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We extend the Blonder, Tinkham and Klapwijk (BTK) theory to the study of the coexistence between ferromag-

netism and s-wave superconductivity in ferromagnet/superconductor (F/S) structures. It is found that the ferromag-

netism and s-wave superconductivity can coexist near the F/S interface, which is induced by proximity effects. On the

F side, the density of states (DOS) exhibits some superconducting-like properties, and it displays a damped oscillation

from ‘0’ to ¢

7’ states with increasing either the thickness of F film or the exchange energy. We also study the influences

of the spin-polarized exchange splitting in the F and the spin-degeneracy by Rashba spin—orbit coupling (RSOC) in the

two-dimensional electron gas (2DGE) on the proximity effects. It is shown that the case of Rashba spin-degeneracy is

very different from that of the spin-polarized exchange splitting.
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1. Introduction

The possibility of coexistence between ferromag-
netism and singlet superconductivity has attracted
much attention in experimental and theoretical in-
vestigations for many years. Owing to their incom-
patible nature, i.e. the ferromagnetism and singlet
superconductivity having different requirements for
spin orientation of itinerant electroms, it is difficult
for them to coexist in a bulk material. Pioneer-
ing studies in the 1960s have shown that their co-
existence condition is given by ho/A¢ < 0.707 for
zero centre-of-mass momentum Cooper pairs!!! and
0.707 < ho/ Ao < 0.754 for the Fulde—Ferrell-Larkin—
Ovchinikov (FFLO) states>3 with the Cooper pair
having a finite centre-of-mass momentum @ =
2ho/hwp. Here 2hg is the exchange energy correspond-
ing to the difference in energy between spin-up and
spin-down bands in ferromagnet (F), Ay is the super-
conducting energy gap, and vp is the Fermi speed.
The exchange energy in a bulk F is typically at least
two orders of magnitude larger than Ay of a bulk
superconductor (S), so that it is not easy to verify
this prediction experimentally and the ‘FFLO’ state
has never been observed in bulk materials. Until re-
cently, whether or not the itinerant ferromagnetism

can coexist with the singlet superconductivity is still
in dispute.*~7 The condition for the coexistence of
the ferromagnetism and singlet superconductivity may
be largely relaxed near the F/S interface. The Cooper
pairs in S can penetrate into the interface over some
distance inside the F, while the spin-polarized elec-
trons in F can enter into the S, leading to the proxim-
ity effect!® and inverse proximity effect.[’) As a result,
special attention has been paid to the F/S systems,
from which we can study the coexistence of the fer-
romagnetism and singlet superconductivity near the

interface.

In the F/S structure the proximity effect can in-
duce superconducting-like properties near the inter-
face on the F side. The induced superconducting order
parameter F'(x) near the interface exhibits damped os-
cillations with the distance from the interface.10—14
The state with positive F(z) is usually called the
‘0’ state and that with negative F'(x) called the ‘m’
state.1214 Kontos et al "2 have studied differential
conductance spectra in Al/Al,O3/PdNi/Nb tunnel
junctions where PdNi is a thin ferromagnetic film and
Nb is an s-wave S. The observed density of states
(DOS) in the F shows the ‘0’ and ‘n’ state behaviours
for the thicknesses of the ferromagnetic layer being,
respectively, smaller and larger than &pm/2, where
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&r = hup/2hg is the coherence length of the F. Near
the Fermi energy the DOS of the ‘7’ state exhibits an
inversion of that of the ‘0’ state with respect to the
normal state. Many theoretical studies have shown
that inhomogeneous superconductivity can appear in
the F, and the DOSs for induced ‘0’ and ‘xw’ states can
be reproduced by their calculations.!$213=21 How-
ever, there has been a dispute about the DOS oscil-

(12]

lations observed in the experiment. The point at

issue is whether the DOS oscillations appear only in

the diffusive case or also in a clean limit.[8:9]

