Pis'ma v ZhETF, vol. 81, iss. 4, pp. 217 -221

© 2005 February 25

Density of states anomalies in hybrid
superconductor-ferromagnet-normal metal structures

A. A. Golubov*"), M. Yu. Kupriyanovt?), M. Siegel®V)
*Faculty of Science and Technology, University of Twente, The Netherlands

+ Nuclear Physics Institute, Moscow State University, 119992 Moscow, Russia

A Institute for Micro and Nanoelectronic Systems,

Karlsruhe University, D-76187 Karlsruhe, Germany

Submitted 25 January 2005

The results of calculations of the spatially-resolved density of states (DOS) in an S(F/N) bilayer are pre-
sented (S is a superconductor, F is a metallic ferromagnet, N is a normal metal) within quasiclassical theory in
the dirty limit. Analytical solutions are obtained in the case of thin F, N layers which demonstrate the peculiar
features of DOS in this system. The dependencies of the minigap and the DOS peak positions on the exchange
energy and parameters of the layers are studied numerically.
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In the past few years there was a noticeable inter-
est to the Josephson junctions with ferromagnetic bar-
riers due to possibility to realize the w-junctions hav-
ing the phase difference 7 in the ground state. The -
states in SFS junctions were first 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
experiments stimulated further theoretical activity (see
[11] for the review). In particular, Josephson structures
composed from arrays of 0- and w-Josephson junctions
should exhibit extraordinary characteristics [12, 13].
Such arrays were recently realized in zig-zag HTS/LTS
structures [14].

The purpose of the present paper is to study spa-
tially resolved electronic density of states (DOS) in the
structure of S(FN)type (S is superconductors, F is a
metallic ferromagnet, N is a normal metal), consisting
of a bulk superconductor with ferromagnetic and normal
layers on the top of it, which is a generic system for 0-
and w-junctions connected in parallel.

DOS in SF bilayers (a ferromagnet coupled to a su-
perconductor) was studied quite extensively before. Two
new features were predicted compared to SN systems:
spin splitting and spatial oscillations of DOS in a ferro-
magnet [156—-21]. The effect of spatial oscillations was
quite extensively discussed in the theoretical literature
in different models [15—18] and observed experimentally
[22]. This effect is closely related to 0-7 transitions. The
effect of splitting is relevant for thin ferromagnetic layers
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and was studied theoretically in [19, 20]. In the present
work we discuss an interplay between the oscillations
and splitting in a more complex S(F/N) structure.

The geometry of the structure is shown on Fig.1. We
assume that the dirty limit conditions are fulfilled in all

y

Fig.1. The geometry of the structure

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 corrections to the resistivities can
be neglected and the S(F/N) structure is described by
the following spin independent suppression parameters

vBF = RrABr/prér, ~F = psés/prér, (1)
vBN = ReBNABN/pNEN, YN = psés/pnén,  (2)
v8 = ReAp/pnén, Y= prér/pNén. (3)

Here Rpr, RN, Rp are the specific resistivities of the
SF, SN and NF interfaces respectively; ps,r.n , Ds,F,N
and {5 r N are the resistivities, the diffusion constants
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and the coherence lengths of the S, F and N layer and
the coherence lengths, where s rn = \/Ds,r /27T,
and T, is the 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 S is a bulk super-
conductor and vy € vBN, YF < YBF So that the rigid
boundary conditions

A w
Fs= —————1, Gs=
S VR t A2 5T Va? + A2

are valid for superconductor. Here A is the magnitude
of the order parameter in S electrode, Fg and G g are the
Green’s functions, w = «T(2n + 1) are the Matsubara
frequencies.

Let us choose the z,y axes as shown in Fig.1 and
use the 6 parametrization G = cos, F' = sin 8, then the
Usadel equations have the form

wT{a 9?

£FN 69220FN+6 20FN}—SII'10FN—O (4)

w

where w =w +4H in F and @ = w in N.

