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Spontaneous spin current near the interface between unconventional superconductors and
ferromagnets
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We study theoretically the proximity effect between ferromagi€tsand superconducto$) with broken
time-reversal symmetr{7). A chiral (p,£ip,)-wave and al._y2-wave superconductor, the latter of which can
form 7-breaking surface state—i.€d,2,2+is) state—are considered for the S side. The spatial variations of
the superconducting order parameters and the magnetization are determined by solving the Bogoliubov—de
Gennes equation. In the case of a chimttip,)-wave superconductor, a spontaneous spin current flows along
the interface, but not in the case oflg_y.-wave superconductor. For a HfR+ip,)/F trilayer system, total
spin current can be finite while total charge current vanishes, if the magnetizations of two F layers are

antiparallel.
DOI: 10.1103/PhysRevB.70.214524 PACS nuni®er74.45+c, 74.50+r, 74.78.Fk
[. INTRODUCTION spin-down electrons. We will show that it is actually possible

for the superconductor witlip,+ip,)-wave symmetry, but
not in the case ofl,>_,>-wave symmetry? (Spin currents in
the case of interfaces betwesiwave superconductors and

romagnets have been found in Ref. 24, though their treat-
ment of the magnetization is not fully self-consistgnt.

Recently the proximity effect of unconventional super-
conductors has been a subject of intensive stodlfhis is
because the interface properties of these superconductors
be quite different from those of conventionawave ones
due to the nontrivial angular structure of pair wave functions,
so that their study is of particular interest. The proximity
effect between unconventional superconductors and mag-
netic materials is an important problem, since there are com-
petition and the possible coexistence of two kinds of orders. . . .
The unconventional superconductivity is usually induced by _ 1N System we consider is a two-dimensional ferromagnet
the magnetic interaction, and the existence of nodes in thi)/superconductorS) b|Iaygr and F/S/F trilayer systems,
gap is favorable for the coexistence compared with the casad We treaf100] and[110] interfaces as schematically de-
of conventional superconductors. If the magnetism and suRicted in Fig. 1. The directions perpe,ndlf:u(aaralleb to the
perconductivity coexist near the interface, the electronidntérfaces are denoted as(y) and x’ (y'), for [100] and
properties of the surface state become quite unusual. In pakt10 interfaces, respectively. The axes andy’ are 45°
ticular the spin-triplet superconducting order parametefotated from the crystal axes directionsndy. We assume
(SCOPB can be induced near the surface of spin-singlel_that the system is uniform _along the dlrect_lon parallel to the
superconductor®.(Similar effects for conventionat-wave Interface. In order to describe the magnetism and supercon-
superconductors and ferromagnets have been studied in Ref/ctivity, the tight-binding model on a square lattice with
9-11) on-site repulsive and nearest-neighbor attractive interactions

In this paper we study the proximity effect between fer-iS treated within the mean-fielMF) approximatior,® and
romagnets and unconventional superconductors  wit'€ consider only the case of zero temperai(ire0). The
dyz_y2-wave andp,+ip,)-wave symmetries. The former state Hamiltonians for the two layers are given by
is realized in highF, cuprates? while the latter is a candi-
date of the superconductin§C) state of SsRuQ, (Ref. 13.

Il. MODEL AND BDG EQUATIONS

It is known that near th¢110] surface of thed,z_,2-wave Ho=-1 2 (clyCjo+ H.C) + ULZ NipNiy
superconductor the system may break time-reversal symme- (i3 '

try (7) by introducing a second component of SC@Refs. +V D [nny +nyni] (L=F,9, (1)
14-18, 7, and Band that a spontaneous current and frac- i

tional vortices may occur at the surface i is

broken!9-21.14-18.78he (p,+ip,)-wave SC states also break

T and spontaneous current arises at the edge of the s§dtemwhere(i, j) denotes the nearest-neighbor bongs=c;, ¢,
When a ferromagnet is attached to these unconventional sand c;, is the annihilation operator of electrons at a site
perconductors, the magnetization may be induced in the lawith spin o. The parameters, U,, and V, represent the

ter due to the proximity effe®Then it may be expected that transfer integral, the on-site interaction, and the nearest-
a spontaneous spin current can appear along the interfaceighbor interaction, respectively, for the(=F,S) side. The
between a/-breaking superconductor and a ferromagnet, betransmission of electrons at the interface is described by the
cause there is an imbalance of the densities of spin-up angght-binding Hamiltonian
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-) are SCOP’s independent gf. (|X|=|y|=a, |X'|=|}'|=a’
with a anda’ defined in Fig. 1. Then the mean-field Hamil-
tonian is written aghereafteri denotes andx] for a [100]
and a[110Q] interface, respectively

