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Interplay of superconductivity and magnetism in superconductofferromagnet structures
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We study the influence of the proximity effect on several superconductor/ferromagnet S/F layered structures.
In the case of F/S/F sandwiches, we calculate the dependence of the superconducting critical temperature as a
function of the mutual orientation of ferromagnetic exchange fields of the outer layers. In the case of atomic-
scale S/F superlattices, we analyze the properties of the superconducting phase for parallel or antiparallel
orientation of magnetic moments of ferromagnetic layers. In both cases the supercondygtiage appears.
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I. INTRODUCTION the superconducting layer. First, we consider the case of
thick ferromagnetic layers and a thin superconducting layer,
The presence of the exchange field acting on electrons iRUpposing thab;<og, whereoy andog are the conductivi-
ferromagnets provokes an oscillatory behavior of a supercoriies in the ferromagnetic and the superconducting layers.
ducting order parameter. First this phenomena has been didhis condition assures a relatively weak proximity effect.
covered by Larkin and Ovchinnikdwand Fulde and Ferretl, Indeed, the case of thick ferromagnetic layers and a strong
who predicted a new modulated superconducting state, theroximity effect will always lead to the suppression of the
“FFLO” state, when the magnetic field acts on electron SUP€rconductivity. Let the exchange figidor x>ds being

spins. Experimentally, the FFLO state has not been unanfilt€d by an angleg from the quantization axig, and forx

biguously detected yet. On the other hand oscillations of a- —Jds Py an angle—¢. Then the parallel orientation of the

superconducting order parameter in the ferromagnetic barridpagnetizations on both sides of the S layer corresponds to

of S/F/S junctions must lead to an oscillatory dependence oﬁi:?z’ \?J‘Smtge Uzg“giralIgéinontehn;ﬁfgdicr?rrl?;ri)tocnodnsdﬁi(()) ,
the critical temperature as a function of a ferromagnetic layer me Y » SUPP y

thicknes&* and so-calledr-junction realizatior:® Recently are held, the Usadel's equatidhin the case of a system of

; electrons with Cooper pairing in an external fiéldlying in
these phenomena have been observed experimefitally. the (y,2 pland acting on the electron spirt&In matrix form,
Note that the appearance of thejunctions has been pre-

) ) o > e .~ the corresponding Usadel’'s equations are
dicted in the presence of magnetic impurities in the barrier of

the Josephson junction in Ref. 10. Dgt_ 4 - . -
In this paper, we present detailed calculations of the de- ~ 5 VLG @n) VF(r,wp) =F(r,0) VG(r,wy) ]
pendence of the critical temperature of the metallic F/S/F
sandwiches on the mutual orientation of ferromagnetic mo- ol +iH(N)]F(r,op)
ments of the outer layers. The situation of the parallel and .
antiparallel orientations of ferromagnetic moments has been =A(r)IG(r,w,), (D)

considered for the case of the thin superconducting layer in
Ref. 11, and the thick superconducting layer case has bee
treated in Ref. 12. Note that for the first time the coupling
between ferromagnets through a superconducting layer ha
been treated theoretically in Ref. 13 for the case of ferromag-
netic insulators and observed in experiment in Refs. 14 anc
15. We analyze also the properties of the superconducting
phase in the case of atomic-scale S/F superlattices. Using th
approach of Ref. 16, we treat the case of the antiparallel
orientation of moments in the adjacent ferromagnetic layers /| tececeeeoo-
and demonstrate that the superconductinghase appears, :
similar to the parallel orientation case.

II. SPIN-ORIENTATION DEPENDENCE OF d; 2dg d¢
SUPERCONDUCTIVITY
FIG. 1. Geometry of the F/S/F sandwich. Directions of the ex-
change field in F layers are given by the thick arrows lying in the
In this section, we examine the F/S/F structure presented,2 plane. The thickness of the S layer id22andd; is the thick-
in Fig. 1, assuming that the dirty limit conditions are held in ness of the F layers.

