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We consider ballistic SQUIDs with spin filtering inside half-metallic ferromagnetic arms. A singlet Cooper pair
cannot pass through an arm in this case, so the Josephson current is entirely due to the Cooper pair splitting, with
two electrons going to different interferometer arms. In order to elucidate the mechanisms of Josephson transport
due to split Cooper pairs, we assume the arms to be single-channel wires in the short-junction limit. Different
geometries of the system (determined by the length of the arms and the phases acquired by quasiparticles during
splitting between the arms) lead to qualitatively different behavior of the SQUID characteristics (the Andreev
levels, the current-phase relation, and the critical Josephson current) as a function of two control parameters,
the external magnetic flux and misorientation of the two spin filters. The current-phase relation can change its
amplitude and shape, in particular, turning to a 7w junction form or acquiring additional zero crossings. The critical
current can become a nonmonotonic function of the misorientation of the spin filters and the magnetic flux (on
half of period). Periodicity with respect to the magnetic flux is doubled, in comparison to conventional SQUIDs.
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I. INTRODUCTION

In the field of superconductivity, SQUID physics is a
direction of great fundamental and applied importance [1].
The operation of the SQUID is based on interference between
Cooper pairs passing through two different arms that comprise
the interferometer loop. The external magnetic flux threading
the loop is a control parameter that determines the Josephson
supercurrent carried by the device; the critical current is
periodic with a period of flux quantum &y = w/ic/e. The
presence of two arms allows, at least in principle, processes in
which a Cooper pair is split and the two electrons pass through
different arms (recombining again to form a Cooper pair
afterwards). The transport processes involving pair splitting
generally lead to the critical current that depends on the flux
with doubled periodicity, 2® [2-5].

However, the split-pair processes become noticeable only
when the passage of nonsplit Cooper pairs is suppressed. The
role of splitting can be enforced by energy filtering or spin
filtering inside the arms (by means of electrically tunable
quantum dots or ferromagnetic filters, respectively). Corre-
lated transport through the arms of such multiterminal devices
has been studied both theoretically [6-9] and experimentally
[10-13]. Josephson current through the SQUID with two arms
containing quantum dots (where the Coulomb energy impedes
passage of nonsplit Cooper pairs through each arm) was
theoretically studied in Refs. [2—4,14] and recently realized
experimentally [15].

While the main attention up to now has been paid to the
quantum-dot scheme of Cooper pair splitting, the ferromag-
netic realization [7,9] has certain advantages. Half-metallic (H)
ferromagnets (already employed in various superconducting
hybrid structures, see, e.g., Refs. [16-18]) should lead to
highly efficient splitting due to absolute spin filtering (we
imply singlet superconductors with opposite spins of electrons
in a Cooper pair and do not consider spin-active interfaces,
which could lead to singlet-triplet conversion [19]). At the
same time, mutual orientation of magnetizations in the two
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arms can be varied by a weak external magnetic field due to
different (geometry-related) coercivities of the ferromagnetic
filters or due to exchange bias applied to one of the arms (it
has been demonstrated that the latter method can be used for
continuous variation of the misorientation angle [20]). This
provides an additional degree of freedom for controlling the
device.

The dependence of Cooper pair splitting on the angle
between magnetizations of the arms has been studied exper-
imentally in an SF setup [21,22]. Two ferromagnetic arms F
were contacted to a superconductor S close to each other and
a voltage was applied to one of the arms. This produced a
current in the other ferromagnetic arm due to crossed Andreev
reflection (which is just another side of Cooper pair splitting).
The current was sensitive to the relative orientation of the
magnetizations.

The Josephson effect in SQUIDs with magnetic arms has
previously been theoretically considered in the diffusive limit
[23-25]. In this case, the disorder-averaged Josephson current
is strongly suppressed due to different phases acquired by
electrons passing through different arms (the difference is
caused by different disorder configuration in the arms) [26].
At the same time, in any particular sample this suppression
is absent, so the current through the system is mainly due to
mesoscopic fluctuations.

In this paper, we theoretically study the magnetic spin-
filtering SQUID with splitting of the Cooper pairs in the
opposite limit, when the arms are ballistic. We consider the
system schematically depicted in Fig. 1. Two beam splitters
provide the possibility of Cooper pair splitting processes, and
two half-metallic inserts (filters) block nonsplit processes (in
which a Cooper pair could travel through a single arm). The
Josephson current through the system is governed by two
control parameters that, in principle, can be varied in situ:
the relative orientation of the filters magnetization and the
magnetic flux through the interferometer loop. We aim at
calculating the dependence of the dc Josephson effect on these
parameters.

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.96.174508

P. L. STROGANOV AND YA. V. FOMINOV

S2

][

S1

[\G][SaY

L
o ‘

P1 Y2

FIG. 1. Sketch of the ferromagnetic spin-filtering SQUID with
splitting of Cooper pairs. Gray areas S,  are singlet superconducting
reservoirs, blue parts are three-terminal beam splitters (normal
wires), and green insets are half-metallic ferromagnets (spin filters).
Magnetizations of the filters (red arrows) lie in the xz plane and are
chosen to be symmetric with respect to z axis, with angle 8 between
them. The interferometer loop is threaded by the external magnetic
flux ®. The quantities «/2 and L are the phases accumulated by
quasiparticles when passing the segments of the beam splitter and the
(half-metallic) ferromagnetic insets.

The paper is organized as follows. In Sec. II, we present
a detailed description of the considered model. Sections III
and IV contain the obtained results for the Andreev levels
and the Josephson current, respectively. Discussion of possible
experiments is given in Sec. V, and conclusions are presented
in Sec. VI. Some additional clarifying details are presented in
the appendices.

II. MODEL

The sketch of Fig. 1 implies subdivision of the system into
blocks, which can be conveniently described in the framework
of the scattering matrix formalism [27,28]. From left to right
the blocks are S|N interface (gray/blue boundary), left beam
splitter (blue), ferromagnetic spin filters (green), right beam
splitter (blue), and NS, interface (blue/gray boundary). The
two interferometer arms (upper and lower) are assumed to be
identical up to the magnetization direction in the spin filtering
parts. In the absence of the superconducting phase difference
@, the system is also assumed to be left-right symmetric.

In order to elucidate the mechanisms of Josephson transport
due to split Cooper pairs in ballistic spin-filtering SQUID, we
assume that the beam splitters and the arms are composed
of highly transmissive single-channel conductors, and the
ferromagnetic inserts are half-metallic (i.e., providing absolute
spin filtering). We also assume zero temperature. Note that
interference effects on normal transport in single-channel
interferometers have already been studied for a long time
[29,30]. Our purpose is to consider supercurrents through
similar structures.

