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We investigate the superconducting phase transition in a superconductor (S)/ferromagnet (F) bilayer with
Rashba spin-orbit interaction at the S/F interface. This spin-orbit coupling produces spontaneous supercurrents
flowing inside the atomic-thickness region near the interface, which are compensated by the screening Meissner
currents [Mironov and Buzdin, Phys. Rev. Lett. 118, 077001 (2017)]. In the case of a thin superconducting film
the emergence of the spontaneous surface currents causes an increase of the superconducting critical temperature,
and we calculate the actual value of the critical temperature shift. We also show that in the case of a type-I
superconducting film this phase transition can be of the first order. In the external magnetic field the critical
temperature depends on the relative orientation of the external magnetic field and the exchange field in the
ferromagnet. Also we predict the in-plane anisotropy of the critical current, which may open an alternative way
for the experimental observation of the spontaneous supercurrents generated by the spin-orbit coupling.
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I. INTRODUCTION

Superconducting states carrying spontaneous current in
systems with broken time reversal symmetry have been a
subject of interest for more than 20 years [1-10]. Such spon-
taneous supercurrents were predicted for d-wave [1,4,5,10] or
chiral p-wave [7,8] superconductors, for a mesoscopic nor-
mal metal film in contact with a superconductor [11], and
at the interface between a superconductor and a ferromag-
net [6]. These currents are typically carried by Andreev edges
states [1-10] and appear at temperature 7 well below the
superconducting critical temperature 7.

Recently, spontaneous supercurrents were predicted to ap-
pear at the interface between an s-wave superconductor (S)
and a ferromagnetic (F) insulator [12]. Contrary to the sponta-
neous supercurrents carried by Andreev bound states [1-10],
these currents appear at the superconducting transition, i.e.,
at T = T,. The crucial condition for the emergence of these
currents is the presence of Rashba [13] spin-orbit coupling
(SOC) at the S/F interface [12]. Indeed, this SOC produces
the additional term o< (o x p) - n in the effective Hamiltonian
of a conducting electron (n is the unit vector perpendicular
to the S/F interface). As a result, spin and momentum appear
to be coupled, which produces the nontrivial “helicity” of the
electronic energy bands. Since the exchange field makes the
spin-up state energetically more favorable than the spin-down
one, one may expect the emergence of the electric current.
Note that the helical states [14,15] also play an important
role in the emergence of Majorana modes [16], the formation
of Josephson ¢, junctions with spontaneous nonzero phase
difference across the junction in the ground state [17-22],
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and the appearance of Fulde-Ferrell-Larkin-Ovchinnikov-like
states with finite Cooper-pair momentum [23].

Since spontaneous supercurrents flowing at the S/F inter-
face with SOC appear at T = T, these currents can affect
the parameters of the phase transition (the superconducting
critical temperature, the phase diagram in the external mag-
netic field, the critical current, etc.). Although the spontaneous
supercurrents result in the local enhancement of the super-
conductivity near the S/F interface, it was shown [12] that
for a large thickness of the superconductor they do not affect
the superconducting transition temperature, and thus, with an
increase in temperature, the superconductivity is destroyed in
the whole bulk of the sample. This situation is in contrast to
the well-known phenomena arising in superconductors con-
taining twinning planes which locally increase the critical
temperature and favor the emergence of localized supercon-
ducting states above the bulk critical temperature (see, e.g.,
Ref. [24] for a review).

In the present paper we study the effect of the spontaneous
supercurrents on the superconducting phase transition in the
S/F bilayer with finite thickness of the superconducting layer
and SOC of the Rashba type at the S/F interface. We show that
in the case of a thin superconducting film these currents cause
an increase of the superconducting critical temperature T,
and we calculate the corresponding critical temperature shift.
Surprisingly, in type-I superconductors the superconducting
phase transition is of the first order even in the absence of
external magnetic field. At the same time, in external magnetic
field the critical temperature strongly depends on the relative
orientation between external magnetic field and the exchange
field in the ferromagnet. Note that in the case of a positive

©2021 American Physical Society
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FIG. 1. Sketch of a superconducting film placed in contact with a
thin ferromagnetic layer. The spin-orbit coupling at the S/F interface
produces a spontaneous supercurrent jg, causing the increase of the
superconducting order parameter inside the superconductor.