Zareyan et all'® applied the quasiclassical ap-
proach based on the Eilenberger equation to obtain
DOS oscillations in the clean limit for the F film
with rough surface. Sun, et al reproduced os-
cillations of the DOS observed in the experiment['?
using theoretical approaches in the clean limit de-
veloped by McMillan[??! and Blonder, Tinkham and
Klapwijk (BTK).[*] Halterman and Valls['6=8] per-
formed extensive theoretical studies of the local DOS
behaviour in F/S systems in the clean limit using the
self-consistent Bogoliubov-de Gennes (BdG)P?4 ap-
proach. They calculated the DOS spectra in abundant
cases, in which reversions of maxima and minima in
the subgap structure could be found. On the other
hand, from the quasiclassical approach using Elien-
berger equations, it is concluded that damped oscil-
lations of the DOS appear only in the diffusive case

and they disappear in the clean limit.[89:15:19] Ag

re-
gards the DOS oscillations obtained in the clean limit
from the Elienberger equation,!’®! they were argued
to depend essentially on the surface boundary condi-
tions of the F film.[®! For the F film on the top of
S, whose thickness is only of a few atomic layers, the
calculations of the DOS should be more suitably per-

formed within the ballistic regime than in the diffu-

A g

sive case. In the clean limit, however, the quasiclassi-
cal approach[8:9:15:19] based on Elienberger equations
and the BdG approach[!%17:18:25=28] geem to give com-
pletely different results for the DOS oscillations. This
raises a natural question: Which is valid? To clarify
this point, in this work we apply the BdG approach
to performing a study for the tunnelling conductance
in N/I/F/S structures where N is a normal metal and
I is a thin insulating film. Such a structure is just
the same as that used in the experiment, in which
the superconducting-like DOS in the thin F film was
measured by tunnelling spectroscopy.l'? As regards
the DOS oscillations obtained, it is found that the
Andreev reflection (AR) at the F/S interface plays a
dominant role, and the DOS oscillations in the clean
limit arise from quantum interference effects between
the electron and the Andreev-reflected hole wavefunc-
tions. Their wavevector difference in magnitude is
equal to 1/&p, leading to the oscillation period on the
order of &p.

Very recently, the effects of spin—orbit cou-
pling on transport properties have attracted much
attention both

investigations.?~4% The pioneering theoretical work

in experimental and theoretical
of Datta and Dasl*®l has suggested the way to con-
trol the precession of the electrical spins via the
Rashba spin—orbit coupling (RSOC) in the ballistic
F/2DEG/F junctions, where the interlayer is 2DEG
for the semiconductor. This spin—orbit coupling can
be tuned by a gate voltage and depends on the interfa-
cial electric fields, which has been demonstrated sub-
sequently by many studies. It is well known that the
spin-degeneracy induced by the RSOC does not break
the time reversal symmetry unlike a spin-polarized
exchange-splitting in ferromagnet. These two kinds
of splittings are illustrated in Fig.1. It is naturally
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Fig.1. Schematic representation of the conduction band structure of (a) a spin-polarized exchange-split band
ferromagnet and (b) 2DEG in which the spin-degeneracy is induced by RSOC.
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expected that proximity effects in 2DEG/S junctions
may be qualitatively different from those in F/S junc-
tions, and they have not been studied well. In the
present work, we use N/I/2DEG/S structures to study
the proximity effects in 2DEG. The calculated results
show that the ‘7’ state cannot be induced by RSOC in
the 2DEG, which is very different from that induced
by spin-polarized exchange-splitting in the F film.

2. Model and theory

Consider an N/I; /F(2DEG)/I5/S double-barrier
junction as shown in Fig.2. The left and right sides
are made of N (normal metal) and S (superconductor)
and they are separated from the central F(2DEG) by
two thin insulating interfaces, respectively. The two
interfaces at * = 0 and x = L are described by two
d-type barrier potentials V(z) = U16(z) + U260 (z — L),
where L is the thickness of F(2DEG) interlayer and
Ui(2) depends on the product of barrier height and

Here Hy(z) = p12 )pm + V(z) — Ep, E is the

quasi-particle energy relative to the Fermi energy E¥,
P is the momentum operator, m*(z) = mg in the
N/F/S junctions and m*(x) = mg[O(—z)+ O (x—L)]+
mHO(x)O(L — ) in the N/2DEG/S junctions with
O(x) being a unit step function and mf(mg) being
an effective mass in 2DEG (others), Hy, =
N/F/S junctions with hg being the exchange energy in

—nyho for

F,n, =1for c =1 and n, = —1 for 0 = |, ¢ denotes
..

