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We argue that spin-sensitive quasiparticle scattering may generate electron-hole imbalance in superconducting
structures, such as, e.g., superconducting-normal hybrids with spin-active interfaces. We elucidate a transparent
physical mechanism for this effect demonstrating that scattering rates for electrons and holes at such interfaces
differ from each other. Explicitly evaluating the wave functions of electronlike and holelike excitations in
superconducting-normal bilayers we derive a general expression for the thermoelectric current and show that—in
the presence of electron-hole imbalance—this current can reach maximum values as high as the critical current

of a superconductor.
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I. INTRODUCTION

For several decades thermoelectric effect in superconduc-
tors was and remains one of the most intriguing topics of
modern condensed matter physics [1]. While theoretically this
effect in ordinary superconductors is expected to be rather
small [2], a number of earlier experimental studies [3-5] indi-
cated a much larger result differing from theoretical predictions
by several orders of magnitude. A similar conclusion was also
reached in a very recent experimental work [6], although the
reported discrepancy between theory and experiment appears
to be somewhat smaller in this case.

Which factors determine the magnitude of the thermo-
electric effect in a metal? In the case of a normal metallic
conductor, simultaneous application of an electric field E and
a temperature gradient VT yields an electric current

J=0o~vE+ayVT, (D

where oy is the standard Drude conductivity and o« defines
the thermoelectric coefficient of a normal metal. Provided the
temperature is sufficiently low and elastic electron scattering
on nonmagnetic impurities remains the dominant mechanism
of its momentum relaxation, the thermoelectric coefficient ay
can be estimated by means of the well known Mott formula

212 ad 5
ay = TeTa—[N(M)f(M)v ()] p=e» 2
I

where e is the Fermi energy. This formula demonstrates
that oy may differ from zero only provided the product of
the electron density of states N, its elastic scattering time
7, and the square of its velocity v substantially depends
on energy in the vicinity of the Fermi surface. In generic
metals, however, this dependence is usually pretty weak
and, hence, the thermoelectric coefficient is typically small
ay ~ (on/e)T/er).

One can also demonstrate [2] that the same small factor
T/er < 1 also controls the thermoelectric coefficient oy in
superconductors. In this case Eq. (1) does not apply anymore,
since no electric field can penetrate into a superconductor.
Instead, a supercurrent j; can be induced by applying a tem-
perature gradient to the system. In uniform superconductors
this supercurrent is exactly compensated by the thermoelectric

1098-0121/2014/90(13)/134502(6)

134502-1

PACS number(s): 74.25.fg, 74.25.fc, 74.45.4c, 74.78.Fk

current j, = —agVT, i.e., the net current just vanishes in
this case. In contrast, in nonuniform structures, such as,
e.g., bimetallic rings, no such compensation is expected
[7,8] and, hence, such structures can be employed in order
to experimentally investigate the thermoelectric effect in
superconductors.

Note that the above arguments explaining small values
of the thermoelectric coefficient both in normal metals and
superconductors apply only provided electron-hole asymmetry
is weak in such systems. If, however, the symmetry between
electrons and holes is violated, one can expect a dramatic
increase of thermoelectric currents. Recently it was demon-
strated that this is indeed the case, for instance, in con-
ventional superconductors doped by magnetic impurities [9],
in unconventional superconductors with quasibound Andreev
states near nonmagnetic impurities [10], or in superconductor-
ferromagnet hybrids with the density of states spin split by
the exchange or Zeeman fields [11,12]. In this paper we
will consider a different structure—a superconducting-normal
(SN) bilayer (see Fig. 1) with a spin-active interface separating
two metallic layers. We will demonstrate that scattering rates
for electrons and holes at such interface—being strongly
energy dependent at the scale of a superconducting energy
gap A K ep—may drastically differ from each other thereby
generating strong electron-hole imbalance in the system. As
a result, one can observe a dramatic enhancement of the
thermoelectric effect which may result in huge thermoelectric
currents reaching maximum values of order of the critical
(depairing) current of a superconductor.