(negative) SOC parameter 7, is significantly higher (lower)
for the parallel magnetic configuration in comparison with
the antiparallel one. At the same time, in the case of a type-
IT superconducting layer the emergence of the spontaneous
supercurrents also increases the superconducting critical tem-
perature in the absence of external magnetic field and makes it
sensitive to the relative orientation of external magnetic field
and the exchange field if the sample is placed into the field but
the phase transition is of the second order. All the described
phenomena can serve as hallmarks of the spontaneous super-
currents and can be used for experimental detection of these
currents.

This paper is organized as follows. In Sec. II we introduce
the model and study the phase transition in the S/F bilayer
with a type-I superconductor. In Sec. III we calculate the de-
pendence of the critical temperature on the external magnetic
field. In Sec. IV we consider a type-II superconductor. In
Sec. V we analyze the anisotropy of the critical current. In
Sec. VI we summarize our results.

II. FIRST-ORDER PHASE TRANSITION IN THE S/F
BILAYER WITH A THIN TYPE-I SUPERCONDUCTOR

We consider a thin superconducting film of thickness L
placed in contact with a ferromagnetic insulator (see Fig. 1).
We assume the presence of Rashba spin-orbit coupling at the
S/F interface. The free-energy functional of the system under
consideration is given by the following expression [12,25,26]:

F= f//dv{aw + §|w|“+ ﬁlf)wlz

(rotA)?
b4

+

+ [n x hle(r)(y*Dyr + wﬁ*wﬂ}. (1

Here @ = a(T — T.) and B are the standard Ginzburg-Landau
(GL) coefficients, T, is the critical temperature of the bulk
superconductor, D = —ihV + %A, A is the vector potential,
n is the unit vector perpendicular to the S/F interface and
directed from the S to F layer, & is the exchange field in the
ferromagnet, v is the order parameter of the superconductor,
and € is the spin-orbit constant, which is nonzero only in the
atomically thin area of the width /;, near the S/F interface.

Without loss of generality, let us assume that the exchange
field is directed along the z axis, i.e., h = he,, the x axis
coincides with n, and the S/F interface is located at x = L.

In such a system spontaneous supercurrents flow near the
S/F interface [12]. These currents cause an increase of the
superconducting order parameter in the area of with a width
of ~& (superconducting coherence length) near the S/F inter-
face. If the thickness L of the superconducting film is much
smaller than &, i.e., L < &, one can expect an increase of the
superconducting critical temperature 7,. Here we find the ac-
tual temperature shift for a type-I superconductor, i.e., for the
case A < L <« &, where A is the London penetration depth.
Also we show that the phase transition is of the first order. For
this purpose, let us calculate the free energy for such a system.
Due to the condition L < & we may take ¥ (x) =~ const. Let us
introduce the dimensionless order parameter ¢ = /8/|ao|V,
where ag = —aTy.

Since the spontaneous supercurrents are fully compensated
by the Meissner currents, the magnetic field B = (0, 0, B;) is
absent outside the superconductor and has the following form:

Boexp(:L O<x<L

B.(x) =[ 0P ’ @)

0, x>L, x<0.
Here A = Ag/¢, where )»(2) = mc?B/(8me*|ag|) is the zero-
temperature London penetration depth for the bulk supercon-
ductor. Note that inside the superconducting slab we neglect
the second exponent [see the first line in Eq. (2)] since we
assume A < L. The resulting magnetic field (2) is continuous
at x = 0 and experiences a jump by the value By at x = L
due to the surface spontaneous supercurrents flowing along
the S/F interface. To find the actual value of the jump we
substitute the magnetic field to the free energy and minimize
it with respect to By. We obtain

Ap = AH >, 3)

Here AH = 4\/§Hcmkwlw(§0 /Ao) is the jump of the magnetic
field at the S/F interface due to spontaneous surface supercur-
rents, where H,,, = v4na§ /B is the thermodynamic critical

magnetic field, k;, = mhe /h, and &y = / > J4m|a].

