1812.09937v1 [cond-mat.supr-con] 24 Dec 2018

arxXiv

Signatures of spin-triplet Cooper pairing in the density of states of spin-textured

superconductor-ferromagnet bilayers

I. V. Bobkova,! A. M. Bobkov,! and Wolfgang Belzig?

! Institute of Solid State Physics, Chernogolovka, Moscow req., 142432 Russia
2 Fachbereich Physik, Universitit Konstanz, D-78457 Konstanz, Germany
(Dated: December 27, 2018)

The existence of spin-triplet superconductivity in non-collinear magnetic heterostructures with
superconductors is by now well established. This observation lays the foundation of superconducting
spintronics with the aim to create a low-power consuming devices in order to replace the conventional
electronics limited by heating. From a fundamental point of view the investigation of the structure
and properties of spin-triplet Cooper pairs continues. Recently, spectroscopic evidence has shown
to offer more detailed insights in the structure of triplet Cooper pairs than the supercurrent. Hence,
we study here the structure of spin-triplet Cooper pairs through the density of states in bilayers
of a textured magnetic insulator in proximity to a superconductor. Using quasiclassical Green
function methods, we study the local density of states, both spin-resolved and spin-independent.
We show that the equal-spin and mixed-spin triplet Cooper pairs leads to different spectroscopic
signatures, which can be further enhanced by spin-polarized spectroscopy. Our results show the huge
potential spin-polarized tunneling methods offer in characterizing unconventional superconductivity

in heterostructures.

I. INTRODUCTION

The active development of superconducting spintron-
ics, caloritronics and spin caloritronics raised a tremen-
dous interest in hybrid structures of superconductors and
textured ferromagnets. The existence of spin-polarized
supercurrents is ubiquitous to the spin-textured super-
conductor/ferromagnet (SC/FM) hybrid structures re-
sulting from long-range spin-triplet proximity®® and the
following experimental measurements > 2. In particular,
it is quite appealing to employ the spin torques gener-
ated by the dissipationless spin-polarized superconduct-
ing current

On the other hand, a series of interesting phenom-
ena have been studied in superconductor/ferromagnet
structures with spin-split density of states (DOS), such
as giant thermoelectric®23 thermospin effect \
highly efficient spin and heat valves?680 cooling at the
nanoscalé®32 and low-temperature thermometry and de-
velopment of sensitive electron thermometers®?, as well
as the influence of the antiferromagnetic exchange bias34.

Although different F/S systems have been studied for
almost three decades, investigation of the influence of
magnetic proximity on the DOS in S/F layered structures
with textured ferromagnets is not very much explored,
contrary to DOS in the usual proximity effect35%6, Re-
cent experiments investigated tunneling in the supercon-
ducting side of spin-spiral structures®Z. Furthermore,
the influence of the domain structure on the position-
averaged superconducting DOS in S/FI bilayer was stud-
ied experimentally and theoretically®?. The DOS in the
ferromagnetic part of a metallic S/F bilayer with an in-
finitely sharp domain wall has been investigateds. Char-
acteristic signatures of equal-spin triplet pairing®? make
it possible to identify the spin-carrying supercurrent.
However, the influence of particular noncollinear textures
such as domain walls and other inhomogeneous ferromag-

FIG. 1. Sketch of the bilayer S/F systems considered in this
work. The two examples of magnetic textures are (a) a mag-
netic helix and (b) a tail-to-tail domain wall.

nets on the local DOS practically has not yet been stud-
ied, except for the study of of Andreev resonance features
near the edge of S/F bilayer containing a domain wall40,
The purpose of the present work is to fill in this gap.

In this work we investigate to two instances featur-
ing different aspects of the spin-triplet pairs created by
a magnetic textures, sketched in Fig. [1l In the first part
we study a magnetic helix structure in magnetic insu-
lator in proximity to a conventional s-wave supercon-
ductor. We treat the system in the diffusive limit and
show that very generically the spin-dependent density of
states can be extracted from tunneling spectra. We de-
termine the characteristic spatial and energy dependence
of the spin-dependent density of states, which allows to
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tomographically extract the structure of the spin-triplet
Cooper pairs. In the second part, we investigate a domain
wall-type magnetic texture imposed in the superconduct-
ing film in the clean limit. Similar as before, the local
density of states reflects that the different spin-triplet
Cooper pairs have different spatial structure and one can
produce in this way a one-dimensional spin-carrying band
along the domain wall. Finally, we illustrate how a spin-
polarized tunneling signal can be connected to the spin
structure of the Cooper pairs.

