we shall see below, for the experimental range of para
eters under discussion,Dm(EF /D0)@kBuTc2Tu. Hence,
with a good accuracy we can approximate Eqs.~14! and~15!
as follows:

DSf l
6~T!.Sp, f l

6 6Bf l
6~Tc2T!, ~16!

where

Sp, f l
2 52

AkBTc

4Dm
, Bf l

25
AkBTca

~2Dm!2
, ~17!

and

Sp, f l
1 522Sp, f l

2 , Bf l
152Bf l

2 . ~18!

Furthermore, it is quite reasonable to assume thatSp
25Sp

1

[Sp , where Sp
25Sp,av1Sp, f l

2 and Sp
15Sp, f l

1 . Then the
above equations bring about the following explicit expre
sion for the constant parameterA, namely A
5(4Dm/3kBTc)Sp,av . This in turn leads to the following
expressions for the fluctuation and total contributions
peaks and slopes through their average counterparts@see Eqs.
~9! and ~10!#: Sp, f l

1 5Sp5(2/3)Sp,av , Sp, f l
2 52(1/3)Sp,av ,

Bf l
25(1/3)Bav , Bf l

15(2/3)Bav , B25Bav1Bf l
25(4/3)Bav ,

andB15Bf l
15(2/3)Bav . Thus, in agreement with the obse

vations, B2/B152 independent of the carrier type of th
normal-metal insert. Let us proceed to discuss separately
case of In and Ag inserts.

~a! N5In ~holelike metal insert!. In this case, the princi-
pal carriers are holes, thereforeq51e. Let the holelike qua-
siparticle chemical potential~measured relative to the Ferm
level of the free-hole gas! be positive, thenmq51m and
Dm5m12m53m ~two holes come from condensate a
one hole is brought by normal metal!. Therefore for this case
Eq. ~1! takes the form

DSh~T!5Sp~ In!6B6~ In!~Tc2T!, ~19!

where

Sp~ In!5S kB

e D S m

kBTc
D , ~20!

and

B2~ In!5
2D0kB

3eEF
abTc

, B1~ In!5
1

2
B2~ In!. ~21!

~b! N5Ag ~electronlike metal insert!. The principal car-
riers in this case are electrons, thereforeq52e. The elec-
tronlike quasiparticle chemical potentialmq52m. Then
Dm52m12m5m ~plus one electron means minus o
hole!. For this case Eq.~1! takes the form

DSe~T!5Sp~Ag!6B6~Ag!~Tc2T!, ~22!

where

Sp~Ag!52S kB

e D S m

3kBTc
D , ~23!

and
-

-

o

he

B2~Ag!52
2D0kB

3eEF
abTc

, B1~Ag!5
1

2
B2~Ag!. ~24!

By comparing the obtained theoretical expressions with
above-mentioned experimental findings for the slopesB6

and the peakSp values for the two normal-metal inserts~see
Fig. 2!, we can estimate the order of magnitude of the
plane Fermi energyEF

ab and interlayer coupling energyJc .
The result is:EF

ab.0.16 eV andJc.4 meV, in reasonable
agreement with the other known estimates of the
parameters.30 In turn, using these parameters~along with the
critical temperature!, we find thatJc

2/kBD0.100 K. This jus-
tifies the use of the linearized Eq.~16! for the temperature
interval uTc2Tu!100 K. As is seen in Fig. 2, the observe
differential TEP practically disappears already foruTc2Tu
>10 K. Moreover, as it follows from Eqs.~20! and ~23!,
the calculated ratio for peaksuSp(In)/Sp(Ag)u53 is very
close to the corresponding experimental val
uSp

exp(In)/Sp
exp(Ag)u53.260.2 observed by Gridinet al.19

Finally, as it follows from the above analysis, the calculat
slopesB2 below Tc for the two metal inserts coincide with
each other, namelyB2(In)52B2(Ag), and are twice their
counterparts aboveTc , i.e., B2(In)52B1(In) andB2(Ag)
52B1(Ag), in a good agreement with the observations. It
worthwhile to note that a very similar behavior of the i
duced TEP~including peaks and slopes both above and
low Tc) has been observed in strong applied magne
fields.20 In fact, replacing the chemical potentials differen
Dm ~responsible for pair-breaking effects inSNS junction!
in the above equations bymBH term ~wheremB is the Bohr
magneton andH the applied magnetic field! we recover most
of the formulas presented in Ref. 20 where magneto-TEP
Bi2Sr2CaCu2Oy superconductors was studied.