Hura = 2 2 2 VTR (0¥, (4)
P
with W](k)=(c\(k),c; (-k)) andk is the wave number for

the direction parallel to the interface. The matﬁ?f(k) is
given as

s (&K Fij(k)>
h”(k)‘(F;}(lo ~&,00)° ©

where

&ijo(K) = (- 2t coska— u+U(N; _,) 8 — tij( 8 juat 6 j-a)»

Fii(K) = Vi[AX 8 g+ AY 8 jra+ (AY €+ AV k) 5 ],

(6)
for the [100Q] interface, and
‘ &ijo(K) = (= w+ U(n; ) G
fergomagneﬂ superconductor ka’
¥ x - 2t; co > (8 jeari2 ¥ O jarr2)
(b) X’
- ++jkal /2 o A+ qikal[2
FIG. 1. Schematic descriptions of the interfaces between ferro- Fij () = Vij[ 31 j-@ri2) (A7 € tAie )
magnets and superconductors fay [100] and(b) [110] surfaces. + 5i,j+(a'/2)(Ai_+eika,/2+ Ai__e_ika"z)], 7
for the[11Q] interface. Herd;; =tr(g), Vii=Vgg if both i and
Hr=-t ¢ Cmo+ H.C), 2 , . S THEE Vi T VRS :
i T<|%G( Loma ) 2 j are on the RS) side, whilet;=ty, V;=0 if i andj corre-
spond to the interface sites.
wherel (m) denotes the surface of the(E) layer, and then We diagonalize the mean-field Hamiltonian by solving the

the total Hamiltonian of the system iBi=He+HstHr  following Bogoliubov—de GennegBdG) equation?s
—,uEiociTgciU with u being the chemical potential. The inter-
action terms are decoupled within the MF approximation: Sh (k)<ujn(k)) _E (k)<uin(k))
ij —bEn )
j

an(k) vin(K)

. where E (k) and (u,(k),vi,(K)) are the energy eigenvalue

vy, — Vajeliel + VAjeie; - VIA P, 3 and thencorrespo(nging elingen)function, respgéive?y, for each
with Aj;=(c;;¢;). ThenA;; and the magnetizatiom=(n;, Kk The unitary transformation usin@iy(k),vin(K)) diagonal-
—n;)/2 (perpendicular to the planere the OP's to be de- iZ€s the matrixHyga, and conversely the OP4;; and m
termined self-consistently. The SCOP with each symmetny@n be written in terms (k) and (Uin(k) ,vin(K)):

(8)
Unyni — UCmipng + U0 mgy = UK Xny ),

can be formed by combining\;'s: Ag(i)=(A{ +A!Y .1 )

—A%—Af?_y)m (dyo_y2-wave), As(i)E(Ai(ig(+Ai(?_§(+($)i(iy A —N—y% Ui n(K)Vj40,n(K[1 = F(ER(K)],
+Ai(+)_9)/4 (extended s—wavg, Apx(y)(i)E(AiM((%

~ i)/ 2 (Payriwave, wheredy”=(4; +4;)/2 andd, AF = 2 (] (KL - FE (k) e
= (Ajj—Aj)/2 are the spin-singlet and the spin-triplet pairing LNy n ’

