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We study the dependence of the local density of stét€¥0S) on coordinates for a superconductor-
ferromagnet §/F) bilayer and aS/F/S structure assuming that the exchange enérgy the ferromagnet is
sufficiently large:h7> 1, wherer is the elastic relaxation time. This limit cannot be described by the Usadel
equation and we solve the more general Eilenberger equation. We demonstrate that, in the main approximation
in the parameteri(r) %, the proximity effect does not lead to a modification of the LDOS in$He system
and a nontrivial dependence on coordinates shows up in next ordemg)jn’( In the S/F/S sandwich the
correction to the LDOS is nonzero in the main approximation and depends on the phase difference between the
superconductors. We also calculate the superconducting critical tempeFatfoethe bilayered system and
show that it does not depend on the exchange energy of the ferromagnet in the limit di lndea thickF
layer.

DOI: 10.1103/PhysRevB.65.134505 PACS nuntber74.80.Dm, 74.50xr

I. INTRODUCTION Except for Ref. 13, where this limit was considered for very
thin ferromagnetic films, a study of the proximity effect in
In recent years the interest in the proximity effect betweerdisordered ferromagnetic conductors with strong exchange
superconductingS and ferromagnetidF) layers has in- energiesh is still lacking. This limit is very important when
creased considerably. The actual progress in the preparatigiealing with ferromagnetic layers made of transition metals,
of high quality metallic multilayer systems allows a careful as Fe or Ni, for whicth=1 eV, and whose sizes are larger
study of the mutual interaction of superconductivity and fer-than the mean free path
romagnetism in hybrids/F structures. The proximity effect In the present paper, we analyze the DOS and the critical
manifests itself in, e.g., changes of the density of statestemperatureT, of the superconducting transition i8/F
(DOY or in the dependence of the superconducting criticaltructures for which the condition
temperatureT, on the thickness of th& layer (see, e.g.,
Refs. 2—4. h>1 (&N
Many theoretical works have been devoted to the study of
such structures, which is not a simple task. In most of thenis satisfied. Herer is the elastic relaxation time due to im-
the DOS and the critical temperature of the superconductingurity scattering in the bulk. According to conditigh) the
transitionT, were analyzed in the “dirty limit.” This means exchange interaction, which is proportional tois much
that the retarded and advanced Green'’s functions, which detronger than the interaction with impurities, which is of the
termine the thermodynamical properties, were obtained fronorder of 7~ . We will show that in this limit the decay length
the Usadel equatiofe.g., Refs. 5—-10which is simpler than of the superconducting condensate function induced in the
the more general Eilenberger equation. In other words, it wagerromagnet is of the order of the mean free platfihere-
assumed that the mean free phils much shorter than any fore, despite its smallness, it is very important to retain the
characteristic length(with exception of the Fermi wave impurity scattering term if the thickness of the layer is
length, and that all energies involved in the problem arelarger thanl. On the other hand, the produeT. may be
smaller thanr~*, where 7 is the elastic relaxation time. In smaller or larger than unity. We will see that in the lirf
particular, the conditiotn7<1 has to be satisfiech(is the  thermodynamical quantities, such as DOS and differ
exchange energylt was shown that in this limit the DOS in considerably from those in the difty'® and purely ballistic
the F layer oscillates and decays with increasing exchangémits. 2
energyh. In the limit hr<1, the period of the oscillations As it has been pointed out in Refs. 14,15, the Usadel
and the decay length are comparable to each other and are efuation is not applicable in the limit), and the more gen-
the orderyD/h. eral Eilenberger equation should be solved. One can solve
Calculations in the oppositéurely ballistio case were the latter equation with the help of an expansion in the pa-
performed in Refs. 11,12. Haltermanns and VAl®lved the  rameter hr) ~* for both the strong and weak proximity ef-
Bogolyubov and self-consistency equations numerically andect. In the case of a weak proximity effect the solution can
presented the results for the LDOS irF4S structure. Za- be obtained even for an arbitrary impurity concentration,
reyan and co-worket’ calculated the LDOS of & film in i.e., for an arbitrary value of the parameter. It will be
contact with a superconductor. They assumed that the eleshown that in the limit of largé~ the condensate functidn
trons in theF film are scattered only at the rougf/vac  oscillates in space with a periag /h and decays on a length
surface(“vac” stands for vacuum However, not so much of the order of the mean free path If one neglects the
attention has been payed to the more realistic ¢asel.  impurity scattering in the bulk, as was done in Refs. 11,12,
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the results for DOS depend essentially on the boundary corandA is the pair potential in the superconductor. We assume
ditions at the~/vac interface. This is because in that case thehat in theF layers the electron-electron interaction vanishes
condensate functior is formed by interfering waves re- and thereforeA=0. The last term of Eq(2) describes the
flected from theF/vac boundary. Therefore, the thermody- effect of nonmagnetic impurities. Equatid®@) is supple-
namical properties depend sensitively on whether these renented by the Zaitsev boundary condition at tB&F
flections are speculror diffusivel! interface®®