II. MODEL AND BASIC FORMALISM

In order to proceed let us consider a metallic bilayer
consisting of superconducting (S) and normal (N) slabs, as
shown in Fig. 1. As we already pointed out, in what follows
we will assume that these S and N metals are separated by
a spin-active interface which can be produced, e.g., by an
ultrathin layer of a ferromagnet. For the sake of simplicity
here we will merely address the case of clean metals in which
quasiparticles move ballistically and can scatter only at the
SN interface. Finally, we will assume that the left and right
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FIG. 1. (Color online) SN bilayer with spin-active interface.

ends of our bilayer are maintained at temperatures 77 and
T, respectively (see Fig. 1). Hence quasiparticles entering
our system from the left (right) side are described by the
equilibrium (Fermi) distribution function with temperature 7}
(T2).

The wave functions of quasiparticles propagating in
our system obey the well known Bogolyubov—de Gennes
equations

—(1/2m)V? — u A u\ _ (u
( A* (1/2m)V* + u) (v) - 8(1))’ )

together with the normalization condition
/(ufuy + v v)dr = (v — ). 4

Here u, v represent the two-component spinors, A is the
quantum number distinguishing different solutions, u is
the chemical potential, and A is the superconducting order
parameter which has no spin structure (i.e., it is proportional
to unity matrix in the spin space which can be achieved by
employing an appropriate basis of states) and which will be
chosen real in our subsequent analysis. The current density in
the system is expressed in the standard form

J) = 5 3 Relut (r)pus(rm,—v; ()pui(r)(1 = my))

&,>0
Q)

where p = —iV is the momentum operator and n; is the
occupation number for the state A. In our model n; just
coincides with the equilibrium Fermi distribution function
corresponding to temperatures 7 and 7, respectively for the
right and left moving quasiparticles.

The solutions of Eq. (3) both in a normal metal and in a
superconductor are expressed as a superposition of incoming
and outgoing waves

uny _ UNL\ +ip.z ipyp
() =Z ()@
usy\ E : USt\ +ip.z ipp

<v5> B + (vSi)e < @

where we defined p = (x,y), the quasiparticle momentum
components parallel (p;) and normal (p, = /2mu — pﬁ > 0)
to the SN interface, and introduced the envelope functions
Uy s+, Uy s+ varying at scales much longer than the Fermi
wavelength.

In order to account for quasiparticle scattering at the spin-
active SN interface we introduce the scattering matrix and
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match the Bogolyubov amplitudes at the interface by means
of the equation

us+ . us_
uy_— _ S+ 0 Uy
vst | ( 0 3‘) vs— |’ ®
Un— UN+

where S* represent the normal state electron and hole interface

S matrices
Al 2 A
(R / e:tl@/z

i[):ltge:l:iéﬂ o)
iﬁl/Z +if/2
+o €

ﬁjltf eiié /2
with Dy = 1 — Ry, and

5 R¢ 0 ~ _ R ! 0

b= R) Re=(% &)
Here Ry and R denote the electron reflection coefficients
respectively for the spin-up and spin-down directions, = 043
is 2 x 2 diagonal matrix in the spin space which accounts for
the scattering phase 6, and 63 is the Pauli matrix.

III. ELECTRON-HOLE ASYMMETRY

In order to construct a complete set of solutions of
Eq. (3) we will employ the standard scattering problem
analysis and distinguish 16 different processes illustrated in
Fig. 2. Depending on whether incident electronlike or holelike
excitations come from the normal metal or the superconductor
one can classify all these processes into four groups labeled
respectively as (a), (b), (c¢), and (d) in Fig. 2. Consider,
for instance, the four scattering processes of an electronlike
excitation arriving at the NS interface from the normal metal
side. These four processes are depicted in Fig. 2(a). Provided
the energy of this excitation ¢ does not exceed A, it cannot
penetrate deep into the superconductor and gets reflected back
into the normal metal either in the form of an electron (specular
reflection) or, alternatively, as a hole (Andreev reflection). In
the latter case, as usually, the charge conservation is assured by