ﬁ[apm +pma]+6Ec
for N/2DEG/S junctions with a being the RSOC pa-
rameter in 2DEG, and J E,. being the conduction band
mismatch between the 2DEG and the others. In gen-
eral, Eq.(1) should be a four-component BdG equa-

the spin opposite to o, and Hy, =

tion for u, and v, with ¢ = 1 and |, where u, and v,
represent the spin-o electron-like quasiparticle (ELQ)
Af-
ter the spin-flip process has been neglected in S near

and hole-like quasiparticle (HLQ), respectively.

the interface, the four-component BdG equation may

width. We use an effective single-particle Hamiltonian
to describe the electrons (holes) in N, F and 2DEG,

N F(2DEG) S

8y

Fig.2. Schematic illustration of an N/I; /F(2DEG)/I>/S
junction and reflections and transmissions of quasiparti-
cles in the junction. The solid-line arrow denotes the elec-
trons in N, F and 2DEG or ELQ in S with spin o, while the
dotted-line arrow represents the holes in N, F and 2DEG
or HLQ in S with &.

and the S is assumed to be s-wave pairing and de-
scribed by a Bardeen—Cooper—Schrieffer (BCS)-like

Hamiltonian. In the one-dimensional BTK model

the quasiparticle wavefunctions satisfy the following

Bogoliubov-de Gennes (BdG) equation(?*

be decomposed into two sets of two-component equa-
tions: (u,,vs) describing the spin-o ELQ and spin-¢
HLQ.

Consider a spin-o electron incident upon the in-
terface at © = 0 from the left N as shown in Fig.2.
There are four possible trajectories: normal reflection
(bs), AR (4
transmission as HLQ (

), transmission to S as ELQ (¢,) and
ds). With general solutions of
BdG equation (1), the wavefunctions in the three re-
gions have the following forms:

ox
n

" +as

@

"/’a(x) =

_qu

lqc + d7 e*ilIhI

_CG’

in the left region (z < 0);
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in the right region (z > L); and in the middle region (0 <z < L),

o o 5 0 e
1/10(30) —e elkcw + f e—lkcw +g elkZhLIJ +h e—lkhw (4)
1
for the F, and
5 s o 0\ _.-
wa(x) — e PRI +f e iRcT +g eFn® | e iFnT (5)
0 1

for the 2DEG. Here ¢, = kp £ moE/(hkr), kdmy = kg £ moE/(h*kg) with k& = kp+/1+ n,ho/Er and
\/2m* . me
kr = v2moEr/h, Iig(h) = TD [—770’7 + \/72 + Er —0E. + E} with v = ay/ 2—712, o) = kr & mo 82/ (h%kr)

with u = /(1 + 2/E)/2, v =+/(1 - 2/E)/2 and 2 = \/E? — A3. Coefficients as, b,, ¢, and ds correspond

to the probability amplitudes for the AR, normal reflection, transmissions within the same branch and between

different branches, respectively. All the coefficients can be determined by matching boundary conditions at

z=0and z = L:

Yo (O—) =Y (O+)u

n e e, = 2
wU(L—) = wa(L-',-),
dip, ()

| _ @)
de 7= d

with g =1 and v = 0 for the N/I; /F/I5/S junctions,
and 1 = —2 for the N/I;/2DEG/I/S junctions,
m

where Z1 = 3710U1/(h2kp) and Z2 = moUg/(h2kF)
are the dimensionless barrier strength. From them
we obtain the probabilities A; = |as|*Re(qd/q?),
By = |bs|* Co = leol*(lul* = [v]*)Re(ge/q?), and
D5 = |ds|*(|ul® — |v]?*)Re(qn/q?), respectively, corre-
sponding to the AR and normal reflection coefficients,
the transmission coefficients of electron-like and hole-
like quasiparticles. Finally, the tunnelling conduc-
tance is given by