We assume the short-junction limit implying that the length
of the junction (the distance between the superconductors) is
short compared to the coherence length & = hivg/A; in this
case, the supercurrent is carried by subgap bound states within
the junction [27]. Employing the Bogoliubov—de Gennes
(BdG) equations in the framework of the scattering matrix
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formalism, we follow the standard strategy, first calculating
the Andreev spectrum E(¢) and then finding the Josephson
current at zero temperature as [27,28,31]

e dE
I(p) =—— —_—. (D
h Ee%,:A] ¢

The Andreev levels should be found from the spin-
dependent BAG equation [32],

Uy Uy
uy | _ u,
Hpag o | = E v | ()
v, vy
where the BdG Hamiltonian
HTT HT~L 0 ) Aei‘/’
_ HiT H¢¢ —Ae“/’ O
HBdG - 0 _Aefiw _H;T _HFL (3)
Ae™i¢ 0 —H}, —Hf

acts in the direct product of the particle-hole and spin spaces
[(u,v) and (1, |) structure of the eigenstates, respectively].
Here, the single-particle Hamiltonian H,g (acting in the spin
space), the absolute value of the order parameter A, and
its phase ¢, depend on spatial coordinates. We will actually
consider systems in which magnetism (included into H,g)
and superconductivity (described by A and ¢) are spatially
separated.

For the system of Fig. 1, the single-particle Hamiltonian
has the form

1 e \2 "
H,p = [_ <p - EA) - EF]saﬂ +US", @

where Er is Fermi energy and the exchange part UM

describes the two ferromagnetic arms.

Although the excitation energies E should be positive, it is
sometimes convenient to argue in terms of the “semiconductor
model,” in which the negative-energy states also exist and are
filled in accordance with the Fermi distribution [33]. In this
respect, it is important that the BdG Hamiltonian (3) possesses
the particle-hole symmetry

{Hpac,P} =0, (5)

where {-,-} denotes the anticommutator and the symmetry
operator is P = oMo KC. Here, K is the complex conjugation
operator, and the Pauli matrices act in the particle-hole (PH)
or spin (S) space. As a consequence, the eigenstates always
come in pairs |) and P|y) with mirror-symmetric energies
+E.

Within the scattering matrix formalism, each block of the
structure should be described by the corresponding scattering
matrix linking an incoming (uy,u},v4,v ¢)T state to the
outgoing one [27,28]. For a scatterer with several terminals
labeled by a,b, ..., we define the scattering states as

D LN ()

The scattering matrix for an n-terminal scatterer has dimen-
sions 4n x 4n.

The outmost blocks of our system, Fig. 1, are the S|N
and NS, interfaces, where subgap quasiparticles inevitably
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experience the Andreev reflection. Each interface by itself
is described by the 4 x 4 scattering matrix containing the
reflection phases:

0 0 0 e'vi
_ 0 0 —el 0
C_emix .
Ei=el o e 0 o f @
Pl 0 0 0
where
E
X = arccos <Z> € [0,7], ®)

Jj = 1,2 indexes the superconducting reservoirs, and ¢, is
the phase of the superconducting order parameter in the
corresponding reservoir.

When considered together, the two SN interfaces effectively
form a two-terminal scatterer. In the basis of Eq. (6), the
corresponding 8 x 8§ scattering matrix has the following form:

(0 S,
ss=e (g %) ©)

oS elen 0
Sen = —S], = (my()e ) (10)

TS ple2
laye

where

The rest of the structure is formed by nonsuperconducting
scatterers, in which A = 0. Description of these parts is
especially convenient in basis (6). First, since electrons do
not mix with holes in the absence of superconductivity, the
corresponding scattering matrices are block-diagonal in the
PH space. Second, in the short-junction limit, the difference
between the wave vectors for electrons and holes can be
neglected, hence, the phases accumulated by holes are inverted
with respect to the phases accumulated by electrons. As a
result, the electron and hole blocks are related simply by
complex conjugation:

Se 0 *
Snons = (O Sh>’ Sp = Sg' (11

We discuss nonsuperconducting elements of our system (the
beam splitters and the spin filters) in Secs. II A—II C below.

A. Beam splitters

A quasiparticle, Andreev reflected from a superconductor,
is divided between the two interferometer arms. We describe
this process in terms of three-terminal beam splitters (blue
parts in Fig. 1).

Generally, the scattering matrix of the splitter is unitary. In
addition, we gauge the magnetic field such that the vector
potential exists only inside the spin filters (green regions
in Fig. 1) and vanishes elsewhere. Hence the time reversal
symmetry is preserved for the beam splitters, and the scattering
matrix is symmetric.

We assume geometrical “Y symmetry” of each splitter,
meaning that one terminal (the one touching a superconductor;
number 3) is special, while the two others (connecting to the
two interferometer arms; numbers 1 and 2) are equivalent.
The core part of the splitter scattering matrix is a symmetric
unitary 3 x 3 matrix Y describing splitting of (spinless)
electrons between the three terminals. The Y symmetry then
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implies two independent relations: Y;; = Yz, and Y3 = Y»3.
In order to focus on processes of Cooper pair splitting, we
additionally assume Y33 = 0, meaning that an electron coming
from terminal 3 is not reflected back but only transmitted to
terminals 1 and 2.

The most general form of the 3 x 3 scattering matrix
satisfying the above restrictions is parametrized by two real
phases, « and B, as

eia eiu ei(u/2+ﬂ)
T2 2 2
el el £i@/2+p)
y=| % T s (12)
£i@/2+) £i@/2+P) 0
V2 V2

Physically, /2 is the phase accumulated by electrons moving
along the “legs” of terminals 1 or 2 (see Fig. 1), while 8 is the
corresponding phase for terminal 3.

The 12 x 12 scattering matrix of the beam splitter is an
extension of the ¥ matrix to include the S and PH degrees of
freedom. The PH structure corresponds to the form determined
by Eq. (11). As there is no exchange field in the splitters, the
matrix is trivial in the spin space, with the electron block given
by

Sgs = Yop. (13)

All closed quasiparticle trajectories (responsible for the
formation of Andreev levels) include only multiples of 2 x
a/2 = «, therefore all physically different values of « lie in
the range [0,27].

Since any subgap electron falling from leg 3 onto the SN
interface is inevitably Andreev reflected as a hole, and the
phases accumulated by the electron and the hole in leg 3
compensate each other, the corresponding phase 8 does not
influence our results, dropping out from calculations below.
Therefore, without loss of generality, we put 8 = 0.

