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A Josephson spin valve is a ferromagnetic spin valve sandwiched between two superconducting electrodes. It
has been predicted theoretically that such a device may exhibit a long-range proximity effect due to generation
of unconventional odd-frequency spin-triplet and long-range spin-singlet components of the supercurrent. In this
work we present a comprehensive numerical analysis of Josephson spin-valve characteristics. Our analysis is
based on micromagnetic simulations for Ni-based spin valves. The supercurrent through the spin valve depends
on shapes and sizes of components, the magnetic domain structure, and the flux quantization. For very small
monodomain spin valves, the triplet current is manifested by a dissimilar double maximum in the magnetic
field dependence of the critical current /.(H). However, this feature is washed away in larger devices due to
appearance of domains and flux quantization. The only remaining signature of the triplet current in this case are
beatings in I.(H) with a half-flux quantum periodicity. The complexity of the device can make it difficult to
identify the spin-triplet supercurrent without a detailed knowledge of the spin-valve state. However, we argue that
unambiguous conclusions can be made from a systematic analysis of size, thickness, and shape dependencies of

the Josephson spin-valve characteristics.
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I. INTRODUCTION

A competition between ferromagnetic (F) and supercon-
ducting (S) orders in hybrid S/F heterostructures leads to
a variety of unusual physical phenomena [1-15]. Perhaps,
most interesting is a possibility of controllable generation
of unconventional odd-frequency spin-triplet [2,7] and long-
range spin-singlet [10] components of the superconducting
condensate, which are immune to a strong exchange field in a
ferromagnet and should lead to a long-range proximity effect
through F layers, as reported in several experiments [16-21].
However, the spin-triplet order parameter in F is generated
only in presence of spin-active interfaces [5,7], or spatially
nonuniform case with a noncollinear magnetization [2]. It is
not obvious how to do this in a controllable manner for a
single-F layer. On the other hand, a noncollinear magnetic state
can be easily achieved in a spin-valve structures with several
F layers. The long-range supercurrent in such S/F multilayers
depends on relative angles between magnetizations of adjacent
F layers [1,3,6,8,10,11,22].

The Josephson spin valve (JSV) is the simplest device that
allows controllable generation of the spin-triplet component of
a supercurrent. JSV has a spin valve with two ferromagnetic
layers F;, imbedded as a barrier in a Josephson junction,
thus having a structure SF;F,S. According to Mel’ nikov
and co-workers [10], the Josephson current through the JSV
has three main components: a conventional short-range spin
singlet, an unconventional long-range spin singlet, and a
long-range spin triplet. The long-range spin-singlet current
is at maximum for the antiparallel state of the spin valve
a = [10] and the spin-triplet component is at maximum
in the noncollinear state « = /2 [8]. Here, « is the relative
angle between magnetizations of the two F layers. The
amplitudes of different current components depend on F-
layer properties in the following way: the short-scale singlet
decreases rapidly with increasing the thickness of both Fj »
layers. The amplitude of the long-range singlet current is at
maximum in the symmetric JSV with identical layers F; = F,
because this leads to cancellation of the exchange field in

2469-9950/2017/96(1)/014511(13)

014511-1

the antiparallel state [4,10]. On the contrary, the long-range
triplet is proportional to the difference between F; and F,
[8]. Therefore, an asymmetric JSV F; # F, is needed for
generation of the spin-triplet current. The asymmetry (different
coercive fields) is also useful for controllable tuning of the
relative magnetization angle « in the spin valve.

Although the supercurrent has been observed in Josephson
spin valves [23-28] and more complex S/F heterostructures
[29,30], a conclusive evidence for spin-triplet nature of the
supercurrent and quantification of the singlet and triplet
components is still missing. The difficulty of interpretation
is caused by the complexity of JSV devices with many
coexisting phenomena. The supercurrent is very sensitive
to the F-layer thickness [4,28,31], the electronic mean-free
path: clean versus dirty case [32]. This requires nm-scale
control of layer roughness and uniformity [33], as well as
control of film structure and composition. The Josephson
current in JSV is influenced by stray fields, flux quantization
in the junction (Josephson vortices) [34,35], and Abrikosov
vortices in electrodes [36,37] and by domain configuration
of magnetization in F layers [26,30,38], which is hard to
control. Magnetic state of the spin valve depends sensitively
on the shape, sizes, and crystalline anisotropies of the device
components [39,40].

In this work, we present detailed numerical analysis of
magnetic field dependencies of the critical current I.(H) and
other characteristics of Josephson spin valves with different
geometries and sizes. Our main motivation is to clarify how
to recognize signatures of unconventional spin-triplet and
long-range spin-singlet contributions to the supercurrent. The
analysis is based on realistic micromagnetic simulations for
Ni-based ferromagnets. In order to understand the role of
magnetic domain structure, we consider monodomain, few-
domain, and polydomain states for JSV’s of different sizes.
The characteristic size is determined by the flux quantization
condition from either the coercive field or the saturation
magnetization of the ferromagnet. For small devices, the
induced flux is much smaller than the flux quantum @, and
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for large JSV larger than ®(. In small monodomain JSV’s,
the triplet supercurrent component is clearly manifested by a
dissimilar double-maxima feature in I.(H). With increasing
size it is, however, overshadowed by Fraunhofer oscillations
of the supercurrent at the flux quantization condition. In
case of multiple domains, the double maxima are smeared
out and reduced in amplitude. In the polydomain case,
they turn into a single broad maximum, which may be
difficult to unambiguously ascribe to the triplet current in
the experimental case. The only remaining signature of the
triplet current in polydomain case are beatings in I.(H) with
a half-flux quantum periodicity. Since increasing of the JSV
size leads both to appearance of the polydomain state and
to rapid oscillations of I.(H) due to flux quantization, it
becomes difficult to identify the spin-triplet component of
the supercurrent from measured /.(H) patterns of large JSV’s,
without a detailed knowledge of the spin-valve state. However,
we argue that the unambiguous conclusions can be made from a
systematic analysis of size, thickness, and shape dependencies
of the Josephson spin-valve characteristics made on the same
chip in combination with in situ characterization of specific
JSV’s. This is our main advice for the future experimental
work.