III. SND CONFIGURATION: PREDICTION

Since Eqs.~3!–~5! do not depend on the phase of th
order parameter, they will preserve their form for aDND
junction ~created by twod-wave superconductors,S85S9
5D, see Fig. 1! as well, bringing about the results similar t
that given by Eqs.~8!–~10!. It means that the experimenta
method under discussion~and its interpretation! cannot be
used to tellSNSandDND configurations apart, at least fo
temperatures close toTc . As for low enough temperatures
the situation may change drastically due to a markedly
ferent behavior ofs-wave andd-wave order parameters a
T!Tc ~where the node structure begins to play an import
role!. As we shall show below, this method, however,
quite sensitive to the mixedSND configuration~when S8
5S has ans-wave symmetry whileS95D is of a d-wave
symmetry type, see Fig. 1! predicting rather specific relative
phase (u5fs2fd) dependencies of both the slopeB(u)
and peakSp(u) of the observable thermopower differenc
DS(T,u).

Following Federet al.,14 who incorporated chemical po
tential effects near twin boundaries into the approach s
gested by Sigristet al.,11 we can represent the generalize
GL free-energy functionalDG for SND configuration of the
C-shaped sample in the following form:
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DG@cs ,cd#5DG@cs#1DG@cd#1DGint , ~25!

where

DG@cs#5As~T!ucsu21
bs

2
ucsu4, ~26!

DG@cd#5Ad~T!ucdu21
bd

2
ucdu4, ~27!

and

DGint5g1ucsu2ucdu21
g2

2
~cs*

2cd
21cs

2cd*
2!

22d1ucsuucdu2d2~cs* cd1cscd* !. ~28!

Here cn5ucnueifn is the n-wave order parameter (n
5$s,d%); An(T)5an(T)1Dmn where an(T)5an(T2Tcn)
with the corresponding parametersan , bn , Tcn , andDmn
for s-wave andd-wave symmetries.

An equilibrium state of such a mixed system is det
mined from the minimum-energy conditions]G/]ucsu50
and ]G/]ucdu50 which result in the following system o
equations for the two equilibrium order parameterscs0 and
cd0

As~T!ucs0u1bsucs0u31G~u!ucs0uucd0u25D~u!ucd0u,
~29!

Ad~T!ucd0u1bducd0u31G~u!ucd0uucs0u25D~u!ucs0u,
~30!

where we introduced relative phaseu5fs2fd dependent
parameters

G~u!5g11g2 cos 2u, ~31!

D~u!5d11d2 cosu.

Notice that unlike chemical potentials differenceDmn
~which is responsible for pair-breaking effects inSND junc-
tion due to the normal-metal insert!, the interference terms
d1,2 describe the chemical balance betweens-wave and
d-wave superconductors atSD interface in the absence of
normal-metal layer. Therefore the effects due toDmnÞ0
should be distinguished from the interference effects du
D(u)Þ0. The latters are generically close to the interferen
effects between the two condensates and are described b
G(u) term. Notice also that theD(u) term favorsu5 lp ( l
integer!, while the G(u) term favors u5np/2 (n51,3,
5•••) which corresponds to aT-violating phase.14 In prin-
ciple, we can resolve the above system@given by Eqs.~29!–
~31!# and findcn0 for arbitrary set of parametersan , bn ,
andTcn . For simplicity, in what follows we restrict our con
sideration to the two limiting cases which are of the m
importance for potential applications.

