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We start with revisiting our previous results on thermoelectric responsavaf/e-superconductor—normal-
metal-s-wave-superconductorSN§ configuration in a C-shaped @b, _,Sr,CaCyO, sample in order to
include strong fluctuation effects. Then, by appropriate generalization of the Ginzburg-Landau theory based on
admixture ofs-wave (S) andd-wave ) superconductors, we consider a differential thermoelectric power
(TEP) of swave-superconductor—normal-metdbwave-superconductorSND) junction. In addition to its
strong dependence on the relative phésep;— ¢4 between the two superconductors, two major effects are
shown to influence the behavior of the predicted TEP. One, based on the chemical imbaBbdetatface,
results in a pronounced maximum of the TEP peak meatr/2 (where the so-called+id mixed pairing state
is formed for two identical superconductors with.q=T..=T.. Another effect, which should manifest itself
at SD interface comprising as-wave lowT. superconductor and dwave highT, superconductor with
Tea# Tes, predictsS,xTeq— T for the TEP peak value. The experimental conditions under which the pre-
dicted behavior of the induced differential TEP can be measured are disc[88&63-18289)09617-4

I. INTRODUCTION difference of = /2, which corresponds to two degenerate
states->1® Moreover, the relative phase oscillations between
During the last few years the order-parameter symmetrywo condensates with different order parameter symmetries
has been one of the intensively debated issues in the field @buld manifest themselves through the specific collective ex-
high-T,. superconductivitfHTS). A number of experiments citations(“phasons”).!’
points to itsd,2_y2-wave charactet Such an unconventional At the same time, a rather sensitive differential technique
symmetry of the order parameter has also important implicato probe sample inhomogeneity for temperatures just below
tions for the Josephson physics because fakveave D) T., where phase slippage events play an important role in
superconductor the Josephson coupling is subject to an addransport characteristics has been proptsesid success-
tional phase dependence caused by the internal phase striigly applied™® for detecting small changes in thermoelectric
ture of the wave function. The phase properties of the Jopower(TEP) of a specimen due to the deliberate insertion of
sephson effect have been discussed within the framework @  macroscopic s-wave-superconductor—normal-metal—
the generalized Ginzburg-LanddGL) (Ref. 2 as well as  s-wave-superconductorSNS junction made of a normal-
the tunneling Hamiltonian approacht was found that the  metal layerN, used to force pair breaking of the supercon-
current-phase relationship depends on the mutual orientaticsucting component when it flows down the temperature gra-
of the two coupled superconductors and their interface. Thislient. Analysis of the thermoelectric effects provides
property is the basis of all the phase sensitive experimenteasonable estimates for such important physical parameters
probing the order-parameter symmetry. In particular, it isas the Fermi energy, Debye temperature, interlayer spacing,
possible to create multiply connectédvave superconduct- etc. In particular, a carrier-type dependent thermoelectric re-
ors which generate half integer flux quanta as observed isponse of such aSNS configuration in a C-shaped
experiments. Various interesting phenomena occur in inter- BisPb, _,S,CaCyO, sample has been registered and its
faces ofd-wave superconductors. For example, for an intertemperature behavior beloW, has been explained within
face to a normal metal a bound state appears at zero energye framework of GL theory®
giving rise to a zero-bias anomaly in theV characteristics In the present paper, we consider theoretically the behav-
of quasiparticle tunnelirfy while in such an interface to an ior of induced TEP alNS, ND, andSD interfaces and dis-
s-wave (S) superconductor the energy minimum correspondguss its possible implications for the above-mentioned type
to a Josephson phase different from OmorBy symmetry, a  of experiments. The paper is organized as follows. In Sec. Il
small swave component always coexists with a predomi-we briefly review the experimental results 8N Sconfigu-
nantly d-wave order parameter in an orthorhombic superconration (with both holelike and electronlike carriers of the
ductor such as YBCO, and changes its sign across a twinormal-metalN inser) and present a theoretical interpreta-
boundan?® Besides, theswave andd-wave order param- tion of these results, based on GL free-energy functional,
eters can form a complex combination, the so-cafiedd both below and abov& .. The crucial role of the pair-
state which is characterized by a local breakdown of timebreaking effectgdescribed via the chemical balantg. be-
reversal symmetry7 either near surfacé®™® or near the tween the quasiparticles and Cooper painsunderstanding
twin boundaries represented by tetragonal regions with a rehe observed phenomena is emphasized. In Sec. lll, extend-
duced chemical potentiaf. Both scenarios lead to a phase ing the early suggestét** GL theory of an admixture of
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FIG. 1. Schematic view of the sample geometry wBNS’ (,”) L 4 09% o 2 0,
junction and contacts configuration. He® and S” stand fors < 00pemg™ ’ N
wave- and/ord wave-type superconductor. The thermopow8gs
and S_ result from the thermal voltages detected by the contact 02} N=Ag
pairs 4-5 and 1-7, respectively.
. _0.4 I i 1 1
swave andd-wave superconductors to incorporate strong 90 100 110 120 130 140
pair-breaking effects, we calculate the differential ther- Temperature (K)

