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Electric field within the double electric layer that occurs when two conductors with different work functions
come into contact induces the interface spin-orbit coupling. In the case of contact of a conventional, s-wave
superconductor with a ferromagnetic metal, the coupling is predicted to give rise to the appearance of a triplet
superconductivity on both sides of the interface. Form of the triplet component of the condensation amplitude
is determined and the ability of the triplet superconductivity to penetrate into the ferromagnet on the usual

coherence length is shown.
PACS: 71.70.Ej, 73.40.Jn, 74.20.—z, 74.50.+1

The phenomenon of penetration of superconductivity
into a normal metal placed in contact with a supercon-
ductor (S) is now reasonably well understood [1]. How-
ever, mechanisms through which superconductivity can
penetrate into a ferromagnetic metal are still not clear-
cut. In accord with theory developed up to now [2], the
penetrating of the singlet Cooper pair into a ferromag-
net (F) looks as follows. The Fermi surfaces in the F
that correspond to the conduction electrons with spins
directed along (up-states) and against (down-states) the
exchange field do not coincide. Therefore, upon enter-
ing the F region, two electrons that the Cooper pair is
composed of have to occupy different Fermi surfaces.
The difference between the Fermi momenta of the sur-
faces makes it impossible for the total momentum of the
pair be zero. As a result, the condensation amplitude,
which in the case of a normal metal would exponen-
tially decay on the length scale of the coherence length,
& = vs(27T.)~! (here vy is the average Fermi velocity
in the normal metal), acquires an additional modulation
factor which oscillates with a short period proportional
to Ap = 2m(ksq — kyu) ' < & (here kg4 and kg, are
the Fermi wave vectors of down- and up-states of the F,
respectively). So Ar becomes to be the effective pene-
tration depth of superconductivity into the ferromagnetic
metal. Some of experimental data published recently [3]
seem to conform the theory; there are also experimental
results [4] that much less agree with the theory and indi-
cate that superconductor may influence ferromagnet on
a much long distance than Ar. On the grounds of all that
has been said, one can expect the condensation ampli-
tude to cure the oscillations and hence to penetrate deep
into the F region if two electrons of the Cooper pair gain
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the possibility at equal energy to have opposite momenta
so that to reduce the total momentum to zero. For that
the both electrons should occupy the same Fermi sur-
face, i.e., should turn out in the same spin state. The
very fact that it is easier for the triplet superconductivity
than for the singlet one to coexist with ferromagnetism
is a simple consequence of the weak sensitivity of some
of the triplet states to an external magnetic field well
known from studies of superfluid He®. The problem is
to reveal mechanisms that are able to transform near
the contact the initially singlet superconductivity to the
triplet one. The purpose of this paper is to point out a
natural reason for such a transformation. The reason is
the interface spin-orbit coupling that is always brought
about by contact.

In fact, when two metals come into contact, electrons
are known to transfer from metal with the lower work
function to the metal with higher work function, so as
to bring the two Fermi levels into coincidence. As a re-
sult, a double electric layer of a thickness of the order
of the screening length rp appears. When a conduction
electron is in the layer, it is subject to the electric field
that induces the spin-orbit (SO) coupling. Because rp in
metals is about the lattice constant that is much shorter
than the expected decay length of the triplet supercon-
ductivity, this interface SO coupling can be put into the
form Hgo = a(p x¢) - odé(c - r), where p, o, and ¢
are, respectively, the electron momentum, the Pauli ma-
trices, and the normal directed from the F to S region.
The Plank’s constant A is set to unity throughout. The
interface SO coupling arises from the electric field in the
double layer in the same way as the well known p-linear
Hamiltonian in the energy spectrum of bulk polar semi-
conductors [5] arises from the intra-crystalline electric
field [6, 7]. The presence of Hgo violates the total spin
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conservation and should result in singlet-triplet mixing.
Recently, some consequences of the mixing for the prox-
imity effect in normal metals were pointed out [8]. Here
we consider how the mixing facilitates the penetration
of superconductivity in the ferromagnetic metal under
the assumption that the exchange field is uniform and
directed along the interface.