II. NUMERICAL SIMULATIONS

We consider a rectangular SF|NF,S JSV with sizes L, X
L, in the xy plane. The spin valve consists of two dissimilar
ferromagnetic layers F;, (F; # F,) with thicknesses d »,
separated by a normal metal N(Cu) spacer with the thickness
dy. It is sandwiched between two superconducting layer of
thickness ds and the London penetration depth A.

A. Micromagnetic simulations

Micromagnetic simulations were performed using OOMMF
software [41]. We present calculations for pure Ni and
diluted CuNi F layers. In case of Ni we used standard
input parameters suggested by the software: the saturation
magnetization M, = 4.910° A/m (in CGS units 4w M, =
6158 G), the exchange coupling constant A = 9 x 107! J/m
for Ni, the cubic crystalline anisotropy K| = —5.7103 J/m?,
and the damping constant @ = 0.5. In case of the Cu;_,Ni,
alloy we scaled the relevant parameters proportional to Ni
concentration x. For CuNi we also changed the exchange
coupling A =0.5-2.10"'2 J/m in order to tune the do-
main size, the smaller is A, the smaller is the domain
structure.

For Ni-based JSC the dissimilarity between F layers is
achieved by using different thicknesses d; = 5 nm and d, =
7.5 nm. The spacer thickness is dy = 10 nm. The mesh size
in z direction is dz = 2.5 nm and in the (x,y) plane dx,dy =
2-20 nm. For CuNi-based JSV the dissimilarity was achieved
by taking different Ni concentration x; = 0.5 and x, = 0.6,
while thicknesses were the same d; = d, = dy = 10 nm.

Our micromagnetic simulations were made solely for the
F|NF, spin valve, not including possible screening effects
from S layers. In the monodomain case, those effects are
negligible. Therefore, simulations for the monodomain case
should be quantitatively correct. However, in the polydo-
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main case, S layers can affect domain sizes [42,43]. To
analyze the effect of domain sizes and configuration on
JSV characteristics, we tuned the exchange coupling constant
A in the CuNi-based JSV. The smaller is the coupling,
the smaller is the domain size. This allows us to make
general qualitative conclusions in the polydomain case as
well.

The output of micromagnetic simulation is spatial distri-
bution of three components of magnetization M, , .(x,y,z).
In all cases, we had the in-plane anisotropy of magnetization.
The out-of-plane component of magnetization M, >~ 0 and
variation of the magnetization state across the layers, M, ,(z),
were negligible and will not be shown. Simulations are made
for varying magnetic fields H,, applied parallel to the planes
in the x-axis direction.

The sizes and the shapes of JSV’s play important roles: (i)
changing sizes leads to changing in the number of magnetic
domains, which in turn leads to a change in magnetization
curves. (ii) With increasing sizes, a larger flux penetrates into
the JSV at a given field. The flux in the JSV is quantized.
Size-dependent flux quantization in the JSV leads to a strong
modulation of the critical current [26]. (iii) The shape of the
JSV affects the shape anisotropy, which determines magnetic
properties of the JSV. Below, we consider all the three aspects
of size and shape variation. In order to change flux quantization
conditions in the JSV we varied sizes L, ,, S-layer thickness
ds, and to some extent the London penetration depth (staying
within a realistic range for Nb thin films). Since variation
of the size affects magnetic properties of the JSV (coercive
field, domain structure, shape anisotropy), variation of ds and
A allows more unambiguous analysis of the flux quantization
effect alone without changing the magnetic structure of the
JSV.

B. Critical current calculation

Following Ref. [10], we assume that the Josephson current
has three main components: short-range spin singlet /;(x,y),
long-range spin singlet I;(x,y), and long-range odd-frequency
spin triplet ,.(x,y). Local values of those currents depend
on local values of relative angles between magnetizations of
the two F layers «(x,y) and the Josephson phase difference
between S electrodes ¢(x,y):

Lis(x,y) = L0 cos*[a(x,y)/2] sin[p(x, )], (1
Ly(x,y) = Iyo sin’[a(x,y)/2] sin[p(x, )], )
L (x,y) = Lyosin*[a(x,y)] sin[2¢(x, )]. A3)

We made calculations for a variety of amplitudes I,
L0, Iy, including different signs of some components.
This, however, does not change qualitative conclusions,
which can be deduced from inspection of separately shown
singlet and triplet components. Therefore, in order to
limit the number of variables, we only present calcula-
tions for one set of the amplitudes: I 0 = 0.1, I = 1.0,
Lo = 3.0.