mopowerAS of SND configuration neaff;. The main the-

oretical result of this section is the prediction of a rather FIG. 2. The temperature dependence of the observed differential
specific dependence afS on relative phase shiff= ¢ thermopower ofSNS_configuration defined by Ed1). Th(_a upper

— ¢4 between the two superconductors. Two independen(tlow‘?r) parf[ of the pl_cture refers to Ing)_ normal-me_tal insert in
mechanisms contributing to the peak valug,(6) the right W|.ng(see Flg: 1 The asymmetric curved trlapgle shapes
—AS(T,,0) of the differential thermopower are discussed. &€ app_roxmated by linear shapes produced by the linear fit to the
One, based on the chemical balance betw&andD super- data points(see the text for details

conductors at arsD interface (and responsible for charge- oo

related interference effectis discussed in Sec. Il A. It re- S2g€ Of any normal component of current density is made
sults in a pronounced maximum of the pedy( 6) near ¢ posglble by filling up the cut Wlth a normal metdl The

= /2 (the so-callecs+id mixed pairing statefor two iden- ~ C&Irer type of the normal-metal insédt was chosen to be
tical superconductors Wit .g=T..=T.. This mechanism either an electronllkd\le_ (silver) or holelike Ny, (indium). _
can be realized, e.g., inc&awave orthorhombic samplgike Thermgl voltages resul'_ung from the same temperature gradi-
YBCO) with twin boundaries which are represented by te-€nt acting on both continuous and normal-metal-filled halves

tragonal regions of variable width, with a reduced chemicaf! the sample were detected as a function of temperature
potential. Another mechanisnidiscussed in Sec. IIIB around T.. The measured difference between the ther-

which is active in the absence of the normal-metal layerMopowers of the two halvesS=Sg— S, was found to ap-
takes place when two different superconductors ity Proximately follow the linear dependence
# T, are used to form a8 D interface. This situation can be
realized for ars-wave lowT, superconductofiike Pb) and a AS(T)=S,=B*(T,—T), D
d-wave highT,. superconductoflike orthorhombic YBCQ ) B . )
and is shown to yieldS,(6)>T.q— T for predicted TEP With slopesB™ andB " defined forT<T, andT>T, re-
peak value. spectively. HereS,=AS(T) is the peak value ofAS(T)
at T=T.. The best fit of the experimental data with
the above equation vyields the following values for silver
Il. SNSCONFIGURATION REVISITED (Ag) and indium (In) inserts, respectively(see Fig. 2
(i) (Ag)=—-0.26-0.01 uV/IK, B (Ag)=-0.16+0.1
uVIK?,  B7(Ag)/BT(Ag)=1.9x0.1; (i) Sy(In)=0.83
Before turning to the main subject of the present paper, let-0.01 4 V/K, B~ (In)=0.17+0.1 xV/K2, B~ (In)/B*(In)
us briefly review the previous results concerning a carrier—=2.1+0.1.
type dependent thermoelectric responseS®fS configura-
tion in a C-shaped BPb, _,Sr,CaCyO, sample(see Ref. 19
for detailg. The sample geometry used is sketched in Fig. 1,
where the contact arrangement and the position of the sample It is important to mention that, unlike the case of mixed
with respect to the temperature gradiéntT is shown as SND configuration(considered in Sec. ll] the suggested
well. Two cuts are inserted at 90° to each other into a ringinterpretation of the current experimental results NS
shaped superconducting sample. The first cut lies parallel toonfiguration does not involve the phase of the order param-
the applied temperature gradient serving to define a verticater and hence is not sensiti(a least neaf ;) to the pairing
symmetry axis. The second cut lies in the middle of the rightsymmetry of the two superconduct@sandS”. To describe
wing, normal to the symmetry axis, separating two similarthe observed behavior of the differential TEP both below and
superconductors witB' =S"=S or D and completely inter- aboveT., we can roughly present it in a two-term contribu-
rupting the passage of supercurrents in this wing. The pagion form:°%°