The resulting free energy reads

aloyg] 2 |O‘0|2 4 AH? 3
F—V< g VT 2ﬂ(ﬂ) S e @)
where V is the volume of the superconducting slab and § is
the surface area of the S/F boundary.

We find the value of the critical temperature 7. and the
order parameter ¢, at T = T, by minimizing F with respect
to ¢ and using the condition F = 0, which is fulfilled at the
critical temperature. We find

_La(AHN )
Y = 3T \Ha )
T. 1/ 20\ [ AH\?
L1+ = . 6
TcO +8<L) <Hcm> ()

We see that the critical temperature, indeed, increases due
to the spin-orbit interaction at the S/F interface. Moreover,
since the order parameter does not equal zero at the transition
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temperature, in the structure under consideration the phase
transition is of the first order. Note that the critical temper-
ature (6) is not divergent when the slab thickness L tends to
zero since we consider the situation A < L.

The obtained result is valid only if the assumption A <
L is fulfilled at T = T.. To check this, we find the London
penetration depth at the critical temperature:

2L 7
e = @
Hem

Since AH/H, ., ~ kyolgo(§0/Ao) and (§9/1o) > 1 the assump-
tion A, < L is valid if ky,ls, is not very small.

Let us estimate AT, = T, — T,. Since € = v,,/EFr, wWhere
vy, 1S the spin-orbit velocity and Ep is the Fermi en-
ergy, the jump in the magnetic field at x =L due to
the spontaneous supercurrents can be estimated as AH =~
4«/§Hcm(h/EF)(vw/vp)(éo/ko), where vy is the Fermi veloc-
ity. It is reasonable to take h/Epr ~ 0.1, vy /vp ~ 0.1. If we
also assume &p/A¢ ~ 50, then we find AH ~ 3H,,,. Taking
Xo/L ~ 0.1, we obtain AT,/T,y ~ 0.1. Since AT « T, the
Ginzburg-Landau approach is applicable.

Note that the first-order phase transition in the S/F bilayer
with Rashba-type spin-orbit interaction and Ag < L < & can
serve as a hallmark of the spontaneous supercurrents flowing
at the S/F interface [12].

A suitable system for the observation of the discussed ef-
fects may be based on thin epitaxially grown layers of extreme
type-1 superconductors. For example, recently, the epitaxial
growth of high-quality single-crystalline aluminum films was
demonstrated [27].

III. PHASE TRANSITION IN THE EXTERNAL
MAGNETIC FIELD

In the external magnetic field Hy the critical temperature of
the superconducting phase transition depends on the relative
orientation of Hy and the exchange field h. For simplicity,
let us restrict ourselves to the case Hy = Hpe,, where H
can be both positive and negative. To find the actual 7.(Hp)
dependence let us write down the Gibbs free energy of the
system:

G = ///dV{aIWI2+ Pt + by

B — H,)*
+( 0)

5. Tlmx hle(r)(y*Dyr + wlf"'l/f*)}' ®)

As before, we consider the case L <« & and assume Y ~
const. Since we also assume A < L, the magnetic field B =
Be, = rotA inside the superconducting slab reads

B= Hoexp<—;—c) +(Hy + AH(pz)exp(x;—L). )

Calculating the resulting Gibbs free energy, we obtain

G _alool o ool o Hi HoAH Ao~ AH Ao

vT g YT 87 47 LY 8z LV
(10)

0.00 0.05 0.10 0.15 o0.20
|H0|/Hcm

FIG. 2. The dependence of the superconducting critical temper-
ature 7, of the S/F bilayer with Ay = 0.02L and AH = 5H,,, on the
external magnetic field Hy = Hye,. Here € is the spin-orbit coupling
constant.

Note that the surface contribution to the free energy caused by
spontaneous supercurrents results in the increases( decreases)
of the free energy if Hy 11 h (Hyp 1] h).