II. DOS IN DIFFUSIVE SPIN-TEXTURED S/F
BILAYERS

A. Model and method

The model system that we consider is shown in Fig.
It consists of a spin-textured ferromagnet with a spatially
dependent exchange field h(7) in contact to a spin-singlet
superconductor. The ferromagnet can be a metal or an
insulator. It is widely accepted in the literature that if
the width of the S film d is smaller than the superconduct-
ing coherence length £g, the magnetic proximity effect,
that is the influence of the adjacent ferromagnet on the
S film can be described by adding the effective exchange
field heg(r) to the quasiclassical Eilenberger or Usadel
equation, which we use below to treat the superconduc-
tor. This approach has been developed for metallict 3¢
as well as for insulating®?43 ferromagnets. While for the
ferromagnetic insulators the magnetic proximity effect is
not so simple and in general not reduced to the effective
exchange only*#4445  we neglect other terms (which can
be viewed as additional magnetic impurities in the su-
perconductor) in the framework of the present study and
focus on the effect of the spin texture.

In the framework of this model in the diffusive limit
l < &g, where [ is the mean free path, the S film is de-
scribed by the following Usadel equation for the retarded
Green’s function:

—iDV (ng) + [57'2 + hegor, — A,g] =0, (1)

where D = vpl/3 is the diffusion constant with Fermi
velocity vp. Here and below throughout the paper the
energy € contains the infinitely small imaginary part n >
0, o; and 7; are Pauli matrices in spin and particle-hole
spaces, respectively. A = A7, — A*r_, where 7o =
(12 £i7y)/2.

Further we make the spin gauge transform in Eq.
in order to turn to the local spin basis, where the spin
quantization is aligned with the local direction of the
exchange field: § = UgUT with UTheg(r)oU = hego..
In this representation the Usadel equation takes the form:

—ZDe(glegl) + |:€TZ + heHUsz - A7gl:| = Oa (2)

where the magnetic inhomoAgeneity enters as the spin-
dependent gauge field and V = V + [UTVU,...] is the
SU(2)-covariant gradient.

The quasiclassical Green’s function obeys the follow-
ing normalization condition §? = g7 = 1. If the ef-
fective exchange field is homogeneous and the matrix
Green’s function § is diagonal in spin space, it is con-
venient to use the so-called #-parametrization?®, where
the Green’s function is parameterized by two angles 04 .
This parametrization satisfies the normalization condi-
tion automatically. However, in case of textured ferro-
magnets the Green’s function becomes non-diagonal in
spin space and the parametrization via two angles fails to
work. An appropriate generalization of this parametriza-
tion was proposed in Ref. 47 and takes the form:

. coshf® sinh6
gu = cosh(a) ( —sinh @ — cosh# ) T
. sinh@®  coshé
mo sinh(e) ( —coshf —sinh6 ) ) (3)

This parametrization satisfies the normalization condi-
tion for energy-dependent parameters 6(e), a(e) and
m(e), where the latter satisfies m? = 1.

Further on, we only study 1D magnetic textures, where
heg = hog(x). Substituting Eq. (3]) into the Usadel equa-
tion Eq. , we obtain the following equations (the spa-
tial derivatives of all the quantities are denoted by prime
- A'=dA/dx):

iDO" = 2 cosh()(e sinh(8) + A cosh(6)) + 2hegm, sinh(a) cosh(6) (4)

and

1
iD (o/’m +m/a’ cosh? a + im” sinh 2ac — 4 cosh afa’ cosh a(a x m) + sinh a(a x m')] — sinh 2a(a’ x m) +

2sinh 2afa x (a x m)]) = 2sinh a(e cosh § + Asinh #)m + 2 cosh asinh 0 hege, (5)

where (a); = —(i/2)Tr[o;UT0,U] are the components of
the gauge field a, which can be viewed as an effective
spin-orbit coupling®®. Egs. — together with the con-

(

dition m? = 1 are enough to find 0, a and m.

