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We study thermal and charge transport in a three-terminal setup consisting of one superconducting and

two ferromagnetic contacts. We predict that the simultaneous presence of spin filtering and of spin-
dependent scattering phase shifts at each of the two interfaces will lead to very large nonlocal thermo-
electric effects both in clean and in disordered systems. The symmetries of thermal and electric transport
coefficients are related to fundamental thermodynamic principles by the Onsager reciprocity. Our results

show that a nonlocal version of the Onsager relations for thermoelectric currents holds in a three-terminal
quantum coherent ferromagnet-superconductor heterostructure including a spin-dependent crossed
Andreev reflection and coherent electron transfer processes.
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Heterostructures of ferromagnets (F) and superconduc-
tors (S) are presently a subject of intense study since they
show interesting phenomena based on the singlet-triplet
conversion of pairing amplitudes at the interfaces and the
resulting spin-dependent proximity effect. Spectacular
examples are long-range triplet Josephson currents due
to inhomogeneous magnetic order [1] or due to the spin
dependence of the interface reflection and transmission
amplitudes [2] that were confirmed in a set of pivotal
experiments [3—6]. A multitude of coherence phenomena
is understood in terms of spin-dependent Andreev bound
states [2,7—17], intimately related to spin-mixing [18] and
spin-filtering effects at interfaces [19].

A three-terminal superconductor-ferromagnet proximity
system also allows us to access nonlocal effects. For ex-
ample, in Fig. 1, incoming electrons (current /1) can be
reflected from the interface (/) or enter the superconduc-
tor, where each builds a Cooper pair with another electron,
leaving a hole behind that is retroreflected (a so-called
Andreev reflection). These holes can be transmitted back
through the same interface (/,r) or reflected to the other
interface, where they are either transmitted directly as
holes (Icar) or as electrons via the same conversion
process as at the other interface in reversed order (/cgr)
(part of these electrons can also be reflected back to the first
interface, contributing to higher order processes). Nonlocal
transport has attracted considerable interest due to the
latter two processes, called crossed Andreev reflection
(CAR; an electron enters at one terminal, and a hole leaves
the other terminal, or vice versa) and coherent electron
transfer (CET, sometimes called “‘elastic cotunneling”; an
electron enters one terminal, and an electron leaves the
other terminal, or the same for holes) [20-22]. These
processes test the internal structure of Cooper pairs and
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lead to new interesting physics that can be and has been
tested experimentally [23-27].

In this Letter, we develop a theory for the hitherto less
explored nonlocal thermal transport in ferromagnet-
superconductor devices and show that a nonlocal version
of Onsager relations [28] holds in both the normal and
superconducting states. In the superconducting state, we
find a strongly enhanced local thermopower and a nonlocal
Seebeck effect. These effects do not require noncollinear
inhomogeneities in the ferromagnetic regions or at the
interfaces (a ubiquitous problem for creating triplet super-
currents [1,2,4-6,29]). Thus, our results should be readily
observable in experiments and offer a way to access the
microscopic spin-dependent parameters.

In linear response, the transport coefficients relating
charge (energy) currents /9 (I®) to an applied voltage
AV;=V;— Vg or temperature difference AT, =
T; — Ts (throughout this Letter, j € {I,2} labels the

(a) (b)

1 R /‘{ \&\ Tcar
; MY . € ¥
Lip I / ks :
>\ Lhes e (61,6176 N (G2, G G

FIG. 1 (color online). (a) The device consisting of two ferro-
magnets (regions to the left and right in blue) and a supercon-
ductor (the green region in the center). Trajectories for electrons
(black) and holes (red) illustrate possible transport processes in
the ballistic case, as discussed in the text (white arrows denote
the spin). (b) Equivalent circuit diagram of the setup shown in (a)
for the diffusive limit including the coherence leakage [41]. The
interface parameters are discussed in detail beneath Eq. (3).
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ferromagnet-superconductor contacts and g = —|e| is the
electronic charge) of our three-terminal system are