The critical temperature and the order parameter at the
critical point ¢, can be found from the system of equations
G =0 and 9,G = 0, which are fulfilled at T = 7... From the
second equation we find the critical temperature as a function
of ¢,:

T. 3/AH\? X 1 Hy AH A
—=1—¢fr+—< )—Ow ——=

\Ho) T T 2 Hp Hn L
(11)

At the same time, the order parameter obeys the equation

. L(AH\?i , Hy \> Hy AH X
b2 (Hm> LY (Hm> F Hon Hon L2 =
(12)

Solving the equations, we indeed find that the critical
temperature of the superconducting phase transition strongly
depends on the relative orientation of the external magnetic
field and the exchange field: for a positive (negative) SOC
parameter €, T, is higher for the parallel (antiparallel) orien-
tation compared to the antiparallel (parallel) one (see Fig. 2).
This finding provides a tool for the experimental observation
of the predicted effect, although the correction to 7. due to
SOC is small. Changing the direction of the external magnetic
field, one can observe the variation of the superconducting
critical temperature. Note that the dependence of the critical
temperature on the magnetic configuration also can be used
for the experimental detection of the sign of the spin-orbit
parameter. Indeed, the critical temperature is higher for the
parallel orientation between the external magnetic field and
the exchange field in comparison with the antiparallel one
only if the spin-orbit constant is positive, while for the neg-
ative SOC parameter the situation is reversed.

Since Ay < L, we can find approximate analytical expres-
sions for 7' and 7'V, expanding the results obtained from
Egs. (11) and (12) over Ao/L. To have good agreement be-
tween the exact results and the approximate one, we should
expand these expressions up to third order over Ao/L. If
AH > 0 (AH < 0) for the parallel (antiparallel) magnetic
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configuration, we obtain
T H 1 [|Hy| AH AH\ A
c _ 1 _ 1Hl L |Hol 2 Ao
Tc() Hcm 2 Hcm Hcm Hcm L
1 (AHNT(AHN? T ()2
+ = -2 — . 13
32\ H,., H,., L

At the same time, if AH > 0 (AH < 0) for the antiparallel
(parallel) magnetic configuration, we find

TCN(TT) i |Ho| B

TCO H cm

1 (AH\*(. H 3\ (20’
+— 0.9 °+£ 20) . ae
V3 \ Hem Hey 8 L
Note that the above expressions are invalid when Hy tends
to zero. Assuming Hy < AH from Egs. (11) and (12), we find

7Y 1/AH 4 o 2

< =14+ — ) +

TcO 8 (Hcm> ( L )
Note that the dependence of the critical temperature on
the in-plane magnetic field orientation is another hallmark of
spontaneous supercurrents flowing at the S/F interface [12]
(in addition to the appearance of the stray magnetic field
near the S/F interface and the anisotropy of the upper critical
field predicted in Ref. [12]). This fact can be used for the

experimental detection of the spontaneous supercurrents.

|Ho| AH Ao
Hep Hew L

2|Ho|
AH '

15)

IV. PHASE TRANSITION IN THE CASE OF A THIN
TYPE-II SUPERCONDUCTING LAYER

In this section we analyze the peculiarities of the super-
conducting phase transition in the S/F bilayer (see Fig. 1)
for the case when the superconducting layer is type II. We
show that in this case the critical temperature also increases
in the absence of the external magnetic field Hy and depends
on the relative orientation between the external magnetic
field and the exchange field. Let us consider the tempera-
tures close to the superconducting transition temperature and
the external magnetic field directed along the z axis so that
Hy = (0, 0, Hy). At the point of the phase transition the su-
perconducting order parameter is small, which allows us to
neglect the term o« |?> and the term associated with the
spontaneous supercurrents in the GL equation. Choosing the
gauge of the vector potential in the form A = (0, Hyx, 0) and
searching for a solution in the form ¥ = e®Yy/(x), we obtain
the following GL equation:

i (Fik, + 2eHyx/c)
QP () = -3 () + Bl + 20X/ vy =0, (16)
m 4m
with the boundary conditions
8mhel,, 2eHyL
Y (0)=0, o&hy(L)= 7 fiky + C Y (L).
(17)

In the absence of the external magnetic field the order pa-
rameter reads ¥ (x) = Acoshgx, where q2 = (4ma/ R+ k‘z,).
Calculating the free energy, we find '

F AL flzk% sinh 2gl
s T(a_'_ 4m )( 2qL

L (sinh2gql

x 5( qL

Assuming gL < 1 and minimizing the free energy with

respect to ky,, we find the optimal modulation vector k, =

4kgolso/L. Since at the critical point F = 0, we obtain the
increase of the superconducting critical temperature:

T, —T. ?
7D ek2 2 (i-") : (19)

s0"s0
c0

+1 +A2ﬁ
4m

1) — 2A%hel lik, cosh? gL.  (18)

Note that the effect is absent in the limit L — oo, i.e., for a
thick superconducting slab.