In the present paper, we assume that the thickness of the
ferromagnetic layedg is much greater than the mean free
path | and therefore reflected waves are unimportant pro-
vided the bulk impurity scattering dominates. We show that . .
in the main approximation in the parametenrf *, the Hereaands are the antisymmetric and the symmetiic ..)
LDOS in the ferromagnetic region in /S bilayer is not parts of the Green’s functiog; R and T are the reflection
affected by the proximity effect. On the other hand the am-and transmition coefficients. Equatiof®—(4) describe the
plitude of the condensate function in the ferromagnet neasystem completely and are the basic equations in our study.
the S/F interface is equal to that in the superconduc®af In spite of a rather simple symbolic representation they are
the interface transmittance is high, and decays away from thguite complicated and a general solution can hardly be ob-
interface at distances of the ordein the limit (1), the mean tained for an arbitrary impurity concentration. Accordingly,
free pathl is much larger than the period of the oscillations further calculations are performed under certain assumptions
(~vge/h) and may be comparable with-. Therefore, one that allow us to simplify Eqs(2)—(4) for values of param-
can speak about long-range penetration of the superconductters which still correspond to real systems.
ing condensate into the ferromagnet. In the presence of two
superconductorge.g., in aS/F/S sandwich the situation IIl. LOCAL DENSITY OF STATES INA S/F BILAYER
changes: a correction to the DOS fnarises in the main ) o
approximation and its magnitude depends on the phase dif- In this section, it is assumed that the mean free path
ference between the superconductors and on the thickizess the superconductor is larger than the coherence lefigtn
of the F layer vanishing in the limitl=— . We also analyze this case the last term in E() can be disregarded in the S
a variation of the critical temperature of the superconductingegion. We consider first &F bilayer. TheS/F interface is
transitionT, for a S/F bilayer for which the conditior1) is ~ located ax=0, the superconductor and ferromagnet occupy
satisfied. We find the dependenceTof on the thicknessls  the regionsx<<0 andx>0, respectively. We also assume that
of the superconductor in the limit->| and compare it with the thickness of both layers are much larger than the charac-

AR—RAZIA—A2=IAA 4
a a+4(sl 52) 4[52151]' ()

the results obtained in the dirty limit. teristic lengths over which varies, i.e.£&s in theSlayer and
| in the F layer. We focus first on the LDOS in the supercon-
II. BASIC EQUATIONS ductor for subgap energies<A. It is clear that in this en-

ergy range and foix|> & the LDOS vanishes as it should be
Physical quantities of interest can be computed using quan a bulk superconductor.

siclassical retardeg® and advanced” Green'’s functions. In We assume a perfe@/F interface transparency. In this

order to find the retarded Green’s functigR (for brevity we ~ €aS€ and according to the boundary condition &g.both
omit the indexR) one should solve the Eilenberger equationth® Symmetric and the antisymmetric parts must be continu-

(the advanced Green's function can be found in the sam8YS at the interface. For simplicity we approximate the de-
way) pendenceA(x) by a steplike functionA(X)=A0(—x).