A. Experimental setup and main results

B. Interpretation
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AS(T)=AS,,(T)+ASy(T), ) Au

Sp,au:ﬁa 9

where the average terthS,,(T) is assumed to be nonzero
only belowT; (since in the normal state the TEP of HTS is
found to be very smalt?3 while the fluctuation term
AS;(T) should contribute to the observal¥eS(T) for T
=T.. In what follows, we shall discuss these two contribu- _ Aoks (10)
tions separately within a mean-field theory approximation. ' 2q E2°T,

and

1. Mean value of the differential thermopowe S, (T) Before we proceed to compare the above theoretical findings

Assuming that the net result of the normal-metal insert igVith the available experimental dataee Fig. 2, we first.
to break up Cooper pairs that flow toward the hotter end of'@ve to estimate the corresponding fluctuation contributions
guasiparticles, we can write the difference in the generalized

GL free-energy functionaA G of the right and left halves of 2. Mean-field Gaussian fluctuations of the differential
the C-shaped sample as thermopower:A Sy (T)
) The influence of superconducting fluctuations on transport
AGLY]=AF Y]+ Aplyl%, 3 properties of HTSincluding TEP and electrical conductiv-
where ity) has been extensively studied for the past few yésas,

e.g., Refs. 23-32 and further references therémparticu-
B lar, it was found that the fluctuation-induced behavior may
AAYI=Fr=Fi=a(Myl*+5[yl* (4 extend to temperatures more than 10 K higher than the re-
spectiveT.. Let us consider now the region nedx and
and discuss the Gaussian fluctuations of the pair-breaking in-
duced differential TERAS;(T). Recall that according to the
Ap=pr—p. (5 theory of Gaussian fluctuatiofdthe fluctuations of any ob-
servable, which is conjugated to the order paramgtésuch
A5 heat capacity, susceptibility, etcan be presented in
terms of the statistical average of the square of the fluctua-
tion amplitude( ( 51)2) with 5= ¢— . Then the differen-
tial TEP above ) and below )T, have the form of

Here y=|y|e'? is the superconducting order parameteg,
accounts for the chemical balance between quasiparticles al
Cooper pairs;a(T)=a(T—T,) and the GL parametera
and B are related to the critical temperatuie,, zero-
temperabture2 BCS gafyy=1.7&gT,, the in-plane Fermi en-
ergy E2°=pg/mj,, and the total particle number density N
as a=,8n/2TC=(4A0kB/E§b)(me/m§b). In fact, in layered ASH(T =A((8¥)%)= , (1D
superconductorsA u=ES=J2/E2"  where EE=E2"/y2 is
the out-of-plane Fermi energy add the interlayer coupling
energy within the Lawrence-Doniach modet, (= m%/mj, 1
is the mass anisotropy ratio, ama,=8m, for this mate- ((6)%) = Zf d| | (sy)2e 14, (12
rial).

