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Density of states oscillations in a ferromagnetic metal in contact with a superconductor
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It is demonstrated that in a ferromagnetic metal near the boundary with a superconductor the local density
of states at energies close to the Fermi en&gyas a damped-oscillatory behavior similar to the decaying of
the Cooper's pair density. However at enerdigst| (wherel is the exchange field in the ferromagntie
decaying length is strongly increased and the proximity effect becomes a long-ranged one.

The proximity effect between a supercondudt®rand a  of a thin ferromagnetic wire attached to the bulk supercon-
ferromagne{F) is a rather special one. Various effects haveductor.
been predicted to occur i6/F structures-® The usually The Hamiltonian we use to describe the proximity effect
exponentially decaying Cooper’s pair density in the ferro-in the F region is the same as used previously and described
magnet has a damped-oscillatory behavidrThis causes in more details in Refs. 1-4, 6-9, and takes into account the
the oscillatory type dependence of the critical temperature ipresence of a constant exchange field the ferromagnetic
S/F structures as a function of the ferromagneticregion creating by the localized moments of magnetic atoms.
layer thicknes$;® as well as the formation ofr junction’  This exchange field is strong comparingTg but supposed
and spin-orientation-dependent superconductivityFiis/F  to be much smaller than the Fermi energy and then we ne-
structure$® The damped-oscillatory behavior of the critical glect the change of density of states at the Fermi energy due
temperature as a function of the ferromagnetic layer thickio spin polarization. Note that the situation when the spin
ness has been observed experimentally in Nb/Befs. polarization effect is important, as well as the case of itiner-
10,11 and in Nb/CuMn multilayerd? Very recently the un-  ant ferromagnets deserves a special consideration—in par-
ambiguous proof ofr-phase formation irS-F-S junctions ticular due to a very peculiar Andreev reflection on 8i€&
has been obtained experimentaify. boundarysee for example Refs. 18 19%upposing that the

Now the progress of the STM technique provides a pow-Cooper pairing constant=0 in F regions we may write the
erful tool to a direct tracing of the damped-oscillatory decay-Usadel equation for positive Matsubara frequencies
ing of Cooper’s pair density in ferromagnet. The purpose of= #T(2n+1)>0 in its linearized form &*
this work is to calculate the electron density of states’ varia-
tion (mediated by the superconductiVityn the F layer as a 1 g2
function of the distance from th&F boundary. (wptil)F(X,w,) — ED—ZF(x,wn)zo, 2

We examine the behavior of the density of states inRthe X
region (x>0) assuming that the dirty-limit conditions are

held. Then we may use the Usadel equati$n$he local GA(r,w,) +F(r,w)F(r,w,)=1, 3)
density of states near tf&N boundary has been studied in
this framework in Ref. 15. where G and F are normal and anomalous Green'’s functions

To concentrate on the physics of the phenomefionthe  integrated over the velocity direction and energy; the func-
calculations in the general case sBef. 16 and to avoid an  tjon E is determined by the conditioﬁ(wn N=F*(w,,
overloading of our presentation by the unnecessary math-|y. p js the diffusion coefficient in th€ region. Note that
ematical details, we suppose that the superconductor is at thga have written the equations only for the Green’s function
temperature Sl|ght|y beIOVTC, the boundary resistance be- G with spin orientation along the exchange f|€(lu*)) and
tweenS andF regions is very small and,<o, whereo,  (, >0. For the opposite spin orientatigdown) or w,<0,
and o are the conductivities in the and Sregions in the  the Green function is obtained simply by the substitutioh of
normal state. The first condition justifies the possibility to by -I.
use the equation for the anomalous Green's functibn (~ The solution of Usadel equatid@) satisfying the bound-
function) in the linearized form. The second and the third ary Condition(l) may be eas"y written a%g’
ones assure that the proximity Bf metal affects supercon-
ductivity in Sregion only slightly and at th&/F boundary,
the F function is equal to its unperturbed value in tBe F(X,w,) =