\%4 T \%4 T
Ii] Lllzl L(lil L(112 L(l]2 AVI
7 _ Ly L§T Ly L§y || ATy /T "
q \%4 T 1% T :
I Lgl Lgl ng ng AV,
15 LgY LT Lgy Lst J\ATy/Ty
i

This generalized conduction matrix L contains local 2 X 2
blocks in the diagonal and nonlocal 2 X 2 blocks in the
off diagonal. The local and nonlocal thermoelectric
coefficients L?jT in Eq. (1) give rise to large thermoelectric
effects in the superconducting state, as we will show below.
In contrast, in the normal state, these coefficients are typi-
cally proportional to the asymmetry of the density of states
around the chemical potential, which is orders of magnitude
smaller. Microscopically, spin-dependent scattering phases
at a ferromagnetic contact produce an asymmetry, equal in
magnitude and opposite in sign for the two spin species, in
the superconducting spectrum of quasiparticles emerging
from the contact. Spin filtering, which weights the spin
directions differently, can resolve these asymmetric com-
ponents of the spectrum. Both effects vanish for spin-
independent systems. Consequently, this situation is not
comparable to the thermoelectric effects related to the
supercurrents discussed in the context of normal-metal—
superconductor Andreev interferometers [30-33]. The ef-
fects we present persist also in the absence of a supercurrent
emerging from the superconducting terminal.

We find that the matrix in Eq. (1) (even for noncollinear
magnetization configurations) is symmetric, L = L7, simi-
lar to the well-known Onsager symmetries [28], however,
for a nonlocal setup that contains ferromagnetic leads and
includes supercurrents in the superconducting terminal as
well as crossed Andreev reflection and elastic cotunneling
processes between the contacts.

We begin our theoretical analysis with the description
of the interfaces between the superconductor and the
ferromagnets. Each conduction channel n between a
superconductor (S) and a ferromagnet (F) (with homoge-
neous magnetization throughout the interface region) is
described by a scattering matrix

t ei‘ng
no ' )) (2)

S”(T = iQDFS quF
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where o €{l, l} and unitarity requires 72, + t2, = 1 and
o3F + ofS = o5+ oF modulo 27. This leads, for ex-
ample, to spin-dependent conductances (spin filtering)
characterized by a polarization P,=(t; —1;)/(t; +13)
and a probability for transmission, 7, —(t2 ~I—t21)/2<
(1+|2P,])"!. Concerning the scattering phases transport
coefficients only depend on the phase shift between the
reflections of spin-up and spin-down electrons on the
superconducting sides of the contact, ¢, = ¢y — ¢,

called a spin-mixing angle. Some of the most striking
consequences of the spin-dependent scattering phases are
triplet pairing [2,34] or subgap resonances in the noise
spectral density [11,35]. Finally, the combination of both
spin-dependent parameters P, and 8¢, leads to thermo-
electric effects. We use spin-dependent boundary condi-
tions (SDBCs) [2,7,12,36-38] for quasiclassical Green
functions in the setups shown in Fig. 1.

Analogously to the spin-independent theory [39—-42], the
system properties in the dirty limit (i.e., the elastic mean
free path is much shorter than the superconducting coher-
ence length) are fully described by the isotropic matrix
Green functions GC of the contact region [see Fig. 1(b)] and
G j (G ) for the ferromagnets (superconductor) that are
8 X 8 matrices in Keldysh ® Nambu ® spin space. GC is
determined through a finite element approach, governed
by a conservation law for matrix currents [41] (see the
Supplemental Material for details [43]): ZJ:T je T 7 set
I Leak = 0 with the normalization condition Gf = 1. The
leakage current I Leak describes the decoherence of the
superconducting order parameter due to a finite diffusion
time in the central region (defining the inverse of the
Thouless energy e1y,). The spin-dependent matrix currents
I, . from contact j into the superconducting contact region
(denoted as c¢) are obtained from the SDBC. We introduce
the notation f,, = t, + ot/ for spin components of the
transmission quantized along a magnetization direction 7.
Choosing the spinor basis Pt = (\IfT, \Pf V), —¥;) and
following the line in Ref. [37], we find to leading order in
t,, t,, and 8¢, a compact form for the SDBC:

2

v q v v v . o v
Ij,c(s) = ZZ[tjnGj(S)tjn - l6¢jnKj: GC(S)]) (3)
with 7, = t;, + t},&%; and k; = 1 ® ¥, ® (7;&) (¥ and &
are Pauli matrices). The 7;, and t’ can be related to the
T, and P;, via (tj, + i 0')2 T (1 + P, 0')
Performing the sums over n, only a few parameters remain.
In terms of the conductance quantum G, = q*/h, these
are G, = 2G,%.,T ;. GYR = G,3,T;,P,,. and G} =
2G>, 0@y, as well as 9y, = sThGS/Gq. Here, Gy is the
conductance between the contact region and the bulk
= %[QS G.]. The above
< 1, covering the full

superconductor, fulfilling I S

procedure is correct for 0¢j,, T, in

range —1 = P;, = 1. The equations for QC are solved
numerically, and the density of states and the currents are
calculated as functions of the parameter set introduced
above, as described in the Supplemental Material [43].

In the clean limit (i.e., the elastic mean free path is much
longer than the superconducting coherence length), we
apply the theory developed in Refs. [10,12,44]. In this
case, the current density at one particular contact can be
decomposed into local (depending on the distribution func-
tion of the ferromagnet at the same contact) and nonlocal
(depending on the distribution function of the ferromagnet at
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the other contact) contributions: incoming (/;), reflected (1),
Andreev reflected (/,R), crossed Andreev reflected (Icag),
and coherent electron transfer /gt (see Fig. 1). The total
current through contact j into the superconductor is given by

f = I;XI - I]E‘fR + IJC',YAR - I;?fCET + Ijq,[CAR’ “)

with @ € {g, e} and contact index j € {1, 2}. We consider
two contacts of diameter that are small compared to the
superconducting coherence length &, and to the intercontact
distance L. Then, quasiclassical trajectories connect the
two contacts, with contact i seen from contact j under
a solid angle 6(); = ﬂlf/Lz, where A: is the area of
contact i projected onto the plane normal to the line connect-
ing the two contacts (here, the z axis). The current through
contact j is proportional to ﬂ?, and its nonlocal part is
proportional to A% A%/L?, as is the nonlocal part of the
current through contact i. Nonlocal contributions also enter
Ir and I,R; however, they are the only contributions to Icagr
and Icgr. Only nonlocal contributions, via the trajectory
connecting the two contacts, give rise to thermopower and
the Seebeck effect in the ballistic limit.
We write nonlocal current contributions as

P | ALAS
780 |, @mh)?iL?

with (82p/8Q)|,_, = (82p/8Q)I|,, ., being the differen-
tial fraction of the Fermi surface of the superconductor
with Fermi momentum such that the corresponding Fermi
velocity Up connects the two contacts, per solid angle ().
With the deviations of the distribution functions from that
in the superconductor, for particles o f, and holes 6, the
contributions to j; = ji1 — jir T jjar — JjcET T JjcarR
are, e.g., for contact j = 1, j; ;(e) = 261 ,,

[j‘; aljj(e) + ji(e)de, (3

Jir(e) = 2lry — Uﬂ%ﬂu"i&ﬁ'7071|25f1,p, (6)
J1ar(e) = (l11f11)2|l’1|2(|71|2 + 1ol 8110 @)
Jrcer(e) = (tyty)loyupP(1+ lyol*rfyr3)8f2,  (8)

Jicar(e) = (111121)2|U1M12|2|70|2(F§T + 7’%1)5f2,h, )

with yo(e) = —A/(e + iw), w(e) = VA? — &2, T)(e) =
Yorprjie'®%i, up(e) =[c — is(e + [A)/w] ™!, yi(e) =
up[lre + is(A + Tye)/w], and v(e) = (1 — )7},
with c¢(g) = cosh(wL/hvg) and s(g) = sinh(wL/hvg).
Finally, fi(s) in Eq. (5) is obtained by interchanging 1|
and §¢; — —0¢; for both contacts in the expressions
above. The distribution functions are

4kB TScOShz(S/ZkB Ts)

8fp(e) = = &8f;n(—¢).  (10)
Equations (4)—(10) are valid for arbitrary transparencies
and spin polarizations. Nonlocal effects decay when L
exceeds the scale of the superconducting coherence length

(&9 = hvp/kgT. in the clean limit). See the Supplemental
Material [43] for examples.