We will assume for simplicity that the electron spec-
trum on both sides of the contact is isotropic. Then the
one-particle Hamiltonian of the system has the form

1
Hy(p) =p——p +6(—2) I‘+g(h-a+1) +

2m(z)
+[B+a(p xc)-0]d(2), 1

where z is the coordinate along c, the electron mass m(z)
equals mp in the F and mg in the S, (for definiteness,
we assume mg > mrg), 8(z) is the unit step function,
T" is the difference between the lower conduction band
edge of the F and of the S, h is the unit vector along
the exchange field, b is the exchange energy, and 36(z)
models the spin-independent interface potential. The
straightforward way to look into the behavior of super-
conductivity is to investigate the self-consistent equation
for the gap-matrix A,g(r,r') which near T, has the form

[9]
Aaﬁ(l‘l,l‘z) = —TCZ/d’I"ngz; X

x VOB (1 vy | rg,r4)Fsy (ra,rs | d€), (2)

an(rl,l‘z | ie) = /d’r‘3dT4G,vy(l'1,l'3 | ie) X
X Aqé(l‘s,m)(—l)Gfsp(l'ml'z | ie), (3)

where V817 (ry ry | rg,r4) is the inter-particle inter-
action, the superscript ¢ denotes transposition of the
spinor indices (and also space coordinates when refers
to Green’s functions), G is the Green’s function of inde-
pendent particles and F' is the anomalous Green’s func-
tion. But before being able to enter the subject one
must ascertain the form of the G function. This can
be done in the following way. (i) Since the interface
is assumed translational invariant in the z — y plane,
the electron momentum k| along the plane is conserved
and the one-particle scattering problem is effectively one
dimensional. The eigenfunctions of the 1D Schrodinger
equation can be easily found and are not presented here.
(ii) It is convenient to expand the G function on the
spinor basis that includes the projecton operators on
the up- and down-states Gop = S0y M (%G(i), where
Mt = {H(u),n(d) A(N),A(w)}, II(%d) — %(1 +h-0),
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AN = 1p, (—c-o—ihxc-0a), AUD = (4t0)*
hy = hg £ ihy. (iii) The chemical potential p is sup-
posed to be grater than I' + b so that both the up- and
down-states in the F are partially filled. The spectral
decomposition of the G function with definite longitudi-
nal momentum k| can be constructed in line with the
general theory of 1D scattering [10] with the help of the
full set of Jost functions - the orthogonal and normal-
ized scattering states of particle corresponding to waves
ingoing from the left and from the right. One should
take into account that a particle with energy in the in-
terval (0,T') may be incident only from the right and
one with energy in the interval (I',T + b) may be inci-
dent from the left only being in the down-state . (iv)
The integration on the spectral parameters (momenta
k| and k) can be performed using the stationary phase
approximation which holds on a scale large compared to
the Fermi wave-vector of any of the occupied bands. (v)
Finally, one should sum up over all spin states. In the
sector z < 0, z' > 0 which is first of all needed for the
following analysis the result turns out to be

G(u) (r,r'|i€) =

= (inDu @IV () ep{i®ue)l @
G(»N() (I', I'I|’L'€) = 2Vud(p) X
x (inDu(P)Da)NY(P))  exp{i®u®) )

where r = (pa Z), r' = (plazl)v

1/2

D,(p) =img" (k3,-p*)""" +

+imp! (k)%_u—p2)1/2—2(ﬂ+apxc-h), (6)

Nu(p) = lp—plo™ [2'83, (K3, —p?) ** -

ek, (K2, - 2) "7, )

,(p) = 2 (K2, —p°) /" (K, +iems) —
— 2 (K, —9°) 7 (K, +iemp), (8)

p = |p|, ks.s is the Fermi momentum of the S (ks., <

kra < kfs)y Vug = S0+ +p-h%), p+ = pa + ipy,
pP. =[(0—2')/|p — P'|] pu is the 2D vector whose value
Py is defined as the root of the equation

o =p [ (. —2") "~z (K —2") ],
9)
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and Dg4(p) is obtained from D, (p) if one changes in the
r.hs. of Eq. (6) kfy — ksq and @ & —a. An in-
spection of Eq. (9) reveals that p, < ks, at any r and
r’. The implicit dependence of the vector p, (and hence
G () and G(4})) on r and r' is a result of the Fermi wave
vector mismatch, ky.; # kyf.,. To obtain G(u) ate <0
one should change in Eq. (4) € &> —€,py = —Po and
take complex conjugation. The function G(4}) at € < 0 is
obtained in the same way except for the complex conju-
gating of V4. The second pair of the G-functions, G(qg)
and G(4), has an analogous form. They are given by
the r.h.s. of Egs. (4)—(5), respectively, where all quanti-
ties denoted by a subscript u (ky.y , Dy , Ny , Py and &)
are changed by the quantities denoted by a subscript d
with the prescription Vyq — Vigy = (Vuq)*. There is an
asymmetry between G (;;) and G(;4). The former con-
tains the function D, (pg) whereas the latter contains
D;i(py)- The defining equation for pg (which is nothing
but Eq. (9) where ky,, is replaced by kys.4) says only that
pa < ky.q. But it may appear that pg > ky., at somer
and r'. One can show that in such a case the equation
(k3. — p2)1/2, which enters D, (p4), should be changed
by i(p3 — k?_u)l/z. As opposed to that, the quantity
k% ; — p2, which enters D4(p..), is always positive. This
asymmetry reflects the fact that at ks, < kr4 not every
electron incident from the S being in the down-state can
pass to the up-states of the F even if it is allowed to pass
into the down-state of the F.