When the sample is placed in the external magnetic field,
it is convenient to choose the origin of the x axis to be at the
center of the S film, so the S/F boundary is located atx = L/2,
and the other boundary is at x = —L/2. Following the proce-
dure described in Ref. [28], we introduce the dimensionless
coordinate X = 2x/L, the modulation vector K, = k,L/2, and
the parameters Hy = eHyL?/(2hc) and €g = —maL?/F> and
rewrite the GL equation in the following form:

dxx ¥ (X) + (K + HiX )Y (X) = oy (X). (20)
At the same time, the boundary conditions read

xy (1) = s(K, + H)y (1), dxy(=1)=0, 2

where s = 8k,l;,.

Next, it is useful to introduce the new variable ¢t =
V21Hyl(X + K, /hy). The resulting GL equation and the
boundary conditions are as follows:

1 ) €0
=0y (t) + Zl‘ Y(t) = A |1lf(f), (22)
0
a””l«/zwﬁou—ulq-/ﬁo) =0, (23)
(ew)‘ _ s + Hy) 4
LAV ANCTAREY S V2|H|

The solution of Eq. (22) has the form of the linear combi-
nation of the Weber functions ¥ (t) = A,D,(¢t) + B,D,(—1),
where 2v + 1 = €y/|Hy|. Substituting it into the boundary
conditions, we obtain the following equation, which implicitly
defines the function 7T.(Hy):

D/, )D),(~a_) — D), (~ot; D) (cr-)

K, + H, , /
= ) gy (@D (—a ) — D= D,

2|H,|
(25)

where o = /2|Hol(£1 + K, /H).

The maximal value of T, at fixed magnetic field corre-
sponds to the minimal value of v, which satisfies Eq. (25).
At fixed K, and H, this equation has an infinite but discrete
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FIG. 3. The dependence of the critical temperature

T. on the external magnetic field Hy = (0,0, Hy). Here
co = (I — T/ To)L2/(4£3), and Hy = eHyL?/(2hc).

number of solutions for v, and we find the minimal one. Then
we minimize it with respect to K, and find the minimal value
v for fixed Hy. As a result, we obtain the dependence ¢ (Hp)
li.e., T.(Hy)] in the form €y = (2v + 1)|Hy| (see Fig. 3). The
critical temperature is higher for the parallel orientation of the
external magnetic field and the exchange field in comparison
with the antiparallel one. Here we assume that the spin-orbit
coupling parameter € is positive.

As we can see from the inset in Fig. 3 the weak parallel
magnetic field leads to the initial increase of the critical tem-
perature, which is replaced by the usual decrease at higher
magnetic field. Such peculiar behavior resembles the increase
of the critical temperature in thin Pb films experimentally
observed in Ref. [29]. We may speculate that the local SOC
could be generated at the Pb/substrate interface, while the role
of the exchange field is played by a Zeeman field.

V. CRITICAL CURRENT

In this section we show that the spin-orbit coupling makes
the in-plane critical current of the S/F bilayer anisotropic.
Although the total spontaneous superconducting current gen-
erated by the SOC is zero, it is nonuniformly distributed
across the layers. As a result, for the fixed direction of the
exchange field the local current density (and thus the local
damping of the superconducting order parameter) at a certain
point of the S film becomes dependent on the angle 6 between
the external current and the spontaneous current flowing along
the S/F interface. Consequently, the maximal current which
does not destroy the superconducting state (critical current)
also becomes dependent on 6 (diodelike effect).