As usual, the equilibrium state of such a system is deter
mined from the minimum-energy conditioaG/d|y|=0
which yields forT<T,

where

Here z=[d|y|e *[¥ is the partition function withS[ ]
=(AgG¥]—AG[ o))/ kgT. A is a coefficient to be defined
below. Expanding the free-energy density functiong] ]
ale—D-Ap ® 1
A AGLYI~AG ol +5

Substituting| ¢|? into Eq. (3) we obtain for the average
free-energy density

|hol?= P*AG

2

(op)?, (13

L’M_'//o

around the mean value of the order parametgrwhich is
[a(T—T)—Aul? defined as a stable solution of equati@® d|y|=0 we can
25 : (7)  explicitly calculate the Gaussian integrals. Due to the fact
that | 4|2 is given by Eq.(6) below T, and vanishes at
In turn, the difference of thermopowersS(T) can be re- =T, we obtain finally
lated to the corresponding difference of transport entropies

AQT)=AG[¢o]=—

Ao=—-0AQ/dT as AS(T)=Ao(T)/ng, where g is the B AKgT,
charge of the quasiparticles. Thus finally the mean value of A8 (M= 4a(T—T)—4Ap’ T<T, (14)
thermopower associated with a pair-breaking event reads
(below T,) and
ASav(T):Sp,av_Bav(Tc_T)i tS) . AkgT,
with AS;(T)= 2a(T—Ty)+ 204" T=T.. (15
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As we shall see below, for the experimental range of param-

eters under discussiomA u(Eg/Aq)>kg|T,—T|. Hence,
with a good accuracy we can approximate EGd) and(15)
as follows:

AS{(T)=S, 4 =B (T~ T), (16)
where
AkgT AkgT .
;flz_ﬁ’ f|:B—Czy (17)
m (2Ap)
and
S;,fl =—2S8,4, B =2By;. (18

Furthermore, it is quite reasonable to assume 8yat S;
=S,, where S;=S;,,,+S,q and S;=S, ;. Then the
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2 oKg

oA e,
c

1
B*(Ag)=§B*(Ag)- (29

By comparing the obtained theoretical expressions with the
above-mentioned experimental findings for the slopés
and the peal§, values for the two normal-metal inseftee
Fig. 2, we can estimate the order of magnitude of the in-
plane Fermi energ\‘ﬁﬁb and interlayer coupling energy, .

The result is:E2*=0.16 eV andJ;.=4 meV, in reasonable
agreement with the other known estimates of these
parameters’ In turn, using these parametdedong with the
critical temperaturg we find thatJﬁ/kBAoz 100 K. This jus-
tifies the use of the linearized E(L6) for the temperature
interval | T.—T|<100 K. As is seen in Fig. 2, the observed
differential TEP practically disappears already far,— T|
=10 K. Moreover, as it follows from Eq920) and (23),

sion for the constant parameterA, namely A

close to the corresponding experimental value

=(4A,u/_3kBTc)SpyaU. This in_turn leads to the f_ollo_wing |S§Xp(|n)/SSXp(Ag)|=3.2i0.2 observed by Gridiret al®
expressions for the fluctuation and total contributions tOFinaIIy, as it follows from the above analysis, the calculated

peaks and slopes through their average counterjza¢sEqgs.
(9) and (10)]: S;ﬂ =5p=(2/3)Sp.a0» Sp51= —(1/3)Sp a0 s
B =(1/3)By,, Bfi=(2/3)B,,, B~ =B,,+B;=(4/3)B,,,

slopesB™ below T, for the two metal inserts coincide with
each other, namel~(In)= —B~(Ag), and are twice their
counterparts abové., i.e.,B~(In)=2B"(In) andB ™~ (Ag)

andB* =By, =(2/3)B,, . Thus, in agreement with the obser- =2B*(Ag), in a good agreement with the observations. It is
vations,B~/B*=2 independent of the carrier type of the worthwhile to note that a very similar behavior of the in-
normal-metal insert. Let us proceed to discuss separately thiticed TEP(including peaks and slopes both above and be-

case of In and Ag inserts.