The inter-particle interaction (in both metals) in-
cludes all spherical harmonics, however the conventional
character of the S assumed means that the most strong
attraction takes place for electron pairs in singlet s-wave
state. In spite of the changes in the G-function induced
by Hso, upon solving Egs. (2)—(3) with

Va,[3|'75 (1'1,1'2 | 7.3,7-4) — V.'gaﬂ"ﬂs (1‘1,1'2 | I‘3,I'4) =

= Xs(r1) gapgls0(r1 —r2)d(rs —14)d(ry —13),

where g = ioy, As(r) = 0(—2)A(F) + 0(2)As(S),
As(F) and A4(S) are the coupling constants in the F
and S, respectively, one obtains the singlet gap-matrix
A((:g (r, r') = 6(r — r')gopl(s)(2) with the usual behav-
ior of A, (2) described at the beginning of the paper
up to small corrections of the order of (am)? < 1 — it
is a smooth function at z > 0 that approaches a con-
stant value A(;)(oco) in the bulk of the S and it is a
rapidly oscillating function at z < 0. At the same time,
F,p(r1,r2) being given by the r.h.s of Eq. (3) with
Agp(ri,re) = Asﬂ)(rl,rg) gains a different quality —
it acquires the triplet component, i.e., the component
which is even at a3 and odd at r; 2r,, and what is
more — the component does not suffer from the rapid

oscillations. To verify the fact, one needs an appro-
priate projector, i.e., such an operator that a nonzero
result of its application to the F-function would defi-
nitely indicate the presence of the triplet part. As such
a projector, one can choose the operator of convolution
of the F-function with the inter-particle interaction in
the triplet p-wave channel

—TZ/dT3dT’4Vpaﬁ|76(r1,r2 |r3,r4)F57(r4,r3 | ie),
(10)
Here

VB (py,1a | 13,14) = Ap(r1) (0% g)ap x

X(gtﬂk)w‘s(n —r3)0(rs —rg)d(r; — 1'3)V12V§4

is the e — e interaction in the triplet p-wave channel
[11] and Vi,=(8/0ri-0/0ri)/2iks, where ks is a rep-
resentative wave-vector of the order of ks ,. Its precise
value is not important because it always enters equa-
tions being multiplied by A,. If one considers the con-
volution only from mathematical viewpoint, A, can take
any nonzero value. However, because the actual e — e
interaction in the metals surely has the nonzero triplet
p-wave component, one can choose A, equal to its true
value, Ay(r)=X,(S5)0(2) + Ap(F)8(—2). Then the con-
volution will define the triplet component of the gap-
matrix, A%(rl,rz), just as the convolution with the
singlet interaction defines the singlet component of the
matrix.

Being represented as a function of the Cooper pair
center of mass r and the momentum of the relative mo-
tion p, the convolution takes the form Ag%(r, p) =
Aij(r) 2L (azg)aﬂ (it will be seen below that only con-
serving components of p parallel to the interface enter
this equation), where

Aale) = 2p(e) [ R A E) (D)
K(st)(rl,rg) = llm VIIIT X

-
X Z Tr

By evaluating the kernel Kfft) by means of the G-
function obtained one should remember that rapidly
oscillating terms should be removed, i.e., one should
consider the kernel averaged over distances large com-
pared to k; but small compared to & = vs(27T,)
(here and below vy is a characteristic Fermi velocity of
the system), and also that because by deriving Eq.(12)