B. Spin filters

To model the effect of spin filtering by ferromagnets (green
insets in Fig. 1), we assume ideal spin filters (the limit of half-
metallic ferromagnets): an incoming quasiparticle with spin s
along the direction n of the filter magnetization is transmitted
without any reflection. In the opposite case, the filter acts as
the infinitely high barrier for the quasiparticle. In terms of the
exchange energy, this implies that

exch) __ 07 N TT n,
U = {oo, st n. (14)

Each filter is described by 8 x 8 scattering matrix with the
PH structure determined by Eq. (11). The 4 x 4 electron blocks
has the form

rin o h2
Sp = . 15
F (le sz) 1)
The reflection blocks in our model are
0 O _
r11=722=Rn<0 _1>R,,l, (16)

where the R, matrix takes into account the allowed spin di-
rection inside the filter, n = (sin 2 cos ¢, sin 2 sin ¢, cos Q):

Q —ig i Q

cos 2 —e"i®gin 2

R, = o2 2. 17
" (e”” sin % cos % a7
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In the geometry of Fig. 1, we have ¢ = 0, while Q2 = 6/2 and
2 = —0/2 in the upper and lower arms, respectively.

The transmission blocks of Sg for the upper arm have the
form

LTI O\
ta(®) = 61(—P) = Rn( 0 0) R, . (18)

Here, L is the geometric phase (proportional to the length of
the filter) and 7 f/2 is the magnetic phase, with f = ®/d
being the dimensionless external flux (in our gauge, the vector
potential is nonzero only inside the ferromagnetic insets, where
it equals ®/2L). For the lower arm, the sign of the magnetic
phase is inverted.

Physically, the above matrices imply that depending on
its spin, a quasiparticle either passes through the filter
accumulating phase (L &+ 7 f/2) (the signs correspond to
electons/holes and upper/lower arm) or is reflected from
infinitely high barrier with phase .

Note that in our model, we have introduced two geometrical
phases, o and L, determined by the lengths of the segments
that can belong to the same arm of the interferometer loop.
This may seem redundant; however, their role is different
due to nontrivial interference effects caused by them. For
instance, if try to get rid of « putting o« = 0, the interferometer
loop effectively becomes completely opaque due to destructive
interference [29] (in the special case of = m, this effect has
a simple explanation, see Appendix A). At the same time, at
L = 0, the behavior of the system loses many characteristic
features. We therefore keep both the phases as geometrical
parameters of our system.

C. Scattering matrix of the interferometer

Combining the scattering matrices of the two spin filters
and the two beam splitters, we calculate the 8 x 8 scattering
matrix of the whole interferometer loop:

See 0
Sintert = < 6 Shl>. (19)

The electron and hole blocks have the following structure:

ry r Iy t
—-r ry t t
tT —t 4 —-r |’
—t 1 r ry

See = Sy, = (20)

with the following symmetry relations for the elements:
r(=®) = —r(®), 1y (=P) =ry (),
1(=®@) = —t(P), 1, (=P) =1, (D). 2D
The matrix elements in Eq. (20) are straightforwardly obtained
within our formalism; however, their explicit form is cumber-

some, and we do not provide the corresponding expressions
here.

III. ANDREEYV LEVELS

Having found the scattering matrix of the interferometer,
we reduced the problem to a very general formulation, in
which a nonsuperconducting [i.e., diagonal in the PH space,
see Eq. (19)] scatterer provides Josephson coupling between
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two superconductors. In the short-junction limit, when the
energy dependence of the scattering matrix can be neglected,
we can obtain explicit analytical expressions for the Andreev
levels inside the junction for arbitrary nonsuperconducting
scatterer.

A. General analytical expression

In this section, we find the Andreev levels in the case of
arbitrary nonsuperconducting scatterer between the supercon-
ductors in the short-junction limit. We still use notation of
Eq. (19); however, the calculation below is not specific for
our setup, and requires only the diagonal PH structure of the
scattering matrix and the short-junction limit. In particular,
the scattering matrix can have arbitrary spin structure (due to
ferromagnetism, spin-orbit interaction, etc.).

The standard procedure requiring existence of nontrivial
solution in the matching problem for the scattering states (in
other words, existence of an eigenstate of Hpqg) [27,28], yields
the spectral equation

-~ i 0 S \/(S 0
_ Iy e ee —
det |:lg><g e <She 0 >< 0 Sl1h>] =0, (22)

with S, and S, given by Eq. (10).
Taking the determinant in the PH space, we can rewrite the
spectral equation as

det[e®* - Tyq — SenSnnSheSee] = 0. (23)

In this equation, energy E of Andreev levels is encoded in yx
[see Eq. (8)]. Denoting A = %, we see that in order to find
the Andreev levels, we need to calculate the eigenvalues Ay, 4
of matrix M = S.;Snn SheSee (at this point, it is important that
the short-junction limit is assumed so that M does not depend
on E).

Due to the BdG symmetry (5), the Andreev levels always
come in pairs +FE, hence the eigenvalues of M come in
conjugate pairs:

M=A1, A=A, A=A r=A3, (24)

where |Aj2| =1 [this structure of the eigenvalues can be
explicitly seen from relations (10) and (11), implying that
M is a special unitary matrix with det M = 1].

The eigenvalues A, can be found with the help of the
following trick. On one hand, straightforward calculation of
the determinant yields

detfh - Tasea — M]=A* =23 M+ +1, (25)

while, on the other hand, in terms of the eigenvalues we can
write

det[A - Tyxs — M] = (A — A)(A — A — Ad)(h — A3)
=2 =23 2ReA|+2Re Ax)+...+1.  (26)

Comparing the coefficients in front of A> and denoting 7 =
tr M, we obtain the first equation for A »:

T =2Re A; +2Re As. 27)

The second equation can be obtained from Eq. (26) if we
consider A as a free variable and put, for example, A = i.
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Then, denoting D = det [i -T4X4 — M], we find
D=—4RCA1'R6A2. (28)

Expressing Re A, from Eqgs. (27) and (28) and recalling
that Re A = Ree?* = 2(E/A)* — 1, we find analytical ex-
pression for two positive Andreev levels,

A 1/2
E=—|T+4+T2+4D| , 29
2J§[ + + ] (29)

while the two negative levels only differ by the sign. In total,
as a consequence of the short-junction limit, we have only four
Andreev levels (while in the general case, their number can be
larger and grows with the junction length).