G= G, = El_Bg_'—A&- 7
U;L U;L o ) (7)

We give the expressions for a; and b, in the Ap-
pendix. In the clean limit, the quasiparticle in the
middle layer (F or 2DEG) undergoes no scattering by
breaking up the phase coherence, thus the wavevec-
In the

dirty case the impurity scattering needs considering

tor of the quasiparticle remains unchanged.

and the wavevector in the exponents should be ex-
tended, in magnitude, to a complex number with a
small imaginary part being inversely proportional to
the quasiparticle lifetime. In the following calculations

lomo_ + (ke / Eiw + 2%ep 210 (0),
F

= lo=r_ + (inokry/ Eip’y + 2kpZ2)o (L), (6)

we use a simple approximation by replacing k¢, and
i i

28p 26p’

where &p is the coherence length in 2DEG and ép = &g

with & = fivp /24, and the coherence length is in S.

Iig_’h in the exponents by kg nE and Iig_’h +

Here 5— or 5— is much smaller than the magnitude of
F S

wavevector k7, in F or x7, in 2DEG.

3. Results and discussion

We first calculate the tunnelling conductance in
the N/I;/F/S double junctions to study the coexis-
tence between ferromagnetism and s-wave supercon-
ductivity in the F film, in which I is assumed to be a
delta-type barrier and the F/S interface is of the ohmic
contact. Owing to the superconducting proximity ef-
fect, a few Cooper pairs are injected into F from S side
and these Cooper pairs can survive for a time corre-
sponding to a travelled length on the order of &p. To-
gether with the interference between the electron and
the AR hole in the F film, the conductance displays a
damped oscillation with increasing L/&r. For a fixed
coherence length r, when the thickness L is smaller
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than &p the conductance presents the ‘0’ state and
when L is larger than &r the case is reversed and it cor-
responds to ‘m’ state, which has already studied clearly
in our previous work.[*8! Here we calculate the effects
of exchange energy hy on the tunnelling conductance
for a fixed thickness of F film. The parameters used in
the calculations are taken as follows: Z; = 3.0 for the
dimensionless potential strength of Iy, Z> = 0 for the
F/S ohmic contact, the Fermi energy Fr = 1.4eV,
the superconducting energy gap Ag = 1.4meV, and
the thickness of F film is 50 A. As shown in Fig.3(a),
the energy dependences of the tunnelling conductance
for different values of exchange energy hg are plotted.
The tunnelling conductance is normalized by its value
at £ = 34, beyond which the conductance is almost
constant. For the case of hy = 0, the normalized con-
ductance exhibits two peaks at £ = £4, and nearly
appears a gap within |E| < Ag, which is very close to
that in the bulk S, corresponding to ‘0’ state. With in-
creasing the exchange energy hg, the two peaks shift
gradually towards the centre and so the normalized
conductance shows a minigap and its width decreases.
At the same time, the amplitudes of peaks decrease
slowly as they go towards Fermi level (E = 0) and
the values within the minigap increase, but there re-
main two small dips at E = +A4, indicating that
the superconducting gap in bulk S is not the signifi-
cantly influenced due to the presence of the F layer.
When the exchange energy hyg is larger than 104, the
state of the normalized conductance is reversed and
two peaks arrive at zero energy (E = 0), exhibiting
two dips on the energy gap edges (E = +4;) and a
maximum at zero energy (E = 0), which corresponds

210)
Z08
: (a)
206
204
£02)