The temperature dependence of the superconducting
pair potential A is taken into account by solving self-
consistently the gap equation in weak coupling BCS theory
(with its zero temperature value denoted as Aj).

As shown in the Supplemental Material [43], in ballistic
systems, only processes that involve the opposite contact
contribute to the local thermoelectric coefficients L?jT and
LJS.]V. The term {5 does not contribute because j; Ar(—€)
cancels the corresponding term for j; s (&) in the expressions
for the thermoelectric coefficients [both have the same pre-
factor (tth, 1)2; i.e., spin filtering is not active here]. In con-
trast, the expression for /{g does not show such a cancellation
when contact 1 is spin polarized, due to the asymmetric
combination of transmission and reflection coefficients in
Jir(€) (i.e., spin filtering is active) and the presence of spin
mixing (0¢;). It does, however, require in addition that
o1 rzle"‘sg"z # 1 (which means the presence of a second con-
tact) in order for it to cause nonzero thermoelectric effects.
When the impurity mean free path or the dimension of the
superconducting terminal shrinks below &, direct backscat-
tering due to impurities or surfaces contributes and leads to a
local thermopower even in a two-terminal device.

As the mechanism behind the thermoelectric effects
can be understood from the density of states (DOS) in
the contact region, we discuss first this quantity. In the
dirty limit (see Fig. 2) for G® = 0, the DOS displays peaks
at € = A resulting from the superconducting leads and the
proximity induced minigap. The magnetization directions
are chosen parallel. Increasing G simultaneously in both
terminals leads to a Zeeman splitting of the minigap in
spin-up and down parts and consequently breaks the sym-
metry of the spin-projected DOS (SDOS) around the Fermi
energy ep (see Fig. 2). Hence, we expect a nonvanishing
thermopower if a spin-filtering term GMR is present simul-
taneously. An equivalent discussion of the SDOS depend-
ing on the spin-mixing angle d¢ for a ballistic system is
done in Ref. [13]. The subgap peaks there are much sharper

mo |l

FIG. 2 (color online). Density of states D in the contact region for
G, = G, = 0.1Gg5, GYR = GYR = 0.005G; (10% polarization),
and nq, = e, Gg/ G, = 0.5A (with the Thouless energy ety of
the contact region). (a) Total DOS depending on the spin-mixing
term G? for equal ferromagnets. The G? term splits the pseudogap
into the different spin directions. (b) shows the asymmetry in the
SDOS for spin-down (the spin-up SDOS looks equal but mirrored
at the e = 0 axis).

047002-3



PRL 110, 047002 (2013)

PHYSICAL REVIEW LETTERS

week ending
25 JANUARY 2013

compared to the washed-out peak in the dirty limit. This is
associated with the fact that only trajectories connecting
the two contacts contribute to the nonlocal transport, in
which case it is governed by a single length L. This is not
the case in diffusive structures, where quasiparticles take
random paths of various length between the contacts (and
back to the same contact). Nevertheless, both ways lead to
an asymmetry in the SDOS and consequently to the aston-
ishing prediction of giant thermoelectric effects for spin-
polarized interfaces.

We now turn to the experimentally relevant question of
how to define a nonlocal thermopower S}, = —AV,/AT,,
which is not unique in contrast to the local thermopower
S; = —AV;/AT; = L;?jT/(TSL;?jV). In the Supplemental
Material [43], we discuss several possibilities to relate
voltage and temperature differences between the two
ferromagnets and the superconductor, avoiding a control
of energy currents. In this Letter, we chose to define the
thermopower at contact 1 via S;, = L% /(TsL?)), which
is caused by a temperature difference AT, at contact 2
under the conditions AV, = 0, AT}, =0, and I{ = 0.