Equation (29) is a general expression for the Andreev levels
in the case of arbitrary nonsuperconducting scatterer in the
short-junction limit. In order to show its relation to known
results, we can consider the special case of a spin-independent
scattering matrix,

’
S,e = <; ce ’e,e)aos. (30)

This results in 72 +4D =0, so that the square root in
Eq. (29) vanishes, leading to double degeneracy of the levels.
Considering the general case of possibly broken time-reversal
symmetry, such that ¢/, = t,.¢'® with nonzero §, we find

5
T=4<1—2Tsin2(p_2|_ ) G1)

with T = |t,.|> being the transparency of the channel. As a
result, Eq. (29) yields

512
E:A[l—Tsinz‘p;“ ] , (32)

which in the time-reversal-symmetric case (§ = 0) reproduces
the well-known result for the quantum point contact (QPC)
[27].

J

E =
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Below, we apply the general analytical expression (29) for
the Andreev spectrum in short Josephson junctions to the
SQUID system of Fig. 1.

B. Special cases

Dependence of the Andreev spectrum on the interferometer
control parameters 6 and ® is shown in Figs. 2(a) and 2(c)
for two different sets of geometrical parameters o and L.
Keeping Figs. 2(a) and 2(c) in mind, we first present and
discuss analytical results for the spectrum in special cases in
Secs. III B 1-1II B 4. Numerical results for the general case are
then discussed in Sec. ITIIC.

1. Parallel magnetizations, 0 = 0

When the magnetizations of the two filters are parallel,
transport of split Cooper pairs is completely suppressed, and
the supercurrent is zero. Indeed, transfer of a Cooper pair
across the system from S; to S, is equivalent in the BdG
language to transfer of an electron from S; to S,, its Andreev
reflection into a hole and subsequent transfer of the hole back
from S, to S;. This process is impossible at 6 = 0: if the
electron has passed through a spin filter, this means that its
spin is along the allowed direction of both the filters, hence the
Andreev reflected hole with opposite spin cannot travel back
to Sy, being trapped between S, and the filters.

The trajectory can finally be closed after another Andreev
reflection, turning the hole into electron near S, (see Fig. 3).
However, this process and, hence, the energy levels are
insensitive to the phase difference ¢, and depend only on
the magnetic flux ® and the geometrical parameters « and
L. Such levels do not carry supercurrent; still, it is instructive
to consider them in order to get some insight into physical
processes specific for our system.

From Eq. (29), we obtain

ks

In the case of ® = 0, the expression (33) simplifies as

E = A|cos(L/2)|, E = Alsin(L/2)|, (34)
while at ® = @ (i.e., at f = 1) we find a doubly degenerate
level

E = Alcos(L +a/2)|. (35)

In both the cases, the scattering matrix of the interferometer
simplifies considerably. Namely, at ® = 0, the matrix elements
(20) are as follows:

ry =0,
! (36)

t = ol@+L)

| sin? (% f)[ cos(a + 2L) — cosa cos? (Z f)] & 2 cos (£ f) sin(e + L)[ sine cos? (% f) + sin(a + 2L)] 12
* sin* (% f) 4+ 4cos? (5 f) sin’(e + L) '

(33)

(

while at ® = &, we obtain

ry = _EZI(LJrut)’ ry = _eia’ r = 0,

37
.o (37)

1, =0, t=0

As a result, energy levels (34) and (35) can be understood by
calculating the phase along closed quasiparticle trajectories
(see Fig. 3).

2. Antiparallel magnetizations, 0 =

When the two spin filters are magnetized in opposite
directions (6 = 1), the scattering matrix of the interferometer,
Eqg. (20), has the following simplified structure:

fo eXp (—iaxs %)

to €Xp (iaxs %) rgaos

roGOS

See = , (38)
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2 Andreev levels (&) = Current-phase relation (b)

0 0

10 10

08 08

0.6 ST 06

04 0.4

=
0.2 T T 0.2
=
0.0 T 0.0
00 02 04 06 08 0 9/n 0.0 02 04 06 08 0 g/x

@ () = (d)
o1 D

W— L~ /\ 10

0.8 = /\ \ 0.8

0.6 06

04 0.4 S L

02f—— —1— 0.2 a4 L

0.0 T \/ 0.0 | L

00 02 04 06 08 0 9/n 00 02 04 06 03 0 0/x

FIG. 2. Dependence of the Andreev spectrum [(a) and (c)] and the current-phase relation [(b) and (d)] on angle 6 between the magnetizations
of the filters and on the magnetic flux @ for two different sets of geometrical parameters (upper and lower rows). Each panel is a collection
of many tiles, each built at the values of 6 and ® corresponding to the position of the tile. In each tile, the horizontal axis corresponds to the
phase difference ¢ € [—m,7]. The vertical axes correspond to the energy (E € [0,A]) and the supercurrent / (measured in units of maximal
critical current /™ for the corresponding geometry) for the left and right columns, respectively. The dependence on @ is 2&,-periodic. Only
two positive Andreev levels are shown (the two negative levels differ by sign). For some geometries, the behavior is simple [(a) and (b),
corresponding to ¢ = 0.257 and L = 0.87]; as 6 decreases, the Andreev levels become flatter, and the critical current decreases, reaching zero
for parallel magnetizations. For some geometries, the behavior is much more complicated [(c) and (d), « = 0.57, L = 0.4x]; as 6 decreases,
level crossings at zero energy may appear, leading to discontinuities in the current-phase characteristics. For some values of 6, the system
demonstrates a -junction-type current-phase relation [see, e.g., 6 = 0.47, ® = 0in (d)].

where ry and 7y are complex reflection and transmission
amplitudes.

The spin structure of Eq. (38) implies that reflection is trivial
in spin, while transmission rotates it by flux-dependent angle
7 f around the x axis (which is collinear to the magnetization
directions at 0 = 7).

As a consequence of this rotation, the Andreev bound
states are “spin-twisted.” An electron with spin-up near S
is transformed into electron rotated by the angle 7 f near S,
(each electron is accompanied by the corresponding Andreev-
reflected hole). In the limiting case of zero magnetic flux,
® = 0, the rotation disappears, while at & = ®), the rotation
angle is equal to m, hence the spins near the left and right
superconductors (S; and S,) are flipped with respect to each
other.

Although the magnetic flux strongly modifies the structure
of the Andreev bound states, it does not influence the spectrum.
Indeed, the rotation angle r f drops out from the product M =
SenShnSheSee [see Eq. 23], thus the magnetic flux does not
enter the final expression (29) for the spectrum. The physical
reason is that an electron, rotated after passing the interfer-
ometer, is then Andreev-reflected, and when traveling back,
the hole undergoes compensating rotation. Consequently, for
calculating the spectrum, we may put ® = 0 for simplicity.

