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Triplet superconductivity and magnetoelectric effect near thes-wave-superconductor–
normal-metal interface caused by local breaking of mirror symmetry

Victor M. Edelstein*
Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Moscow Region, Russia

~Received 4 November 2002; published 15 January 2003!

An interface spin-orbit coupling induced by the absence of the ‘‘left-right’’ symmetry on the junction of two
different conductors is argued to exist. The coupling is due to contact charge exchange between conductors
with different work functions. The effect of the coupling on superconductivity near the interface of a conven-
tional superconductor and a normal metal is studied in Gor’kov formulation by making use of the exact
Green’s functions of the interface scattering problem. The triplet component of the Cooper pair wave function
and the spin polarization of the carriers in the state with supercurrent parallel to the interface are predicted to
exist in a vicinity of the junction of the order of the coherence length.
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The discovery of optical activity in the 18th century h
shown that studying effects that broken mirror symme
may have on physical properties of matter is not only int
esting as a fundamental problem but also can give rise
important practical applications. From this viewpoin
searching for uncommon features of superconductivity un
broken space parity conditions is of the utmost relevan
Studies of the problem in three-dimensional~3D! polar su-
perconductors done during past few decades has led to s
positive results—novel magnetoelectric effects were p
dicted:~i! the supercurrent must be accompanied by the s
polarization of the carriers1 and ~ii ! under the action of
external magnetic fieldB, the magnitude of the critical su
percurrentJs(B) should be different for two opposite direc
tions being dependent on the sign of the mixed prod
c3B• Ĵs ,2 wherec is the polar axis. Several superconducto
of polar symmetry are known at present~see references cite
in Refs. 1 and 2!. Unfortunately, they are not numerous a
not yet widely adopted in technology.

Our purpose here is to point out a situation that is pot
tially important for emerging technology for producing an
manipulating electronic-spin polarization3 and where any
conventional superconductor, such as Pb and Sn, can ex
some properties characteristic of polar superconductors.
situation takes place near a contact of the supercondu
with any normal metal. The uncommon properties will
shown to originate from a broken mirror symmetry at t
contact.

Namely, if metals forming a contact are different, tw
normals to the interface that is supposed to be a plane are
equivalent. Owing to this symmetry fact, the electron Ham
tonian is allowed to include the interface spin-orbit~SO!
term of the form

Hso5a~p3c!•sd~c•r !, ~1!

wherep, s, andc are, respectively, the electron momentu
the Pauli matrices, and one of two nonequivalent norm
The Planck’s constant\ is set to unity throughout. The phys
ics behind the term consists of the following. When tw
metals come into contact, electrons are known to tran
from metal with the lower work function to the metal wit
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higher work function, so as to bring the two Fermi levels in
coincidence. As a result, a double electric layer of a thickn
of the order of the screening length appears. When a con
tion electron is in this layer, it is subject to the electric fie
It is this field that makes two normals nonequivalent a
induces the SO coupling. Because the screening lengt
metals is short, the SO coupling energy can be put into
form of Eq. ~1!. An analogous Hamiltonian was introduce
earlier in a phenomenological way in connection with t
energy spectrum of bulk polar semiconductors.4 Later on, a
microscopic substantiation of the Hamiltonian was given
the case of bulk,5 surface,6 and heterostructure7 electron
states. A microscopic theory for the interface SO can po
bly be developed by analogy with the works,5–7 but it is not
the subject of the present paper. Here, Eq.~1! will be con-
sidered phenomenologically.8

