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Abstract—A matrix solution to Usadel linearized equations is used to obtain the critical temperature and dis-
tribution of singlet pairing components of a superconductor/ferromagnetic/superconductor/ferromagnetic
structure with nonideal boundaries. There is a transition from the m- to the 0-phase state between the
superconductor layers upon varying the angle between the magnetizations of ferromagnetic layers in such

a structure.
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INTRODUCTION

We studied the critical temperature of the transi-
tion to superconducting state 7. and the distribution
of singlet components of the superconducting pairing
of symmetric Sc/Fm/Sc, asymmetric Scl/Fm/Sc2,
and Scl1/Fm1/Sc2/Fm?2 heterostructures (where Sc is
a singlet superconductor, and Fm is a ferromagnetic
metal) with nonideal boundaries, in which the long-
range triplet superconducting component is generated
at noncolinear directions of the magnetizations of fer-
romagnetic layers [1]. It was shown in [2] that the crit-
ical temperature of a three-layer Sc/Fml/Fm2 het-
erostructure can be a non-monotonous function of
angle o between the magnetizations of ferromagnetic
layers, in contrast to the monotonous behavior of
T.(a) in a three-layer Fm1/Sc/Fm?2 heterostructure
[3]. The authors of [4] analyzed the effect an addi-
tional layer of a superconductor or a normal metal
between ferromagnetic layers have on the direct and
triplet regimes of a spin valve when these layers were
considered in an approximation of ideal boundaries.
The parameter of quantum mechanical transparency
of boundary vy, = 0, the constants of diffusion, and
the specific resistances of all layers were taken the
same. This work considers the effect of an additional

layer of superconducting metal with parameters of
the materials and boundaries from [5]. It is therefore
relevant for both determining and modeling parame-
ters of real structures, and for revealing features in
their behavior.

MODEL AND NUMERICAL TECHNIQUE

The dependences of critical temperature 7., of
symmetrical Sc/Fm/Sc films [6] with axis x, perpen-
dicular to a layer’s surface and infinite in directions y
and z, were initially modeled using the matrix
approach [7—9] in the 0- and m-phase states to com-
pare them to asymmetrical Sc1/Fm/Sc2 heterostruc-
tures. The critical temperature of Sc1/Fm1/Sc2/Fm?2
structures was then modeled. The direction of the
exchange field of the Fm1 layer lay in plane yz, and
h(x)=E,m(x) = (0,E,sina,E,cosa). The
exchange field of the Fm?2 layer was directed along axis
z, h(x) = (0,0, E.,), 7 (x) is the unit vector codirected
to the vector of magnetization, and E,, is the energy of
exchange interaction. Angle o varies from 0 (parallel
orientation) to © (antiparallel orientation). The critical
temperature of the spin valve is determined in the dif-
fusion limit. The Usadel equations for the supercon-
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ducting and ferromagnetic layer that can be used in
this limit [7],
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are solved using the matrix technique: Dy g, denotes
the coefficients of diffusion of the superconducting
and ferromagnetic materials; o = mkg7 (2n+1) are
the Matsubara frequencies; n =0,1,...,np; np is the
integer part of wp, / 2k T — 0.5, where wp, is the Debye
frequency; A (x) = athTKZm F, (x) is the parameter
of order in the superconductor; A is the constant of
7 (7) =

= (K00 + F1,0; + F3,03)0; is

effective electron—electron
(E),moo + E,wa) 03
the anomalous Green function; F,, £, f, are the

singlet and triplet components; and o, are the Pauli
matrices; 7 =1 (comment for the editor, symbol # is
the reduced Planck constant). Equations (1), (2) are sup-
plemented by conditions on the external boundaries,

9:/0,(0) = 0. /o, (L) =0,
axﬁ,n (0) = ax.}_‘;,n (L) = 65

on contact boundaries

o (x; +0)0, [y, (x; +0) = o' (x; —=0)0, fo., (x; —0),
ﬁ),n (xi + 0) (4)
= fou (% = 0) + VormscEse piaxfo,n (x,—0),
P (xi - 0)
for the singlet component, and the same conditions for

the triplet components; p (x) = Pg¢(gm) is the specific low
temperature resistance of superconducting and ferro-

interaction;

3)

magnetic materials; Eg (pp) :\/DSC(Fm) /ZthBTCrSC are

their coherence lengths, and 7, is the temperature of
the transition to the superconducting state of massive
superconductor. The characteristic equation is
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where y (x) is the digamma function. The values of
the parameters in this work were T .. = 7 K, pg, =
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75uQ cm, &, = 8.9 nm, E, =
60 uQ cm, and g, = 7.6 nm.