OP’s, respectively.
We impose the opefperiodig boundary condition for the

1 * P
x andx’ (y andy’) directions for[100] and[110] interfaces, A= =3 Ui n(K);, a2y (KL = f(E, (k) ]e Pka/2)
respectively, and carry out the Fourier transformation along Ny icn ’
they andy’ directions. For thg100] case we define&’xi“'
=Aj i andAf:Ai,iﬂ, as tha% SCOP’s independentyofSimi- R iE |ui,n(k)|2f(En(k))r
larly for the [110] case A" = A w252 (@, 8=+ OF Ny cn
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)= S oy 0L - HELKD], ©
Ny k,n
wheref(E) is the Fermi distribution functiorn(For the[110]
case,N, in the last two expressions should be replaced by 010
N,,.) These constitute the self-consistency equations whicr
will be solved numerically in the following. ©
The procedure of the self-consistent numerical calculation
is the following. We substitute an initial set of OP’s in the & .

matrix elements oh;;(k) and solve the BdG equatigifeq. < ©
(8)] to get eigenvalues and eigenfunctions. Then we recalcu:
late the OP’s, and the iteration is performed until the values
of the OP’s are converged. We have used various sets o
initial OP’s for the same values of the parameters of the /!
model. If several different solutions are obtained, we adopt @

@

the solution with the lowest energy as the true one. ©
In the uniform case withJ >0 andV=0 (i.e., repulsive
Hubbard mode| the ground-state phase diagram within the — °%p 5 T
MF approximation was examined by Hirs¢hWe use this x/a
result to choose the parameters to realize the ferromagnetic
state in the F layer. The phase diagram in the casd o0 FIG. 2. Spatial variations of the magnetization and the

andV<0 was also studied, and thigz_,2-, extendeds- and ~ SCOP's for a F/fp,+ip,) bilayer system witht;=1, Ug=12, Us
(p,ip,)-wave SC state appears depending on the bangl-5 Vs=-2.5, ©=-1.6, N,=60+60, andN,=120. @ m, (b)
filling.?” Various SC states can occur in the model with aX€2px () Im Ay, (d) ReAq, and(€) ReAs. Note that all OP's are
single type of(nearest-neighbor attractiventeraction be- nondimensional anck=0 corresponds to the interface site of a
cause of the change of the shape of the Fermi suffiidear ferromagnet.

half-filling (u~0) the d,._j-wave SC state is stabilized,

while the extended-wave SC state is favored near the band"c o the interface, and the spin-singlet componagandAs

. are induced. Near a surface of a chiral superconductor faced

edge (u~ £4t). In the region between thd- and s-wave h in-sinal duced

states the spin-triplefp,ip,)-wave SC state appears to vacuum, the spin-singlet components are not induced,
*= Ty ) though thep-wave SCOP’s are suppressed also in this éase.

The properties of the interface states do not depend on th?his difference is due to the presencerofin the S side,

valugs of the parameters in a qualitative way, qnless the syMsacause the SC state cannot be formed @t ip,) channel
metries of the superconductinglz_y2- or (p.xipy)-wave y

. . . . only if (n;) #(n ). The proximity effects will be reduced as
and the magneti¢ferromagnetic or antiferromagnetistates ! . o
. . the tunneling matrix element becomes smaller. This is actu-
are changed. Therefore we will choose typical values of the

. . d . ally the case as seen in Fig. 3 wheéfe 0.1 is used. It is seen
parameters in order to realize the states in question. We W@lat the penetration ofiinto the S side is suppressed. ahd
use finite values ofJg to investigate the effect of electron P PP y

. . : X T . . ands-wave SCOP’s are much smaller compared with Fig. 2.
correlations in the S side, while the attractive interaction N e chanae of surface states tass varied. is rather simole
the F side is assumed to be absent—WVe5 0. Hereafter we in the cas?e of(p, £ip,)-wave s’uaercondu;:tors Namel pthe
take te=tg(=t)=1 as the unit of energy, and the tunneling Px- 1Py P ’ Y

matrix elementt; is varied to see how the extent of the state monotonously approaches thatt{er0 asty is reduced.
S ! (On the contrary, the surface state ofdavave supercon-
proximity effect is changed.

ductor shows a phase transition wheris varied, as we will
see in the next sectionThe penetration depth @h depends

IIl. INTERFACE STATES AND SPONTANEOUS SPIN on the electron correlation in the S side. The spatial varia-

CURRENTS FOR CHIRAL p-WAVE SUPERCONDUCTORS  tions of OP's forUs=5 andtr=1 are shown in Fig. 4. For
this value ofUg the system gets closer to the magnetic insta-