When one of the metals~say one on the interface’s right!
turns superconductor, the presence ofHso locally spoils the
classification of the Cooper pair wave function in terms
the total spin and should result in singlet-triplet mixing. T
problem of the triplet characteristics that as-wave supercon-
ductor can show under no space parity conditions is, in f
not a new one. It has been dealt with in a number of works
connection with the upper critical magnetic field,9 the non-
zero spin susceptibility9,10 and the paramagnetic phase10 of
the condensate, the critical fluctuations,11 a modification of
the Ginzburg-Landau free-energy functional,2 and the mag-
netoelectric effects mentioned above.1,2 Recently, some of
the results obtained in Ref. 10 were rediscovered and slig
extended.12 However, the problem considered in this pap
drastically differs from all problems investigated earlier.
the preceding works, all effects found were somewhat sim
consequences of the fact that in those cases, the SO cou
constantly acts by lifting the spin degeneracy in the wh
space available for the electron motion. Contrary to that
the case of the contact, the SO coupling is absent in
whole 3D space except for the 2D plane of contact and
effect occurs due to a difference in the scattering efficien
of electrons with different helicity on the interface potentia
However, in spite of the region of localization of the S
coupling is of zero measure, the effects discussed here
be shown to exist in a broad 3D domain of width of th
©2003 The American Physical Society05-1
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coherence length,j05vF(2pTc)
21, on both sides of the

contact. From what has been just said, another impor
feature of the problem presented follows—it is essentia
nonhomogeneous and, therefore, requires for its solu
more involved theoretical means than those applied pr
ously.

Although it is not a limitation of the method used, we w
assume for simplicity that the electron spectrum is isotro
and the effect of the Fermi wave-vector mismatch can
ignored. Then the one-particle Hamiltonian of the system
the form

H0~p!5
p2

2m
1@b1a~p3c!•s#d~z!, ~2!

where z is the coordinate alongc and bd(z) models the
spin-independent interface potential. The interparticle in
action ~in both metals! includes all spherical harmonic
(s,p,d, . . . ), however, the conventional character of the s
perconductor assumed means that the strongest attra
takes place for electron pairs in the singlets-wave state. So
the main part of the interaction Hamiltonian is

Hs5
1

2E d3r 1234ca
1~1!cb

1~2!Vs
abugd~r1 ,r2ur3 ,r4!

3cd~4!cg~3!, ~3!

whereca(r ) is the electron quantum-field operator,Vs
abugd

(r1 ,r2ur3 ,r4) 5 ls(r1)gabggd
t d(r12r2)d(r32r 4)d(r12r3)

is the interparticle interaction in the singlets-wave channel,
g5 isy ,ls(r )5u(2z)ls(N)1u(z)ls(S), ls(N) andls(S)
are the coupling constants in the normal metal and the su
conductor, respectively,u(z) is the unit step function, and
the superscriptt denotes transposition of spinor indices~and
also space coordinates when refers to Green’s functio!.
NearTc , the gap matrixDab(r ,r 8) satisfies the equations13

Dab~r1 ,r2!52T(
e
E dr3dr4Vs

abugd~r1 ,r2ur3 ,r4!

3Fdg~r4 ,r3u i e!, ~4!

Fkr~r1 ,r2u i e!5E dr3dr4Gkg~r1 ,r3u i e!Dgd~r3 ,r4!

3~21!Gdr
t ~r4 ,r2u i e!, ~5!

whereG is the Green’s function of independent particles a
F is the anomalous Green’s function. Whena50, i.e.,
the interface potential is spin independent, the spinor st
ture of the gap matrix and theF function are the same an
the equations admit a solution of the formDab

(s) (r ,r 8)
5gabD (s)(z)d(r2r 8), where the singlet gap-functio
D (s)(z) describes the usual proximity effect.14 Things drasti-
cally change if one takes into accountHso .

First, the one-particleG function ceases to be a diagon
matrix in spinor space. Necessary steps to obtain the func
are the following.
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~i! Since the interface is assumed translational invarian
the x-y plane, the electron momentumki along the plane is
conserved and the one-particle scattering problem is ef
tively one dimensional.

~ii ! Because the helicity operatorn̂5(ki /ukiu)3c•s is
conserved, the Green’s function falls into two parts cor
sponding to positive and negative helicity,n561.