The boundary conditions at the SF (y = 0, —o0 <
<2z <0),SN(y=0,0<z < o) and FN (z = 0,
0 <y < dr, dn) interfaces have the form [24]

0 .
YB(F,N)EF.N a—yﬁp,zv = —sin(fs — Orn), y=0, (5)

7B§F30F =sin(fy —0r), =0, 0 <y <dp,dn,

Oz
(6)
0 0
v g 0N =78r5 0F, =0, 0 <y <dp,dn,
where sinfs = A/vVw?+A? and cosfs =
= w/vVw? + A2. At the free interfaces the boundary
conditions are
20 =0 =d (7
By FN =V, Y=0aFnN,
0
%GEN:O, 0<y<dp, = — Foo. (8)

We will consider the limit of thin F and N layers
dr.n <€ &r,n. In this case one can neglect both the
derivative on z and nongradient items in Usadel equa-
tions (4) and substitute the resulting solutions

2

d
O (2,9)=0p.(2) — K (2) 53y + K () 55—
§FN £F,N

w 0? dr N
Krn(z) = i — Nl }—
F(T) {ch : N g2 PN &y

into boundary conditions (5). Then the problem is re-
duced to the one-dimensional equations for lateral vari-
ations of Oy r in the z-direction:

0? .
& F o ~50nF —sin(@n,F —On,F(£00)) =0,  (9)
where
7T, sinfg
:l: —_—
On,r(+00) = arctan 55 1 T, cos b5’ (10)

the decay lengths (v and (F are

_ 7T cosOn,p(L00)
(v = §N’F\/ (@7 + 7T cosfs) ’ (11)

and we have taken for simplicity equal barrier parame-
ters for F and N

d d ~
’YBN_N = ’YBF—F =7 (12)
én €r
The general solution of Eq. (9) has the form

oN’F(:B) = 9N’F(:t00) + (13)

On,r(0)

- 0N,F(ioo))

) exp{F ——

+4 arctan [(tan
(N, F

The integration constants 05 (0) and 8 (0) in (13) have
to be determined from the boundary conditions (6) at
z = 0 and can be found analytically in the limit of large
transparency of the FN interface when 6(z) is continu-
ous at at =0

On(0) = 0r(0) = 6(0).

From (11) it follows that the effective decay length
in normal metal, (i, is a real quantity and equals to
(N = §Nﬁ for small w and tends to {(xy = éEn+/7T./w
with w increase. The effective decay length (r in
ferromagnet at low w < A,H/¥ is given by (r =
= &r\[3/v/I- 7 H/T.)?
for sufficiently strong exchange field H > #T. /7.

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

it becomes complex
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exchange field in F (y = 1, {p = &n =€), then from (6)
for 8(0) we have

sin AUED + gsin LF(_OO) (n
0(0) = 2arctan 2 2 , g=—>.
O (o0) Or (=) (F
cos 2 + g cos —

(14)

Identical F metals with antiparallel direction
of magnetization. The results can be easily general-
ized to the case of an S(F/F) structure with two iden-
tical ferromagnetic films having opposite magnetization
directions (antiferromagnetic configuration)

O (=o0) Or(-o0)
2 2

T (o) 6r(—o)
2 2
Using the solutions obtained above one can calcu-

late the spatially resolved DOS in S(F/N) and S(F/F)

structures.

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

No
Nie) =
where Ny is the total DOS for both spins at the Fermi
surface in the normal state and G(e—id) = cos (e —id) is
the retarded Green’s function. The total DOS is found
by summing over both spin projections i.e. Ntotal =
=N(H)+ N(—H).

DOS in N and F metals far from the F/N in-
terface. In a normal metal far from the F/N interface
(z = 00) the total DOS is given by

EN =
NN(E) = NoRe m, Qn = 5%\[ - A2sgn (5)1 (17)
EN = 5(1 + 5V A2 — EZ/TFTC).

It is well known (see Refs.[25, 26]) that DOS in a F/N
bilayer has a minigap at e, < A, which depends on
the value of ¥, and Ny (e) has the peaks at ¢ = ¢, and
€ = A. The minigap ¢, 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 Refs.[19,
20]. The DOS per spin projection in the F layer has the
form

g* sin + gsin

0(0) = 2arctan

» (15)

g* cos + gcos

ReG(w — —ie +4), (16)

N, g
Nrt+py(e) = ?0 Re ﬁ,

Qr1,p, = \/E5s p, — A%sgn (e F H),

Eprpy =€+ 7(e F H)VA2 —¢2,

(18)
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which demonstrates the energy renormalization due to
the exchange field. In particular, it follows from (18)
that now there are two minigaps in the spectrum eg4
and g5, and g4 < g4 < ggy.