We assume that JSV’s are in the short junction limit, i.e.,
sizes L, L, are smaller than the Josephson penetration depth.
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In this case,

do(x, 2 A 2rmd 2nd
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Here, H, is the applied magnetic field in the x-axis direction,
My (x,y), Ma(x,y), Myi(x,y), and My, (x,y) are local values
of M, and M, magnetization components in F; and F, layers,
respectively, obtained from micromagnetic calculations and

A =di +db + dy + 22 tanh(ds/2).) (©)

is the magnetic thickness of a Josephson junction. The
Josephson phase distribution is calculated by direct integration
of Egs. (4) and (5) starting from one of the corners of the JSV.
To minimize the numerical error, we used an averaged value
of the phase integrated from the four corners of the JSV.

The x,y components of the total flux through the JSV

q)x = L)[AHX + d147TMxl + d2477Mx2]a (7)

qDy = Lx[d147'[My1 + d247TMy2] (8)

are increasing with the size and layer thicknesses.

The net supercurrent Iy = I, + I + I, [Egs. (1)—-(3)] is
integrated over the JSV area using the obtained values o(x,y)
and ¢(x,y). To find the critical current (both positive and
negative values), we maximized the supercurrent with respect
to the arbitrary phase offset ¢g, ¢(x,y) = ¢o + @(x,y).
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III. RESULTS
A. Monodomain case

We start our analysis with the simplest case of the
monodomain state of the spin valve. Figure 1 represents calcu-
lations made for small square-shape Ni(5 nm)/Cu(10 nm)/Ni
(7.5 nm) spin valves with different sizes L, = L, = 30, 50,
and 100 nm. Figure 1(a) shows magnetization loops M, (H,).
The magnetization states for the three square JSV’s are
essentially identical (size independent for the same shape).
All of them are in the monodomain state.

Figure 1(b) represents magnetization distributions in the
two F layers for the 100 x 100 nm? JSV at points A—F for
the downward sweep from positive to negative field, marked
in Fig. 1(a) (note that colors represent only the y component
of magnetization). It can be seen that the spin valve is in
a “scissor” state when magnetizations of the two F layers
gradually rotate in opposite directions with decreasing field. At
point C, the M, component in the thinner F; layer flips and the
spin valve switches into a magnetostatically stable antiparallel
(AP) state. Here, the magnetization is oriented along one of
diagonals due to the shape anisotropy. The stable AP state
is manifested by a pronounced step C-D in the magnetization
curve [26]. With further increase of (negative) field the moment
of the thicker F, layer also flips and the spin valve gradually
approaches the parallel state in the scissor manner (see points
E and F).

Figure 1(c) shows M, components of magnetization for the
downward field sweep. The maximum of |M,| is achieved at
the end of the AP step, point D. Note that the magnetization
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FIG. 1. Characteristics of a monodomain “scissor” switching of square-shape spin valves Ni(5nm)/Cu(10nm)/Ni(7.5nm) of different sizes.
(a) Calculated magnetization loop M, (H,). Note pronounced intermediate step CD, which manifests the magnetostatically stable antiparallel
state of the spin valve. (b) Configuration of magnetization of the two ferromagnetic layers F, , at points A-F along the magnetization curve.
A monodomain scissorlike rotation of magnetization can be seen. (c) Perpendicular to the field magnetization M, (H,) for a downward field
sweep. (d), (e) Show average values of sin® of the angle and half the angle between local magnetizations in the two F layers. They represent
relative amplitudes of the triplet (d) and the long-range singlet (e) supercurrents, respectively. Note appearance of the characteristic dissimilar
double maxima of the triplet current (d) on both sides of the AP state CD.
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FIG. 2. Spatial distribution of supercurrents in a monodomain JSV 100 x 100 nm? at points A—F, marked in Fig. 1(a), at maximal positive
currents. Left, middle, and right panels represent total, triplet, and singlet currents, respectively. Sign-reversal oscillations at high fields
(points A, E, F) are due to flux quantization. Note that the triplet current oscillates with a factor 2 shorter period than the singlet due to the

double-harmonic current-phase relation.

orientation continues to change even at the AP step (compare
points C and D).

Figures 1(d) and 1(e) represent spatially averaged values
of sin?(a) and sin?(a/2), respectively, for the downward field
sweep. They represent relative amplitudes of Fig. 1(d) the
triplet and Fig. 1(e) the long-range singlet components of the
supercurrent [see Eqs. (2) and (3)]. The most noncollinear state
with @ = /2 and maximum of the triplet current is achieved
at point A, while at point C it is in the pure AP state « = 7, at
which there is large long-range singlet, but no triplet current.
The noncollinear state is restored again after switching from
the AP state, point E. Thus, for every field sweep there are two
dissimilar maxima of the triplet current at both sides of the AP
state. This double maxima is the most characteristics signature
of the triplet current, which can be used for its identification.

The long-range singlet current [Fig. 1(e)] has a single
maximum at the AP step. Note that it has the same functional
dependence as the perpendicular (tunneling) magnetoresis-
tance or the spin valve [44], which can be used for comparison
with experiment [26].