~iii ! The spectral decomposition of the Green’s functi
with definite longitudinal momentumki and helicityn can
be constructed according to the general theory of
scattering15 with the help of the full set of Jost functions—
the orthogonal and normalized scattering states of part
with energy (ki

21k'
2 )/2m corresponding to waves ingoin

from the left and from the right.
~iv! The integration on the spectral parameters~momenta

ki andk') can be performed using the stationary phase
proximation that holds on a scale large compared tokF

21 .
The result turns out to be

G~r ,r 8u i e!ab> (
n51,2

Pab
(n)~r2r 8ue!G(n)~r ,r 8u i e!, ~6!

P (n)~r uen!5
1

2 S 11sgn~n!sgn~en!
r3c

ur3cu
•sD , ~7!

where aten.0,

G(n)~r ,r 8u i e!5G0~r2r 8!1G0~r2r re f8 !R(n)~r2r re f8 !,

z.0, z8.0, ~8!

G(n)~r ,r 8u i e!5G0~r2r 8!@12R(n)~r2r 8!#, z.0, z8,0.
~9!

Here,G0(r )52(m/2pur u)exp@(ikF2e/vF)ur u# is the free 3D
Green’s function,

R(n)~r !5
m@b1akFsgn~n!uru/ur u#

ikFuzu/ur u2m@b1akFsgn~n!uru/ur u#
, ~10!

and r re f5r22c(c•r ) is the ‘‘reflected’’ vector with respec
to the vectorr5(r,z). To obtainG(n) at e,0, one should
change in Eqs.~8! and ~9! e→2e and take complex conju
gation.

In spite of the changes in the spinor structure ofG func-
tion, upon solving Eqs.~4! and~5!, one obtains the same ga
matrix, Dab

(s) , up to small corrections of the order of (am)2

!1. At the same time,F(r 1 ,r 2)ab being given by the right-
hand side of Eq.~5! with Dab(r 1 ,r 2)5Dab

(s) (r 1 ,r 2) gains a
different quality—it acquires the triplet component, i.e., t
component which is even ata→←b and odd atr 1→←r 2 .
To verify this fact, one needs an appropriate projector, i
such an operator that a nonzero result of its application to
F function would definitely indicate the presence of the tr
let part. The operator of convolution of theF function with
the interparticle interaction in the tripletp-wave channel

2T(
e
E dr3dr4Vp

abugd~r 1 ,r 2ur 3 ,r 4!Fdg~r 4 ,r 3u i e! ~11!
5-2
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can be this projector. Here,Vp
abugd(r 1 ,r 2ur 3 ,r 4)5

lp(r 1)(s
kg)ab(gtsk)gdd(r 12r 2)d(r 32r 4)d(r 12r 3)“12

i
“34

i

is the e-e interaction in the tripletp-wave channel16 and
“12

i 5(]/]r 2
i 2]/]r 1

i )/2ikF . If one considers the convolutio
only from mathematical viewpoint,lp can take any nonzero
value. The convolution has the physical meaning as w
Because the actuale-e interaction in the metals surely ha
the nonzero tripletp-wave component, one can chooselp
equal to its true value,lp(r )5lp(S)u(z)1lp(N)u(2z).
Then the convolution will define the triplet component of t
gap-matrix,Dab

(t) (r 1 ,r 2), like the convolution with the single
interaction@see Eq.~4!# defines the singlet component of th
matrix.

Being represented as a function of the Cooper pair ce
of massr and the momentum of the relative motionp, the
convolution takes the form Dab

(t) (r ,p)5Ai j (r )(pj /
kF)(s ig)ab , where

Aki~r !5lp~r !E d3r 8K (st)
ik ~r ,r 8!D (s)~r 8! ~12!

K (st)
ik ~r 1 ,r 2!5 lim

r18→r1

“118
i T(

en

Tr@gtskGen
~r 1 ,r 2!

3gG2en

t ~r 2 ,r 81!# ~13!