A. Case of thick ferromagnetic layers
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G(r,wp) +F(r, ) F*(r,— wp) =1. 2 e _p B R @
SO0 T Yok
D andD; are the diffusion coefficients in the supercon- ) ) o
ducting and the ferromagnetic region, the Matsubara frewherey is a phenomenological parameter characterizing the

quenciesw, = (2n+1)=T, the matrices properties of the given S/F bilayer. In the case of an
superconductor/normal meted/N) bilayer, y= o,/ is the
. ratio of the normal states’ conductivities. In this section we
. 0 h,(x)+ihy(x) X . ; o
H(r)= ) assumey<1, i.e., it has a relatively small proximity effect.
h,(x) —ihy(x) 0 For an experimental study of S/F interfaces of arbitrary
transparency and a discussion of the transparency influence
. 0 1 on the proximity effect see Refs. 20 and 21.
and | = 1 ol NearT%, asA goes to 0, we can linearize E¢l) and

then replace the normal Green’s function by its value in the
absence of superconductivity, i.e., pGt;=G,,=Ssgn,)

- — ( Fll Flz and é: ( Gll Glz) andGn: sz_:O as
I:21 22 G21 G22 D
s,foon s ~ A
are the Usadel's normal and anomalous functighe., 2 V2 (X, @n) + [ o] 11 sg(wn) HOOTF (X, 0p)
Green's functions integrated over angle and engrggd# R
=c=1 throughout. In addition, we suppose that the Cooper =A(X)I. (5)
pairing constant is equal to zero klayers, therA=0 for
[x|>ds. With the particular disposition of the magnetizations

As usual, Eq.(1) has to be supplemented by a self- shown in Fig. 1, the exchange field is
consistency equation in the S layer )
0 exi¢)

T, A(x<—dg)=H*(x>dg)=h oxx—id) O

A(NIn— =T D [A(r)

|wn|

, )

- FlZ(r!wn)

and H(—d<x<dg)=0. (6)

whereT, is the transition temperature of the S layer in the _ _ .
absence of a proximity effect, afkf is the transition tem- In the ferromagnetic regions, under the hypothesis
perature in the presence of a proximity effect. >kgT., one can neglect the frequenciesin comparison to

Considering the case of highly transparent F/S interfaceB: hence the Usadel's equation for —dg can be written as
(it means a small boundary resistance or likewise a small
potential barrier at the S/F interfagceve can simplify the
boundary conditions found in Ref. 19 as

. . 9°F 14
ih sgriwy)expli ¢)F 1~ 5 Dr— 7 =0,

1.0

08

06

FIG. 2. Dependence of the su-
perconducting reduced transition
temperatureT; /T, as a function
of d*/ds for different values of
the angle 2 between the magne-
tization of F layers.
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F12 In the case whends<¢,=DJ/2#T. (the coherence
ih sgriwn)exp(—i¢)F1— 5Di— > =0. (7)  length of the superconduclorthe order parameter varies
slowly on the distances of an order of the S-layer thickness.
Forx>dg, ¢ must be replaced by ¢. So, if we take into account the symmetry of the structure, we
Solving these equations in both of the F layers, we obtairtan seek a solution of E¢L0) in the fornt*
X<—ds, o dootk9 a
=0 1., X1 L
F11=eq1exp(kex) + f 1 expkf x), PRI
Fio=exp( —i¢)[eexpkix)—f expkix)], where p=Dk?/2 [a pair-breaking parameter that controls
the transition temperature and that will be determined by the
x>ds, self-consistency Eq3)]. The functionflz(x w,) Yields the
equation|wy|f15(X, @,) — 1/2D4f](X,0,) =0, the solutions
Fii=aexp —kix) + by exp( —Kf x), of which aref(X,w,)=C1» exp( ksX) +d1, expksX).

Using the boundary conditions given in Eg), we finally
Fro=expli¢)[aexp—kx)—bexp—kix)], (8  find the system of equations that permits us to calculate all
the coefficients. In the limitls< ¢, the self-consistency Eq.