A. Twin boundaries in orthorhombic d-wave superconductors

1. Mean value of the differential thermopower:DSav„T,u…

First, let us consider the case of similar superconduc
comprising theSND junction with ucs0u5ucd0u[uc0u, as
5ad[a, bs5bd[b, Dms5Dmd[Dm, and Tcs5Tcd
-

to
e
the

t

rs

[Tc . This situation is realized, for example, in ad-wave
orthorhombic sample~like YBCO! with twin boundaries
which are represented by tetragonal regions of varia
width, with a reduced chemical potential.14 In this particular
case, Eqs.~29! and ~30! yield for T,Tc

uc0u25
a~Tc2T!2Dm~u!

b1G~u!
, ~32!

whereDm(u)[Dm2D(u). After substituting the thus found
uc0u into Eq. ~25! we obtain for the generalized equilibrium
free-energy density

DV~T,u![DG@c0#52
@a~Tc2T!2Dm~u!#2

b1G~u!
~33!

which in turn results in the following expression for th
mean-field value of the thermopower difference in
C-shaped sample withSND junction ~see Fig. 1!:

DSav~T,u!5Sp,av~u!2Bav~u!~Tc2T!, ~34!

where

Sp,av~u!5
b

qTc
F Dm~u!

b1G~u!G , ~35!

and

Bav~u!5
a

qTc
F b

b1G~u!G . ~36!

2. Mean-field Gaussian fluctuations of the differential
thermopower:DSfl „T,u…

Following the lines of Sec. II, we can present the fluctu
tion contribution to the differential TEP above (1) and be-
low (2)Tc as

DSf l
6~T,u!5A~u!@^~dcs!

2&61^~dcd!2&612^dcsdcd&6#,
~37!

where, e.g.,

^~dcs!
2&5

1

ZE ducsu E ducdu~dcs!
2e2S[cs ,cd] . ~38!

Here Z5*ducsu*ducdue2S[cs ,cd] is the corresponding
partition function with S@cs ,cd#[$DG@cs ,cd#
2DG@cs0 ,cd0#%/kBT. A(u) is a coefficient to be fixed later
Expanding the free-energy density functionalDG@cs ,cd#,

DG@cs ,cd#'DG@cs0 ,cd0#

1
1

2 H F ]2DG
]cs

2 G
ucsu5ucs0u

~dcs!
2

1F ]2DG
]cd

2 G
ucdu5ucd0u

~dcd!2J
1F ]2DG

]cs]cd
G

ucnu5ucn0u
~dcsdcd!, ~39!
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around the mean values of the order parameterscn0, which
are defined as stable solutions of equations]G/]ucnu50 we
can explicitly calculate the Gaussian integrals to obtain

^~dcs!
2&25^~dcd!2&25

kBTcb

4~b2G!@a~Tc2T!2Dm~u!#
,

~40!

^dcsdcd&252
kBTcG

4~b2G!@a~Tc2T!2Dm~u!#
~41!

and

^~dcs!
2&15^~dcd!2&15

kBTc

2@a~T2Tc!1Dm~u!#
,

~42!

^dcsdcd&150, ~43!

for the order parameters fluctuations below and aboveTc ,
respectively. In principle, the above expressions comple
determine the fluctuation contribution to the seeking TEP
SND contact in the presence of strongN-metal induced
pair-breaking effects. However, in order to compare it w
the earlier calculated mean-field values, let us assume
@Dm(u)#(EF /D0)@kBuTc2Tu. Then, with a good accurac
we can approximate Eqs.~40!–~42! as follows:

DSf l
6~T,u!.Sp, f l

6 ~u!6Bf l
6~u!~Tc2T!, ~44!

where

Sp, f l
2 ~u!52

AkBTc

2Dm~u!
, ~45!

Bf l
2~u!5

AkBTca

2@Dm~u!#2
, ~46!

and

Sp, f l
1 ~u!522Sp, f l

2 ~u!, Bf l
1~u!52Bf l

2~u!. ~47!