The Green’s function in the original basis takes the



form:
. coshf  sinh@
g = cosha ( —sinh® — coshé ) +
. n sinh®  coshé
sinha U(mo)U ( " coshd —sinho ) (6)

The DOS is calculated as

N =2NgRe {cosh a cosh 0} (7)

and the spin-resolved DOS corresponding to the spin
along the direction I is calculated as

N; = NrRe [cosh « cosh 6 +
1
5 sinhasinh ¢ 1 Tr(0;UmoUT)|, (8)

where Ng is the DOS per spin in the normal state of the
system.

B. Results: magnetic helix

For the case of spin helix (see Fig. [[(a)) the magneti-
zation texture is described by

h = h(cos d,sin d cos @, sin d sin ¢), (9)

where we assume that the angle § is spatially independent
and ¢ = 2ma/L, where L is the helix spatial period.
The spin rotation is given by

U= efiaz¢/267i026/267wy'n’/4. (1())
In this case the gauge field is given by

a= 83;0 (sinde, — cosde;) (11)

and does not depend on coordinates. Therefore, the so-
lution of Eqs. (4) and (5]) and, consequently, the Green’s
function in the local basis also does not depend on coor-
dinates: o/ =’ =0and ¢ =60" =0.

We solve the spatially homogeneous version of Egs. (4))
and numerically. For the case under consideration
a(z) = const and 6(x) = const. Therefore, in accordance
with Eq. the DOS is also spatially homogeneous for
the case of the helix magnetic texture. Fig. [2] demon-
strates the dependence of the DOS on the quasiparticle
energy for different absolute values of hog. Here, we ob-
serve that the DOS has doubly split structure very similar
to the case of spatially homogeneous exchange field. At
the same time, the distance between the nearest peaks
is not exactly 2heg, as it is known for the homogeneous
case. Instead, the splitting is between h, = heg cosd and
heg and depends on the particular value of the helix spa-
tial period, as it is discussed below. Upon increasing of
hegr the split peaks move symmetrically around ¢ = A.
The peaks are smeared with respect to the homogeneous

N/2Np
o = N w S (6)]
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FIG. 2. DOS as a function of the quasiparticle energy for dif-
ferent heg. d = 0.25m, L/€s = 5. Different curves correspond
to different heg: 0 (black), 0.1A (red), 0.2A (green), 0.3A
(blue).

case. This smearing is due to the presence of the spin-
gauge field a, which is equivalent to the effective spin-
orbit coupling. One more important feature is that for
the homogeneous case the outer peaks should be higher
than the inner ones. This is not always the case here:
the relative height of the inner and outher peaks depend
on the value of the effective spin-orbit coupling and the
both cases can be realized (inner or outer peaks domi-
nate). The fact that the inner peaks are higher due to
the inhomogeneity of the ferromagnet was experimentally
observed for Al/EuS hybrid structures®” and attributed
to the domain structure in EuS.

Now we discuss the influence of the effective spin-orbit
coupling or, in other words, the value of the helix spa-
tial period on the DOS. As it is seen from Eq. (L1),
the effective spin-orbit coupling a is proportional to
dp/dr = 2r/L, where L is the helix period. In other
words, the effective spin-orbit coupling is inversely pro-
portional L. Fig. |3| demonstrates the influence of this
parameter on the DOS. The three columns of this figure
differ by the value of §, viz., by the projection of the effec-
tive exchange field on the direction of the helix axis. Let
us concentrate at first on the middle row of the figure.
We observe that the effective SO smears the peaks only
for intermediate values of L ~ £g. It is obvious that too
small effective SO (L >> £g) should influence the peaks
only slightly, but too strong SO (L << g) also does not
cause any smearing. In this case heg changes too rapidly
on the length scale {s and the superconductor only feel
the effectively homogeneous averaged exchange field h,,.

The effective SO not only smears the peaks, but also
shifts them symmetrically with respect to e = £A. These
shifts are because the averaged exchange field is reduced
from heg to h, upon increasing effective SO. In the limit
of strong SO (L << &g) the splitting of the DOS peaks
tends to 2h,;.