3 b itt
where k;=(1+i)Jh/D;, and a;,by1,e41,f1; are coeffi- (3) can be written as

cients to be determined using the boundary conditions.
In the superconducting region, the Usadel's equation ' (¢, +d;,)=> (CiptC)=2>, Re(C1)=0
takes the form o on
(12
9°F 14

|wn|Fll_%DS—ax2 =V,

C)
Note that the hypothesig<1 (a weak proximity effegten-
9*F 1, ables us to neglect in E¢12) the terms proportional to the
lon|F12—% Ds—— pw) = A(x). (100 small parametedgy|ks|. The coefficientc;, can be found
from the system provided by the boundary conditions in Eq.
A solution of Eq.(9) is Fq11=Cqqexp(—k)+d;1 expke), (4) and we may write the self-consistency E8§). in the final

with kZ=2|w,|/Dg and two coefficients; andd ;. form
1
2 AR D, - 3
" (wn+p)| wy+ ! T —"°(1+icos¢) ! T —"°(1—j cos¢)

After summation ovemw, we get, in the implicit form, the whered* is the characteristic length
equation for the pair-breaking parameger

v

2 27TE

gr= 200 ([0 (16)
1+ p '—ReW‘£+-7D41+WCOS¢) /ll ~ 4xT. VD¢
a 2 AmdsT} D¢|’

(14 In Fig. 2, we plot the solutions of Eq15) for different
values of the anglep as a function of the dimensionless
parameted*/dg. Note that if we assumeé=0 (i.e., parallel
alignments of the magnetizations Br phase, or ¢= /2
(i.e., antiparallel alignments of the magnetizations A#®
phase, we find the same dependenceTf as that in Ref.

According to Eq.(3), the equation giving the critical tem-
peratureTy in the presence of an anisotropic proximity ef-
fect is

T 1 1 p 11
In| —|=v| = st —— : " )
Te 2 2 2mwTg The critical valued,, of the thickness of the supercon-
1 . ducting layer(below which the superconductivity is always
:xp(_> ReW *(1+icosg)|, (15  destroyed by the proximity effects found in the limit Ty
2 dsTg -0,
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FIG. 3. The critical valuel, of the thickness

d*/d. 857 of the S layer as a function of the anglé.2The
* angle 2p=180° corresponds to antiparallel
i alignment and¢=0° corresponds to parallel
80 alignment.
75
70 T T T T T T T T
0 20 40 60 80 100 120 140 160 180
2¢ (degree)
dsc 1 : wn(r)
d—*=ex - > +Reln(1+icose)|. (17
+ ! f di h 18
=ont o | 77 9(hVe D). (18)

This critical thickness as a function of the angeis
presented in Fig. 3, and we see that superconductivity is The Eilenberger Green’s functiorfsand g depend on
more easily suppressed by the proximity effect in e Matsubara frequencias,= 7T(2n+1) (note the omittedo
phase than in théP phase. Indeed in thE phase, the de- dependence of these functionthe elastic scattering time
pairing effect of the exchange magnetic field is much stron=I/v, and the Fermi velocitieg- . They obey the normal-
ger than in theAP phase. ization condition g?(h,vg,r)+f(h,ve,r)f*(—h,—vg,r)
=1.

We supposels<&,, thusA varies slowly on distances of
the order of magnitude of;. An analytical solution of Eq.

In this section, we consider the model when the electroni¢18) has been derived in Ref. 23 for a periodic domain mag-
parameters of superconducting and ferromagnetic layers areetic structure in the superconductor. TAE phase of our
the same, referring to the equality of the conductivities and~/S/F structure is analogous to this magnetic structure if we
of the Fermi velocities in all layers. Under this condition, theassume that the period of the magnetic structure isd2(2
pair-breaking effect of the ferromagnetic layers is strong.t+ds). For an exchange magnetic field of the foim(r)
Thus, the superconducting phase can only appear if the fer=3,hy, 1 Sin(N+1)Qr, with Q=w%X/(2ds+d;) the in-
romagnetic layers are thitompared to the coherence length verse lattice vector of the ferromagnetic structure, this solu-
¢, of the superconductprwhich weakens the proximity ef- tion for h7<1 leads to the following self-consistency equa-
fect. We shall examine the F/S/F structure assuming that thion:
exchange field in the F layers may be either parallel or anti-