To calculate the critical current of the S/F bilayer we again
consider the system sketched in Fig. 1. First, we consider
the situation when the external transport current of the linear
density J is directed along the y axis. Since the magnetic field
produced by both the current J and the spontaneous surface
current due to SOC is directed along the z axis and depends
only on the x axis, we may choose a vector potential in the
form A = A(x)¥o. Also we choose the order parameter ¢ to
be real. Then the density of the free energy accounting for the
nonuniform profile of the order parameter ¢ and the vector

potential A across the structure can be written in the form

F chm /.
V= E(—T¢2+¢4+53¢2)
A/Z AZ(pZ AHAgﬂz
+—+ S§(x—1L), (26)

87 871)%_ 4r

where 7 =1—T/T,, ¢' =9¢/dx and A’ = dA/dx. Vary-
ing the free energy with respect to ¢(x) and A(x) inside
the S layer, we derive the standard set of Ginzburg-Landau
equations:

—£¢" —to+ ¢’ + A%/ (2H2,15) = 0, (27)
—A3A” 4+ ¢*A =0, (28)

supplemented by the boundary conditions accounting for the
surface energy contribution due to the spin-orbit coupling [the
last term with the § function in Eq. (26)] and the magnetic field
+(2m /c)J generated by the external transport current J at
the outer boundaries x = 0 and x = L of the superconducting
film:

¢'(0)=0, ¢'(L) = AHA(L)p(L)/H_, (29)
A0) = —Qr/c), AL)= Qr/e)] + AHG*L). (30)

The accurate solution of Egs. (27) and (28) requires fo-
cusing on two features responsible for the anisotropy of the
critical current. The first one is the nonuniform distribution of
the screening Meissner current across the S film. The second
one is the damping of the order parameter at the S/F interface
by the transport current and the subsequent renormalization of
the spontaneous surface current (and the screening Meissner
one). Thus, the terms containing spatial derivatives of the
order parameter and the vector potential cannot be neglected
even in the case of a thin S layer.

In order to find the analytical solution of the Ginzburg-
Landau equations we make several assumptions simplifying
the calculations. First, we restrict ourselves to the most in-
teresting case of the type-II superconductor and assume that
the thickness L of the S film is much smaller than the super-
conducting coherence length so that L « & < A. Second, we
consider the limit of small spin-orbit coupling assuming the
dimensionless parameter u = AHAo/(Hp,L) is small (u <
1). These assumptions allow us to expand the functions A(x)
and ¢ (x) over x, keeping the terms up to (L/£)? in order to ac-
count for the nonuniform distribution of the superconducting
current across the S film:

A=A+ Ax + Axx? + Asx®,
© =@+ @1x + §02X2 + <P3X3-

Also in the resulting perturbation theory it is enough to con-
sider the terms proportional to u and neglect the higher order
contributions.

Substituting the expansion for A and ¢ into Eqgs. (27)
and (28) and boundary conditions (29) and (30), we find the
dependence of the external current J on the dimensionless
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vector potential ay = Ag/(Hemho):
J = cHeuL/(87ho)(2Tag — 2T + 3pay — aj)

x [1— L*(27 + 4aop — 3ag) / (815)]- 31)

Then the critical current J; of the S/F bilayer can be obtained
as the maximum of the dependence J(ay) for ay > 0. This
maximum corresponds to ay = p and can be written in the

form
2LcH,,,t3? L
Jci = \/_C—"“T<1 + AHL). (32)
671v/3%0 2V/6H, ko

Here the + (—) sign corresponds to the current flowing paral-
lel (antiparallel) to the y axis.

Expression (32) clearly shows the anisotropy of the critical
current, which differs for the two opposite directions of the
current flow. The difference between the critical currents J= is
proportional to the spontaneous magnetic field AH generated
at the S/F interface due to the SOC. Note that the critical
current is higher if the exchange field in the F layer is parallel
to the magnetic field generated by the external current at
x = L and lower in the opposite case. Equation (32) can be
straightforwardly generalized for the case of the arbitrary di-
rection of the external current in the plane of the S/F structure.
In this case the =+ sign in the brackets should be replaced with
cos 6, where 6 is the angle between the direction of the current
and the y axis.

The predicted diode effect provides an alternative way
for the experimental observation of the spontaneous currents
generated by the SOC. To protect the S/F bilayer from the
distraction caused by the heating effects one may use pulse
currents [30].