5010 16 20

Normalized conductance

E/Ao

to the ‘m’ state. These are illuminated clearly by the
insets. The left shows that the normalized conduc-
tance at the Fermi level displays a damped oscillation
with increasing hy and the right shows the position of
the peak Eg/Ag as a function of hg/Aq. All of these
are the same as those with increasing the thickness of
F film for a fixed exchange energy. Now, we further
get at the root of this case. To see through the phys-
ical picture, we consider a simplest case of Z; > 1
and Zs = 0 under the assumption that all the N, S
and F have the same Fermi wavevector except in the
exponential. In this case, the tunnelling conductance
can be approximately reduced to

2¢? 1
G, = — —5 —
h Ztsin®[(kg — k)L — ¢(E)]

(8)

for |E| < Ag, where ¢(E) = tan~! (W)
How the divergent peak emerges and how its position
changes have been examined in our previous work.
Here we only analyse the oscillation of the tunnelling
conductance with increasing the exchange energy. For
afixed E, ¢(E) is a certain phase. We see clearly from
Eq.(8) that the tunnelling conductance displays the
oscillation and it is determined by cos®(kg — k¢ )L for
E = 0. In the F film k7 — kf = 2ho/hvp = 1/&p,
thus cos?(kZ — k)L =
conclude that this oscillation depends on L/&r with
&r = hop/2hg the coherent length in the F film. The
coherent length &p is a certain value for a fixed hy,

cos? L/&p, from which we

so an increase in L will increase L/&r. For a fixed
L, an increase in hy will decrease &p, thus L/&r also

increases.

L =75nm
50
30

2 1 6 8
L/5nm

2 4 6 8 U
L/5nm

Normalized conductance

E/Ao

Fig.3. Energy dependence of normalized conductance (a) for different values of exchange energy ho in the

N/I; /F/S junctions. It is gradually reversed from ‘0’ to ‘m’ states with increasing hg. The inset on the left

shows the normalized conductance at Fermi level as a function of hg/Ag and that on the right shows the
position of the maximal conductance Eg/Ag. (b)for different thicknesses of 2DEG in the N/I; /2DEG/S
junctions. The inset on the right shows the position of the maximal conductance Eg/Ag and that on the

left shows the normalized conductance at Fermi level as a function of L.
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Fig.4. Normalized conductance at Fermi level as a function of exchange energy ho/Ao in the
N/I/F/I2/S junctions in the left panels and RSOC ~+2/A¢ in the N/I; /2DEG/I2/S junctions in

the right panels for different values of Zs.

Now, we study the energy dependences of nor-
malized conductance for different thicknesses of 2DEG
in N/I;/2DEG/S junctions with v = Ay, m} =
0.036mg, 6E. = 1.35eV and the other parameters
being the same as those in Fig.3(a). As shown in
Fig.3(b), they exhibit BCS-like minigap behaviours.
They are similar to our previous results in the
N/I; /N/S junctions, and there are no ‘7’ states, which
also can be understood well by the insets. From the
right, we find that the position of the peak F, can-
not arrive at By = 0 till the L becomes very larger.
From the left, the normalized conductance at £ = 0
does not display a damped oscillation, which is very
different from that in the N/I;/F/S junction. In the
F film, the damped oscillation from ‘0’ state to ‘a’
state of DOS is primarily determined by the phase co-
herence between the electron and the AR hole. This
phase coherence in the 2DEG film is similar to that
in the N but different from that in the F. Here the
small waves in the insets are due to the conduction
band mismatch §E. and the effective mass m7, in the
2DEG.

Next we present the different effects on the nor-
malized conductance at F = 0 between the spin-
polarized exchange- splitting in the F and the Rashba

splitting in the 2DEG. The microscopic mechanism
responsible for the proximity effect is the quantum
coherence between the electron near Er and its cor-
responding AR hole. In F/S junctions, the spin-
polarized exchange splitting in the F film breaks the
time reversal symmetry, which leads to the differ-
ence in the perpendicular wavevector component be-
tween the injected electron and AR hole, i.e. kI —
ki = 2ho/hvp. In the 2DEG/S junctions, the spin-
degeneracy by RSOC in 2DEG do not break the
time reversal symmetry and the AR wavevector is k7,
which results in the zero difference between the in-