In Fig. 3, we show the dependence of S = S, on the
polarization and spin mixing for 7/T, < 1, assuming
equal ferromagnets. The clean and the diffusive limits
show similar behavior, in particular, for weak polariza-
tions. For large polarization, values of more than
100 uV/K are achievable in both limits. Both limits ex-
hibit the same point symmetry with respect to the origin
and vanish if one of the spin-dependent parameters
vanishes. This behavior is understood from the SDOS as
follows. The symmetry of S with respect to the origin is,
according to Eq. (3), a consequence of a 7 rotation in spin
space. The trace in the current formula (shown in the
Supplemental Material [43]) is invariant under such a
unitary transformation. The sign change with respect to
the axes can be understood by Fig. 2. The two spin projec-
tions produce thermoelectric effects with opposite signs.

FIG. 3 (color online). Nonlocal thermopower S = L% /TsL?/
for a symmetric setup as a function of polarization P and a
spin-mixing parameter in the (a) clean and (b) dirty limits
for T =Tg =0.1T,. We assume equally polarized channels,
?n =7P. In (a), Tnl = T] =0.1= Tz = TnZa L= 0.550,
691 = 592 = 77/20, in (b), Gl = G2 = OlGS and Nth =
0.5A,. S is plotted in units of gkg/lgl, where g=
—T,(1+P»)8O,/27 in the clean limit and g=—G,/
(G, + Gy) in the dirty limit.

Depending on positive or negative GMR, one or the other of

the two contributions will be weighted more. Thus, a sign
change in GMR changes the sign of the thermopower. On
the other hand, a sign change in G? interchanges the roles
of spin-up and spin-down contributions to the DOS and
hence changes the sign of the thermopower, too. Similar
arguments explain the zero crossing of the thermopower
when both spin-polarized peak positions in Fig. 2(a) cross
the Fermi level. The same mechanism leads to a sign
change in the clean limit, when the spin-split Andreev
levels cross at the Fermi energy. Here, the effect is even
more drastic since the width of the crossing peaks is
determined solely by the transmission to the ferromagnets.

We determine the coefficient matrix L in Eq. (1) for
temperatures across 7,.. We concentrate on the parameters
LY and L7, as they are representative for local and
nonlocal thermoelectric properties. In Fig. 4, we plot these
parameters for different spin-mixing angles and 10%
polarization. Remarkably, we obtain qualitatively compa-
rable behaviors of both limits although they are based on
very different assumptions. The quantitative differences are
related to the different shifting mechanisms of the subgap
peaks already pointed out above. Hence, the best comparison
is found for small values of 8 ¢ (ballistic) and G? (diffusive).
We find a zero crossing at a finite temperature in both cases.
The similarity of local and nonlocal parameters for small
temperatures can be understand from the thermally insulat-
ing behavior of superconductors at small temperatures.

We observe that the coefficients in Eq. (1) fulfill a
generalized Onsager symmetry. Onsager’s symmetry for
local currents was originally derived from microscopic
reversibility [28]. Generalizations of Onsager’s reciprocity
theorem have been recently discussed using statistical
arguments [45-47]. Here, we find a generalization for

clean limit (9¢p) dirty limit (G?)
[F0.1-03-05 -0.7 -09][-02 -04 0.6 —0.8 —1]

0.1

FIG. 4 (color online). Temperature dependence of local and
nonlocal thermoelectric coefficients for a symmetric setup in
the clean and dirty limits for various spin-mixing parameters 6 ¢
and G®. Both coefficients are normalized to the normal state
value of the nonlocal conductance (L‘f; )T>T‘_ and are plotted in
units of kg T../|q|. Here, P, = P = 0.1, p1, = A, and all other
parameters are the same as in Fig. 3.
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nonlocal superconductor-ferromagnet three-terminal de-
vices that include supercurrents as well as crossed
Andreev reflection processes. This follows directly from
the analytical formulas (5)—(10) in the clean limit using
relations like I';(e; —8¢) = —I"j(—&; 8¢) (an example
is given in the Supplemental Material [43]) and is also
verified numerically for the diffusive case. This Onsager
symmetry holds for any relative angle between the mag-
netization axes of the two ferromagnets.

