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The results of calculations of the spatially-resolved density of states (DOS) in an S(F/N) bilayer are presented
(Sisasuperconductor, Fisametallic ferromagnet, N isanormal metal) within quasiclassical theory inthedirty
limit. Analytical solutions are obtained in the case of thin F, N layers which demonstrate the peculiar features
of DOS in this system. The dependences of the minigap and the DOS peak positions on the exchange energy
and parameters of the layers are studied numerically. © 2005 Pleiades Publishing, Inc.
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In the past few years, there was a noticeabl e interest
to the Josephson junctions with ferromagnetic barriers
due to possibility to realize the Tejunctions having the
phase difference 1tin the ground state. The Te-states in
SFSjunctionswerefirst predicted by [1-3] and realized
experimentally by Ryazanov et al. [4, 5] in
Nb/CuNi/Nb structures and later by other groups [6—
10] using different ferromagnetic barriers. These exper-
iments stimulated further theoretical activity (see [11]
for thereview). In particular, Josephson structures com-
posed from arrays of O- and 1-Josephson junctions
should exhibit extraordinary characteristics [12, 13].
Such arrays were recently realized in zigzag HTSILTS
structures [14].

The purpose of the present paper isto study spatially
resolved electronic density of states (DOS) in the struc-
ture of S(FN) type (Sis superconductors, Fisametallic
ferromagnet, N isanormal metal), consisting of a bulk
superconductor with ferromagnetic and normal layers
on the top of it, which is a generic system for O- and
T-junctions connected in paralel.

DOS in SF bilayers (a ferromagnet coupled to a
superconductor) was studied quite extensively before.
Two new features were predicted compared to SN sys-
tems: spin splitting and spatial oscillations of DOSina
ferromagnet [15-21]. The effect of spatial oscillations
was quite extensively discussed in the theoretical liter-
ature in different models [15-18] and observed experi-
mentally [22]. This effect is closely related to O—rttran-
sitions. The effect of splitting is relevant for thin ferro-
magnetic layers and was studied theoretically in [19,
20]. In the present work, we discuss an interplay
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between the oscillations and splitting in a more com-
plex S(F/N) structure.

The geometry of the structureisshownin Fig. 1. We
assume that the dirty limit conditions are fulfilled in al
metals, F is a weak monodomain ferromagnet with the
exchange energy H much smaller than the Fermi
energy, and the interfaces are not magnetically active.
In this case, spin-dependent correctionsto the resistivi-
ties can be neglected and the S(F/N) structure is
described by the following spin-independent suppres-
sion parameters:

Ver = Rerder/Pees Y = PLo/PEER (1
Ven = Renlen/Pnéns Yn = PsE/Prnéns (2

Ve = Rede/pnén, ¥V = Pe&e/Prén 3

Here, Rgr, Rgy, and Ry are the specific resistivities of the
SF, SN, and NF interfaces, respectively; ps ¢ n Ds F n»
and &g \ are the resistivities, the diffusion constants,
and the coherence lengths of the S, F, and N layer and
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Fig. 1. The geometry of the structure.
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the coherence lengths, where &g y = /Dg g n/2TTT,
and T, isthe critical temperature of the superconductor.

Under the above assumptions, the problem can be
solved in the framework of the Usadel equations [23].
To simplify it further, we assume that Sis abulk super-
conductor and vy < Yen: Y << Yee SO that the rigid
boundary conditions

A )

Fs = Gs = /(.02+A2

Jo? + A%

are valid for superconductor. Here, A is the magnitude
of the order parameter in S electrode, Fsand Gg are the
Green's functions, w = 1T(2n + 1) are the Matsubara
frequencies.

Let uschoosethex, y axesasshownin Fig. 1 and use
the © parametrization G = cosB, F = sin, then the
Usadel equations have the form

nT.06° o, O .
EIZZ,N?CE'B;ZGF,N-'—O_yZeF,I\E_S'neF,N =0, 4

where ® =w+iHinFand ® = winN.