VI. CONCLUSION

To sum up, we developed a theory of the superconducting
phase transition in a superconductor/ferromagnet bilayer with
Rashba-type spin-orbit interaction at the S/F interface and
L <« & (see Fig. 1) using the Ginzburg-Landau approach. In
the case of A < L the phase transition is of the first order even
in the absence of external magnetic field. Moreover, its critical

temperature is higher than in the bulk superconductor. In the
external magnetic field H the critical temperature depends on
the mutual orientation of Hy and the exchange field inside the
ferromagnet and the sign of the spin-orbit coupling parameter:
for a positive (negative) SOC parameter it is higher (lower)
for the parallel orientation in comparison with antiparallel
one (see Fig. 2). Both these results are manifestations of the
spontaneous supercurrents flowing at the S/F interface [12]
and can serve as hallmarks of these currents. Moreover, the
dependence of the critical temperature on the magnetic con-
figuration can be used for the experimental detection of the
sign of the SOC parameter. In the case of a type-II supercon-
ducting layer the phase transition is the second-order one; its
critical temperature also increases in the absence of external
magnetic field and depends on the relative orientation between
the external magnetic field and the exchange field if the former
is present. We also showed that the critical current of the S/F
bilayer reveals anisotropy in the plane of the layers. The re-
sulting diodelike effect may provide an alternative way for the
experimental observation of the spontaneous superconducting
currents generated by the SOC at the S/F interface.

ACKNOWLEDGMENTS

The authors thank A. S. Mel’nikov and 1. V. Zagorodnev
for useful discussions. S.M. acknowledges the funding from
the Russian Science Foundation (Grant No. 20-12-00053, in
part related to the calculations of the critical current). Zh.D.
acknowledges the funding from the Russian Science Founda-
tion (Grant No. 18-72-10118, in part related to the calculations
of the critical temperature). A.L.B. acknowledges support by
the Ministry of Science and Higher Education of the Rus-
sian Federation within the framework of state funding for the
creation and development of World-Class Research Center
“Digital biodesign and personalized healthcare”, Grant No.
NO075-15-2020-92. This work was supported by the French
ANR OPTOFLUXONICS, Grant No. EU COST CA16218
Nanocohybri, Foundation for the Advancement of Theoretical
Physics and Mathematics BASIS (Grants No. 18-1-3-58-1
and No. 18-1-4-24-1) and Russian Presidential Scholarship
(Grants No. SP-3938.2018.5 and No. SP-5551.2021.5).

[1] M. Fogelstrom, D. Rainer, and J. A. Sauls, Phys. Rev. Lett. 79,
281 (1997).

[2] A. B. Vorontsov, Phys. Rev. Lett. 102, 177001 (2009).

[3] M. Hakansson, T. Lofwander, and M. Fogelstrom, Nat. Phys.
11, 755 (2015).

[4] Yu. S. Barash, M. S. Kalenkov, and J. Kurkijarvi, Phys. Rev. B
62, 6665 (2000).

[5] C. Honerkamp, K. Wakabayashi, and M. Sigrist, Europhys.
Lett. 50, 368 (2000).

[6] I. V. Bobkova and Yu. S. Barash, Pis’ma Zh. Eksp. Teor. Fiz.
80, 563 (2004) [JETP Lett. 80, 494 (2004)].

[7] M. Matsumoto and M. Sigrist, J. Phys. Soc. Jpn. 68, 994
(1999).

[8] M. Stone and R. Roy, Phys. Rev. B 69, 184511 (2004).

[9] H.-J. Kwon, V. M. Yakovenko, and K. Sengupta, Synth. Met.
133-134, 27 (2003).

[10] H. Walter, W. Prusseit, R. Semerad, H. Kinder, W. Assmann,
H. Huber, H. Burkhardt, D. Rainer, and J. A. Sauls, Phys. Rev.
Lett. 80, 3598 (1998).

[11] A. L. Fauchere, W. Belzig, and G. Blatter, Phys. Rev. Lett. 82,
3336 (1999).

[12] S. Mironov and A. Buzdin, Phys. Rev. Lett. 118, 077001 (2017).

[13] Yu. A. Bychkov and E. 1. Rashba, JETP Lett. 39, 78 (1984).