By evaluating the kernelK (st)
ik by means of theG function

obtained, one should remember that rapidly oscillating te
should be removed~i.e., one should consider the kernel a
eraged over distances large compared tokF but small com-
pared toj0) and also that because by deriving Eq.~13!, we
did not introduce the frequency cutoff of the order of t
Debye frequencyvD , the equation is valid atuz12z2u.d
;vF /vD .17 In this way, one getsAji (r )5ejimcmD (t)(z),
where

D (t)~z!52amlp~N!N~0!j0
21E

2`

`

dz8sgn~z8!Q1~ uzu

1uz8u!D (s)~z8!, ~14!

at z,0 andD (t)(z)52D (t)(2z)lp(S)/lp(N) at z.0. Here

Q1~z!5
B

2E0

`

duu~11u!21@11B2~11u!#22

3sinh21S z

j0
A11uD , ~15!

N(0)5mkF(2p2)21 is the electron density of states per un
energy interval at the Fermi level, andB5mb/kF . It is seen
that the functionQ(z) as well asD (t)(z), and hence the
triplet part of theF function concentrate in a domain o
width j0 on both sides of the interface.

As was noticed above, the conventional nature of sup
conductivity assumed in the bulk of the superconduc
means that the interparticle interaction in the singlets-wave
channel is negative and larger in magnitude than in any o
channel. Therefore, the critical temperatureTc is the tem-
02050
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perature, below which the Eqs.~4! and~5! begin to reveal the
nontrivial solutionDab

(s) of the singlet type. Then in the bulk
where the influence ofHso disappears, interactions in othe
channels become irrelevant in the sense that the convolu
of the F function with any of them except for the single
s-wave channel vanishes. Thus there is only the singlet c
ponent of the gap matrix. However, two partial interaction
the singlet and triplet ones, become to be relevant near
interface that gives rise to two parts of the gap matrix,
singlet and triplet ones, respectively. The main differen
between these components is that the singlet componen
seen from Eq.~12!, is the source for the triplet one.

The presence of the triplet part allows one by analo
with bulk polar superconductors1 to anticipate the magneto
electric effect~MEE!, i.e., the appearance of the magnetiz
tion near the interface in the state with supercurrent para
to the interface. The mean value of the spin density is giv
by the equation^ca

(1)(r )sab
i cb(r )&, where the angular

brackets mean the thermal average. According to gen
rules of quantum statistics, the equation can be expres
through the total electron propagator, which nearTc can be
expanded in powers of the gap matrix. So one gets

^s i~r !&5T(
e
E d3r 1d

3r 2Tr$s iGe~r ,r 1!D
(s)~r 1!

3~21!G2e
t ~r 1 ,r 2!D

1(s)~r 2!Ge~r 2 ,r !%. ~16!

One should substitute here theG function from Eqs.~6!–~10!
and Dab

(s) (r )5gabD (s)(z)exp(iQ•r ), Q'c, where the real
function D (s)(z) is the solution of the usual zero-curre
proximity problem with spin-independent interface potent
and vectorQ is defined by the supercurrent densityJs far
from the interface through the relationJs5(2e/m)QNs ,
whereNs5n37z(3)D (s)

2 (`)/8p2Tc
2 is the superfluid electron

density,n35kF
3/3p2 is the electron density, andz(3) is the

Riemannz function. An inspection of the integrand in Eq
~16! reveals that at givenr andr 1 , the dominant contribution
to the integral is given by the domain of integration wi
respect tor 2 near the straight line drawn through the pointsr
and r 1 . The result takes the form

^s~r !&5
c3Js

2evF
~am!M ~zj0

21!, ~17!

where

M ~w!5E
w

`

dvE
2`

`

du sgn~u!Q2~ uuu1uvu!

3D (s)~uj0!D (s)~vj0!/D (s)
2 ~`!, ~18!

at w.0, and

M ~w!52E
2`

w

dvE
2`

`

du sgn~u!Q2~ uuu1uvu!