Figure 2 represents color maps of the spatial distribu-
tion of the total (left), triplet (middle), and singlet (right
panel) supercurrents in the 100 x 100 nm? JSV at the
same points A-F. Simulations are done for Nb(250 nm)
Ni(5 nm)/Cu(10 nm)/Ni(7.5 nm) Nb(250 nm) JSV with A =
150 nm and the magnetic thickness A = 227 nm [see Eq. (6)].
Those current distributions correspond to the positive critical
current I = I, at the corresponding fields.

At low fields, when the flux produced by the field and
the magnetization inside the JSV is significantly lower than
®, current components are governed by the orientation of
magnetizations « [see Figs. 1(d) and 1(e)]. For example, in
the noncollinear state B the triplet current is large, but in the
AP state at point C it is very small and almost all of the
current is singlet. At higher fields, however, the effect of
flux quantization becomes important. It is seen that at high
fields (points E and F) currents starts to oscillate along the y
direction. This is a consequence of flux quantization in the
applied field H, and the internal magnetization M,. Such
oscillations have a profound effect and greatly reduce the
critical current. For example, at point E there is almost a
full amplitude of the triplet current, but the net supercurrent
remains very small because positive and negative currents
cancel each other. Note that the triplet current has a two-times
shorter oscillation period than the singlet current because I,
has a double-harmonic current-phase relation [Eq. (3)].

Figures 3(a)-3(c) show magnetic field dependencies of
the critical current [Fig. 3(a)] and the corresponding triplet
[Fig. 3(b)], and singlet [Fig. 3(c)] components for a small
square-shape JSV 50 x 50 nm? with monodomain scissor state
see (Fig. 1). Here, we only show the downward sweep from
positive to negative field. Calculations are done for thin S
electrodes with ds = 50 nm and A = 150 nm, leading to a
small A =72 nm. A combination of small L, and A leads
to a small flux in the JSV [Eqgs. (7) and (8)]. In this case,
flux quantization is not important, ®, , < @y, and singlet
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FIG. 3. Field dependencies of positive and negative critical currents for monodomain square-shape JSV’s with different sizes (for a
downward field sweep only). Left, middle, and right panels represent total, triplet, and singlet currents, respectively. (a)—(c) For a small
50 x 50 nm? and thin-layer JSV in which flux quantization is negligible. Here, a characteristic dissimilar double maximum is seen, which
follows the corresponding feature in the triplet current amplitude I,, o< sin®(er), Fig. 1(d). (d)—(f) Show systematic distortion of the double
maximum in the larger 100 x 100 nm? JSV upon increasing of the magnetic thickness A due to flux-quantization effect. For the largest

A = 432 nm the second maximum in /.(H) is completely removed.

and triplet current components are simply determined by the
relative magnetization angle o, Iyipler = 1110 sin?(a), Lsinglet =
L0 sin’(a/2) as seen from comparison with Figs. 1(d) and
1(e). The triplet current is manifested by a dissimilar double
maximum on both sides of the AP state. Itis quite characteristic
and should be easily recognizable in experiment.

However, flux quantization may strongly distort such a
simple picture. Figures 3(d)-3(f) demonstrate the effect of
flux quantization in the applied magnetic field H,. The flux
at a given field can be increased either by increasing the size
of the JSV, or the magnetic thickness A [Eq. (6)]. The latter
can be easily tuned by changing the S-layer thickness and
by using temperature dependence of A. Changing L, , and
A are equivalent, except that some details of the magnetic
state do depend on the size due to edge effects: even in
the monodomain case, shown in Fig. 1, there are some
size-dependent variations. Therefore, in order to completely
exclude such variations, in Figs. 3(d)-3(f) we change flux
quantization conditions solely by changing A while keeping
the magnetic state exactly the same, corresponding to the
100 x 100 nm? Ni(5 nm)/Cu(10 nm)/Ni(7.5 nm) spin valve,
shown in Fig. 1. Flux quantization leads to sign-reversal
circulation of current (see point F in Fig. 2), resulting in
suppression of the net supercurrent. Since singlet and triplet
components have single- and double-harmonic current-phase
relations [see Egs. (1)—(3)], the triplet current is oscillating
with a two-times shorter period both in space along the y-axis
(refer to central and right panels in Fig. 2 F) and field [refer to
Figs. 3(e) and 3(f)].

From Fig. 3(d) it is seen that for the small A =72 nm
(black lines) the triplet double maximum is still recognizable,
even though the amplitude of the second maximum is reduced
approximately twice with respect to the smaller JSV [shown
in Fig. 3(a)] due to a finite flux at the corresponding field
H, ~ —250 Oe. With increasing A the flux increases as the
second maximum progressively decreases. For the largest A =
432 nm (olive curves), it becomes practically indistinguishable
in the total I.(H). The amplitude of the first maximum is
affected marginally because it occurs close to zero field and
corresponds to a small flux.