low T.) has been observed in strong applied magnetic

(@ N=In (holelike metal inseijt In this case, the princi- fields?® In fact, replacing the chemical potentials difference

pal carriers are holes, therefaje= +e. Let the holelike qua-

Apu (responsible for pair-breaking effects 8N Sjunction)

siparticle chemical potentidmeasured relative to the Fermi in the above equations hygH term (where ug is the Bohr

level of the free-hole gasbe positive, theru,=+u and

magneton andH the applied magnetic fieldve recover most

Ap=u+2u=3u (two holes come from condensate and of the formulas presented in Ref. 20 where magneto-TEP of
one hole is brought by normal metaTherefore for this case Bi,Sr,CaCyO, superconductors was studied.

Eq. (1) takes the form

AS(T)=S,(IN)£B*(In)(T—T), (19
where
k
o)
and
B (I )—% B*(In)= =B~ (1 (21)
(n _3eE'a:chv (n)_z (n)

(b) N=Ag (electronlike metal insext The principal car-
riers in this case are electrons, therefgre —e. The elec-
tronlike quasiparticle chemical potentigiq=—u. Then

[Il. SND CONFIGURATION: PREDICTION

Since EQs.(3)-(5) do not depend on the phase of the
order parameter, they will preserve their form foDaN D
junction (created by twod-wave superconductors§’=S"
=D, see Fig. 1as well, bringing about the results similar to
that given by Eqs(8)—(10). It means that the experimental
method under discussiofand its interpretationcannot be
used to telSNSandDND configurations apart, at least for
temperatures close .. As for low enough temperatures,
the situation may change drastically due to a markedly dif-
ferent behavior ofsswave andd-wave order parameters at
T<T,. (where the node structure begins to play an important
role). As we shall show below, this method, however, is
quite sensitive to the mixe&ND configuration(when S’

Apu=—pu+2u=pn (plus one electron means minus one =S has answave symmetry whileS’=D is of a d-wave

hole). For this case Eql) takes the form
AS(T)=S,(Ag) =B~ (Ag)(T.—T), (22

where

Kg M
s000)-~[ ¢l 2

and

symmetry type, see Fig.) predicting rather specific relative
phase (= ¢s— ¢4) dependencies of both the slojB 6)
and peakS,(6¢) of the observable thermopower difference
AS(T,0).

Following Federet al,~* who incorporated chemical po-
tential effects near twin boundaries into the approach sug-
gested by Sigriset al,'! we can represent the generalized
GL free-energy functionah G for SND configuration of the
C-shaped sample in the following form:

14
I,
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AGl s, hq]=AG[ ]+ AG[ gl + AGine (25 =T,. This situation is realized, for example, indawave
orthorhombic samplglike YBCO) with twin boundaries
which are represented by tetragonal regions of variable
width, with a reduced chemical potentf4lin this particular

4, (26)  case, Eqs(29) and(30) yield for T<T,

where

Ag[ws]=As(T)|ws|2+%|¢s

8, o= 2T T = Au(®)
AGLpal=Ag(T el + - vl (27) ° BT(6)
whereA u(60)=Au—A(6). After substituting the thus found

|| into Eq.(25) we obtain for the generalized equilibrium
free-energy density

(32
and

y * *
AGine= vl el el >+ 5 (W2 0+ v2us?)

[a(Tc—T)—Au(6)]?
26 el el - 50 it ). (29 AHTO=AGo] BT(0)
Here 4,=|¢,|€% is the n-wave order parametern(  which in turn results in the following expression for the
={s,d}); An(T)=a,(T)+Au, where ay(T)=an(T—T¢,) mean-field value of the thermopower difference in a
with the corresponding parametess, B,, Tcn, andAu,  C-shaped sample witBND junction (see Fig. 1
for swave andd-wave symmetries.
An equilibrium state of such a mixed system is deter- ASy(T,0)=Sp a,(0) =B, (0)(Tc—T), (34)

mined from the minimum-energy condition&/d|¢|=0  \yhere
and 3G/ d|q|=0 which result in the following system of