The total DOS in a F/N bilayer Niot(e) = Nry(e) +
+ Nrp+(e) is shown in Fig.2. It is clearly seen that at

o
W

W
e i I i

g/A

Fig.2. The total DOS in an SF bilayer for various values
of 4h as indicated in the figure

h = H/nT. < 1/7 there are three peaks in DOS located
at €g;, €4¢ and A respectively. At h = 1/5 the low
energy singularity is shifted to the Fermi level and for
h > 1/ the first peak disappears resulting in only two
singularities in the DOS at € = 44 and € = A. Note
that the total DOS at low energies depends nonmonoto-
nously on H even in a thin F-layer, even though spatial
oscillations are absent across the layer. Eq. (18) yields
Ny, 5 (e =0) = (No/2)Reyhsgn (h)/4/72h* — 1). For
Fh < 1 the total DOS N(0) = 0 due to the minigap in
F while for YA > 1 the total low-energy DOS increases
sharply, exceeds unity and saturates at N(0) = Ny for 1
Fh > 1.

DOS at the F/N interface. At z = 0 and for
identical transport parameters on the F and N metals
from (14), (16) we obtain

N () = No Re —iEN — 1€Fy,F| + 2EFN
Fr,FLE) = —
T 2 QFT,F¢+QN+2\/A2_E2FN’
(19)
where
~ QnQ —ENE — A2
PN = \/ N3SFT,FY ZNEFT,FJ, , (20)

and QN,gN and QFT,F.L,EFT,F.L are defined by (17) and
(18) respectively.

It follows from Eq.(19) that, similar to the case of
the SF bilayer considered above, the minigap exists if
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Fh < 1. With increasing exchange field the total DOS
at € = 0 becomes nonzero if ¥h > 1 at is given by simple
expression

N(0) = Ngv/¥2h2 — 1/7h. (21)
DOS at the F/F interface. At z =0 we have

—2ieny + 26 FF

e 7
Qpt + Qpy +24/A? —Epp

N(e)/No = R

(22)

- \/QFTQN — EpEr) — A2
EFF = 2 .

It can be shown that DOS at the F/F interface given
by Eq.(22) coincides exactly with the total DOS for
the F/N interface, Nr+(e) + Nr (), where Np4(e) and
Np,(e) are given by Eq.(19). In particular, the mini-
gap exists if yh < 1 and at Yh > 1 the DOS at F/F is
determined by Eq.(21).

The results of calculations from Eq.(19) at low tem-
peratures T' < T, are shown in Figs.3,4 for hy = 0.5

5 \ '
R A B
5 : ---SFup
ne : ' —-—- SF down
I Il :lI ..... S(F/N) up
=3 b | o ST down
§ :'l —o— S(F/N) total
< [
= 2k ti
h
- A\
I R A
I | R TG T PR L ‘Z;q\_“;»_n-t-\""
! ]
G A '
. 0.5 1.0 1.5
g/A

Fig.3. Spin resolved DOS: comparison of FS, FN and
S(FN) for h4 = 0.5

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

There are four characteristic energies in the system:
€91y €g, €9+ and A. Here g4, is the minigap for the
spin-down subband SF bilayer at £ — —oo. It follows
from Eq.(19) that Ng (¢) = 0 at € < g, and becomes
nonzero at € > gy, i.e. €4, is the minigap for the spin-
down subband in S(FN) at z = 0. However, contrary to
SF case Np|(¢) has no peak ¢ = ¢4 but grows continu-
ously from zero value.

For the spin-up subband, the minigap in Ng4(e) is
not equal to the gap €4+ in the spin-up subband in SF
bilayer at  — —oo. Instead, Np4(e) the gap value is
determined by €, the minigap in SN bilayer at  — oo.

— SN
---SFup

-+~ S(FN) up
—o— S(FN) total

N(e)/N,

Fig.4. Spin resolved DOS: comparison of FS, FN and
S(FN) for hy =2

The formal reason is that in the interval € > g4, Q1 be-
comes 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 is no peak in N+ () at the gap energy
€ = &4, while the peak occurs at ¢ = g4 (see Fig.3).
With further increase of energy there is a sharp peak
in DOS at ¢ = A followed by saturation at No/2 for
e> A.

For Ay > 1 the minigap at N (¢) vanishes and
the structure of DOS becomes different, as illustrated
in Fig.4 for the case hy = 2. The main qualitative dif-
ference 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 £ = 0 (which
coincides with the total DOS in the F/F case), is shown
in Fig.5 for various values of h5. One can see that the gap

4

N(e)/N,

e/A

Fig.5. The total DOS in S(FN) for various values of h as
indicated in the figure
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is closed at Yy = 1 and the broad zero-energy DOS peak
is formed with further increase of A until low-energy
states become continuously filled at Ay > 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 layers which demonstrate the peculiar features
of DOS in this system. We have illustrated the results
numerically and have studied the dependencies of the
minigap and the DOS peak positions on the exchange
energy and parameters of the layers.
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Ministry of Education and Science and RFBR Grant
# 04 0217397-a.
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