Then, the solution of E¢2) in the superconducting region

-~ . A Al A A has the form
puedxg—i(et+h)[73,9]—i[A,g]+(1/27)[(g),9]=0.
@ ge=(ele-sgnulece )T,
Hereg is the retarded Green function in the Nambu space. It _ KXTi KX
obeys the normalization condition TLAlEmsgnu(el§)CetTir T Csgnuetiry.
(5

g’=1. () Here ¢=Ve?—A?, ke=—2i&/|ulve, and C is a constant
The angle brackets denote the averaging over angfes: which has to be determined from the boundary conditions.
9 ging " Note that the solutiofi5) can also be represented in terms of

N)=[3du(---), p=cosé, 4 is the angle between the mo- ) A )
mentum and the axis (in all the S/F systems considered Fhe eigenfunctiond) = (u,v) of the Bogolyubov equation,

below thex axis is perpendicular to th&/F interface$, and .e., it can be written as

v is the Fermi velocity. The exchange fidgidzanishes in the A~ na -
o =Qgspt 73U ®U(x), 6
Slayers.A is the matrix 9s=spt U ()@ U(X) ©)
where g, is the Green function in the bulk. For energies

A 0 A le|<A the functionsU(x) decay exponentially away from
’ the S/F interface.
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Now we have to solve Eq2) in the ferromagnet. In the
limit determined by Eq(1) one can check that the solution
of Eq. (2) in the main approximation with respect tb#) ~*
is

g =73+ D exp( — kx/|w|1)i T+ sgnuD exp( — kx/| u|l) 71,
(7

wherex=1-2i(e+h) 7. The second and third terms in Eq.
(7) describe the condensate function induced in the ferro- >
magnet due to the proximity effect.

As opposed to many authors claiming that the decay
length of the condensate function is proportionalvte/h
(see, for example, Ref.)7Eq. (7) clearly shows that the
penetration depth of the condensate is of the order of the

0.4 08 1

-0.8 -0.4

mean free patt and does not depend on the exchange field 0

h. Thus, for clean and strong ferromagnets, the supercon- XA()/\f:'

ducting condensate penetrates over long distances compared

to the magnetic length/h. As mentioned in the Introduc- FIG. 1. The spatial dependence of the normalized LDDS

tion, in the dirty casehr<1, the penetration length of the (dashed ling and the imaginary part of the symmetric condensate
condensate into the ferromagnet decreases with increhsing function|Imf,| (solid line). The S (F) layer is located in the region
which is true for the singlet component of the condensat&<0 (x>0). Aq is the value ofA for T=0. A/A;=0.8, €/A,
function (the triplet component of the condensate may pen=0-4, 7Ao=1, andh/Ay=10. Although the functiofimf| exhib-
etrate into the ferromagnet over a long length of the ordeits a strongly oscillating an_d weakly decaylng _behav_lor in the fer-
\/D—/T_u,ls This triplet component may be induced by the romagnet, the LDOS remains unchanged in this region.
presence of a magnetic inhomogeneity close to $/E
interface'’) However, we see from E(7) that a long-range
proximity effect exists even for singlet pairing and homoge-

neous magnetization. Using the fact ti@ats continuous at
x=0, one can determine the constabtandC from Egs.(5)

ing for simplicity that the transparency of tI8F interface
is low. In this case, the Green function in the superconductor
is not affected by the proximity effect and is given by

and (7) QS: GS}3+ Fs| ’7\'2 y (11)
_fte where Gg= e/\/e?— A% and Fs=A/\Je?— AZ. For a low in-