N b
\\ S /

FIG. 2. (Color online) Four different electron and hole scattering
processes in a superconducting-normal bilayer.
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an extra Cooper pair going into the superconductor, implying
transferring the charge 2e across the NS interface. These
processes are described by the wave functions (6) if we choose

UN+ | _ 1 iez/v, 0 —iez/v,
(UN+> _ <O)e +C1(1>e (an

(where v, = p,/m > 0) and

(’;y) =G, (é)g‘f“/vf. (12)

Here the first and the second terms in the right-hand side of
Eq. (11) account for the wave functions of respectively an
incident electron and a reflected hole, while the wave function
of a reflected electron is defined in Eq. (12). Accordingly, the
reflection probabilities for both these processes are determined
simply as Ryg’, = |C»]? (normal reflection) and Rf{s{’g =
|C1|? (Andreev reflection).

At electron energies ¢ exceeding A in addition to the above
two processes there also exist two extra ones: an electron
can penetrate into the superconductor from the normal metal
both as an electronlike excitation and as a holelike one; see
Fig. 2(a). The latter process is again accompanied by creation
of an extra Cooper pair in the superconductor, as required by
charge conservation.

The corresponding outgoing amplitudes are expressed as a
linear combination of electronlike and holelike waves as

Us+\ _ u.(z) us—\ _ up(z)
(vs+>_c3<ve(z))’ (vs_)_c“(vh(z))’ (13)

For the chosen real order parameter A the hole amplitudes are
linked to the electron ones by means of the relations

un(2) = uy(2), (14)

enabling one to express the wave functions (13) only in terms
of the functions u, and v,. These functions can be found from
the quasiclassical (Andreev) equation

—iv,0, A ue\  fue
( A ivzaz)<v9>_8<v9>’ (15)

combined with the asymptotic behavior deep in the supercon-
ducting bulk (z — 00)

@)\ _ JeVETRE e s A,
ve(2) e VATE/u ) <6 < AL

up(z) = v (2),

(16)

As a result, one can derive the transmission probabilities for
these two processes Dy, and Dﬁ@ﬁ,.

After a straightforward calculation (see the Appendix) we
obtain

R&s, = 2O Ry — 2R, L, (1)
e—h __ 2 2

RNS,U - |u€(0)| |ve(0)| DTDi‘cay (18)

Dty = [0 = [0(0)*1|ue(0)* D Ly, (19)

Diisly = [1e(0))* = [0(0)]1|0e(O)* R Dy Lo, (20)
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where 0 = %, Dy() = 1 — Ry(y) is the normal state transmis-
sion probability for a spin-up (spin-down) electron,

L, = |u2(0) — v2(0)/R R, &°| 7, @21

and u,(0) and v,(0) are the interface values of the Bogolyubov
amplitudes. With the aid of the above expressions it is easy
to verify that the total scattering probability for an incident
electron in Fig. 2(a) equals one:

Ris's T Riisty + Diisty + Diisly = 1. (22)

The remaining 12 scattering processes in Fig. 2 can be
treated analogously. For instance, the reflection and transmis-
sion probabilities for the scattering processes of a holelike
excitation depicted in Fig. 2(b) read

Ritst = [u20)/R_y — 2O Roe ™[’ L,. (23)
RS = luO)*[v.(0)* Dy Dy L, (24)
Dst = [ue(0)) = [0 (Ol ue(O)* Do Lo, (25)

D5’ = [ue(0))* — v (0)*1|ve(0)*Ro Do Lg.  (26)

The scattering probabilities for electrons and holes coming
from the superconductor [Fig. 2(c) and 2(d)] are specified in
the Appendix.