From Fig. 3 it is seen that the characteristic signature of
the triplet current, the double maximimum in /.(H), is washed
away by flux quantization effects. In particular, the second
maximum of the triplet current is washed away for junctions
wider than L; = ®¢/2HppA ~ 180 nm, where Hpp =~ 250
Oe is the field of switching from the AP state [see point D in
Fig. 1(a)] and A = 227 nm (ds = 250 nm, A = 150 nm). The
factor ®(/2 is due to the double-harmonic dependence I, (¢).
A similar suppression occurs in long JSV L¥ 2> 560 nm due
to finite value of the M, component ®,(Hap) > Py/2. Simul-
taneously the maximum achievable critical current density is
rapidly decreasing with increasing L, , and/or A. For larger
JSV’s L, , 2 L}, the triplet double maxima is washed away
and the triplet component can no longer be unambiguously
identified from the I.(H,) pattern without detailed knowledge
of the spin-valve state even for the simplest monodomain case.
However, as follows from Fig. 3(d), a systematic analysis of
thickness and size dependencies of 1.(H) for JSVs of different
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FIG. 4. Field dependencies of characteristics of rectangular monodomain JSV’s with L, = 100 nm and different L,. (a) Magnetization
loops M, (H,). It is seen that switching fields to and from the AP state depends on the shape. (b) Field values for switching into (black) and
from (red) the antiparallel state as a function of the aspect ration L, /L, . (c) Field dependence of the singlet contribution to the critical current
(for a downward field sweep only). The pronounced maximum occurs in the AP state and is due to the long-range singlet current. (d)—(f) Field
dependence of characteristics of JSV’s with not very large aspect ratios: (d) the average sin?(a), (e) the triplet contribution to the critical current,
and (f) the total critical current. For the largest JSV L, = 200 nm flux quantization effect smears out both triplet maxima in I.(H), despite it is
very pronounced in sin’(a) [magenta line in (d)]. (2)—(i) Field dependence of characteristics of JSV’s with large aspect ratios. (g) The average
sin?(). It is seen that for elongated JSV L, = 20 nm (black line) the increasing shape anisotropy starts to suppress the range of existence of
the noncollinear state, especially the second maximum. (h) The triplet contribution to the critical current. (i) The total critical current. Here,

the double maximum is removed by the strong shape anisotropy.

sizes at the same chip can still provide a clue about the
triplet component. Such an analysis requires, however, that
the magnetic state of those JSV’s is size independent.

InFig. 1 we demonstrated that magnetic states of spin valves
may indeed be size independent under certain conditions.
First of all, we emphasize that the size independence occurs
only for spin valves with the same shape and only within
a certain range of sizes. Magnetic properties of ferromag-
netic nanoparticles are determined by their demagnetization
factors, which determine the shape anisotropy [45,46]. For
particles with the same shape (squares considered above) the
demagnetization factor is weakly dependent on size, provided
it is significantly larger than the thickness, Ly = L, > d .
For d;, of 5 and 7.5 nm, size independence holds down to
approximately L, , >~ 30 nm. Smaller JSV’s L, , =20 nm
have different coercive fields [see Fig. 4(a)] because they are

no longer flat and have significantly different demagnetization
factors than thin films. The upper limit is determined by the
domain size, which however is not a universal number, but
also depends on the shape of the particle (typically several
hundreds of nm for Ni).

B. Shape dependence of the magnetic state

The magnetic state of ferromagnetic nanoparticles depends
on their demagnetization factors, which define the shape
anisotropy [45,46]. This makes the shape an additional variable
in the JSV dynamics.

In Fig. 4(a) we show calculated magnetization loops
M, (H,) for rectangular Ni(5 nm)/Cu(10 nm)/Ni(7.5 nm) spin
valves with fixed L, = 100 nm, but different L, from 20
to 200 nm. In all cases, spin valves are in the monodomain
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scissor state. However, it is seen that the fields for switching
to and from the AP state are largely different. In Fig. 4(b) we
plot corresponding switching fields to (black) and from (red)
the AP state. It is seen that both vary quasilinearly with the
aspect ratio L, /L. Thus, the AP state, corresponding to the
minimum of the triplet and maximum of the singlet current
is shifted to larger fields with increasing the aspect ratio, as
shown in Fig. 4(c).

In Figs. 4(d)—4(f) we analyze the influence of the shape on
JSV characteristics for not very large aspect ratios. Figure 4(d)
shows the spatially average of sin?(a), which represents the
amplitude of the triplet current, Eq. (3). For L, =200 nm
(magenta curves) the field is applied along the short, hard
axis. This leads to an almost uniform scissorlike rotation of
the moments in the two F layers, leading to asymmetric, but
equal amplitude double maxima. With increasing the aspect
ratio, the asymmetry increases. Already in a slightly elongated
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JSV with L, =70 nm (olive curves), the second maximum
after switching from the AP state becomes significantly lower
than the first maximum before switching into the AP state.
The asymmetry is caused by increasing stability of the AP
state in case when the field is applied along the easy axis of
magnetization.

In Figs. 4(g)-4(i) we show a similar analysis for elongated
JSV’s with large aspect ratios. From Fig. 4(g) it is seen that
the asymmetry of the double maximum in sin?(«) is further
progressing with increasing the aspect ratio. For the most
elongated JSV with L, =20 nm, even the first maximum
is reduced. In this case, the strong shape anisotropy tries to
keep magnetization in the collinear (parallel or antiparallel)
state, reducing the range of the noncollinear magnetization
with nonzero sin’(«). Thus, a strong shape anisotropy (for
field along the easy axis) is detrimental for generation of the

triplet current.
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FIG. 5. Characteristics of a two-domain switching of a spin-valve Ni(5 nm)/Cu(10 nm)/Ni(7.5 nm) with an elongated rectangular shape