C=D= X (8)  terface transparency, the boundary conditinreduces to

The normalized LDOS is given by the well known expres- a=1y[Sg,Ss|=yFsT;. (12

sion Here y=T(u)/4R(n)<1 is the parameter describing the

~ ~oa transmittance of the interface. The way how to solve 4.
v=vlve=(1/2)ReTrrsg, ©) was presented in Ref. 15. The exact (green function gmgiven
wherev, is the LDOS in the normal state. From E¢8)—(9) by
one obtains in th& region (€<A) A A A A

gr(X) =13+ fo(X)i T+ f1(X) 7y

V(x,€)=(exp(2A?— /| u|vE)). (10)

In Fig. 1, we plot the spatial dependenceroéind the abso-
lute value of the imaginary part of the symmetric condensate

=73+ f (dki27)[ fopd 72— (el k) o710 1€,

function[second term in E(.7)]. Due to the proximity effect (13
of the ferromagnet the superconductor becomes gapless here

the region close to th&/F interface. According to Eq<7)

and (9) the LDOS in the ferromagnet remains unchanged 2kFd

despite the presence of the condensate function induced infz‘k:m[—K(7M<1/M>_<7M/M>)+ yurl,
the F region[second and third term in E@7)]. The reason (14)

for that is the cancellation of the symmetfgecond term in
Eq.(7)] and antisymmetric parfshird term in Eq.(7)]inthe ~ M=(klu)?+ «?, and k=1—2i(e+h)r. In the case under
normalization conditior{3). Thus, the coefficient in front of consideration, i.e.,h7>1, one can easily show that

73 in Eq. (7) is 1 and therefore=1. |k(1/M)|<1 and hence we can expand E#4):

The correction to the LDOS in the ferromagnet is not zero
if one takes into account higher order terms in the expansion foo= 2kFd +iyoIM 1) (15
in the parametert(r) ~*. We calculate this correction assum- 2=y (vt ey M=),
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g=r13+5+a, (17)

wheres anda are the symmetric and antisymmetric part of
the condensate function induced in the ferromagnet. The

equations which determiranda can be obtained from Eq.
(2) and written in the form

(ul)292,5— k?s— Kk(S)=0,

)
Rl I ‘ A= (ull ) 730,3, a8
L | wherek is defined in Eq(14).

v In the limit of a weak proximity effect, the boundary con-
. ‘ ‘ . . . . . ditions atx= *dg/2 are[the upperlower) sign corresponds

0 x'/l ] 5 to Xx=dg/2 (x=—dg/2)]

FIG. 2. Spatial dependence of the LDOS in the ferromagnet for a=+y7sFs. (19)
different values ofhr. The solid, dashed, and dash-dotted IineslgS

; is the condensate function of the superconductors which
correspond tdh7=15, h7=10, andh7=5, respectively.

now is given byF¢(¢) =im,Fsexp(*ie7s), whereFg is de-

For simplicity we have assumed that the transmission coefi"€d in EQ.(11) and ¢ is the phase difference between the
ficient T(x) has a sharp maximum a8=0, i.e., y(x) superconductors. The general solution of ELB) with the

— 708(u—1). The first correction to the normalized LDOS boundary conditions Eq.19) was presented in Ref. 15. In

proportional to hi7) % can be now obtained. After cumber- the limith7>1 one obtains
some but straightforward calculations one obtains at low en-

ergies S(X) = — 2kl wyF s, [ 7,c08@/2+i71(—1)"sing/2]
n
_ 1 2 2\ 20 A—2x/1 P . .
Sv= ERd(fz) —(f1)%)=—vy5(e"14h7)sin(4h7x/l). XJdk/ZWe_'kxe'k(zn+l)dF/M
(16)
. . - coshé(x)

Equation(16) shows that for sufficiently largar, the cor- =—vyFdimcod¢/2)——
rection to the LDOS of the normal metal is small. This cor- sinh6(de/2)
rection to the LDOS proportional toh¢)™! reveals a . sinh(x)
damped-oscillatory behavior similar as the one reported in +irlsin(<p/2)m , (20

Ref. 10, where the cader<1 (dirty limit) was considered.
The spatial dependence of the local DOS is shown in Fig. 2vhered(x) = kx/l| x| andn takes integer values from o to
+0o0. From Eq.(18) one obtains the expression far
IV. LOCAL DENSITY OF STATESINA S/F/S SANDWICH