150 K, pry =

RESULTS AND DISCUSSION

The distribution of pair wave function character-
izes the phase state and behavior of a critical tem-
perature as a function of the thickness of the ferro-
magnetic layer of symmetric Sc/Fm/Sc, asymmetric
Scl/Fm/Sc2, and Scl/Fml/Sc2/Fm2 heterostruc-
tures (Figs. 1a—3a). The physically observed critical
temperature is the higher of the two. The 0-phase state
(where the phase difference between the supercon-
ducting pairing functions in superconducting layers is
zero) and the m-phase state (with different signs of
pairing functions in superconducting layers) are illus-
trated in Fig. 1b in the transverse cross section of the
structure. The thickness of the Sc1 layer is constant for
asymmetric Sc1/Fm/Sc2 structures, while the thickness
of Sc2 layer is lower in the left side of Fig. 2a and higher
in the right side. The distributions of the singlet com-
ponent for each of the two critical temperatures are
plotted for different thicknesses dg,, / Erm = 0.75,1.0 of
the ferromagnetic layer of asymmetric structure
Sc1/Fm/Sc2. The solid line shows the distribution at
higher T, and the dotted line is for lower tempera-

tures. Normalizing denominator Y f; of the singlet
components of the asymmetric structure Sc1/Fm/Sc2
at higher T, belongs to the thicker superconducting
layer in Fig. 2b.

In the Sc1/Fm/Sc2 structure, the & state (with the
nt-phase difference between the superconducting lay-
ers) can have higher critical temperatures than the 0
state (with zero phase difference) (Figs. 1 and 2). The
Scl/Fm1/Sc2/Fm?2 structure probably also has spin
valve regimes in the 7 state with higher critical tem-
peratures than that in the Sc/Fm1/Fm2 structure. In
the Sc1/Fm1/Sc2/Fm2 structure, the thickness of the
Scl layer is the same as for the Scl1/Fm/Sc2 in Figs. 1
and 2, and the thicknesses of the Fm1 and Fm?2 layers
are the same (Fig. 3). The distribution of the singlet
components is considered the main reason for the behav-
ior of the critical temperature of the Sc1/Fm1/Sc2/Fm?2
structure as a function of the angle o between the
magnetic moments of the ferromagnetic layers. The
thickness of the ferromagnetic layer between super-
conductors at which the phase state of the structure
changes upon varying the angle between the magne-
tizations of the ferromagnetic layers is shifted toward
higher wvalues. There is a region of thickness
dem / Erm =0.9-095 in a ferromagnetic layer
(Fig. 3a) at which the phase state changes from 7 to 0.
Despite our expectations, the obtained regimes were
characterized by lower critical temperatures than when
the change of the phase state upon varying the angle
between the magnetization of ferromagnetic layers
Vol. 87
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Fig. 1. (a) T, as a function of thickness dg,, of the symmetric Sc/Fm/Sc structure, dSc/ESc =1.24, YpEmsc = 0.07. (b) Distribu-

tion of spin singlet > f; (x) / Y /o (0) components of superconducting pairing in the transverse cross section of the structure in

Fig. 1a.
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Fig. 2. (a) T, as a function of thickness dp,, of the asymmetric Sc/Fm/Sc structure, ds.|/Esc; = 1.24, YpEmsc = 0.07. (b) Dis-
tribution of spin singlet . f; (x) / 2. /o (0) components of superconducting pairing in the transverse cross section of the structure

in Fig. 2a.

would shift toward smaller thickness, and the phase
state would change from 0 to 7. Adding the Sc2 layer
to the Sc/Fm1/Fm?2 structure varied the direct, trip-
let, and inverse regimes to a direct regime with higher
critical temperature than in the Sc/Fm1/Fm2 struc-
ture (insets in Fig. 3).

The triplet regime is obtained by transition from
the - to the 0-phase state (Fig. 4a). Distributions of
the singlet component in the transverse cross section
for the higher of the two critical temperatures are plot-
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ted for the parallel and antiparallel orientations of the
magnetizations of the ferromagnetic layers of the
Sc1/Fm1/Sc2/Fm?2 structure (Fig. 4b).

CONCLUSIONS

We determined the critical temperature of a non-
symmetrical Scl/Fm1/Sc2 three-layer heterostruc-
ture as a function of layer thickness and the distribu-
tion of the spin-singlet component of the condensate
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Fig. 3. T, as a function of thickness dg, for parallel and antiparallel configuration of magnetic moments of ferromagnetic layers
for the (a) Sc1/Fm1/Sc2/Fm?2 and (b) Sc/Fm1/Fm?2 structures. The other parameters are dScl/EsCl =1.24, YpFmse = 0.07.
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Fig. 4. (a) Critical temperature 7., of the Sc1/Fm1/Sc2/Fm?2 structure as a function of angle o, dSc1/§Sc1 =1.24, YpEmsc = 0.07.

(b) Distribution of spin singlet components > f; (x) / 2 fo of superconducting pairing in the transverse cross section of the
Scl/Fm1/Sc2/Fm2 structure in Fig. 4a.

FUNDING

function across the layers of the structure. We also
obtained the transition from the 7t- to the O-phase state
between the superconductor layers upon varying angle
o between the magnetizations of the ferromagnetic
layers in the Sc1/Fm1/Sc2/Fm?2 heterostructure.
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