(33

equations for the two equilibrium order parametetg and B | Au(0)
Pdo Sp,au( 0)=— ) (39
qTe[B+1I'(0)
AT thsol + Bsl thso| 2+ T (0) |0l | g0l *= A(6) | ol and
(29)
Ad(T)| ol + Bal ol *+ T (0) | g0l | 150 2= A(0) | Yol B, ()= 2| P (36)
d do di ¥do do s0 s0 ('30) av ch B+ F(ﬁ) '
where we introduced relative phage= ¢;— ¢4 dependent 2. Mean-field Gaussian fluctuations of the differential
parameters thermopower:AS; (T, 6)
T'(8)=y,+ v, CoSs 26, (31) Following the lines of Sec. Il, we can present the fluctua-
tion contribution to the differential TEP above-{ and be-
A(6)=8,+ &, cosé. low (—)T. as

Notice that unlike chemical potentials differena®u,  AS;(T,0)=A(0)[{((85s)?)+ +((Shg)?)+ +2(ShsSthg) -1,
(which is responsible for pair-breaking effectsSiND junc- (37
tion due to the normal-metal insgrthe interference terms

61, describe the chemical balance betwegwave and where, e.g.,

d-wave superconductors &D interface in the absence of a 1

normal-metal layer. Therefore the effects dueAg@,#0 <(5l/,s)2>=—f d|l//s|f d| gl (Spg)2e>Vs ¥dl - (39)
should be distinguished from the interference effects due to Z

A(6)#0. The latters are generically close to the interferenc@jere 7= fd|y|fd|yge *%s¥d is the corresponding
effects between the two condensates and are described by thgrition ~ function  with 3[4, wq]={AG[ ¥, 4]

I'(#) term. Notice also that thA(6) term favorsé=I (I — AG[ g, o]} ks T. A(6) is a coefficient to be fixed later.

integey, while the T'(6) term favors 0=nml2 (n=1,3,  Expanding the free-energy density functiodal i, 4],
5.-.) which corresponds to g-violating phase? In prin-

ciple, we can resolve the above systggiven by Eqs(29)— AG[ s, Wgl~AGl sn, Yol
(31)] and find ¢, for arbitrary set of parameters,, 8,,
andT,,. For simplicity, in what follows we restrict our con- 1(|6%AG )
sideration to the two limiting cases which are of the most t3 a2 (3¢s)
importance for potential applications. S Hydl=lvgl
2
A. Twin boundaries in orthorhombic d-wave superconductors + J AZQ] (5%)2]
1. Mean value of the differential thermopoweA S, (T, 0) I [#al =140l
First, let us consider the case of similar superconductors 92AG
comprising theSND junction with || =| a0l =| 0|, s + T (o), (39
S

=ag=a, Bs=Py=PF, Aus=Apg=Ap, and Ts=Tcq [l =gl
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around the mean values of the order paramefggs which
are defined as stable solutions of equatieghsi| r,| =0 we
can explicitly calculate the Gaussian integrals to obtain

kgT:B
2 2 _ B'lc
(3997 - =((8Y)) = Z T [a(To=T) =B (0)]"
(40)
S0 o kgT.I' 41
(OYsbthq) = 4B—D)[a(T—T)—Au(6)] “D
and
B - KeTe
((009%) =((30*) = T To+ Ap(B)]"
(42)
(895604)+ =0, “3

for the order parameters fluctuations below and abbye
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FIG. 3. Predicted phase dependent thermopower response of
SND configuration in a C-shaped sampkee Fig. 1 Solid and

respectively. In principle, the above expressions completelgashed lines depict, respectively, the relative phadependence of
determine the fluctuation contribution to the seeking TEP othe normalized slopB~(6)/B~(0) and peak valu&,(6)/S,(0) of

SND contact in the presence of strorgrmetal induced

the induced thermopower difference, according to E§§) and

pair-breaking effects. However, in order to compare it with(51).