In this section we study the proximity effect between fer-pijlity (though thisUs is not large enough to stabilize the
romagnets and superconductors wigh+ip,)-wave symme- magnetic order and the correlation length ah becomes
try. Here the parameters are chosen to realize the ferromagarger. Then the magnetization penetrates far inside the S
netic and (ptipy)-wave SC states in F and S layers, side compared with Fig. 2, and tlte and s-wave SCOP’s
respectively,—i.e.Ur=12,V4=-2.5, andu=-1.6. The sys- decay rather slowly.
tem size we used ibl,=N,=120, which is large enough to In the 7-violating SC state a spontaneous current flows
study the interface states, because the coherence lengthsadbng the surface in the region where the SCOP’s are spa-
SC and ferromagnetic states are of the order & fod the tially varying®-2! Note that the condition for the minimum
parameters used here. The spatial variations of the SCOPfeee energy requires the current normal to the interface to
and the magnetizatiom near the[100] interface are shown vanish. This condition in turn leads to a finite current along
in Fig. 2 where the tunneling matrix element is taken to bethe interface ifTis broken(Namely, the present spontaneous
tr=1 andUg=1.5. It is seen thah,, andA, are suppressed current is the equilibrium currentThe expressions for the

214524-3
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FIG. 3. Spatial variations om and the SCOP’s for a F(8, FIG. 4. Spatial variations ofm and the SCOP’s for a FA§,
+ipy) bilayer system with;=0.1. Other parameters are the same as+ipy) bilayer system witlJs=5. Other parameters are the same as
in Fig. 2. () m, (b) ReA,,, (¢) Im A, (d) ReAy, and(e) ReAs. in Fig. 2.(a) m, (b) ReA,,, (¢) ImA,,, (d) ReAy, and(e) ReAq.
currents carried by spin-up and spin-down electrons are We have also investigated the case[TE(] interface be-
given by tween a(p,xipy)-wave superconductor and a ferromagnet,
seta 1 and the results are qualitatively the same as those for the
(i) == == 2 sinkalu; (K *F(E(K)), 100 interface. . .
i Nyin Now we examine the F/S/F trilayer system where S is a
chiral (pyxipy)-wave superconductor. The spatial variations
2eta 1 of the magnetizatiom and thep-wave SCOP’s are shown in
Ji(i) = ———> sinkalv; (k|1 -f(E,(k)]. (10)  Fig. 6. (Small ReAy and ReAg are also induced near the
i Nyin interface as in F/S bilayer system, though they are not shown

. here) In the F/S bilayer system, we have seen that sponta-
Since we do not consider the effect of the vector potertial neous spin currents as well as charge currents flow along the
in this paper, terms linear iA in the expressions af, are  interface. The direction of the charge currediage is de-
not taken into account. Near the surface faced to vacuurtermined by the chiralityi.e., (p,+ip,) or (p,—ipy)], and the
only the charge curreritlefined as]chargezJHJi) can flow??2  currents at the opposite edges of the superconductor should
When the surface is attached to a ferromagmeis finite in ~ flow in opposite directions. The direction of the spin current,
the region where the chiral SCOP’s have spatial variationsls, is the same a@pposite tg that at the other edge of the
ThusJ'! is not equal tal!, and the spontaneous spin currentsuperconductor if the magnetizations of two ferromagnets
(defined as]spin:JT—Jl) appears as seen in Figiah For a  are antiparalle(paralle). Then if the chiral superconductor
small value ofty (=0.1), only small spin current flows while is sandwiched by ferromagnets with antiparallel magnetiza-
the charge current is largéig. 5b)]. This is because the tions, the total charge curre(ihtegrated ovek) should van-
penetration ofm into the S side is supprességig. 3), and  ish, while the total spin current will be finite. On the con-
then the difference betweeh andJ, is reduced. When the trary, if the magnetizations of two F layers are parallel, both
(pxxipy)-wave superconductor is faced to vacuum, only athe total charge current and the total spin current should van-
charge current arises and no spin current show® djpet;  ish. This is actually the case as shown in Fig. 7, where
dependence of spin currents presented here is consistent wih Jchargdi) vanishes for both parallel and antiparallel con-
this fact. When the effect of electron correlations is impor-figurations ofm and=; Js{i) is finite only for an antiparal-