Next, at ® = 0, the angle 7 f vanishes and the scattering
matrix of the interferometer (38) becomes trivial in spin. The
time-reversal symmetry is therefore effectively restored and
spectrum of our system should reproduce the well-known
result for the quantum point contact (QPC) Josephson junction
[27] [similarly to Egs. (30)-(32) with § = 0]. Indeed, from
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FIG. 3. Quasiparticle trajectories in the case of parallel spin filters
and the magnetic flux 0 or ®,. The blue and red lines are electrons
and holes, respectively. At & = 0, the interferometer is perfectly
transparent for up spins and completely opaque for down spins [see
Eq. (36)]. As phase —4x + 2L, accumulated along closed trajectory,
must be a multiple of 27, the corresponding energy levels are given
by Eq. (34). At ® = ®,, the loop is effectively opaque for up spins
as well [beams from the upper and lower arms interfere destructively,
see Eq. (37)]. The phase along the loop is =2 + 2L + «, and the
level is given by Eq. (35).

Eq. (29), we obtain
1/2

E= A[l — Ty sin? g] , (39)
with effective transparency Ty = |fo|> determined by the
geometrical parameters of our system:

16 sin* 5
= . o . o . . 30{ . o -
16sin* ¢ + 4sin®  + sin® L + 4sin (2L + 3%) sin %
(40)

Ty

3. Zero external flux, ® =0

The interferometer scattering matrix is nontrivial in
spin. At the same time, since the filters’ magnetizations
are symmetric with respect to the z axis (see Fig. 1),
and at ® =0 the two arms are equivalent from the or-
bital point of view, the z component of spin is con-
served. Indeed, the scattering matrix of the interferometer,
Eq. (20), takes the following form:

1% 0 l"L'¢ 0
0 ,Oie‘i\p 0 ifieiq}
0 it 0 pe

S,e = €4 41)

iv

Here, p4 ), 74,, ¥, and A are real quantities, which depend
on the system parameters 0, «, and L.

Coefficients py,, and 74 describe reflection and trans-
mission (we can choose p; and p; to be positive, then the
signs 74 and 7| can be arbitrary). Phase W is the difference
between the phases accumulated by electron with spin up
and down, when passing through the interferometer (the
reflection amplitude has the same phase as the corresponding
transmission amplitude due to unitarity). Phase A is a common
phase of all the matrix elements and it does not enter the final
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expression for the spectrum. Explicit expressions for these
parameters in terms of 6, «, and L are extremely cumbersome.

However, the general expression (29) for the Andreev levels
can still be written in terms of the new parameters:

A
E = —[1 + (prpy + 14Ty COS @) cos W

V2

1/2
=+ sin \IJ\/l — (prpy + 74T, COS (p)z] .42

Note that while this result is valid at ® = 0 and arbitrary
angle 6 between magnetizations, the case of parallel magneti-
zations (0 = 0) also falls into the scope of Sec. III B 1, there-
fore Eq. (42) should reproduce Eq. (34) in this limit. Indeed,
at 0 =0 in Eq. (41), we obtain py =1, =0, py =74 =1,
V=—-L—-m/2,and A =« + L — 7 /2, thus reproducing the
scattering matrix given by Eqgs. (20) and (36). Consequently,
Eq. (42) reproduces Eq. (34).

Similarly, in the case of ® = 0 and antiparallel magneti-
zations (6 = ), the result of Eq. (42) should be consistent
with Egs. (39) and (40) of Sec. IIIB 2. In this limit, the
parameters determining the scattering matrix (41) take the
following values: py = p, = /1 =Ty, 7y = 7, = /Tp, and
W = 0 (the overall phase A is nontrivial but drops out from
physical quantities, and we omit it for brevity). As a result,
Eq. (42) reproduces Eqgs. (39) and (40). In Appendix B, we
demonstrate how some of regimes shown in Fig. 2 for & = 0,
can be explained qualitatively.

4. Half-period external flux, ® = ®,

At ® = @, the scattering matrix of the interferometer,
Eq. (20), takes the following form:

See = eiB
V1 — 1267 0 0 T
y 0 V1 =127 T 0
0 —7 V1= 12ei¥ 0
-7 0 0 V1 =12V

(43)

Here, 7, ¥, and B are real: 7 describes transparency of the
system, 2 is the difference between the phases acquired
during down-spin and up-spin reflection, and B is the overall
phase which does not enter the final expression for the
spectrum.

Interestingly, reflection still conserves the z component
of spin, while transmission flips it. The eigenstates are
consequently “spin-flipped” (in a nonlocal sense): the sector
with electron up near S; and down near S, plus the Andreev-
reflected holes and the sector with opposite spins (in the
limiting case of 6 = m, this has already been discussed in
Sec. IIIB 2 at & = ®y). This flipping effectively restores the
spin symmetry: the spin-flipped sectors are equivalent (even
in the presence of the preferred z direction of the filters
configuration), hence the levels (29) become degenerate.

Unlike the case of 6 = =, the time reversal symmetry is
now generally broken (i.e., Sipterf 7 Sizterf) and the system does
not straightforwardly reduce to the QPC Josephson junction
described by Eq. (39). Instead, by simplifying Eq. (29), we
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obtain

172
E = A[c052 v+ 7% sin’ v — 72 sin’ %] . (44)

At the same time, this result can still be reduced to the QPC-like
form as

12
E = Aui[ 1 = Ty sin? %] , 45)
|
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with

Actt = Ay/cos2 r + T2 sin2 1, (46)

‘C2

. 47
cos2 ¥ + t2sin? ¢ “7)

Tegr =

In terms of the original system parameters, we find

2

12
A 16 sin* % sin? % + [1 + cos? %]2 sin? L — 4[1 + cos? Q] sin(a + L) sin L + 4 sin?(o + L) /
et = 8sin* £ + 10sin? & + 2sin & sin (3 + 2L) + sin* § sin? L — 4 cos 6 sin L sin & cos (3 + L) ’

. 4g . 2Q
16 sin 5 sin” 5

(48)

Teff =

Nonideal transparency T, generated due to interference
effects, is not surprising. At the same time, it is interesting
that Teer can be tuned by varying 6, i.e., misorientation of
the spin filters. On the other hand, effective suppression of
A in the expression for the Andreev levels, Eq. (45), is
rather unexpected since the actual order parameter A of the
superconducting reservoirs is not altered.