860 x 160 nm?. (a) Calculated magnetization loop M,(H,). Four jumps correspond to sequential switching between monodomain and
two-domain states. The pronounced intermediate step C corresponds to the predominantly antiparallel state of the spin valve. (b) Configuration
of magnetization of the two ferromagnetic layers F, , at points A—D along the magnetization curve. Note that the spin-valve configuration at
point C with two domains in F; and a monodomain “C” state in F, is locally almost antiparallel. (c) Perpendicular to the field magnetization
M,(H,) for a downward field sweep. Note that appearance of domains greatly reduces M, compared to the monodomain scissors state
[Fig. 1(c)]. (d), (¢) Show average values of sin? of the angle and half of the angle between local magnetizations in the two F layers. Note that
the double maximum in /,,¢ (d) is still clearly seen, but it has reduced amplitude compared to the monodomain case [Fig. 1(d)]. (f)-(h) Field
dependencies of the total critical current (f), the triplet (g), and the singlet (h) contributions. It is seen how the triplet double maximum is
completely removed.
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Figures 4(e) and 4(h) show corresponding size and shape
dependencies of magnetic field modulations of the maximum
triplet current. For narrow JSV’s [Fig. 4(h)], flux quantization
is not important and I,,(H,) is determined by sin?(e). For
larger L, [Fig. 4(e)], flux quantization starts to play the role
and tends to suppress the double maxima, similar to that in
Fig. 3(d).

Figures 4(f) and 4(i) show size and shape dependencies of
I.(H) modulation patterns. Note that in all cases the double
maximum is not visible, although for different reasons. For
narrow JSV’s [Fig. 4(i)], the second maximum is suppressed
by the strong shape anisotropy that suppresses the noncollinear
state after switching from the AP state. For broader JSV’s,
maxima are suppressed by flux quantization. For the broadest
ISV, L, = 200 nm, both maxima are suppressed by flux quan-
tization, despite profound maxima in sin?(e) [see Fig. 4(d)].

We emphasize that according to Figs. 3(d) and 4(f) and
4(i) dramatic variations of I.(H) patterns for relatively small
changes of sizes and shapes occur even in case of the simplest
monodomain state of the JSV.

C. Two-domain case

Next, we consider the case with two domains (one domain
wall) per F layer. For Ni(5 nm)/Cu(10nm)/Ni(7.5 nm) spin
valves, such state is realized in elongated valves L, > L, in
a broad range of sizes from slightly more than 100 nm to
almost a um. Figure 5 shows results for a 860 x 160 nm? JSV.
Figure 5(a) shows the magnetization loop M, (H,). Figure 5(b)
shows magnetization orientations at points A, B, C, D at the
downward field sweep, marked in Fig. 5(a). It is seen that upon
decreasing field (points A and B) magnetization configuration
in both F layers acquires a “C” shape. After point B the thinner
F, (top) layer switches into the two-domain state. This leads to
establishing of the antiparallel orientations of the JSV on both
sides of the domain wall (point C). After that, the thicker F,
layer switches into the two-domain state (point D), then F; and
F, sequentially switch back into the “C” state. This switching
leads to appearance of four jumps in M, (H,) curve [Fig. 5(a)]
instead of the one AP step in the monodomain case [Figs. 1(a)
and 4(a)].

Figures 5(d) and 5(e) show average sin?(«) and sin®(a/2),
representing amplitudes of the triplet and the long-range
singlet components of the supercurrent, respectively. From
comparison of Figs. 5 and 1 it is seen that the single-domain
wall does not change the qualitative behavior of the triplet
[Fig. 5(d)] and the long-range singlet [Fig. 5(e)] components.
However, it does reduce the overall modulation of the double
maxima in the amplitude of the triplet component ocsin®(c).
Both the first maximum (B) and especially the second (D)
are significantly less than 1 and the minimum (C) is larger
than 0. Thus, the single-domain wall smears out but does not
completely remove the triplet current modulation.

In Figs. 5(f)-5(h) we show magnetic field dependencies of
the total critical currents [Fig. 5(f)] and the corresponding
triplet [Fig. 5(g)] and singlet [Fig. 5(h)] components. The
general behavior is similar to that in the monodomain case.
From the shape of I.(H,) in Fig. 5(f) it is difficult to guess
about the underlying double maximum in the triplet current
amplitude [Fig. 5(d)].
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FIG. 6. Color maps of spatial distributions of (a) sin’(er) and
sin?(ar/2) and (b) maximum total, triplet, and singlet currents for the
860 x 160 nm? JSV at point D [see Fig. 5(a)]. It is seen how the
domain walls intermix singlet and triplet components.

Figure 6 shows color maps of spatial distributions of
(a) sin’(a) and sin’(a/2) and (b) maximum total, triplet,
and singlet currents for the 860 x 160 nm? JSV at point
D [see Fig. 5(a)]. From Fig. 6(a) it is seen that rotation
of magnetization direction near the domain walls generates
(mixes) both triplet and singlet components and, thus, smears
the characteristic triplet double maximum [see Fig. 5(d)]. It
also reduces amplitudes of both triplet and singlet currents.
As seen from Figs. 5(d) and 5(e), maxima of sin’(«) and
sin?(et/2) do not reach unity, unlike in the monodomain case
[Fig. 1(d)]. Oscillations of currents along the vertical direction
in Fig. 6(b) is due to flux quantization. The flux is close to
flux quantum, &, ~ &, and even though the triplet current
has a large amplitude, the oscillations almost cancel the total
current.