Again, requiring thatSp
2(u)5Sp

1(u)[Sp(u), where Sp
2

5Sp,av1Sp, f l
2 andSp

15Sp, f l
1 , the above equations give

A~u!5
2b

3qkBTc
2

@Dm~u!#2

@b1G~u!#
~48!

for the above-introduced parameter@see Eq.~37!#. This in
turn leads to the following expressions for the fluctuation a
total contributions to peaks and slopes through their aver
counterparts~cf. Sec. II!: Sp, f l

1 5Sp5(2/3)Sp,av , Sp, f l
2 5

2(1/3)Sp,av , Bf l
25(1/3)Bav , Bf l

15(2/3)Bav , B25Bav
1Bf l

25(4/3)Bav , and B15Bf l
15(2/3)Bav . Thus the ratio

B2(u)/B1(u)52 remains universal showing no dependen
on the relative phase differenceu. As expected, completely
neglecting the interference terms~when bothG(u)→0 and
D(u)→0) we recover all the results of Sec. II for two ind
pendent order parameters. Finally, the differential TEP
SND junction consisting of two superconductors with sim
lar critical parameters but markedly different pairing symm
ly
f

at

d
ge

e

f

-

tries ~like in a d-wave orthorhombic YBCO withs-wave te-
tragonal twin boundaries! reads

DS~T,u!5Sp~u!6B6~u!~Tc2T!, ~49!

with

Sp~u!5
2bd2

3qTcg2
S d̃1cosu

g̃1cos 2u
D , ~50!

and

B2~u!52B1~u!5
4a

3qTcg2
S b

g̃1cos 2u
D . ~51!

Here g̃[(b1g1)/g2 and d̃[(Dm1d1)/d2. Figure 3 shows
the predictedu-dependent behavior of the normalized slo
B2(u)/B2(0) ~solid line! and the peakSp(u)/Sp(0) ~dashed
line! of the SND-induced thermopower differenceDS(T,u)
just belowTc , for g̃5 d̃52. As is seen, both the slope an
the peak exhibit a maximum for thes1 id state ~at u
5p/2) and a minimum for thes-d state ~at u5p). Such
sharp dependencies suggest quite an optimistic possibilit
observe the above-predicted behavior of the induced t
mopower, using the sample geometry and experimental te
nique described in Sec. II. Besides, when the pair-break
effects~due to the normal-metal insert inSND junction! are
negligible~so thatDm50), Eqs.~49!–~51! will describe the
differential TEP at theSD interface where the pair-breakin
interference effects@governed by theD(u) term# will domi-
nate its peak behavior. This situation would allow one to
a more detailed information about the mixed pairing sta
and the introduced phenomenological parametersg1,2 and
d1,2.

B. Low-Tc s-wave superconductor and high-Tc d-wave
superconductor

Let us turn now to another limiting case and consider
SD interface formed by two different superconductors~with

FIG. 3. Predicted phase dependent thermopower respons
SND configuration in a C-shaped sample~see Fig. 1!. Solid and
dashed lines depict, respectively, the relative phaseu dependence of
the normalized slopeB2(u)/B2(0) and peak valueSp(u)/Sp(0) of
the induced thermopower difference, according to Eqs.~50! and
~51!.
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ucs0uÞucd0u, asÞad , bsÞbd , and TcsÞTcd) in the ab-
sence of a normal-metal layer~which is responsible for pair
breaking effects!. We shall also assume that the charg
related interference effects@governed by theD(u) term# are
rather small and can be safely neglected. Thus in this sec
we consider the situation whenDmn50 andD(u)50. Such
a situation can be realized for ans-wave low-Tc supercon-
ductor ~like Pb! and ad-wave high-Tc superconductor~like
orthorhombic YBCO!.1,9 In fact, the solution for this particu
lar case is well-known. It has been discussed by Sig
et al.11 in a somewhat different context. In principle, we c
obtain both an average and fluctuation contributions to
resulting TEP for this case, following the recipes of the p
vious section. And in particular, it can be shown that t
fluctuation contribution is still governed by expressions sim
lar to the ones given by Eqs.~40!–~43! with an evident
change in parameters,a→an andb→bn for s- andd-wave
superconductors. Since, however, the correponding exp
sions are rather cumbersome, in what follows we restrict
analysis with the average values of the induced TEP onl

AssumingTcs,Tcd , two temperature regions should b
distinguished:

~a! T,T* (u). In this region, the corresponding expre
sions for the equilibrium order parameters read@see Eqs.~29!
and ~30!#

ucs0u25
bdas~T!2G~u!ad~T!