3D (s)~uj0!D (s)~vj0!/D (s)
2 ~`!, ~19!

at w,0. Here
5-3
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Q2~ t !50.8BtE
0

`

dvv3@11~11v2!B2#22sinh21~ tA11v2!.

~20!

One can show thatM (w);1 at w50 and M (w)
;w21exp(2w) at w@1. Equation~17! shows that the MEE
is entirely due to the central symmetry breaking because
locity and spin have opposite parity under space inversio

SinceB;Vb /eF , whereVb is the height of the interface
barrier, one may estimateB;1. The small quantity in Eqs
~17! and ~14! is am;aV /vF , whereaV is the ‘‘bulk’’ SO
constant within the double electron layer. A tentati
estimate of the order of magnitude ofav ~and henceam)
can be obtained in the indirect way. For the case
polar crystal, avp3c•s5(nm^cum21(2 ip•“)un&(En
2Ec)

21^nuz l3sum&(Em2Ec)
21^ueEr•cuc&, where uc& re-

fers to the conduction band,um& andun& to other bands, and
z is the intra-atomic SO energy.5 Evidence was given that fo
the case of CdS, whereE.107 V/cm is the electric field that
the cadmium ions create on the sulphur ions,z is the SO
energy of the 2p shell of sulphur, andaV(CdS).2
3105 cm s21, this equation is quantitatively correct.5 Since
a metal inside the double electric layer is similar to a po
metal, the equation is qualitatively applicable. The eval
tion of the band structure with allowance for all features
the crystal structure near an interface is a difficult proble
However, for our purpose, it is sufficient to approximate t
matrix elements of coordinate and momentum as well as
interband energies by their normal, atomic values, i.e.
take these to be essentially the same as in CdS. Electric fi
in contacts are also of the same order of magnitude a
CdS, but in the case of contacts with heavy metals, suc
Au or W, the SO couplingz is a few tens of times as many a
z(S). Accordingly, av in these contacts should excee
av(CdS) of the same degree. So one getsam;1022. The
polarization per one electron can, therefore, amount
amTc /eF –102521024 in a domain of widthj0 on the S
side of the interface at a superfluid velocity of the order
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Tc /kF . ~On theN side, the effect should be smaller due
reduced value of the singlet gap.! The spin polarization
might reveal itself through the nuclear-magnetic-resona
~NMR! frequency shift inN/S sandwiches. If the sandwich
is subject to a magnetic fieldB, the Knight shift, being de-
termined by the sum of the magnetization induced byB
(M0;B) and that induced by the supercurrent (Ms;c
3Js), should have a term proportional to the mixed produ
B•c3Js, which is an odd function of the fieldB. Since the
different metals have different NMR frequencies, the sup
current induced magnetization on either side of the con
can be investigated separately. It should be emphasized
the MEE does not depend on the value of the triplet inter
tion, i.e., it should exist even at pures-wave pairing when
lp50. In the general case, there are no reasons forlp /ls to
be anomalously small. SoD (t) /D (s);(am)@lpN(0)# can
well appear to be of the order of 1023 under favorite condi-
tions. In 3D polar superconductors,Dab

(t) leads to different
bound energy of the Cooper pairs with opposite helicities10

Possible effects ofD (t) on contact phenomena are not a co
cern here.

In conclusion, we argue that there should be an interf
SO coupling that can be considered as the material man
tation of the mirror-symmetry breaking at the plane of t
contact. The coupling is inherent in contacts of any cond
tors and, therefore, should be relevant to many sp
dependent phenomena. In the case ofN/S contacts, the cou-
pling has been shown to locally change t
superconductivity character on both sides of the contact—
Cooper pair wave function acquires the triplet part. Th
gives rise to the MEE. The effect makes it possible to m
sure the value ofa by means of the NMR technique as we
as to control the nuclear spin polarization at no magne
field dc current should result in the permanent polarizat
and ac current should induce spin-flip processes.
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