tantin the S side)cnagels reduced bulg,, is not[Fig. Xc)]. lel configuration ofm. If we assumet=1 eV, % Jg;qi)
This is because a largés suppressed’s, leading to a re-  ~10 uA.
ducedJcparge While it enhancesn andJgp,i, The spin current
al_so becomes !arger as the val_ueu_gfls increasedFig. _5(d) IV INTERFACE STATES FOR d-WAVE
with Ug=16], sincem in the F side is enhanced, leading to a
) . . . . SUPERCONDUCTORS
larger value oimin the S side. To summarize the discussion
of the spin current in bilayer systemky,, can be large if the In this section we examine the interface states for ferro-
magnetization induced in the S side is large. magnets and superconductors with ,>-wave symmetry. In

214524-4
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FIG. 5. The charge and the spin currgim units of Zta/%) for F/S(p,+ip,) bilayer systems(a) Ug=12, Us=1.5, andtr=1, (b) Ug
=12,Ug=1.5, andt;=0.1, (c) Ug=12,Ug=5, andtr=1, and(d) Ur=16, Ug=1.5, andty=1. Other parameters are the same as in Fig. 2.

order to realize the ferromagnetic and the_»-wave SC to a[110] surface of ad,>_,>-wave superconductor, the coex-
states in F and S layers, respectively, the parameters are chistence of the magnetizatiam in the 7-violating state may
sen to beU=10,Ug=1.5,Vs=-1.5, andu=-0.5. We con- be expected, leading to a spontaneous spin current.

sider only theg[110] interface here, since&breaking surface In Fig. 8 the spatial variations ah and the SCOP’s near
state may be formed in this case, but not in the case of the[110] interface are shown fdf=0.1. Since al,2_j2-wave
[10Q] surface?® The Z-violating surface state can be formed SC state has nodes in contrast to a fully gapped
by introducing additional SCOP, such as teeor id,-wave  (p,tipy)-wave SC state, the proximity effect in the former
component? In the present model thiel,2_2x is)-wave state  case is much larger than that in the lat{&ee Fig. 3 where
may occur, because the attractive interaction exists betwedhe samet;=0.1 is employed in the case @f,+ip,)-wave
nearest-neighbor sites on a square latijitenay be possible superconductdrWhent; is not so smallt;=0.02 forU’s

to induce anid,, SCOP near the magnetic impurity with andV's used herg the magnetization penetrates into the S
spin-orbit interactions or due to the magnetic figl* In  layer(Fig. 9. Whenm+# 0, the densities of spin-up and spin-
the (d+is)-wave surface state, the spontaneous charge cudown electrons are not equal, and the Cooper pairs cannot be
rent flows along the’ direction. If a ferromagnet is attached formed in singlet channels only, and thus thevave com-

214524-5
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02 003

00zr Jchame

002

02 003 . . . . .
-0 20 -10 0 10 20 30 20 20 410 0 10 20 30
x/a (a) x/a

FIG. 6. Spatial variations afn, ReAp,, and ImA,, for F/S(p, 0.03
+ipy)/F trilayer systems. The system size Ng=40+40+40,N,
=120, and other parameters are the same as in Fi@) 2n with
parallel configurationgb) m with antiparallel configuration in two F 0.02r Jenanee
layers, respectivelyc) ReA,, and(d) Im Ap,. Note that Re\,,
and ImA, do not depend on the configurationsrof
0.01t

ponents have to ariSeWe find that the complex component
(is), which could be induced near a surface faced to vacuum
is destroyed, and the resulting state hagda 2+ p,+py) = Or
symmetry. When the value of is reduced, the symmetry of Jeoin
the SC state changes. Fgr<0.02, the(dtis)-wave state
appears, where the magnetization (and thus p-wave
SCOP’3 is absent in the S layer even thoutghl¥ O (Fig. 10).