It is straightforward to check that at 6 =0 and 6 = 7,
the above expressions agree with the corresponding results
of Sec. IIIB 1 for parallel and Sec. IIIB2 for antiparallel
magnetizations.

Indeed, atd = 0, we obtain To¢s = Oand Aer = A cos(L +
a/2)|, thus reproducing Eq. (35). Concerning the structure of
the Andreev states, the limiting cases of spin conserving (at
6 = 0) and spin flipping (at ® = ) transmission agree with
each other due to the fact that t|y—¢ = 0, and the interferometer
becomes opaque (i.e., transmission disappears).

In the case of & = &, we obtain To = Ty and Aer = A,
thus reproducing Eqgs. (39) and (40). Half-period flux ® = @,
implies f = 1, thus spin twisting in Eq. (38) reduces to spin
flipping (i.e., & twisting).

C. Numerical results in the general case

The special cases for the Andreev spectrum discussed in
Sec. III B and Appendix B (8 =0,0 =n, & =0, and &y =
®y), correspond to the tiles composing the outer frames of
panels (a)—(d) in Fig. 2. In the general case, corresponding to
intermediate values of 8 and @, we could not further simplify
the general analytical expression of Eq. (29). At the same time,
the numerical results of Figs. 2(a) and 2(c) demonstrate that
qualitatively, the behavior of the Andreev levels is similar to
that for the special cases.

Generally, the decrease of angle 6 between the filters’
magnetizations suppresses transport of split Cooper pairs. As
aresult, the Andreev levels become flatter, completely loosing
dependence on ¢ in the case of parallel filters.

Similarly to the situation discussed in Appendix B, the
levels can cross at zero energy [see cusps at E =0 for

16 sin* § sin? % + [1 + cos? g]z sin? L — 4[1 + cos? %] sin(oe + L) sin L + 4 sin?(a + L)'

(49)

(

the positive part of the spectrum in Fig. 2(c)]. This is possible
due to the BAG symmetry (5) of Hpqg, which implies that the
matrix element of the Hamiltonian between a positive-energy
state |1) and its negative-energy BdG partner P|y) is zero,
(Y| Hpag|P¥) = 0. Therefore a (positive) level does not repel
from its (negative) mirror image, and the levels can cross at
E =0.

At the same time, level crossing at E = 0 is not universally
protected by the BAG symmetry. For example, at 6 = 7, the
levels are spin-degenerate, and an energy level E can repel not
from its BAG partner with energy —E, but from a physically
different state with opposite spin (still corresponding to —E).
This leads to avoided level crossing at £ = 0.

IV. JOSEPHSON CURRENT
A. Current-phase relation

At zero temperature, the current-phase relation /(¢) of the
SQUID is given by Eq. (1). In the short-junction limit, only two
Andreev levels determined by Eq. (29) [see examples shown
in Figs. 2(a) and 2(c)], contribute to the sum in the right-hand
side of Eq. (1).

Dependence of the current-phase relation /(¢) on angle 6
between magnetizations of the spin filters and on magnetic
flux @ strongly varies with geometrical parameters o and L
[compare panels (b) and (d) of Fig. 2] due to interferential
nature of Cooper pair transport in ballistic systems.

When the filters are parallel (6 = 0), the supercurrent is
absent, I(¢) = 0. For the special cases of 6 = 7 or ® = d,,
the current-phase relation has the same form as for the QPC
Josephson junction [27]. At 6 = m, it reads

eA Ty sing
21 /1= Tysin2(g/2)

with transparency Ty given by Eq. (40), while at & = &, the
form is the same but with A and T, replaced by A.g and T
[Egs. (46) and (47)], respectively.

I(p) =

(50)

174508-8



COOPER PAIR SPLITTING IN BALLISTIC ...

For arbitrary values of 6 and ®, we can distinguish two
essentially different types of the I(p) behavior depending
on the presence or absence of Andreev level crossing at
E = 0. Panel (b) of Fig. 2 illustrates the case when the
Andreev levels do not cross zero energy. The current-phase
relation in this case is qualitatively similar to that of the QPC
junction.

Panel (d) of Fig. 2 illustrates the situation when the Andreev
levels do cross zero energy. The crossings [represented by
cusps at E = 0 for the positive part of the spectrumin Fig. 2(c)]
result in discontinuities of the current-phase curves. With
decreasing 6, the concave part of the lower Andreev level
is replaced by a convex segment. When this level provides
the main contribution (see, e.g., the case of § = 0.6x and
® = 0), this change of curvature implies switching between
0-junction-type (concave Andreev level) and 7 -junction-type
[34,35] (convex Andreev level) segments of the 1(¢) curve. At
sufficiently small 6, the crossing points can shift to ¢ = +x
and disappear, then the systems can becomes a pure 7 junction.
In Fig. 2(d), this happens, e.g., in the case of 6 = 0.47 and
® = 0. The upper Andreev level in this particular case supports
the tendency to a & junction and enhances the contribution of
the lower level. At the same time, a 7 junction can also be
achieved in more complicated situations when the upper level
demonstrates the opposite (e.g., 0 = 0.27 and ® = 0.4Dy) or
mixed (e.g., 0 = 0.4 and & = 0.2d) behavior.

B. Critical current

Explicit analytical results for the critical current I, are
available in simple special cases. When the filters are parallel
(6 = 0), the supercurrent is absent and /. = 0. In the cases
of 0 =m or & = P, the critical current corresponds to the
QPC-type form of the current-phase relation, Eq. (50) [27]. At
0 = 7, we have

16.:%<1—~/1—T0), 1)
with transparency Ty given by Eq. (40), while at & = &, the
form of the expression is the same but with A and Tj replaced
by At and Teg [Egs. (46) and (47)], respectively.

At arbitrary 8 and &, the critical current can be found
numerically. Due to interferential nature of Cooper pair
transport in ballistic systems, behavior of I, in the 8-® plane
strongly depends on the geometrical parameters o and L.
Several representative examples are shown in Fig. 4.

The upper left panel illustrates the simplest case. The criti-
cal current monotonically decreases with decreasing 6, reach-
ing zero when the magnetizations are parallel. Dependence
on @ resembles the usual SQUID behavior, but with nonzero
minimal current (at ® = &) and with doubled periodicity. The
upper right panel shows “inverted” dependence on magnetic
flux: I, is maximal at ® = ®.

The lower panels present more complicated regimes. The
critical current in these cases depends nonmonotonically on 6.
Moreover, the 1.($) dependence may be nonmonotonic in the
[0, ®p] interval.