tah G, (r1,12)gGe (r2,1))]. (12)
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we did not introduce the frequency cutoff of the or-
der of the Debye frequency wp, the equation is valid
at |21 — 22| > 6 ~ vg/wp [12]. By expanding the
Green’s functions on the spinor basis M¢, one can see
that major contributions come from the pairs of the
Green’s functions G'(y)(r1,r2li€), G(1))(r2,r]| — i€) and
G (4)(r1,12]i€), G(14)(r2,1'| —i€). In these contributions,
the largest parts of the phases &, and ®; (see Eq.
(8)) that do not depend on the imaginary frequencies,
i€, = inT(2n + 1), exactly cancel each other, thereby
avoiding the oscillating behavior of Aj;(r). The first
pair of the functions forms a part of K(ift) that gives
rise to the triplet component with S - h = 1 (where
S is the total spin of the Cooper pair) and the sec-
ond one results in formation of the component with
S-h = —1. The triplet component with S-h = 0
can be shown to rapidly oscillate like A(,)(z). So one
gets Aji(r) = hi(h x ¢)jAx1)(2) + thicjApay(2)- The
explicit form of the kernel K("ft) is rather awkward at
arbitrary parameters of the energy spectrum of the F.
Therefore, we consider below the limiting case of equal
masses mg = mp = m and weak exchange energy
50_1 &K kfa — kfu < kfa+ kfo. The difference be-
tween ks, and %(kf_d + kys..) will be ignored as well.
Then, with an accuracy up to corrections of the order of
(b/p)?, at z < 0 one gets

Ap1,2)(2) = —amA,(N)N(0)& " x

X /dz' /duL(l,g)(z,z',u)A(s)(z'), (13)
0 0

B _
Lay(z7yw) = Su +u) * [1+ B(1+u)] % x

x sinh™! (gi‘/l + u) , (14)
0
b |7
! _
L(2)(zaz ,’LL) - 2/1‘ |Z| + 2
1 1
x |1+ |2l + 2 V1 + u coth (w\/1+u)] X
4& o
x L1)(z,2',u). (15)

Here N(0) = mks(272) "' is the electron density of
states per unit energy interval at the Fermi level, and
B = mf/kp. It is seen that the functions A4 2)(2) and
hence the triplet part of the F-function concentrate in a
domain of width &. A contribution to the r.h.s. of Eq.
(13) from integration over negative z' is small because
of the oscillating behavior of A,)(z) at z < 0. One can
show that Aj; on the S side of the contact also concen-
trates in a domain of the same order and at any energy
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spectrum of the F has only h;(hxc); and (¢ x h);h; com-
ponents but not ¢h;c; component. In the weak exchange
energy limit, the components combine to ej;,c, yielding
the same triplet order parameter as in the case of N/S
contact [8] plus corrections of the order of (b/u)?.

In principle, one ought from the very beginning to
introduce both singlet and triplet components of the
gap-matrix and the s- and p-wave inter-particle interac-
tions. Then the spinor self-consistency equation reduces
to a symmetrical set of two simultaneous equations for
A4 (r) and Aj;(r). However, the conventional character
of superconductivity assumed in the bulk of the S means
that the s-wave interaction is attractive and larger in
magnitude. Therefore, in the bulk, where the influence
of Hgo disappears, only the s-wave interaction is rele-
vant in the sense that the convolution of the F-function
with the p-wave interaction vanishes. Thus there is only
A(,) (r) in the bulk. The p-wave interaction becomes to
be relevant near the interface. If X, is small, the set
of equations transforms into an usual equation for A,
and Eq. (11). Thus, although both components of the
gap-matrix, A((:g and A‘%, are simultaneously initiated
at the critical temperature T,, they do not possess equal
rights - the singlet order parameter is the source for the
triplet one. It should be also stressed the important dif-
ference between the triplet part of the F-function, which
is the basic conceptual element of the pairing theory, and
that of the gap-matrix, which is only one of characteris-
tics of the F-function. The latter is proportional to A,
whereas the former at small A, is independent of A,.

Since B ~ Up/u, where Uy is the height of the in-
terface barrier, one may estimate B ~ 1. The small
quantity in Eq. (13) is am ~ ay/vr, where ay is the
bulk’ SO constant within the double electron layer. A
tentative estimate of the order of magnitude of ay (and
hence am) done previously [8] shows that am can be of
the order of 10~2 under favorite conditions. Thus the F-
function in the F has the rapidly oscillating singlet com-
ponent and small but smooth triplet component [13].
(In the general case, there are no reasons for \,/A, to
be anomalously small. So A1 2)/A5) ~ (am) (AN (0))
can well appear to be of the order of 1072 < 10—2. How-
ever, discussion of possible effects of Ay 2, in partic-
ular, its non-unitarity in the F, is out the scope of this
paper.)

Finally, we remark that all presented above shows
that the problem of the F/S contact admits rigorous
consideration within Gor’kov-Nambu formulation of the
pairing theory. The triplet — singlet mixing found is the
consequence of inversion symmetry breaking due to the
p-linear interface SO coupling. Still more interesting ef-
fects of simultaneous breaking of T' and P symmetry can
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be apparently brought out in non-equilibrium properties
of the contact. So this system certainly merits further
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