The boundary conditions at the SF (y =0, —0 < x <
0),SN(y=0,0<x<o),andFN (x=0,0<y<dg dy)
interfaces have the form [24]

0 .
yB(F,N)EF,Na_yeF,N = —sin(0s—06¢ ), Yy =10, (5

0 .
YBEF&GF = sin(By —6¢),
X =0, 0gy<dgdy, (6)

0 0
EN&GN = VEF&er X =0, 0sy<dgdy,

wheresinfs=A/ /o + A® and cosBs= W/ 4/w” + A® . At
the free interfaces, the boundary conditions are

0
éyeF,N =0, y=den, (7)
9

0x

We will consider the limit of thin F and N layers
dr n << &g - In this case, one can neglect both the deriv-

ative on x and nongradient items in Usadel equations (4)
and substitute the resulting solutions

B n(X Y) = B n(X)

BFYN = O, OsySdF, X"$°° (8)

d 2
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into boundary conditions (5). Then, the problem is
reduced to the one-dimensional equations for lateral
variations of By ¢ in the x-direction:

2

d .
ZZN,Fa—XzeN,F—sn(eN,F—eN,F(ioo)) =0, (9

where
T .SinBg
+ = aae—
Onp(E) = arctan oy + 1T, coso’ (19
the decay lengths ¢y and (- are
TCT .y cosBy ¢ (+o0
NE = ENF Y C) (11)

(Qy + 1T cosBg) '

and we have taken for simplicity equal barrier parame-
tersfor Fand N

d d- -~
yBNE_: = yBFE_'; =Y. (12)

The genera solution of Eq. (9) has the form
Bn e(X) = By p(£)
- 13
eN,F(O) BN'F(iOO)DeXpE]-T-LE}.( )

+ 4arctan| Han
{% 4 U770 G

The integration constants 6,(0) and 8(0) in (13) have
to be determined from the boundary conditions (6) at
x = 0 and can be found analytically in the limit of large
transparency of the FN interface when 8(x) is continu-
ousat x=0:

On(0) = 6:(0) = 6(0).
From (11), it follows that the effective decay length
innormal metal, {y, isarea quantity and equalsto {y =

En/y for small wand tendsto Zy = & /TTJw with o
increase. The effective decay length ¢ in ferromagnet
a low w < A, Hly is gven by ¢ =

EFJQIAll—?Z(H/nTC)z, i.e., it becomes complex for

sufficiently strong exchange field H > TiT/y .

Below, we consider several limiting cases.

Identical F and N metals. Assume for simplicity
that the F and N materials differ by the existence the
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Fig. 2. Thetotal DOSin an SF bilayer for various values of
y h asindicated in the figure.

exchangefiedin F (y=1, & = &y = &), then, from (6)
for 6(0), we have

sin—eN(oo) +Qsi

On(=)

o)

8(0) = 2arctan

cos + gcos

Be(—)’
= (14)

g= .
Identical F metals with antiparallel direction of
magnetization. Theresults can be easily generalized to
the case of an S(F/F) structure with two identical ferro-
magnetic films having opposite magnetization direc-

tions (antiferromagnetic configuration)
. OF (=)

*
g*sin—;

6k (=)
2

B¢ (~=0)
2

B (—)
2

+gsin

8(0) = 2arctan (15)

g* cos + gcos

Using the solutions obtained above, one can calcu-
late the spatialy resolved DOS in S(F/N) and S(F/F)
structures.

DOS in S(F/N) and S(F/F) proximity systems.
The DOS for each spin direction is given by

N
N(e) = EOReG(mH—ie+6),
where N, is the total DOS for both spins at the Fermi
surface in the normal state and G(g —i0) = cosB(e —id)
istheretarded Green'sfunction. Thetotal DOSisfound
by summing over both spin projections, i.e., N©@ =
N(H) + N(-H).
DOSin N and F metals far from the F/N inter-
face. In a norma metal far from the F/N interface
(x = ), the total DOS is given by

(16)
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Nu(e) = NoRe, Qy = & —2%son(e),
v an

En = e(1+y/0*—€ImT)).

[tiswell known (see[25, 26]) that DOSin aF/N bilayer
has aminigap at €, < A, which depends on the value of
vy, and Ny(€) hasthe peaksat € = ggande =A. Themini-
gap &, characterizes the strength of superconducting
correlations induced into N metal due to the proximity
effect.

In SF bilayers, modifications of DOS due to spin
splitting of energy levels were investigated in [19, 20].
The DOS per spin projectioninthe F layer hastheform

No., €
NFT,FL(E) = fReﬁ:
1, FlL

QFT,Fl = f\lglz:r,Fl —Azsgn(si H),
€k, = E+V(EFH)JA® =€,

which demonstrates the energy renormalization due to
the exchange field. In particular, it follows from (18)
that now there are two minigapsin the spectrum €, and
€y ANd €y S ;< Ey,.