Let us briefly analyze the above results. To begin with, we
notice that in the case of spin-independent scattering Ry = R
and 6 = 0 our Eqgs. (17)-(20) and (23)—(26) reduce to the
standard BTK results [13]. In this case both transmission
and reflection probabilities remain symmetric under the
replacement of an electron by a hole and vice versa, i.e., we
have, e.g., T\’,f\]_seg = R’KIEZ, Rf\fsha = Rﬁgfg, and so on. These
observations just confirm that no electron-hole asymmetry can
be induced by spin-independent scattering at the SN interface.
Turning now to spin-sensitive scattering considered here we
notice that scattering probabilities are in general not anymore
equal to each other. Comparing, for instance, Eqgs. (17)—(20)
and (23)—(26), we observe that for Ry # R and 6 # 0 only
two reflection probabilities remain equal, Ryg" = Rﬁgf’a,
whereas all others differ, e.g., Rf\l_se L F Rf{sﬂ, ReN_SfU +
R{Qgﬁ,, Rf;fsh L F R’&gf_, etc. Thus we arrive at an important
conclusion: spin-sensitive quasiparticle scattering generates
electron-hole imbalance in superconducting structures which
manifests itself in different scattering rates for electrons and
holes in such systems.

This conclusion has important implications for the thermo-
electric effect in superconductors. As we already pointed out,
electron-hole imbalance can be considered as an important
prerequisite for strong enhancement of the thermoelectric
coefficient; see Eq. (2). Below we will explicitly evaluate ther-
moelectric currents in SN bilayers with spin-active interfaces
and demonstrate that an asymmetry in the scattering rates for
electrons and holes indeed yields large thermoelectric effect
in such systems.
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IV. THERMOELECTRIC CURRENTS

Making use of the above results for the quasiparticle wave
functions and employing Eq. (5) together with the normal-
ization condition (4) we can now evaluate thermoelectric
currents both in the superconductor (z > 0) and in the normal
metal (z < 0). As these currents are directed along the SN
interface, below we will only be interested in the x component
of the current density j,(z). Expressing the current in the
superconductor in terms of both reflection and transmission
probabilities as well as quasiparticle distribution functions for
the left and right movers at x — £o00, we obtain

(2> 0) ¢ [T b 5 tanh
(z>0)=—— — | tanh — — tanh —
s )y 27 27, 27

/ d’py px U@ + [v.(2)?
[Py

‘<6’F 2m)? v, |u.(0)]* — |v.(0)|
Px >

e—e e—h h—h h—e
X § : (RSN,G + Rsne — Rono — Rsnio
o=+

+ Dlilgfo + Dlilgho - ,Dli\llgha - ,DI;\'IEEG) @n

A similar expression can also be derived for the thermoelectric
current in the normal metal. Combining both these expressions
with our results for the transmission and reflection probabili-
ties, we finally get

(@) e/“de anh £ anh £ [
() = — —| tanh — — tanh —
IRD= ) 2 27, 27, | Jimil < pr

px >0
L Lpi Px 1 O 2Ry — R (L — LVUZ), (28)
Qr)2v, ° P T ’
where we defined
@ + w2, z>0,
W@‘hwwﬂ—mmw,z<o 29)

Equations (28) and (29) represent the key result of this work.
We observe that the thermoelectric current vanishes identically
[14] provided at least one of the two conditions, Ry = R
or 0 = 0, is fulfilled. If, however, both these conditions are
violated, the thermoelectric current differs from zero and can
become large.

Let us briefly analyze the above results. In the supercon-
ducting layer (z > 0) the thermoelectric current density (28),
(29) depends on the coordinate z in the vicinity of the interface
and tends to some nonzero value in the bulk. In the normal
metal, in contrast, j, remains spatially constant, i.e., it does
not depend on the distance |z| from the interface. This a
well known property of the ballistic model employed here
[15]. Within this model the electron elastic mean free path £
tends to infinity and no electron momentum relaxation occurs.
Relaxing this condition, i.e., assuming the mean free path to
be finite, one can demonstrate that j,(z) decays exponentially
into the normal metal at distances of order £. Hence, in this
case the thermoelectric current is essentially confined to the
SN interface. The analysis of this physical situation is beyond
the frames of this work and will be published elsewhere [16].