- " coshé(x)
Now we consider a Josephson-liF/S structure(see a(x) = yFg mpsin( W@m
Fig. 3. In this case, the correction to the DOS is not zero F
even in the main approximation in the parameter)( . - sinh(x)
The thickness of th€ layer isdr, and we assume again that — 710 ¢/2) Sinha(dg2) |’ (21)
the transparency of th®F interfaces is low. The solution of
Eg. (2) can be sought in the following form: The correction to the LDOS due to the proximity effect is
then given by
1 . .
Sv=— ERe(sz+ a?)
AZ 2
S F S =2 R 4
e—A? '\ sintf26(dg/2)
X[1+ cose cosh 26(dF/2)]> , (22
x=-dg/2 x=dg/2
where 2(dg/2)=kdg/l|u| As one could expectdr van-
FIG. 3. TheS/F/S structure. ishes in the limit of a very large thickneds of the F layer.
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0. \ , . , , , . the limit hr>1. The opposite caseh¢<1) was studied in
Refs. 5-7, 9. Here we consider a bilayer system consisting of
oneSlayer of thicknesslg and oneF layer of thicknessl .

Of course, the superconducting transition temperature can
considerably change only provided the thickness of the su-
perconducting layer is not very largh=<¢s. We assume
that theS/F interface has a very high transparency, other-
wise the proximity effect does not affect substantially the
critical temperaturdl .. The computation of the condensate

function f =s+a from Eq. (2) follows as before. In the limit
h7>1 the solution in thé- layer is given simply by Eq(7).
The solution in theS region requires a little more care. For
temperatures close td, one can seek for solutions in the
form

1 2 dp s 4 5 Gs= Tt Faimp+ Fu7y. (23

FIG. 4. LDOS versus the thicknests of the F layer. Hereer  If we assume thaA(x) is a slow varying function ok, then
=0.1,A7=1, andep=0. The solid and dashed lines correspond tothe functionF, can be written s
hr=15 andh7=10.

Fo=Ale+ SF. (24)

At the same time, one can see that the correction to the . )
LDOS is notx dependent but it depends on the phase differBearing in mind that the functiors, andF; are continuous
encee. This behavior is quite interesting and rather unex-at ”21(?3“: interface, one obtains the following equation for
pected. The correction to the LDOS, E&2), may be both  oF:
positive and negative depending on the phasén Figs. 4 2 2
and 5 we plot the dependence &f on the thicknesslz and (1) ? 35 8F = 15 OF — 1es(6F ) = = 2| [l ksD 6(x), (25)
on the phase difference. As before we assume that wherex,=—1+2ier, and D is the constant from E7).
Y2(1) = (v5/ Sp) 8(—1), where su is the width of the Equation(25) can be easily solved in the Fourier space. The
peak in the dependencg ). Thus, for aS/F/S sandwich  solution is given by
the correction to the LDOSv is much larger than in the

case of aS/F bilayer. In the latter case the correction is SF.— 2l kD PEPPRrY
proportional to the small factot@) ~*, while in the S/F/S K" Mg(1+ k(1M S))( pl+ ulk(1Ms)
structuredv is finite in zeroth order inf{r) ~* and propor-

tional to the large factor Hj. —k(|ul/Mg)). (26)

HereMg= (klu)?+ «2. In the dirty limit, i.e., whener<1,
the expression Eq26) can be simplified:

Another thermodynamic quantity we are interested in, is

V. CRITICAL TEMPERATURE FOR A S/F BILAYER

the superconducting critical temperature ob/& bilayer in F= 3l kD 2
= 27
(Ik)s—6ier
and the value of the functiodF(x) atx=0 is given by
0.01
dk 3(1+i) D
Y 5F(O)=f—5Fk=—L—. (28)
<Y*> 2m 4 er
ol From Egs. (7), (24—-(28), and the fact that all the
functions are continuous at=0, one can determine the
constantD
A 4er
-0.01 D = Y= - (29)
' € \3(1+i)
, , , , , , We see that the constabt does not depend on the strength
0 1 (p 2 3 of the exchange fielth, and therefore the condensate func-

tion in the superconductor is nbtdependent. Thus, we come

FIG. 5. LDOS versus the phase differengdor the parameters to the following conclusion: in the limih7>1 and if de
er=0.1, A7=1, anddg /I =5. The solid, dashed, and dash-dotted > the thermodynamic quantities of the superconductor do
lines correspond thr=15, hr=10, andh7=5, respectively. not depend on the strength of the exchange fielch par-
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ticular, the critical temperature of the bilayer does not de-

PHYSICAL REVIEW B5 134505

VI. CONCLUSION

pend on the thickness of the ferromagnetic layer. This result

is in qualitatively agreement with experimental data pre-

sented in Ref. 3, in which the dependefi¢€dgy) of Nb/Gd
systems was determined and a saturatiomofor largedgq
was observed.

In order to estimate the critical temperatufg of the
system, we need to calculate the pair potentigék). The
latter satisfies the self-consistency equation

A:xf de tanh( eB) (FR—F%). (30)

In conclusion, we have considered differe®ff= struc-
tures in the case of a strong exchange fieJdwhen the
conditionh7> 1 is satisfied. The results of our analysis differ
considerably from those obtained in the “dir§° and in
the pure ballistic limitt> We have shown that the thermody-
namic propertieg such as local DOS and critical tempera-
ture) of a S/F bilayer do not depend oh in the main ap-
proximation with respect to the small parameter) 1. Itis
worth mentioning that in this approximation the LDOS does
not change in the ferromagnet bel@wy. The superconduct-

We notice that all equations presented above are for the réAg gap is however suppressed near $#iE interface(gap-

tarded component. The advanced Green fundigrcan be
obtained using the relationF§)* = —F%. One can easily
check that ak=0 the integral in Eq(30) diverges as 3/e
and therefore the functioa (x) must vanish ak=0. Thus,
the boundary condition for the pair potential at tB8d- in-
terface can be written as

A(0)=0. (31
Using the Ginsburg-Landau equation
EGA"=—A, (32)

whereég =&, /\1—T%/T,, and the boundary condition Eq.

(31) we obtain
A=ASin(X+ds)/§G|_. (33)

At the boundary with the vacuunx¢& —dg) 9,A=0. From
this condition we obtain an expression which determifigs

1-THT=(mé2dg)?. (34)

We remind the reader that E(B4) is only valid in the case
|TX —T|<T.. It gives the asymptotic value oF; in the

limit h>1 and dg>1. This formula describes the usual

proximity effect in aS/N structure:T; coincides withT if
ds> &, and decreases with increasidg Ref. 21. The same
expression foif; is valid in the dirty limit (hv7<1, see Ref.
7).

less state and restored at distances of the order &f
~ve/A. In aS/F/S sandwich the correction to the LDOS in
the ferromagnet is nonzero, spatially constant, and depends
on the phase differencg between the superconductors. The
different behavior of the LDOS in &F andS/F/S structure
is due to the interference of the induced condensate functions
created at eacl®/F interface. Thus, the changes of the
LDOS v due to the proximity effect may be observed more
clearly in aS/F/S structure by measuring the dependence of
v on the phase differencg between the superconductors.
Note added in proofA similar problem was analyzed by
Baladie and Buzdin in a recently published paiféfhe au-
thors of Ref. 22 also came to the conclusion that in the low-
est order in the parametenf) ~1, there is no change in the
DOS in the ferromagnef. Unlike our approach which al-
lows one to obtain an exact solution for the condensate func-
tion [Eq. (14)], the authors of Ref. 22 obtained an approxi-
mate solution making an expansion in the paramete} (*.
The systen5/F/S, where the DOS is changed in the lowest
order of (7)1, was not studied in Ref. 22.
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