We see that the outer peaks are lower than the in-
ner ones only for a range of intermediate values of the
effective SO, where the smearing is well-pronounced, ap-
proximately corresponding to L ~ 3 — 10£g. For smaller



and larger values of the effective SO the spin-texture is
hardly felt by the superconductor and the DOS behaves
more like in the homogeneous case. The described above
features manifest itself for the whole range of the an-

J

gles 6, but they are pronounced more clearly for larger
values of § because in this case the difference between
her and hy, = hegcosd is larger. These observations are
illustrated by comparing the different columns of Fig.
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FIG. 3. DOS as a function of quasiparticle energy for different values of the effective SO coupling, proportional to 2w{s /L.
Panels (a)-(b) correspond to ¢ = 0.1257; for panels (c)-(d) § = 0.257 and for panels (e)-(f) § = 0.3757. The bottom row
represents the energy region corresponding to the positive-energy double-split coherence peak on a large scale. heg = 0.2A for
all the panels. L/{s = 100 (black), 10 (red), 5 (green), 2.5 (blue), 1.5 (pink), 0.5 (brown).

As another interesting issue, we discuss now the be-
havior of the spin-resolved DOS. It can be calculated in
the fixed spin basis according to Eq. and for the case
of magnetic helix takes the form:

N
Niz = 5 + Re[sinh asinh §(m cos § — m,, sin d)], (12)

N
Niy = 5 + g cos(2ax), (13)
N
Nig = 5 + gH sin(2ax), (14)
where a = |a| and g; = NpRe[sinh asinh6(m, cosé +

m, sind)]. Nilu = N/2 + g is the spin-resolved DOS in
the direction of hj (the projection of the exchange field
on (y, z)-plane). This quantity can be directly extracted
from the spatial dependence of the experimentally mea-
sured spin-resolved DOS. One can show that the spin-
resolved DOS corresponding to the direction h|| X e, is
Zero.

We observe that the spin-resolved DOS components
N4z and N, Ry are spatially constant, while Ni; and Ny ;

are spatially modulated with the period of the helix.

(

Therefore, the magnetic tip STM measurements of the
DOS in S/F bilayers can give information about the ex-
act spatial structure of the texture. Fig. |5| demonstrates
a 2D plot of the spin-resolved DOS (Ni; and N only
differ by the spatial shift along the z-axis) in (e, z)-plane
for the S/F bilayer with a helix spin texture. The spatial
modulations of the inner DOS features with the helix pe-
riod are clearly seen on the sides of the central featureless
gap region. At the same time the outer peaks practically
do not depend on the coordinate.

Further on, we concentrate on the dependence of Nz
and N, hy on the effective exchange field and effective SO

coupling. The dependence of N; and N; on quasipar-

ticle energy for different heg is pﬂesented in Fig. [ We
see that they are asymmetric with respect to ¢ — —e.
This situation is typical for the spin-resolved DOS and
N B ()= N_ By (—¢), that is the particle-hole symmetry
is restored if one considers the DOS for the opposite spin
directions simultaneously. The same is valid for NV;. The

splitting between the coherence peaks in N; and N, By is
the same as for the usual DOS N.
The dependences of N; and N;LH on energy for differ-

ent values of the effective SO coupling are presented in
Figs. [0 and [7] respectively. From Fig. [f] it is seen that
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FIG. 4. Spin-resolved DOS N; [(a)] and spin-resolved DOS
Nﬁ” [(b)] as functions of energy for different exchange fields:
0 (black), 0.1A (red), 0.2A (green), 0.3A (blue). § = 0.257
and L/¢s = 5.

FIG. 5. 2D plot of the spin-resolved DOS N_j; in (e, z)-
plane. N: has the same form with a spatial phase shift 7/2.
het = 0.2A, L/€s = 5, § = 0.257.

upon increasing the effective SO (that is, reducing L)
the behavior of N; evolves from the typical spin-resolved
DOS behavior for the homogeneous superconductor with
heg }f e, with split DOS peaks of unequal heights (at
very large L) to the typical spin-resolved DOS behavior
for heit = hye,, where the peaks are not split, but shifted
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FIG. 6. Spin-resolved DOS N; as a function of energy for dif-
ferent effective SO couplings. (a) § = 0.257; (b) § = 0.3757.
hest = 0.2A for the both panels. The color coding is the same
as in Fig.

along the energy axis by the value h, (at L < &g).