In order to explicitly evaluate the thermoelectric current it
is necessary to self-consistently determine both the functions
u,(2), v.(z) and the order parameter A(z) for any given values
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of the parameters R4, R, and 6. If, for simplicity, one neglects
the coordinate dependence of the order parameter by setting
A(z > 0) = A, one readily finds

2 A2\ /oA,
N e

where we define Imv/e2 — A2 > 0 for ¢ < A2. Combining
these expressions with Egs. (28), (29) and splitting the
energy integral in Eq. (28) into subgap (|e| < A) and overgap
(le| > A) parts, one observes that the overgap contribution
to the current vanishes because the condition £, = £_ holds
under this approximation. The subgap contribution to j, also
vanishes in the normal metal and remains nonzero in the
superconductor in the vicinity of the SN interface.

The subgap contribution to j, shows the same behavior
also if one relaxes the condition A(z > 0) = A and takes
into account the proximity induced suppression of the order
parameter A(z) near the SN interface. In this case £, does
not in general coincide with £_ and, hence, the overgap
contribution to the thermoelectric current differs from zero
both in normal and superconducting layers.

Estimating the magnitude of the thermoelectric current den-
sity at intermediate temperatures 77,7, ~ A, from Egs. (28)
and (29) we obtain

Jx ™~ eUFN()(RT — R¢)Sin 0T, — 1), (31

where Ny = N(ep) = mprp/(27?) is the normal state density
of states at the Fermi level. In contrast to the standard result [2],
the expression (31) does not contain the small factor 7 /ep K
1,1i.e., the thermoelectric effect can be large. If one furthermore
sets (Ry — R})sin6 ~ land Ty — T, ~ T, the thermoelectric
current density (31) becomes of the same order as the critical
one for a clean superconductor j, ~ j. ~ evpNoT.

In summary, we demonstrated that quasiparticle scattering
at spin-active interfaces is characterized by different scat-
tering rates for electrons and holes, thus being responsible
for electron-hole imbalance generation in superconducting
hybrids under consideration. As a result of this imbalance,
the thermoelectric currents in such structures can be greatly
enhanced and under certain conditions may reach remarkably
high values of order of the critical (depairing) current of a
superconductor. This thermoelectric effect can be reliably de-
tected in modern experiments with bimetallic superconducting
rings (see, e.g., Refs. [3-6] and a discussion in Ref. [9]) and
can be exploited in a number of novel devices, such as, e.g.,
thermoelectric bolometers.

APPENDIX: BOGOLYUBOV WAVE FUNCTIONS

Resolving Bogolyubov equations (3) with appropriate
boundary and asymptotic conditions, we derive explicit ex-
pressions for the quasiparticle and hole wave functions in
the S and N parts of our bilayer. In general, the Bogolyubov
amplitudes u, v have the form of the following two component
spinors:

Uy

Ll_lztl
v |y

vy

(AD)
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Within our model, interface electron scattering preserves
its spin projection. Hence the solutions of the Bogolyubov
equations can be split into two different classes,

I/t¢ 0

u\ |0 w\ _ fuy

(v)_ " and <v>_ o | (A2)
0 Ui

describing respectively spin-up and spin-down excitations in
our structure. For the sake of simplicity, here we will indicate

J

<ue(z)) in/Dyu.(0)e'7?
ve(2) J u2(0) — v2(0),/Ry R eio®
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only nonzero components of the corresponding Bogolyubov
amplitudes.

As illustrated in Fig. 2, all scattering processes can be clas-
sified in four different groups (a), (b), (c), and (d) depending
on whether incident electronlike or holelike excitations come
from the normal metal or superconductor. For each of these
four groups one can evaluate the corresponding wave functions
and obtain the following.

(a) The wave function describing scattering of an electron-
like excitation coming from the bulk of the normal metal reads

. i 0
elPZeiPIP | (Ue(1)> iv/R_gDyv.(0)e'” eTiIPiPIP (A3)
1e(2) ) u2(0) — v2(0),/Ry R eio?
0100/2 VRGO VR G0i 00" —icz/lu,] ,~ip.z
u2(0)—v2(0)o /Ry R €'7? eip”’o, (A4)

ioh
A/ D1 D, uc0)v.(0)e’ o—iez/Iv:l pipz

u2(0)—v2(0) /R R, ei®

(b) For the wave function describing scattering of a holelike excitation coming from the bulk of the normal metal we obtain

S - _ <ue(Z)) iV RO’ szf Ue(o)eigg

ve(2)

ip.z ipIp _ ve(Z)>
u2(0) — v2(0)\/Ry R €i?? e <ue(Z) u2(0) — v2(0),/Ry R €i?