B. Case of thin ferromagnetic layers

parallel. The set of equations describing an inhomogeneous T: 1 1 1

superconductor has been developed by Eilenbéfgéhey |nT—=‘I’<§) —‘I’(§+ —T*) (19
are transportlike equations for the energy-integrated Green’s ¢ TTmlc

functionsf and g, assuming that relevant length scales are _ 5

much larger than atomic length scales. If we consider the -, 1 dQ Thon1h - (2n1)

Cooper pairing of electrons in the presence of an exchange Tm :EZ f 47 1+(2n+1)272(vg- Q)2
fieldzg(r)z[0,0h(r)], the Eilenberger equations take the

form

~ arctafQl(2n+1)]) 1
h2n+1:h2n+1[1_ Q|(2n+ 1) } . (20)

. 1 ~
w”+|h(r)+EVF'V}f(h’VF’r)_A(r)g(h’VF’r)’ Note that to concentrate on the effect of the exchange

field in the F layers, for simplicity, we supposed that Cooper
pairing is the same everywhere. In the general case, we sim-
ply have to considerT as a critical temperature of an N/S/N

- 1 dQ
AN=Aa(n+ Z_Tf (Ve sandwich with an average coupling constant [ d/(ds

054518-4



INTERPLAY OF SUPERCONDUCTIVITY AND.. .. PHYSICAL REVIEW B63 054518
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FIG. 4. Phas¢h,T) diagram of
the superconducting state for both
parallel and antiparallel alignment
of the exchange field in the case
of thin ferromagnetic layers. Note
the possibility of the appearance
of an FFLO state in clean super-
conductors in the case of parallel
orientation of the magnetic mo-
ments in F layers.
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+d)],2* where\ is the BCS coupling constant in supercon-  Note that we find the same critical temperature Iferd;
ducting regions, while it is zero in ferromagnetic regions. andl>d;. If we compare Eqs(22) and(23), we notice that
the equation giving the critical temperature in the dirty limit
1. Case of antiparallel exchange fields is the same as in the clean limit if we substituieby

2 . . . . .
In the case of antiparallel exchange fields, the Fourief!(ds/l)”. It means that in the dirty limit the effective ex-
transform of the magnetic exchange fiehdr) is ho., change field acting on the electron spins is quite higher than

=4h(—1"sind/(8d(2n+1)m)J/[(2n+1)iw], and Q in the clean limit, so superconductivity is quite easily sup-

h ; ; d.
~ (m/2dg)x. Ash,,,, doesn’t depend on the direction of the presse

Fermi velocity, we can perform the integration over the

. 2. Case of parallel exchange fields
Fermi surface

The case of parallel exchange fields is quite different. The
~5 1 2n+1)7( | Fourier transfornh,, of the magnetic exchange fielidcan be
> h2n+1(2n+1) arcta 4 a.ll expressed as,=h(d;/dg)cognwd,/(ds+d;)], so this ex-
(21) change field has @=0 nonvanishing component, which
gives the most important contribution to the interaction with
Depending on the relation between the mean-free-path superconductivity in the clean limite.,1>&;). Thus, at first
and the thickness of the superconducting layeéy,Ave have  approximation, the case of parallel exchange fields is equiva-
to distinguish the ballistic and the dirty diffusive regime of lent to the situation of a superconductor in a “mean” mag-
propagation of the electrons in the superconductor. netic fieldhe¢s=h(d;/ds) acting on electron spins. The para-
a. The ballistic regimeThe conditionl>d, ensures the magnetic effect in superconductors has been discussed in
ballistic propagation of the electrons over the thickness ofletail in Ref. 25. Basing on these results, we may write di-
the superconducting laygand over the ferromagnetic layer rectly the equation giving the critical temperatdrg of the S

—1_ dS

7' =
m- 2vm

becaused=10d;). Under this conditionh,,,;=h,,.,, layerinthe presence of the proximity effedt(is the critical
effecth as
IT’g_Wl M E th? [df)|? -
nT_C_ 2 §+47TT: ds/ | “ In E =¥ : —Re¥ E+iL d (249
T.) 2 2 2#THldg) |

b. The dirty limit If I<dg, scattering by impurities domi-
nates in the superconducting layer. And the critical tempera-

ture is given by Using the analysis presented in Ref. 25, we complete Fig.