G2~u!2bsbd

, ~52!

and

ucd0u25
bsad~T!2G~u!as~T!

G2~u!2bsbd

, ~53!

where the transition pointT* (u), defined by the equation
cs0(T* )50, is stronglyu dependent and deviates from a
s-wave critical temperatureTcs as follows:

T* ~u!5Tcs2
adG~u!DTc

asbd2adG~u!
, ~54!

whereDTc[Tcd2Tcs .
After substituting the solution given by Eqs.~52! and~53!

into Eq. ~25! we obtain for the average thermopower diffe
ence

DSav
I ~T,u;DTc!5Sp,av

I ~u;DTc!2Bav
I ~u!@T* ~u!2T#,

~55!

where

Sp,av
I ~u;DTc!5

as

2qN F ad
2DTc

asbd2adG~u!
G , ~56!

and

Bav
I ~u!5

2asadG~u!2as
2bd2ad

2bs

2qN@G~u!22bsbd#
. ~57!

HereN5nsnd /(ns1nd) is a generalized carrier number de
sity.

~b! T* (u)<T,Tcd . In this region we obtain from Eqs
~29! and ~30!
-

on

st

e
-

-

s-
r

ucs0u50, ucd0u25
ad~Tcd2T!

bd
, ~58!

for the equilibrium order parameters. The resulting me
field thermopower difference in this region is

DSav
II ~T,u!5Sp,av

II ~u,DTc!1Bav
II @T2T* ~u!#, ~59!

where

Sp,av
II ~u;DTc!52Sp,av

I ~u;DTc!, Bav
II 5

ad
2

qNbd
. ~60!

Figure 4 depicts the ratioT* (u)/Tcs as a function ofTcd /Tcs
for different u. As we can see, for the chosen set of para
eters (g15g25bs andnd5ns), in the mixeds1 id pairing
state ~with u5p/2, dashed line! T* (p/2)5Tcs for all
Tcd /Tcs . As it follows from Eqs.~56! and~57!, this state is
described by the following dependencies of the TEP p
and slope~below T* ):

Sp,av
I S u5

p

2
;DTcD5

2Dd0kB

qEF
d S 12

Tcs

Tcd
D , ~61!

and

Bav
I S u5

p

2 D5
3.52kB

2

qEF
s S 11

EF
s

EF
d D . ~62!

As it is evident from the above equations, in this regime
peak’s amplitudeSp is entirely dominated by the critica
temperatures differenceTcd2Tcs of the two superconductor
while the slopeB is governed by the corresponding Ferm
energies. It would be interesting to test the predicted beh
ior of the induced thermopower at suchSD interface using a
low-Tc s-wave and a high-Tc d-wave superconductor~like,
e.g., Pb and YBCO!.

FIG. 4. The ratioT* (u)/Tcs as a function ofTcd /Tcs for differ-
ent u calculated according to Eq.~54!. Solid, dotted, and dashe
lines correspond tou5p (s2d state!, u5p/2 (s1 id state!, and
u5p/4, respectively.
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IV. CONCLUSION

In summary, to probe into the pairing state of high-Tc
superconductors, we calculated the differential thermopo
DS of SND junction in the presence of strong pair-breaki
effects~due to the normal-metal layerN) and charge-related
interference effects~due to the chemical imbalance atSD
interface! using the generalized Ginzburg-Landau theory
an admixture ofs-wave andd-wave superconductors nea
Tc . The calculated thermopower was found to strongly
pend on the relative phaseu5fs2fd between the two su
perconductors~exhibiting a pronounced maximum near th
y
o

.
n

ll

s

.

er

r

-

mixed s1 id state withu5p/2) and their critical tempera
tures. The experimental conditions under which the predic
behavior of the induced thermopower could be obser
were discussed.
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