D. Polydomain case

The polydomain case occurs in larger than the domain-size
spin valves. In order to get into the polydomain case we can
either increase the spin-valve size or decrease the domain
size. To study the polydomain case, we consider Cu;_,Ni,
alloy instead of pure Ni. CuNi films with small exchange
field are characterized by small domains (in our case they
are in-plane oriented). We consider a rectangular-shaped spin
valve Cu5Nigs5(10 nm)/Cu(10 nm)/Cug4Nip¢(10 nm). The
F, and F, layers have the same thickness, but different
Ni concentration, leading to the required dissimilarity for
generation of the triplet current. The domain structure in the
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FIG. 7. Characteristics of a polydomain switching of a spin-valve CugsNips(10 nm)/Cu(10 nm)/Cug4Nip(10 nm) with an elongated
rectangular shape. (a) Calculated magnetization loop M, (H,). Red and blue lines correspond 5 x 1 um? JSV’s with different number of
domains N < 10 and N > 10. Olive line is for 20 x 2 um? JSV’s with N > 10. Note that the intermediate AP step disappears in the
polydomain case. (b) Configuration of magnetization of the two ferromagnetic layers F; , close to the remanent state for the same JSV’s.
(c) Perpendicular to the field magnetization M,(H,) for a downward field sweep. (d), (¢) Show average values of sin? of the angle and half of

the angle between local magnetizations in the two F layers. Note that the double maximum in triplet current amplitude (d) is washed away with
increasing the domain number.
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double-harmonic current-phase relation of the triplet current.
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spin valve depends also on the exchange coupling in the F
layers. The lower is the coupling, the smaller is the domain
size. We tuned the exchange coupling to change the number
of domains in the JSV with a given size.

Figure 7 represents corresponding calculations for three
JSV’s with different number of domains: 5 x 1 um? withN <
10 domains (red), 5 x 1 pm® with N > 10 domains (blue), and
20 x 2 um? withN > 10 domains (olive curves). Figures 7(a)
and 7(c) show corresponding magnetization curves M, (H,)
and M,(H,). In the polydomain case, the M, component
becomes very small due to mutual cancellation of stray fields
from domains [cf. Figs. 1(c) and 7(c)]. All M,(H,) loops
are fairly similar. Contrary to the monodomain case, in the
polydomain case there is no intermediate AP step in M, (H,)
[47]. This can be used for distinction of the two cases [26].
Figure 7(b) shows typical domain structure (magnetization
orientations) for those JSV’s close to the remanent state.

Figures 7(d) and 7(e) show average sin’(«) and sin®(« /2).
From comparison with monodomain and two-domain data in
Figs. 1 and 5(d) and 5(e) it follows that with increasing the
number of domains, the characteristic double maximum of
the triplet current is rapidly washed away and is replaced by
a single shallow maximum with a progressively decreasing
amplitude.

Figure 8 shows calculated field dependencies of super-
currents for the 5 x 1 um? JSV with the moderate number
of domains N < 10 for different magnetic thicknesses (a)
A >~ 60 nm (ds = 30 nm, A = 100 nm) and (b) A >~ 235 nm
(ds = 250 nm, A = 150 nm). It is seen that in both cases
there is just one central maximum, which is impossible to a
priori ascribe to any specific supercurrent component. As a
matter of fact, those patterns are hardly distinguishable from
characteristics of SFS junctions without triplet supercurrent
[35]. We observed that I.(H) patterns in the polydomain
case become extremely complicated (chaotic) if domains
generate more than ®(/2, which precludes any sensible
analysis.

IV. DISCUSSION
A. Mirror symmetry of I.(H) patterns in the monodomain case

From Figs. 3 and 4 it is seen that although /.(H) patterns of
JSV’s can be arbitrarily different from the standard Fraunhofer
modulation, in the monodomain case they always are mirror
symmetric with respect to the H axis: absolute values of
critical current in positive I and negative I directions
are similar, IF(H)= —I7(H). Such a mirror symmetry
allows a clear distinction from I.(H) distortion caused by
inhomogeneity of the device. As discussed in Ref. [48], any
type of spatial inhomogeneity (e.g., spatial distribution of
the critical current or bias current) must preserve the central
symmetry I (H) = —17(—H). This is a consequence of
space-time symmetry: simultaneous flipping of field (space)
and current (time) directions is equivalent to flipping of the
observer, which should not affect the result of measurements.
We emphasize that our calculations are made for perfectly
uniform JSV’s. The mirror symmetry of I.(H) in JSV is the
result of breaking of space symmetry due to magnetic order in
F layers.
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The mirror symmetry is inherent only in the spatially
uniform monodomain case. It leads to the uniform distribution
of the bias current and precludes the self-field effect. As
a result, the critical current does not depend on the direc-
tion I:’(H ) = —17(H). However, in the polydomain case,
different parts of the JSV experience different flux density,
which causes uneven current distribution with certain in-plane
component. The latter does generate self-field, which depends
on the current direction. This removes the mirror symmetry in
the poly-domain case, as can be seen from Fig. 8.

B. Half-flux quantum beatings in /.(H) modulation

The triplet current has a double-harmonic current-phase
I, () relation, Eq. (3), which leads to the half-flux quantum
modulation period of I,,(H). However, this may be difficult
to recognize in experiment because nano-scale JSV have not
well-known demagnetization factors, especially if the total
thickness 2ds + d| + dn + d is comparable to the length L,
and the width L of the JSV. Presence of the demagnetization
factor may significantly renormalize the modulation period of
1.(H), which is not easy to quantify.