In conclusion, we have opened a way of utilizing thermo-
electric effects in superconducting spintronics. This possi-
bility of controlling energy flow in superconducting
heterostructures with spin polarized electrodes allows for a
multitude of novel applications. Particularly interesting for
applications is our finding of a zero crossing in the Seebeck
coefficients as a function of temperature, spin polarization,
and the relative angle of the magnetization axes. This not
only would give a possibility to measure spin-filtering pa-
rameters and the so far experimentally inaccessible spin-
mixing parameters but would also allow for sensitive and
controllable thermal elements in superconducting circuits.

W.B. and P.M. acknowledge financial support from
the DFG and the Baden-Wiirttemberg-Stiftung. M.E.
acknowledges support from the EPSRC under Grant
No. EP/J010618/1. M.E. and W.B. were supported by
the Excellence Initiative Program “Freirdume fiir
Kreativitdt” at the University of Konstanz.

[1] E S. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. B
64, 134506 (2001).

[2] M. Eschrig, J. Kopu, J. C. Cuevas, and G. Schon, Phys. Rev.
Lett. 90, 137003 (2003); R. Grein, M. Eschrig, G. Metalidis,
and G. Schon, Phys. Rev. Lett. 102, 227005 (2009).

[3] L Sosnin, H. Cho, V.T. Petrashov, and A.F. Volkov, Phys.
Rev. Lett. 96, 157002 (2006).

[4] R.S.Keizer,S.T.B. Goennenwein, T. M. Klapwijk, G. Miao,
G. Xiao, and A. Gupta, Nature (London) 439, 825 (2006).

[5] T.S. Khaire, M. A. Khasawneh, W. P. Pratt, Jr., and N. O.
Birge, Phys. Rev. Lett. 104, 137002 (2010).

[6] J.W.A. Robinson, J.D.S. Witt, and M.G. Blamire,
Science 329, 59 (2010).

[71 M. Fogelstrom, Phys. Rev. B 62, 11 812 (2000); J. C. Cuevas
and M. Fogelstrom, Phys. Rev. B 64, 104502 (2001).

[8] Yu.S. Barash, I. V. Bobkova, and T. Kopp, Phys. Rev. B
66, 140503(R) (2002).

[9] D. Huertas-Hernando, Yu.V. Nazarov, and W. Belzig,

Phys. Rev. Lett. 88, 047003 (2002).

M. S. Kalenkov and A. D. Zaikin, Phys. Rev. B 76, 224506

(2007).

A. Cottet and W. Belzig, Phys. Rev. B 77, 064517 (2008).

M. Eschrig, Phys. Rev. B 80, 134511 (2009).

G. Metalidis, M. Eschrig, R. Grein, and G. Schon, Phys.

Rev. B 82, 180503(R) (2010).

M. S. Kalenkov and A. D. Zaikin, Phys. Rev. B 82, 024522

(2010).

R. Grein, T. Lofwander, G. Metalidis, and M. Eschrig,

Phys. Rev. B 81, 094508 (2010); T. Lofwander, R. Grein,

(38]
(39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47]

047002-5

and M. Eschrig,
(2010).

J. Linder, A. Sudbg, T. Yokoyama, R. Grein, and M.
Eschrig, Phys. Rev. B 81, 214504 (2010).

C. Holmgqvist, S. Teber, and M. Fogelstrom, Phys. Rev. B
83, 104521 (2011).

T. Tokuyasu, J. A. Sauls, and D. Rainer, Phys. Rev. B 38,
8823 (1988).

R. Meservey and P. M. Tedrow, Phys. Rep. 238, 173 (1994).
G. Falci, D. Feinberg, and F. W.J. Hekking, Europhys.
Lett. 54, 255 (2001).

J.P. Morten, A. Brataas, and W. Belzig, Phys. Rev. B 74,
214510 (2006).