the earlier calculated mean-field values, let us assume th
[Au(0)]1(Er/Ag)>kg|T.—T|. Then, with a good accuracy

we can approximate Eq$40)—(42) as follows:

ASH(T,0)=S; () =B (0)(T~T), (44)
where
B AkBTC
Sp.r(0)=— 280(0)" (45)
T orau(e)?
and

o n(0)=—2S,(0), B{(6)=2B;(0). (47

Again, requiring thatsg(a)zs;(o)ssp(a), where S;

=S,.0 TSy @andS; =S; 1, , the above equations give

_ 28 [Aw(0))?
3qks T2 [B+T(0)]

for the above-introduced paramefeee Eq.(37)]. This in

A(6) (48)

?rﬁes (like in a d-wave orthorhombic YBCO witls-wave te-
tragonal twin boundariggeads

AS(T,0)=S,() =B (6)(T.—T), (49)
with
_ 2B3, | d+cosh
Sp(a)_3ch3’z §/+005219>’ 0
and
B~(6)=2B" ()= A (51)
3dTcy2\ y+cos29)

Herey=(B+ y1)! v, andé=(Au+ 8;)/ 5,. Figure 3 shows

the predictedd-dependent behavior of the normalized slope
B~ (6)/B~(0) (solid line) and the peal§,(0)/S,(0) (dashed
line) of the SND-induced thermopower differenceS(T, 9)

just belowT,, for y=3=2. As is seen, both the slope and
the peak exhibit a maximum for the+id state (at 6
=1/2) and a minimum for thes-d state(at = 7). Such
sharp dependencies suggest quite an optimistic possibility to
observe the above-predicted behavior of the induced ther-
mopower, using the sample geometry and experimental tech-
nique described in Sec. Il. Besides, when the pair-breaking
effects(due to the normal-metal insert BN D junction) are

turn leads to the following expressions for the fluctuation andnegligible(so thatA u=0), Egs.(49)—(51) will describe the
total contributions to peaks and slopes through their averaggitferential TEP at theSD interface where the pair-breaking

counterparts(cf. Sec. I: S;f,=8p=(2/3)8p,av, Sp.n1=
—(13)Spa,, By =(1/3)By,, Bf=(2/3)B,,, B =B,,

+B;=(4/3)B,,, andB*=Bj;=(2/3)B,,. Thus the ratio

interference effectfgoverned by the\ () term| will domi-
nate its peak behavior. This situation would allow one to get
a more detailed information about the mixed pairing states

B~ (6)/B*(6)=2 remains universal showing no dependenceand the introduced phenomenological parametgrs and
on the relative phase differenge As expected, completely 61,2

neglecting the interference ternd@hen bothI'() —0 and
A(6)—0) we recover all the results of Sec. Il for two inde-
pendent order parameters. Finally, the differential TEP of
SND junction consisting of two superconductors with simi-

B. Low-T. s-wave superconductor and highT. d-wave
superconductor

Let us turn now to another limiting case and consider an

lar critical parameters but markedly different pairing symme-SD interface formed by two different superconducténsth
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|hsol # [ a0l as# g, Bs#Ba, and Tes#Teg) in the ab- 12
sence of a normal-metal layéwhich is responsible for pair-

breaking effects We shall also assume that the charge-

related interference effecfgoverned by the\ (6) term| are 1.0
rather small and can be safely neglected. Thus in this section N
we consider the situation wheXiu,,=0 andA(6)=0. Such

a situation can be realized for @awave lowT; supercon- 0.8
ductor (like Pb and ad-wave highT. superconductotlike =
orthorhombic YBCQ.:? In fact, the solution for this particu- e

l_

lar case is well-known. It has been discussed by Sigrist
et al'!in a somewhat different context. In principle, we can

obtain both an average and fluctuation contributions to the
resulting TEP for this case, following the recipes of the pre-

vious section. And in particular, it can be shown that the 0.4

fluctuation contribution is still governed by expressions simi- ,

lar to the ones given by Eq$40)—(43) with an evident 1.0 1.5 2.0
change in parametera,— a, and B— B, for s- andd-wave T/,