Fig. 7| demonstrates the behavior of N; B

different values of the effective SO coupling. It is seen
that upon increasing the effective SO its behavior evolves
from asymmetric with respect to the quasiclassical energy
to the symmetric one. It is more clearly seen on panel
(b) of this figure, where the difference V. Ay~ N_;  is pre-
sented. This difference goes to zero at L < £g, what is
equivalent to the fact that N; becomes symmetric. The

on energy for

natural explanation is that at L < &g the component
of heg located in the (y, z)-plane is effectively averaged
and the superconductor does not feel it. Therefore, any
direction in the (y, z)-plane is perpendicular to the effec-
tive exchange h,e, and we have spin-degenerate (and,
consequently, symmetric with respect to e — —¢) DOS
for it. Summarizing this part we can conclude that at
L < &g all the components of the DOS behave as for the
superconductor with an effective exchange field directed
along the z-axis.
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FIG. 7. (a) Spin-resolved DOS N By aSa function of energy for

different effective SO couplings. (b) Nﬁ” — NJLH as a function

of energy for different effective SO couplings. § = 0.257,
hest = 0.2A for the both panels. The color coding is the same
as in Fig. [3

III. DOS IN BALLISTIC SPIN-TEXTURED S/F
BILAYERS

A. Model and method

The model system is the same as in Fig. [ It con-
sists of the spin-textured ferromagnet with the spatially
dependent exchange field h(r) and a spin-singlet super-
conductor. The magnetic proximity effect is again de-
scribed by adding the effective exchange field heg(r) to
the quasiclassical equation, which is used for treating the
superconductor. The only difference is that here we con-
sider the ballistic case and the S film is described by the
Eilenberger equation for the retarded Green’s function:

iUFVQ(rapF) + |:ETZ + heﬁ(r)UTz - Au(] =0, (15>

Contrary to the problem of magnetic helix texture, the
spin gauge transform in order to reduce the problem to
the homogeneous one does not help. Hence, for textures
of domain wall type such a gauge transform does not
lead to such a simplification of the problem. Therefore,
we do not perform the spin gauge transform and solve
the problem numerically in the fixed spin basis.

In the ballistic case, it is convenient to use the so-called
Riccati parametrization for the Green’s function342, In
terms of the Riccati parametrization the retarded Green’s

function takes the form:

A2 -1 A2 N
= (1+W 02A> (1 REEE >(16)
0 1+9% 2y —(1-%9)
where 4 and fy are matrices in spin space. Note that,
our parametrization differs from the definition in the
literature?®49 by factors 10y aS Ystandard = Yioy and
'Cystandmd = ioy'ﬁy. The Riccati parametrization Eq.
obeys the normalization condition g2 = 1 automatically.

The Riccati amplitudes 4 and ’zy obey the following
Riccati-type equations:

wpVy+ 2y = —A*4* — {ho,5} — A,  (17)

and ’zy obeys the same equation with the substitution ¢ —
—&, h - —h and A — A*. In this work, we assume
A = A*. Moreover, we neglect the spatial variations of
the order parameter and assume A = const.

If we consider a locally spatially inhomogeneous mag-
netic texture like a domain wall (see Fig.[I{b)) the Riccati
amplitudes 4 and 4 can be found from Eq. numeri-
cally with the following asymptotic condition:

R hoo
1 A
Yoo = — = |: ;
2le + her +iy/A% — (€ + hes)?
A
|, a9
€ = hetr + i/ A% — (€ — hegr)?
_ 1[ a
Tos 2Le + e+ in/AZ = (€ + heg)?
A
€ = hefr + i/ A% — (€ — hegr)?

and Yoo = —Yoo-

Eq. is numerically stable if it is solved starting
from x = —oo for right-going trajectories v, > 0 and
from z = +oo for left-going trajectories v, < 0. On
the contrary, 4 can be found numerically starting from
x = +oo for right-going trajectories v, > 0 and from
x = —oo for left-going trajectories v, < 0.

Having at hand 4(z, pr) and ¥(x, pr) it is possible to
calculate the DOS and spin resolved DOS (normalized to
the normal state DOS) as follows:

N = NFRe{Tf@)} (21)

and the spin-resolved DOS corresponding to the spin
along the direction I is calculated as

N; = %Re{mm + l,-Tr(o@)}, (22)

where (...) means averaging over the 2D Fermi surface of
the superconducting film and § = (14+47)~1(1—47) is the
normal Green’s function, that is the upper left element
in the particle-hole space of Eq. .