We can compare our results for the dependence of the
critical current vs. misorientation angle, /.(0), with analogous
results of Ref. [36], where the S-FIF-S structure was consid-
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ered. In the latter structure, the two ferromagnets are connected
in series (while our system has the parallel connection). The
distinguishing feature of our results is the possibility of several
extrema of /.(0) in the [0,7] interval (in contrast to a single
minimum in the figures presented in Ref. [36]).

V. DISCUSSION

The main goal of our theoretical consideration was to eluci-
date the mechanisms of Josephson transport due to split Cooper
pairs in ballistic spin-filtering SQUIDs. In order to illuminate
distinctive physical features of such processes, we have made
a number of simplifying assumptions, the most crucial of
them being high-transmission single-channel interferometer
arms in the short-junction limit and half-metallic ferromagnets
as spin filters. These assumptions are challenging for direct
experimental realization of the considered structures. Still,
recent experimental progress makes it possible to approach
our theoretical limit.

Experimentally, a highly transmissive single-channel inter-
ferometer loop can be realized in semiconducting structures
[30]. While being a challenging task, good-quality interfaces
between superconductors and a two-dimensional electron
gas in semiconducting heterostructures and quantum wells
have been experimentally realized [37-39]. An interesting
possibility to create the spin-filtering regions is to employ
proximity-induced exchange coupling that can be controlled
electrically, similarly to what is being done in the context of
spintronics applications [40,41].

Alternatively, the interferometer loop can be implemented
with the help of single-crystalline metallic nanowires ob-
tained by templated electrodeposition [42]. Single Josephson
junctions through such nanowires have already been realized
[43], and the developed technique opens up the possibility to
fabricate nanowire-based complex hybrid structures consisting
of normal and ferromagnetic parts [44]. The next step in this
direction could be substituting sections of conventional ferro-
magnet with sections of a half-metallic ferromagnet in order
to achieve absolute spin filtering. Among possible candidates
[45,46], half-metallic CrO, [16—18] is the best studied material
for superconducting heterostructures. Moreover, CrO;, can be
realized in the form of single-crystalline nanowires [47,48],
and good interfaces to such nanowires can be achieved in
Josephson structures [49].

Although we model beam splitting with the help of three-
terminal Y-form junctions, this specific geometry is not critical
for the physics that we discuss. Our Y splitters model possibil-
ity of crossed Andreev reflection. Experimentally, this effect
could also be achieved in the case of straight nanowires [43,44],
if they are attached to a superconductor with separation smaller
than the coherence length [21,22]. Regarding the quality
of interfaces, we note that single-crystalline Au nanowires
can form nearly perfect interfaces with superconducting
Al [50].

Taking Al for the superconducting reservoirs and single-
crystalline Cu [43,44] or Au [50] for the normal-metallic wires,
one can achieve the coherence length in the wires of the order
of several microns, so that the short-junction limit can really
be reached in SQUID structures. At the same time, as follows
from Eq. (51), the critical current in the SQUID can be as

174508-9



P. L. STROGANOV AND YA. V. FOMINOV PHYSICAL REVIEW B 96, 174508 (2017)

- e

0 0.2 0.4 0.6 0.8 1

FIG. 4. Dependence of critical current /. on angle 6 between the magnetization directions of the spin filters (horizontal axis in each panel)
and magnetic flux @ (vertical axis in each panel) for different geometries (o and L parameters). Color shows the critical current normalized
to the maximal value for the corresponding geometry, I./1™*. Outsets demonstrate behavior of I. along the cross sections shown in the main
plots. The upper panels (left: « = w, L = 0; right: « = 0.6z, L = 0) illustrate relatively simple behavior: /. monotonically grows with 6
and monotonically varies with @ on the [0, D] interval, reaching either minimum or maximum at ¢ = ®,. However, for some geometries,
the 7. behavior is much more complicated. The lower panels (left: « = 0.4, L = 0.57; right: « = 0.1, L = 0.37) illustrate nonmonotonic
dependence of /. on 6 and ®.

high as the critical current in a single-channel QPC Josephson VI. CONCLUSIONS
junction. In the case of Al superconducting reservoirs, the latter
can reach the order of several tens of nanoamperes, which
can be reliably measured with the help of currently available
experimental techniques.

We have calculated the Andreev levels and the correspond-
ing Josephson current in ballistic SQUID with spin filtering
inside half-metallic ferromagnetic arms (Fig. 1) as a function
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of two control parameters, angle 6 between the magnetizations
of the spin filters and external magnetic flux ®. The transport of
Cooper pairs in the presence of absolute spin filters is entirely
due to split-pair processes, with two electrons passing through
different interferometer arms. The arms were assumed to be
highly transmissive single-channel wires in the short-junction
limit.

Technically, we employ the scattering matrix approach,
starting with derivation of the general analytical result (29) for
the Andreev levels in the case of arbitrary energy-independent
nonsuperconducting scatterer between the superconducting
reservoirs. Due to the short-junction limit, the supercurrent
is carried by exactly two Andreev bound states (which can be
degenerate in limiting cases).

The obtained expression for the Andreev levels is then
applied in the special cases of 6 =0, 8 =, & =0, and
® = @, where analytical progress is possible. In particular,
in the & = & case, the spectrum turns out to be insensitive
to ®. Putting ® = 0 for simplicity, we then find that spin
symmetry is restored, spin is conserved, and the SQUID
becomes equivalent to the QPC Josephson junction with
transparency determined by geometrical parameters of the
system (phases acquired by quasiparticles in the beam splitter
and in the spin-filtering insets). In the ® = & case, “flipped
spin” is conserved (the flipped spin sectors are composed of
opposite spins near opposite superconductors), and the system
again reduces to the QPC Josephson junction with effective
transparency. However, in this case, the order parameter in the
QPC formulas is effectively reduced in comparison to A of the
reservoirs.

Different geometrical parameters of the system lead to
qualitatively different behavior of the SQUID characteristics
(the Andreev levels, the current-phase relation, and the
critical Josephson current) as a function of 6 and ®. The
current-phase relation can change its amplitude and shape, in
particular, varying between 0- and m-junction form. The
transition goes through intermediate states, in which 1(p) is
composed of 0- and m-type segments with jumps between
them.