superconductors. Since, however, the correponding expres-
sions are rather cumbersome, in what follows we restrict our FIG. 4. The ratioT* (6)/T.s as a function ofl .4/ T for differ-
analysis with the average values of the induced TEP only. ent ¢ calculated according to Eq54). Solid, dotted, and dashed
Assuming T < T4, two temperature regions should be lines correspond t@= (s—d statg, 6=/2 (s+id statg, and
distinguished: 0= /4, respectively.
(& T<T*(6). In this region, the corresponding expres-

sions for the equilibrium order parameters résee Eqs(29) ag(Teg—T)

and(30)] |0 =0, |'J/do|2:—lgd : (58
) Baas(T)—T(6)ay(T) for the equilibrium order parameters. The resulting mean-
|0l *= T2(6)— BBy ' 52 field thermopower difference in this region is
S
and AS) (T, 0)=S) 4, (.AT) +BL[T-T*(0)], (59
Bsag(T)—T(0)ay(T) where
| gl 2= > =, (53
I'“(6)— BsBq o2
where the transition poinT*(6), defined by the equation Sp.an(0;AT)=2S, o, (6;AT), Blalv:qN’Bd- (60)
Po(T*)=0, is stronglyd dependent and deviates from an
swave critical temperaturg g as follows: Figure 4 depicts the rati®* (6)/T.s as a function off .4/ T
for different 6. As we can see, for the chosen set of param-
T*(0)=Te— agl' (0)AT, (54) eters (y;=y,=Bs andnyg=ny), in the mixeds+id pairing

asBy—agl’(0)’ state (with 6=/2, dashed ling T*(7/2)=T.s for all
Teq/Tes- As it follows from Eqgs.(56) and (57), this state is
described by the following dependencies of the TEP peak
and slope(below T*):

whereAT =T g~ Tes-
After substituting the solution given by Eq&2) and(53)
into Eq. (25 we obtain for the average thermopower differ-

ence
| | | | 7T. ZAdOkB TCS
ASL (T, 0;ATc) =S, ,(6;AT) —BL(O)[T*(6) T, Span| 0= 54T/ =——— 1= 5|, (61)
' (55) (o] = cd
where and
2
a agA T, 35%2( ES
S (B AT)=— } (56) L g T 2078 F
p.a ¢ 2qN aSBd—adF(G) Bav 0—5 = qEé +E_g . (62)
and

As it is evident from the above equations, in this regime the
| ZaSadF(G)—agﬂd—af,ﬁs peak’s amplitudeS, is entirely dominated by the critical
Baw(6)= 2qN[T(0)%— BBq] (57) temperatures differenck,q— T of the two superconductors
q sPd while the slopeB is governed by the corresponding Fermi
HereN=ngny/(ns+ny) is a generalized carrier number den- energies. It would be interesting to test the predicted behav-
sity. ior of the induced thermopower at susiD interface using a
(b) T*(0)<T<Tq. In this region we obtain from Egs. low-T. s-wave and a highF, d-wave superconductdlike,
(29 and(30) e.g., Pb and YBCD
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IV. CONCLUSION mixed s+id state with6=7/2) and their critical tempera-

In summary, to probe into the pairing state of high- tures. The experimental conditions under which the predicted

superconductors, we calculated the differential thermopowetr)ehawI0r of the induced thermopower could be observed

AS of SND junction in the presence of strong pair—breakingWere discussed.
effects(due to the normal-metal lay&) and charge-related

interference effectgdue to the chemical imbalance &D

interface using the generalized Ginzburg-Landau theory for We thank J. Annett, J. Clayhold, and T. M. Rice for their
an admixture ofswave andd-wave superconductors near interest in this work and very useful discussions. S.S. was
T.. The calculated thermopower was found to strongly definancially supported by FNR®Brussels, Belgiut M.A.
pend on the relative phase= ¢s— ¢4 between the two su- was financially supported by the Minister of Education under
perconductorgexhibiting a pronounced maximum near the Contract No. ARC(94-99/174 of ULg.
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