In the (dxis) state a spontaneous charge current can flow
along the interface, but there is no spin current becamse 9|
=0. In the (d+p,+p,) state both charge and spin current
vanish, because all SCOP’s are réaig. 11). For the[110]

: . NG : 003
interface the expression for the curre}jt(l) is slightly dif- =0 -0 a0 0 0 -0 0
ferent from that foi{100] case. We checked that the current (b) %/a

from the sitei toi+X'/2+y'/2, denoted ad(i), is the same

as that from the site+X'/2+y'/2 toi+y’, denoted adg(i) FIG. 7. The charge and spin currefih units of 2eta/#) for

F/S(p+ipy)/F trilayer systems. Parameters used are the same as in

otherwise JJ, (i) # 0]. ThenJ/,(i) is given by they’ compo-
[ % (1)70] Y (isg ythey P Fig. 6. Magnetizations of two F layers are antiparallel(@& and

nent of J5(i) [or, equivalentlyJy(i)]:

parallel in(b).
) 1 2eta l
T ek bl
Jy'(l) - \E i Ny,% FE(W) The transition between th@l+is)- and (d+p,+p,)-wave
. o SC states is of first order, and we did not find a state which
XIMLU,, (1) n (U (KET2], carries a spontaneous spin current for f8,2) interface
states. Our results imply that both the state wiik: 0, A
L 12tal =0 andA,y) # 0 and the state witm=0, A;# 0 andA )
Jy ()= _ETN_E [1-f(En(K)] =0 correspond to the local minima of the free energy and
\ y' kn that the formeflatter] has lower energy whety > (t), [ty
XIM[Diaar2) n(k)vrn(k)eik(a’/z)]’ (11) <(tp)er] With (ty)e~0.02. Actually for ty~ (ty)e, we ob-

tained two kinds of solutions depending on the initial values
where tj=t; if i corresponds to the interface site apdt  of OP’s for the iteration, and the energies of two solutions
otherwise. cross attr=(ty)g-

214524-6
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0.3 03
@) @)

02 02
g =
< <

01 01t

/(C) ©) b)
©)
0 . 0
-10 0 10 -10 0 10
x/a’ x/a’
FIG. 8. Spatial variations ah and the SCOP’s for a F(8,2_y2) FIG. 10. Spatial variations ofm and the SCOP’s for a

bilayer system withtyr=0.1, U=10, Ug=1.5, Vg=-1.5, u=-0.5, F/S(dy2_y2) bilayer system wittt;=0.01. Other parameters are the
N, =60+60, andN,,=120. (& m, (b) ReAy, and (c) ReAp, same as in Fig. 8a) m, (b) ReAy, and(c) Im Ag.

(=ReA,,).

(tr=0.02. For small transmission (ty=0.02 the
(d+is)-wave SC state wittm=0 is realized, and we did not
find the state with a spontaneous spin current for any value

. - of t;. This implies that only a spontaneous charge current
_ We have studied the proximity effect betwe_en unconven-may be possible for high, cuprates, while both spin and
tional superconductors and ferromagnets. It is found that

. . %harge currents may be expected for spin-triplet
spontaneous spin current can flow along the interface bes'uperconductors e.g., MO, For conventionals-wave
—cC.y., A~

tween a(p,tip,)-wave superconductor and a ferromagnet uperconductors based on the electron-phonon mechanism,

due to the coexistence of the magnetization and the ch|ra} fromagnetism plays a very strong role in suppressing the
superconducting state. In the case afa.-wave supercon-

ductor the induced magnetization destroys héreaking

V. SUMMARY

(d+is)-wave surface state for relatively large transmission
()
0
03
@)
02
7 002 e
g o1
<
©)
0
-0.04
©]
01
-10 0 10 -0 0 10 20 30
x/a’ x/a’
FIG. 9. Spatial variations ah and the SCOP’s for a F{8,2_,2) FIG. 11. The charge currefin units of Zta/#) for F/S(dy2_y2)
bilayer system withtt=0.03. Other parameters are the same as inbilayer systems witlia) ty=0.1 andty=0.03 andb) ty=0.01. Other
Fig. 8.(a) m, (b) ReAq, and(c) ReAy, (=ReA,,). parameters are the same as in Fig. 8.
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