The total DOS in a F/N bilayer Nii:(€) = Ng, (€) +
Ng; (€) isshown in Fig. 2. It is clearly seen that, at h =
H/TT, < 1/y, there are three peaks in DOS located at
€q.1 €qr» AN A, respectively. Ath= 1/y , the low-energy
singularity is shifted to the Fermi level, and for h> 1/y ,
the first peak disappears resulting in only two singular-
itiesinthe DOS at € = &;, and € = A. Note that the total
DOS at low energies depends nonmonotonously on H

even in athin F-layer, even though spatial oscillations
are absent across the layer. Equation (18) yields

Ne: k(e = 0) = (Ny2)Re(Y hsgn(h)/ J/§h*~1). For
yh <1, thetotal DOSN(0) = 0 dueto the minigap in F,
while for yh > 1, the total low-energy DOS increases
sharply, exceeds unity, and saturates at N(0) = N, for
yh>1.

DOSat theF/N interface. At x =0 and for identical

transport parameters on the F and N metals from (14),
(16), we obtain

(18)

No —iEn—i€r, F, + 2ErN
NFT,FL(S) = 5 Re ’

, (19)
2 Qpi p +Qyt+2 RN
where
. QuQr, ¢, —EnEr, £, =7
SFN:,\/ NA2Er Ry ;NSFI,FL ’ (20)

and Qy, €y and Qg, ¢, €¢, ¢, aredefined by (17) and
(18), respectively.
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Fig. 3. Spin-resolved DOS: comparison of FS, FN, and
S(FN) for yh=025.

It follows from Eqg. (19) that, similar to the case of
the SF bilayer considered above, the minigap exists if

y h < 1. With increasing exchange field, the total DOS
at £ = 0 becomes nonzero if yh > 1 isgiven by smple
expression

N(0) = Nov/y°h*=1/¥h. (21)
DOS at the F/F interface. At x = 0, we have
N(g)/N, = Re——2iut2eer
Qp, +Qp, +2,/0*—EF¢ 22)

=~ = 2
P — QFTQFI_‘SFTSFL_A
8':': - 2 .

It can be shown that DOS at the F/F interface given
by Eq. (22) coincides exactly with thetotal DOSfor the
F/N interface, N, (€) + Ng, (€), where N, (€) and Ng, (€)
are given by Eqg. (19). In particular, the minigap exists
if yh<1,andat yh> 1, the DOS at F/F is determined
by Eq. (21).

Theresults of calculationsfrom Eq. (19) at low tem-
peratures T < T areshownin Figs. 3and 4 for yh=0.5

and y h = 2, respectively, together with the DOS for SF
(X —= —o0) and SN (X — o) bilayers.

There are four characteristic energiesin the system:
€qi» Egr Egr» AN A, H_ere, &4, isthe minigap for the spin-
down subband SF bilayer at X — —o. It follows from
Eq. (19) that N, (€) = O at € < g, and becomes nonzero
ate>eggy,i.e, &, istheminigap for the spin-down sub-
band in S(FN) at x = 0. However, contrary to SF case,
Ng, (€) hasno peak € = g,, but grows continuously from
zero value.

For the spin-up subband, the minigap in Ng, (€) is
not equal to the gap &, in the spin-up subband in SF
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Fig. 4. Spin-resolved DOS: comparison of FS, FN, and
S(FN) for yh=2.

bilayer at x — —oo. Instead, N, (€) the gap value is
determined by €, the minigap in SN bilayer at X —» oo,
The formal reason is that, in the interval € > g;, Qy
becomes an imaginary number and both numerator and
denominator in Eq. (19) are complex, thus leading to
nonzero DOS in this energy range. Similar to the spin-
down case, there isno peak in N, (€) at the gap energy
€ = &4, Whilethe peak occursat € = g5, (seeFig. 3). With
further increase of energy, thereisasharp peak in DOS
at € = A followed by saturation at Ny/2 for € > A.

For hy > 1, the minigap at Ng, (€) vanishes and the
structure of DOS becomes different, as illustrated in
Fig. 4 for the case hy = 2. The main qualitative differ-
ence from the previous case is that the spin-down and
total DOS are gapless for hy < 1.

The total DOS at the F/N interface at x = O (which
coincides with the total DOS in the F/F case), is shown

g/A

Fig. 5. The total DOSin S(FN) for various values of yh as
indicated in the figure.
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in Fig. 5 for various values of hy . One can see that the

gapisclosed at hy = 1, and the broad zero-energy DOS
peak is formed with further increase of h until low-
energy states become continuously filled at hy > 1.

In conclusion, we have studied theoretically the spa-
tially-resolved DOS in the S(FN) structures and in
S(FF) structures with antiparallel magnetization direc-
tions. Analytical solutions were obtained in the case of
thin F, N layerswhich demonstrate the peculiar features
of DOS in this system. We have illustrated the results
numerically and have studied the dependences of the
minigap and the DOS peak positions on the exchange
energy and parameters of the layers.
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try of Education and Science and by the Russian Foun-
dation for Basic Research (project no. 04-02-17397a).
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