A. Brinkman and A. A. Golubov, Phys. Rev. B 74, 214512
(2000).

D. Beckmann, H. B. Weber, and H.v. Lohneysen, Phys.
Rev. Lett. 93, 197003 (2004).

S. Russo, M. Kroug, T. M. Klapwijk, and A.F. Morpurgo,
Phys. Rev. Lett. 95, 027002 (2005).

L.G. Herrmann, F. Portier, P. Roche, A.L. Yeyati, T.
Kontos, and C. Strunk, Phys. Rev. Lett. 104, 026801 (2010).
A. Kleine, A. Baumgartner, J. Trbovic, and C.
Schonenberger, Europhys. Lett. 87, 27011 (2009).

P. Cadden-Zimansky and V. Chandrasekhar, Phys. Rev.
Lett. 97, 237003 (2006).

L. Onsager, Phys. Rev. 38, 2265 (1931).

V. Braude and Yu. V. Nazarov, Phys. Rev. Lett. 98, 077003
(2007).

P. Virtanen and T. T. Heikkild, Phys. Rev. Lett. 92, 177004
(2004).

M. Titov, Phys. Rev. B 78, 224521 (2008).

Z. Jiang and V. Chandrasekhar, Phys. Rev. Lett. 94,
147002 (2005).

N.R. Claughton and C.J. Lambert, Phys. Rev. B 53, 6605
(1996).

M. Eschrig and T. Lofwander, Nat. Phys. 4, 138 (2008).

A. Cottet, B. Doucot, and W. Belzig, Phys. Rev. Lett. 101,
257001 (2008).

A. Millis, D. Rainer, and J. A. Sauls, Phys. Rev. B 38, 4504
(1988).

M. Eschrig, J. Kopu, A. Konstandin, J.C. Cuevas, M.
Fogelstrom, and G. Schon, Adv. Solid State Phys. 44,
533 (2004); J. Kopu, M. Eschrig, J.C. Cuevas, and M.
Fogelstrom, Phys. Rev. B 69, 094501 (2004).

A. Cottet, D. Huertas-Hernando, W. Belzig, and Yu. V. Nazarov,
Phys. Rev. B 80, 184511 (2009); 83, 139901(E) (2011).

A. V. Zaitsev, Sov. Phys. JETP 59, 1015 (1984).

Yu. V. Nazarov, Superlattices Microstruct. 25, 1221 (1999).
Yu.V. Nazarov, Handbook of Theoretical and
Computational Nanotechnology (American Scientific
Publishers, Valencia, CA, 2005), Chap. 95.

W. Belzig, F.K. Wilhelm, C. Bruder, and G. Schon,
Superlattices Microstruct. 25, 1251 (1999).

See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.110.047002 for tech-
nical details.

M. Eschrig, Phys. Rev. B 61, 9061 (2000).

K. Saito and Y. Utsumi, Phys. Rev. B 78, 115429 (2008).
E. Iyoda, Y. Utsumi, and T. Kato, J. Phys. Soc. Jpn. 79,
045003 (2010).