o
(S

jected electron and the AR hole, ie. &7 — k) =0
at Fermi level. The wavevector of the normal reflec-
tion is no more equal to the negative wavevector of
injection k7 but equal to kJ, which is also unlike
that in the F/S structure. All of these will lead to
the different results in the 2DEG/S junctions from
those in the F/S junctions. We plot the normalized
conductance for N/I; /F/I5/S junction as a function
of the exchange energy ho/Ag in Figs.4(a)—(c) and
for N/I; /2DEG/I5/S junction as a function of 42/ Ag
in Figs.4(d)—(f). Here, the dimensionless potential
strength of I is Z3 = 0 in (a) and (d), Zy = 0.2
in (b) and (e), and Z3 = 0.5 in (c) and (f). The other
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parameters are the same as those in Fig.3(b). We
find that the exchange energy hg always enhances the
normalized conductance independent of Zs for small
values of hg in Figs.4(a)—(c), i.e. ho always suppresses
the AR in the F/S junctions. But the dependence of
RSOC on the normalized conductance is apparently
different, which is shown in Figs.4(d)—(f) for different
values of Zs. For Z5 = 0, it increases with increasing
RSOC. For Z; = 0.2, it has a reentrant behaviour as
a function of 42/ Ag. For Zs = 0.5, it decreases as in-
creasing RSOC, indicating that RSOC may enhance
the AR in the 2DEG/S junctions.

4. Conclusion

The BTK theory has been extended to the
calculation of the tunnelling conductance for the
N/1, /F(2DEG)/I2/S double junctions. Owing to the
proximity effects, on the F side near the F/S interface,
the DOS exhibits some superconducting-like proper-
ties, and it displays a damped oscillation from ‘0’ to
‘w’ states with increasing either the thickness of the F

film or the exchange energy, exhibiting the coexistence
of the ferromagnetism and s-wave superconductivity.
In the 2DEG in the proximity of a superconductor,
the ‘m’ state cannot be induced by superconducting
proximity effects, and the AR may be enhanced by
RSOC, which is very different from that in the F/S

structures.

Acknowledgment

We are especially grateful to Professor D. Y. Xing
for pointing out the problem in this paper.

Appendix Expressions for nor-

mal and Andreev reflection coef-

ficients

Using the boundary conditions in Eq.(6) of the
wavefunctions given by Egqs.(2)—(5), we obtain the
Andreev and normal reflection coefficients in the
N/1,; /2DEG/I5/S junction as

with

a5 = 2uvpqC (g + qn) (kS + K3) (k5 + k) E DL /D,

bcr - Fo/Doa

DO’ = (Nl-t;- - /'I’KJZ)D].O' + (N]j;— - /’LK/Z-)DQ(T - (Nl-t;- + /“ig)D&j - (N]j_y + /Uig)Délau

Fy = =(Ny, = ukd)D1o — (Ny, — pt5l) D2 + (Ny, + k) D3o + (Ny, + pk) Dag,
D1y = (Nao — pi)[NsNg,, — NuNg, — (v° = 0®)(geqn — N, Niy)Je! e +e0 L,
Dy = (Nao + i) [INaNE, + NaNE + (07 — 1) (gegn + Ng, Ni)Jel5e DL,

Dsg = (Nao — p1§)[NaNg, + NsNE, — (02 — 1) (geqn + N NE, )Je ™ 5 )L

Dyy = (Nao + M“g)[N3Néla — N4Ng,; + (U2 - UQ)(Qth - NgaNél&)]e_i(ﬁg+ng)L'

Here, Nif, = &7 + nokey |57 + 2he 21, Nog = —af + ke | -y + 2ike 21, Ny = (a? + gou?), Ny =

(qhu2 + qev2), and Ngf,h) = /mg(h) + kp, /EiFv — 2n,ikrpZ2 have been considered. Those coefficients in the

N/I, /F/I5/S can be obtained by replacing 7 and xZ in above expressions by kZ, and replacing x{ and s{ by

kf, and letting v = 0 and p = 1.
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