4, and predict in the clean limit the appearance of the FFLO
T* 1 1 2 (d\ 4 d) 2 state, with a modulation of the order parameter in he
|n_°:q;(_) _\P|:_+ _*(_S) (_f) } (23  plane 1A(y,2)=A exdi(gz+qyy)];. Comparing Egs.(22)

Te 2 2 A4xTg\ 1) \dg and (24), we see that fohr<1, T* is quite higher for the
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antiparallel configuration than for the parallel one, as in thewherea,., is the creation operator of an electron with spin
case of the thick ferromagnetic layers.

IIl. PROPERTIES OF THE SUPERCONDUCTING

PHASE OF ATOMIC-SCALE
FERROMAGNET /SUPERCONDUCTOR

SUPERLATTICES

in the nth elementary cell and momentumin the layeri,
wherei=1 for the S layer, ani=—1 for the F layer.

Similar to the case of ferromagnetic interlayer orderihg,
we may find the exact Green’s functions in the case of anti-
ferromagnetic interlayer ordering. Avoiding the simple but
cumbersome calculations, we may readily write the expres-
sion for the modified superconducting critical temperature

In this section, we consider an atomic-scale multilayerT*A" in the limit of small interlayer coupling<T,
F/S system, where the superconducii§gand the ferromag-
netic (F) layers alternate. Recently a layered superconductor

of this type (RuSyGdCy;) has been discoverddee, for ex- T*AF 412
ample, Ref. 26, and references cited thereirn In - —aT 2 W
Cc n

RuSKGdCu;,

~130-140K and

the magnetic

transition occurs afl,
superconductivity appears &t t2(360% + 17w2h?—h%)
~30-40K. When the electron transfer integral between the 4 n

- 212 2\ (12 2
S and F layers is quite small, superconductivity can coexist % 4w *(h*+ 0f) (h*+4wy)
with ferromagnetism in the adjacent layé?sHowever, the t2(120% — 7Th?w?—h%) ’
strong exchange field in the F layers favors th@hase be- —cosk

havior of superconductivitythe superconducting order pa-

|wn2(h?+ 03) (h?2+ 4w?)

rameter alternates its sign on the adjac®tayers.’®?’ The (25)

very recent neutron-diffraction data on RySdCy; (Ref.

28) revealed the antiferromagnetic ordering in all three di-

rections, thus the question if there exists any layered comwhereT, is the critical temperature of the S layergat0 in
pound with alternating S and F layers is still open. Howeverthe mean-field approximation. It was assumed that the super-
as it follows from the results of Ref. 28, in an external mag-conducting order parameter may change from one S layer to
netic field, an induced ferromagnetic moment appears andnother in the following mannei\,=A expkn) (n is the
RuSpGdCy; occurs to be a suitable candidate faiphase number of the S layer

observation.

For comparison, we also write the equation for the critical

In principle, it is possible to have a ferromagnetic order-temperaturer " for ferromagnetic interlayer orderify
ing inside the F layers and an antiferromagnetic ordering
between the adjacent F layers. Namely, this situation is real-

@zed in Sm gCe&) 1:CuQ,, which re\_/eals the superconductiv- T*F 42

ity at T.=23.5K and the magnetic order appears belgy In— - —aT E T o

=5.9K.2° Adopting the model in Ref. 16, we treat this situ- c + lonl(h?+407)

ation in more detail. For simplicity, we assume that the elec- 2 4 2.2 4
SN ' . ; t - h“—5h

tron’s motion inside the F and S layers is described by the - (35("“2 5“;“ 5 5 )2

same energy spectrug{p). Three basic parameters charac- 4| wy|*(h*+ wp) (h*+ 4wy)

terize the systent is the transfer energy between the F and t2(120%— 7h?w2—h%)