Y. Utsumi and H. Imamura, J. Phys. Conf. Ser. 200,
052030 (2010).

Phys. Rev. Lett. 105, 207001


http://dx.doi.org/10.1103/PhysRevB.64.134506
http://dx.doi.org/10.1103/PhysRevB.64.134506
http://dx.doi.org/10.1103/PhysRevLett.90.137003
http://dx.doi.org/10.1103/PhysRevLett.90.137003
http://dx.doi.org/10.1103/PhysRevLett.102.227005
http://dx.doi.org/10.1103/PhysRevLett.96.157002
http://dx.doi.org/10.1103/PhysRevLett.96.157002
http://dx.doi.org/10.1038/nature04499
http://dx.doi.org/10.1103/PhysRevLett.104.137002
http://dx.doi.org/10.1126/science.1189246
http://dx.doi.org/10.1103/PhysRevB.62.11812
http://dx.doi.org/10.1103/PhysRevB.64.104502
http://dx.doi.org/10.1103/PhysRevB.66.140503
http://dx.doi.org/10.1103/PhysRevB.66.140503
http://dx.doi.org/10.1103/PhysRevLett.88.047003
http://dx.doi.org/10.1103/PhysRevB.76.224506
http://dx.doi.org/10.1103/PhysRevB.76.224506
http://dx.doi.org/10.1103/PhysRevB.77.064517
http://dx.doi.org/10.1103/PhysRevB.80.134511
http://dx.doi.org/10.1103/PhysRevB.82.180503
http://dx.doi.org/10.1103/PhysRevB.82.180503
http://dx.doi.org/10.1103/PhysRevB.82.024522
http://dx.doi.org/10.1103/PhysRevB.82.024522
http://dx.doi.org/10.1103/PhysRevB.81.094508
http://dx.doi.org/10.1103/PhysRevLett.105.207001
http://dx.doi.org/10.1103/PhysRevLett.105.207001
http://dx.doi.org/10.1103/PhysRevB.81.214504
http://dx.doi.org/10.1103/PhysRevB.83.104521
http://dx.doi.org/10.1103/PhysRevB.83.104521
http://dx.doi.org/10.1103/PhysRevB.38.8823
http://dx.doi.org/10.1103/PhysRevB.38.8823
http://dx.doi.org/10.1016/0370-1573(94)90105-8
http://dx.doi.org/10.1209/epl/i2001-00303-0
http://dx.doi.org/10.1209/epl/i2001-00303-0
http://dx.doi.org/10.1103/PhysRevB.74.214510
http://dx.doi.org/10.1103/PhysRevB.74.214510
http://dx.doi.org/10.1103/PhysRevB.74.214512
http://dx.doi.org/10.1103/PhysRevB.74.214512
http://dx.doi.org/10.1103/PhysRevLett.93.197003
http://dx.doi.org/10.1103/PhysRevLett.93.197003
http://dx.doi.org/10.1103/PhysRevLett.95.027002
http://dx.doi.org/10.1103/PhysRevLett.104.026801
http://dx.doi.org/10.1209/0295-5075/87/27011
http://dx.doi.org/10.1103/PhysRevLett.97.237003
http://dx.doi.org/10.1103/PhysRevLett.97.237003
http://dx.doi.org/10.1103/PhysRev.38.2265
http://dx.doi.org/10.1103/PhysRevLett.98.077003
http://dx.doi.org/10.1103/PhysRevLett.98.077003
http://dx.doi.org/10.1103/PhysRevLett.92.177004
http://dx.doi.org/10.1103/PhysRevLett.92.177004
http://dx.doi.org/10.1103/PhysRevB.78.224521
http://dx.doi.org/10.1103/PhysRevLett.94.147002
http://dx.doi.org/10.1103/PhysRevLett.94.147002
http://dx.doi.org/10.1103/PhysRevB.53.6605
http://dx.doi.org/10.1103/PhysRevB.53.6605
http://dx.doi.org/10.1038/nphys831
http://dx.doi.org/10.1103/PhysRevLett.101.257001
http://dx.doi.org/10.1103/PhysRevLett.101.257001
http://dx.doi.org/10.1103/PhysRevB.38.4504
http://dx.doi.org/10.1103/PhysRevB.38.4504
http://dx.doi.org/10.1007/978-3-540-39970-4_41
http://dx.doi.org/10.1007/978-3-540-39970-4_41
http://dx.doi.org/10.1103/PhysRevB.69.094501
http://dx.doi.org/10.1103/PhysRevB.80.184511
http://dx.doi.org/10.1103/PhysRevB.83.139901
http://dx.doi.org/10.1006/spmi.1999.0738
http://dx.doi.org/10.1006/spmi.1999.0710
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.047002
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.047002
http://dx.doi.org/10.1103/PhysRevB.61.9061
http://dx.doi.org/10.1103/PhysRevB.78.115429
http://dx.doi.org/10.1143/JPSJ.79.045003
http://dx.doi.org/10.1143/JPSJ.79.045003
http://dx.doi.org/10.1088/1742-6596/200/5/052030
http://dx.doi.org/10.1088/1742-6596/200/5/052030