Sy i0,/2
ivVD_cuc(0)e efipzzeimp’ (A5)

N - <(1))eisz/|vze—ipzzeip|p +

D+ D u (0, (0)e® . i
A PPy e iez/lv:l p—ip:z

u2(0)—v2(0)o /Ry R €'7?

£i50/2 VR u2(0)—/ R v2(0)e’? e—ie2/1v: yip:2

eipip (A6)

u2(0)—v2(0) /Ry R, €i?

(c) The wave function describing scattering of an electronlike excitation coming from the superconductor bulk has the form

<vh(z)>eip’z€ip'p + <ue(z)) u.(0)v;(0) — uy(0)v.(0) me;gg/ze;pzzegp‘lp

u(2) ve(2) ) u2(0) — v2(0)\/R; R, ei®
(0e(2) 4e(Oun(0) — ve(0)v4(0),/Ry R &'/ ? —ip.z ipip (A7)
ue(z) u2(0) — v2(0),/R1 R €io? ¢

e (0)v4(0) — un(0)v.(0) ( in/Dyu(0)e70/2 e/ v:l g=ip:2

u2(0) — v2(0)\/Ry R ei??

iv/R:D_, ve(O)ei"”e‘iSZ/|”f'ei”fz) PP (A8)

(d) For the wave function describing scattering of a holelike excitation coming from the superconducting bulk we find

<uh(z)>g,<pzze[p,, _ <ue(z)> ue(0)un(0) — v.(0)v,(0),/Ry Ry €'7° i

vp(2) V.(2)

B (ve(z)> 1e(0)v;,(0) — up(0)ve(0)
u2(0) — v2(0),/Ry R eic® ¥ 7

u.(z)

u2(0) — v2(0)\/R R, €i?

JR e gime, (A9)

ue(0)v4(0) — up(0)v.(0) <i./R_J D, ve(O)ei"eeiaz/”ieil’ﬂ)eil,p.

ME(O) — Ug(O), / R¢ R\Leiaﬁ

Index o distinguishes spin-up and spin-down wave functions.

Making use of the above expressions we recover both
normal and Andreev reflection and transmission probabilities
for all 16 processes depicted in Fig. 2. Equations (17)—(20)
and (23)—(26) define scattering probabilities for eight of these
processes. The remaining eight probabilities are

Ry = [ue(O))* = [0 (0T Ry Lo, (Al1)

—i /Dy uo(0)eio®/2e=iea/ el gi:z (A10)
[

R4 = [14(0)0(0) — ve(0u(0)y Ry R € P Lo, (Al2)

D’y = [ue(0)]* = v (0)*1ue(0)* Dy Lo, (A13)

D", = [[ue(0))* — [ve(0)*1|ve(O)*Ro Do Ly, (Al4)

RIS = e = [0(OPPR Lo, (A15)
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RES, = 1ue(0)v;(0) — v.(0)u}(0)/Ry Ry 7P Lo, (A16)

DNty = [ueO) — [ve(0)1ue(0)*D_s Ly, (A7)

D’ = (O — [0 P10 R_¢ Do Lo, (A1)

where L, is again defined in Eq. (21).

In order to evaluate the electric current in our sys-
tem it is necessary to properly normalize the above
wave functions. This task can be accomplished with the
aid of Eq. (4). The wave functions describing scatter-
ing of electronlike and holelike excitations coming from
the superconductor bulk obey the following normalization

PHYSICAL REVIEW B 90, 134502 (2014)

condition:
/[uzu,g(r)up;‘,sf(r) + 0} ()vp, o (r)dr
— (2n)3|vx|gT5(e —eN(p — P (A19)

At the same time, the normalization condition for the wave
functions of electrons and holes coming from the side of the
normal metal take a slightly different form, i.e.,

[, Pty )+, g

= (27)’|v,|8(e — €)8(p) — P)). (A20)
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