However, we note that a rather unambiguous qualitative
signature of the triplet component appears in case of coexis-
tence of singlet and triplet components of the supercurrent.
This leads to appearance of small half-flux quantum beatings
of I.(H,) with a flux-quantum period, as marked by the blue
arrow [Fig. 8(d)]. Due to coexistence of the single-harmonic
singlet and the double-harmonic triplet current, every second
minimum of I.(H,) does not reach zero. Such beatings
may also provide a quantitative information about relative
amplitudes of singlet and triplet currents.

C. Size dependence as a tool for identification of the
triplet component

Finally, we return to the main question of this work, i.e., how
to recognize the spin-triplet supercurrent from experimental
characteristics of Josephson spin valves. The main fingerprint
of the spin-triplet current is a characteristic asymmetric double
maximum in field dependence on both sides of magnetostat-
ically stable antiparallel state [see Fig. 3(a)]. However, from
the presented analysis it follows that such a clear signature
appears in I.(H) modulation only for very small Josephson
spin valves. With increasing JSV size it is distorted and
becomes unrecognizable. The threshold length scales LY of
the order of 100 nm and L* < 1 pm depend on materials and
layer thicknesses.

There are two main obstacles for identification of the triplet
supercurrent in large JSV: (i) appearance of ferromagnetic
domains and (ii) flux quantization in applied magnetic field
and a stray field from ferromagnetic layers.

Domains lead to removal of the pure antiparallel state,
which determines the dip between the double maxima of
I;,(H). As seen from Figs. 1(d), 5(d), and 7(d) the double max-
imum is progressively smeared and reduced in amplitude with
increasing the number of domains and is completely washed
away in the polydomain case. This is consistent with similar
simulations made for three-layer SF;F,F;S heterostructures
[30]. A remaining single maximum of the triplet current
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amplitude (see Fig. 8) is difficult to separate from a similar
single maximum of the long-range singlet current amplitude
[see Fig. 7(e)]. This complicates unambiguous identification
of the triplet current in the polydomain case.

The size of the JSV affects both the domain structure and
the flux quantization conditions. The larger is the JSV, the
more domains there are and the less is the quantization field.
As shown in Fig. 3(b), even in the monodomain case rapid
oscillations of I.(H) in large JSV may completely mask the
double maxima of the triplet current amplitude.

Most clearly the triplet current can be identified in mon-
odomain or few-domain JSV’s (see Figs. 3 and 4). In those
cases there is a well-defined antiparallel state of the spin
valve, and the triplet current amplitude sin®(«) exhibits
a characteristic double maximum on both sides of the AP
state. However, this double maximum is distorted by flux
quantization in large-size JSV’s. In order to pinpoint the
feature, we suggest the following strategy: (i) Systematic
analysis of size dependence of I.(H) characteristics of JSV’s
on the same chip. In this case, varying the JSV width
L, (perpendicular to the field) changes flux quantization
conditions and thus allows identification of the underlying
double maximum of the triplet current amplitude, as shown
in Figs. 3 and 4. (ii) Clear observation of the triplet double
maxima in the I.(H) pattern requires the quantization field
(significantly) larger than the coercive field. A comfortable
way to increase the flux quantization field is to reduce the
thickness of superconducting electrodes, which reduces the
magnetic thickness [Eq. (6)] and increases the quantization
field. Nb electrodes can be made as thin as 30-50 nm
without major deterioration of superconducting properties.
Even thinner ds ~ 10 nm films can be made of NbN films. The
thinner the better it is for recognition of the triplet current. (iii)
For confidence, it is advisable to confirm the alignment of the
double-maximum edges with the edges of the antiparallel state
by in situ probe of the AP state. As discussed in Ref. [26], this
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can be done by measurement of high-bias magnetoresistance
(AP state corresponds to maximum of resistance) and by in situ
magnetometry (absolute fluxometry). In the latter case, the AP
state is manifested by the well-defined intermediate AP step in
the magnetization curve [see Figs. 1(a) and 4(a)]. The AP step
is the most clear signature of the required monodomain (or
few-) domain state. We emphasize that in situ measurements
for the specific JSV are required. It is not enough to perform
magnetization measurements of unpatterned multilayer films,
which are always polydomain and have very different shape
anisotropy compared to nanoscale JSV.

To conclude, the unconventional odd-frequency spin-triplet
component of the supercurrent through a Josephson spin valve
is manifested by a dissimilar double maximum on both sides
of the antiparallel state of the spin valve. The robustness of this
feature is directly linked to the robustness of the AP state. The
magnetostatic stability of the AP state leads to the pronounced
asymmetry of the maxima at the two sides of the AP state
because the spin valve more easily goes into, rather than goes
out of, the AP state. The stable AP state is achievable only in
case of monodomains or few domains in the ferromagnetic
layers and disappears in the polydomain case. Since the
number of domains depends on the size of the JSV, nanoscale
(submicron size) JSV’s are required for analysis of the triplet
current generation. We have shown that for the monodomain
or few-domain JSV’s it is possible to unambiguously identify
the spin-triplet current by a systematic analysis of size and
S-layer thickness dependencies of the critical current versus
magnetic field modulation patterns, preferably in combination
with in situ characterization of the studied spin valves.
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