regiorft’ SRR, @

A
AP+ o7

wherek,=v2(w,+il)/D and Rek,)>0.
HX:O)ZF@ZW' 1) To calculate the electronic density of states, we need to
n perform the analytical continuatiod,—iw of the normal
Here|A| is the uniform superconducting gap in tBeegion.  Green function. In the result the density of state for spin up
In fact, the same boundary condition describes also the cag@ientation is
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- FIG. 1. Spatial variation of the normalized lo-
(=5 \ cal density of statedN(x,w)/2N(0) for different
5 0.0 ' T T ———— 1 energies(the solid line corresponds ©=0 and
z 2 _ ~ 4 6 8 the dashed one to=1.5A) near theS/F inter-
X N - X face (x=0). The dimensionless coordinate
£ 0=15A =x+2/&=2x\1/D, and parameten/l is cho-

01 sen to be 0.05.

0.2

N/ (X,@)=N(0)ReG(w,—iw)

=N(0) \/1— exp( 2x(1+|)\/ ) 5)

whereN(0) is the density of states per spin in the normal state. The density of states for spin down oriétatigns

obtained by the substitution— —1 in Eq. (5).
The main characteristic feature of the spatial dependend>f for small energyw<1, is a damped-oscillatory behavior

with the characteristic lengtjr=yD/(21), which is much smaller than the superconducting coherence lehgilcally
1/T.>10-10%). The distancé& is the same that characterizes the oscillatory type dependence of the critical temperature in
S/F structures as a function of the ferromagnetic layer thickAéss.

If we introduce the dimensionless coordinate x\2/&¢ and the energy = w/l we may write down the total density of
states as

(JA]/1)? ~ = ~ =
N(X,@)=N;(X,®)+N(x,0)=N(0) l—mexp(—xﬂl+w|)cos(m/|l+w|)
/1)?
+N(0 )\/ (|A|/||)2) ——exp — xx/ [1- P )COS(X\/ [1- w) (6)

As it can be readily seen from E@6) for w=0, the variation of the density of state®N(x,o=0)=N;(x,0=0)
+N,(X,0=0)—2N(0) at largex has the following simple damped-oscillatory behavior:

N(x,0=0) _
2N(0)

L exp( X)cogX). (7)

0.002 -

FIG. 2. Energy dependences a function of

0.001
. dimensionless energy=w/1) of normalized lo-
= cal density of states at different distances from
é 0,000 - S/F interface, parameteA/l is chosen to be
1@ o 0.05. The solid line corresponds to the distance
Z %=2x\1/D=3.5 and the dashed one %= 7.5.

The peak atw=1 remains rather pronounced

-0.001 - even at large distances.
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The spatial variation of the density of states for different In conclusion, we have demonstrated the rich variety of

energiesw is illustrated in Fig. 1. The very interesting char- the spatial and energy dependence of the local density of
acteristic of the proximity effect in ferromagnetic is the States in ferromagnet near t86F interface. Systems such as
strong increase of the decaying length o=~ 1. It can be  the Josephson #-phase structures or superconductor-
clearly demonstrated in the dependence oBN(x,w) pre- ferromagnet multilayers where the damped-oscillatory be-

sented in Fig. 2. Formally, ab=+1, the decaying length havior of the critical temperature as a function of théayer

diverges. Such a divergency is in fact limited by the inelastii'g_r‘m:kness has been obser¥edf seem to be quite appropriate

rocesses destroving the phase coherence. The peak of oeobserve the predicted effects. Finally note that the very
Sensit of states gb=g+l sgmewhere remind.s the sFi)n ular- og-range anomaly of the density of statesoat =1 could
. Y T . AR 9 be of some relevance with the anomalous proximity effect
ity predicted to exist in the fluctuational regime in supercon- . 23

- observed recently i®/F nanostructure&®
ductors above paramagnetic liffit.Its presence also has
been noted for superconductor-ferromagnetic hybrid system The author is grateful to D. Roditchev who attracted his
in Ref. 21. attention to the discussed problem.
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