[14] V. M. Edelstein, Zh. Eksp. Teor. Fiz. 95, 2151 (1989) [Sov.
Phys. JETP 68, 1244 (1989)].

[15] V. P. Mineev and K. V. Samokhin, Zh. Eksp. Teor. Fiz. 105, 747
(1994) [Sov. Phys. JETP 78, 401 (1994)].

[16] J. Alicea, Rep. Prog. Phys. 75, 076501 (2012).

[17] A. Buzdin, Phys. Rev. Lett. 101, 107005 (2008).

064504-6


https://doi.org/10.1103/PhysRevLett.79.281
https://doi.org/10.1103/PhysRevLett.102.177001
https://doi.org/10.1038/nphys3383
https://doi.org/10.1103/PhysRevB.62.6665
https://doi.org/10.1209/epl/i2000-00280-2
https://doi.org/10.1134/1.1839298
https://doi.org/10.1143/JPSJ.68.994
https://doi.org/10.1103/PhysRevB.69.184511
https://doi.org/10.1016/S0379-6779(02)00421-6
https://doi.org/10.1103/PhysRevLett.80.3598
https://doi.org/10.1103/PhysRevLett.82.3336
https://doi.org/10.1103/PhysRevLett.118.077001
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1103/PhysRevLett.101.107005

PHASE TRANSITIONS IN SUPERCONDUCTOR ...

PHYSICAL REVIEW B 103, 064504 (2021)

[18] S. V. Mironov, A. S. Mel’nikov, and A. I. Buzdin, Phys. Rev.
Lett. 114, 227001 (2015).

[19] J. W. A. Robinson, A. V. Samokhvalov, and A. I. Buzdin, Phys.
Rev. B 99, 180501(R) (2019).

[20] I. V. Krive, L. Y. Gorelik, R. I. Shekhter, and M. Jonson, J. Low
Temp. Phys. 30, 398 (2004).

[21] A. A. Reynoso, G. Usaj, C. A. Balseiro, D. Feinberg, and M.
Avignon, Phys. Rev. Lett. 101, 107001 (2008).

[22] D. B. Szombati, S. Nadj-Perge, D. Car, S. R. Plissard, E.
P. A. M. Bakkers, and L. P. Kouwenhoven, Nat. Phys. 12, 568
(2016).

[23] M. Smidman, M. B. Salamon, H. Q. Yuan, and D. F. Agterberg,
Rep. Prog. Phys. 80, 036501 (2017).

[24] I. N. Khlyustikov and A. I. Buzdin, Adv. Phys. 36, 271
(1987).

[25] K. V. Samokhin, Phys. Rev. B 70, 104521 (2004).

[26] R. P. Kaur, D. F. Agterberg, and M. Sigrist, Phys. Rev. Lett. 94,
137002 (2005).

[27] C.-W. Cheng, Y.-J. Liao, C.-Y. Liu, B.-H. Wu, S. S. Raja,
C.-Y. Wang, X. Li, C.-K. Shih, L.-J. Chen, and S. Gwo, ACS
Photonics 5, 2624 (2018).

[28] D. Saint-James, G. Sarma, and E. J. Thomas, Type II Supercon-
ductivity (Pergamon, Oxford, 1969).

[29] H.J. Gardner, A. Kumar, L. Yu, P. Xiong, M. P. Warusawithana,
L. Wang, O. Vafek, and D. G. Schlom, Nat. Phys. 7, 895 (2011).

[30] J. W. Bremer and V. L. Newhouse, Phys. Rev. 116, 309 (1959).

064504-7


https://doi.org/10.1103/PhysRevLett.114.227001
https://doi.org/10.1103/PhysRevB.99.180501
https://doi.org/10.1063/1.1739160
https://doi.org/10.1103/PhysRevLett.101.107001
https://doi.org/10.1038/nphys3742
https://doi.org/10.1088/1361-6633/80/3/036501
https://doi.org/10.1080/00018738700101012
https://doi.org/10.1103/PhysRevB.70.104521
https://doi.org/10.1103/PhysRevLett.94.137002
https://doi.org/10.1021/acsphotonics.7b01366
https://doi.org/10.1038/nphys2075
https://doi.org/10.1103/PhysRev.116.309