As a result, the critical current /. can become a nonmono-
tonic function of 6 (as the angle varies between the parallel
and antiparallel configuration). Periodicity with respect to
the magnetic flux is 2®y, i.e., doubled, in comparison to
conventional SQUIDs. A simple process, in which two
electrons of a Cooper pair pass though two different arms,
is not sensitive to @ at all. However, the scattering matrix
approach effectively sums up all possible trajectories, and
the doubled periodicity is actually due to more complicated
processes, in which one electron simply passes through its
arm, while the second one passes through the other arm and
also makes an additional loop inside the nonsuperconducting
part of the interferometer. Due to interference effects, /. can
acquire inverted dependence on ® (with maximum shifted by
half-period, i.e., from 0 to @) or even become a nonmonotonic
function between 0 and @, (half-period).
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APPENDIX A: INTERFERENTIAL OPACITY
OF SPLITTERS

At o =0, destructive interference generally leads to
complete opacity of the system (except for special sets of
parameters). Here, we explain this effect in the simple case of
antiparallel orientation of the spin filters, 6 = 7.

In order to show that the effect is not limited to ideal
(nominally reflectionless) splitters with Y33 = 0 (defined in
Sec. II A), we consider a more general matrix:

—ain2 Y 2y L
sin“ % cos” 5 o5 Siny
2y in2 Y L o;
Y= cos"5 —sin"3 msiny |, (A1)
Lo L
—= sin —= sin — cos
2y sy Y

where the y parameter characterizes reflection from the splitter
for quasiparticles coming from terminal 3 (from reflectionless
splitter at y = /2 to completely detached terminal 3 at
y =0).

At 0 = m, for quasiparticles with spin up along the x axis,
the upper arm of the interferometer is transparent while the
lower arm is effectively interrupted in the middle (due to
the impenetrable spin filter), see Fig. 5. At first glance, the
quasiparticle can pass the interferometer through the upper
arm. However, the interference processes involving the “dead
end” (the lower arm) actually block this passage [29]. In order
to demonstrate this, we calculate the reflection amplitude r

FIG. 5. Explanation of effective interferential opacity of the beam
splitter in the simple case of & = w. The brown arrow shows the
incoming quasiparticle and the red one is the reflected part. The blue
line denotes immediate reflection by nonideal beam splitter. The green
arrow corresponds to the path inside the dead-end “resonator” formed
by the spin filter (oriented oppositely to the quasiparticle spin) and
the beam splitter.
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FIG. 6. Qualitative explanation of the Andreev spectrum shape for ® = 0. The upper and lower rows correspond to two different spin
sectors. The red and green curves in each case are the Andreev levels of opposite chirality [the blue and red arrows in column (a) show the
direction of motion for electrons and holes, respectively]. Column (a): transparent spin-independent scatterer. Column (b): shifting of the levels
due to different phases in different spin sectors. Column (c): avoided level crossings due finite transparency, which causes mixing between the
states of different chirality. Column (d): the overall structure of the Andreev levels.

for a quasiparticle trying to enter the splitter from the left
(terminal 3).

The reflection amplitude consists of two contributions.
First, the quasiparticle can be reflected immediately when try-
ing to enter the splitter (blue line in Fig. 5). The corresponding
amplitude follows directly from Eq. (A1):

ry = —Ccosy. (A2)

Second, the quasiparticle can enter the dead end (green line
in Fig. 5). Then it experiences multiple reflections from
the impenetrable wall and the splitter and finally can be
reflected back to the left. The corresponding contribution is
the following sum:

siny[ LoV siny
ry = —1+(—1)(—sm —)(—1)+...]
T2 2 NG
=cosy — 1. (A3)
The total amplitude is then
F=rtr=-l. (A4)

In this way, for spin-up (along the x axis) quasiparticles
even the first beam splitter of the interferometer effectively
acts as an infinitely high barrier [note that our argument
is independent on the second (right) beam splitter]. The
same reasoning is applicable for spin-down quasiparticles.
Consequently, the whole interferometer loop is impenetra-
ble although there is an absolutely transparent arm for
each spin. This simple example shows that interference is
one of the crucial factors determining the behavior of the
system.

APPENDIX B: QUALITATIVE EXPLANATION OF
SPECTRUM SHAPE FOR ¢ =0

In this appendix, we discuss how characteristic behavior
of the Andreev spectrum at zero magnetic flux (see Fig. 2,
® = 0) can be understood qualitatively. First, we note that
since the z component of spin is conserved at ® =0 (see
Sec. III B 3), the spectrum consists of two independent spin

sectors: up-spin electron plus down-spin hole, and the sector
with opposite spins.

Second, if we start from the case of 6 = m, the scattering
by the interferometer becomes trivial with respect to spin (see
Sec. III B 2), therefore the Andreev levels for the two spin
sectors coincide. The spectrum is then described by effective
transparency, see Eqgs. (39) and (40).

Third, if we additionally assume, for instance, o = &
and L = 0, the junction becomes perfectly transparent. In
the transparent case, the eigenstates are characterized by the
quantity that can be called “chirality”: for an electron moving
to the right, the Andreev-reflected hole moves to the left. The
state, in which an electron moves to the left, has the opposite
chirality.

The spectrum structure in this simplest case (equivalent to
the perfectly transparent QPC Josephson junction) is shown in
Fig. 6(a). For arbitrary 6, «, and L, the spectrum is changed
by two main factors.

(1) If Sinersr becomes nontrivial in the spin space [while
still conserving the z spin projection, which is true for =
0, see Eq. (41)], electrons with different spins accumulate
different phases when traversing the interferometer in the same
direction. In Eq. (41), this difference is represented by W. As a
result, the energy levels shift as functions of ¢ (similarly to the
case of Ref. [51]). Since the two levels of the same spin sector
have opposite chirality, they shift in opposite directions: apart
from or towards each other, depending on the spin sector, as
shown in Fig. 6(b).

(i1) Normal reflection from the interferometer (in contrast
to the Andreev reflection from the SN boundaries) leads to
mixing of states with different chirality (belonging, at the same
time, to the same spin sector). As a result, the corresponding
avoided level crossings appear (note that states from different
spin sectors are not mixed and the levels still cross). This is
illustrated in Fig. 6(c). In Eq. (41), reflection is represented by
ptand p,.

The full spectrum is then obtained as combination of the two
spin sectors, as shown in Fig. 6(d). Analyzing the scattering
matrix in the case of ® = 0, Eq. (41), we see that the only
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feature not taken into account in the simplified description
leading to Fig. 6, is the difference of the probabilities for
reflection (and transmission) of two different spins. Neverthe-

PHYSICAL REVIEW B 96, 174508 (2017)

less, our description is able to reproduce (at least, qualitatively)
the main types of the E(¢) dependence, see Figs. 2(a)
and 2(c).
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