S layers,\ is the Cooper pairing constant that is assumed to —cosk 2t o) (N Al

be nonzero in the S layers only, ahdis the constant ex- |@nl*( wn)( p)

change field in the F layers. The Hamiltonian of the system (26)

can be written as

H= 2 &p)ag,(Pani,(p)+tari,(p)an i.(p)

p,nt,o

+ani1i 0P aniy(P) +hcl+Hing+Hing,

A
Hini=5

|nt2

2p

X (—

> alpoal _(—pDans .

1.P2.n,0

P2)anis(P2),

—h > (—1)"oa; _1,(P)an _1.(p),

p,n,o

We see that the difference between the transition tempera-
tures ofF and AF orientations appears only in terms propor-
tional tot*, which is quite natural because this effect is re-
lated to the interference of electrons coming from different
magnetic layers. The terms proportional to k@se the same
in both F and AF cases. This means that at the critical tem-
perature, ther phase appears when the exchange field ex-
ceeds some critical value.=3.77T (Ref. 16, which is the
same forF and AF phases. Note that the-phase formation
is simply related to the coupling of two S layers through a
ferromagnetic one. AT=0, the critical value of the ex-
change field for ther-phase formation is somewhat smaller
and is equal th?=0.87T,.

In the limit of a weak exchange fieldh&T;) one obtains

054518-6
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*x F * AF
In_lf =In T
C C
| |2 2
—aT Z 7 n|h2 (344 cosk)|.
(27)

If we call T;‘O the critical temperature for the O-phase

formation andT} ™ the critical temperature for the-phase
formation, we have

TS he Jonl<o (28

C @n

So in the limit of a weak exchange field, the 0 phase is

energetically favorable for both and AF interlayer ordering
and the difference betweelt*" and T*F is given by the
expression

* AF * F
Tc _Tc

T:AF
=|n

27 t*h?
_375(7)(2 T,

s >0. (29)

Te T*F

In the limit of a strong exchange fielh®T_.), we have to

PHYSICAL REVIEW B53 054518

*7TAF t4h4
n

So in the limit of a strong exchange fidliike Fe, Ni, C9,
the 7 phase is energetically favorable for bdthand AF
ordering and the difference betwe@}”" and T*F is given
by the expression

T*AF_T*F 4

t

Te

Then we may conclude that in all cases the critical tem-
perature is higher foAF ordering.

IV. CONCLUSION

We have demonstrated that in the F/S/F sandwiches,
when the thickness of the superconducting layer is smaller
than the superconducting coherence length its critical
temperature is controlled by the relative orientation of the
ferromagnetic moments of the outer layers. Recently the fab-
rication of the so-called spin-valve sandwiches has been re-
ported in Ref. 30. Such devices provide the possibility to

distinguish the ferromagnetic and the antiferromagnetic Orchange the relative orientation of ferromagnetic |ayer mag-

dering.
For the ferromagnetic ordering we find
T*F 24
In — 7T, (5 +cosk) |,
Tc on n|3 | n|2°"?11 )
(30)
T*mF 5t*h*
IN—gr =7Tc, >0 (31)
T: r cwn 2|0‘)n|5 :11
For the antiferromagnetic ordering we find
*AF 2h4
In — T 2 (++cosk)|,
T S o n|3 RIPALA
(32)

netizations by applying a weak magnetic figldss than 50

G). Then the spin-valve-type F/S/F sandwiches can be very
interesting for application as a small magnetic field could
trigger transition from a normal to a superconducting state.
Finally the analysis of an atomic-scale S/F multilayered
structure reveals the robustness of the supercondueting
phase(where the sign of the superconducting order param-
eter in adjacent S layers is alterngt@dstrong ferromagnets,
towards the relative orientation of the magnetic moments in
F layers.
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