B. Results: domain wall

It is convenient to parametrize the spin texture of the
head-to-head (or tail-to-tail) DW by

h = h(cos8,sin 6 cos 0, sin fsin 9), (23)

where in general the both angles depend on z-coordinate.
The equilibrium shape of the DW is dictated by the in-
terplay between the magnetic anisotropy energy and the
exchange energy and is given by

cos @ = +tanh[z/d,], (24)

and & = const for the classical in-plane DW. However,
here we also consider noncoplanar DW configurations,
which correspond to a spatially dependent §. This sit-
uation can occur due to the contact with the supercon-
ductor or due to external perturbations such as applied
supercurrent or applied magnetic field.
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FIG. 8. DOS for a noncoplanar domain wall with §(z) =
7/(4 cosh?[x/2d,]) as a function of quasiparticle energy. Only
€ > 0 data are plotted, while negative energies follow from
symmetry. Different curves correspond to different distances
z from the wall centre: = 0 (black), x = 0.5s (blue), z =
&s (green), x = 2€s (red), z = 5¢s (pink).] (a) dw = 0.5¢s;
(b) dw = &s; (¢) dw = 2€s. heg = 0.3A for all the panels.

The DOS for a weakly noncoplanar wall is presented
in Fig. Different curves correspond to different dis-
tances from the wall centre. The results for a coplanar
wall with § = 0 are practically the same and are not
presented here. Obviously, far from the wall centre the
DOS is very close to the double-split DOS of a homo-
geneous superconductor with h = heg. The exception is
the Friedel-type oscillation®®>4 which decays very slowly
in the energy region close to the gap and are a signature
of the ballistic system. The DOS for wide enough DWs
(see Fig. c), where d,, = 2£5) is close to the shape typi-
cal for a homogeneous superconductor with the exchange
field coinciding with the local field at a given point. That
is, if the characteristic width of the wall is larger than
(1 + 2)&g, the spin-independent DOS a superconductor
results from an effectively homogeneous exchange field.
However, this picture is not correct for the spin-resolved
DOS, what is discussed below.

Only for the wall widths dy < &g the Zeeman-split
shape is distorted and we see signatures of the mixing
between the peaks in the vicinity of the wall. The 2D
plot of the DOS for such a short wall with dy = 0.5¢g is
presented in Fig. [I1{a). The mixing between the coher-
ence peaks is clearly seen in the region occupied by the
wall.
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FIG. 9. Spin-resolved DOS N; (left column) and N_; (right
column) for noncoplanar domain wall as a function of quasi-
particle energy. Only € > 0 data are plotted. ¢ < 0 part of
the curve can be obtained by symmetry Nz(—¢) = N_z(¢).
Different curves correspond to different distances x from the
wall centre: = 0 (black), x = 0.5¢s (blue), x = s (green),
x = 25 (red), z = 5€s (pink). (a)-(b) dw = 0.5&s; (c)-(d)
dw = &s; (e)-(f) dw = 2€s. heg = 0.3A for all the panels.

The spin-resolved DOS projected on the z-axis, co-
inciding with the direction of the magnetization in the
bulk of the domains, is presented in Fig. [0} The re-



sults for the coplanar wall are practically the same and
are not presented. We see again that far from the wall
centre (pink curves) the DOS is practically the same as
the spin-resolved DOS for a homogeneous superconduc-
tor with h = hege;. The results for a narrow DW
dy = 0.5¢s are qualitatively similar to the results, ob-
tained in Ref. for a infinitely narrow DW. In con-
trast to the spin-independent DOS, here the spin-resolved
DOS does not follow the homogeneous shape of the local
field even for the case of wide walls. The profile of the
spin-resolved DOS is always distorted in the vicinity of
the centre regardless of the wall width.
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FIG. 10. The spin-resolved DOS Ny (left column) and N_g
(right column) for parameters similar to Fig. El

The spin-resolved DOS along y-axis is presented in
Fig. The results for the coplanar wall are practically
the same and are not presented. We observe that far
from the wall centre (pink curves) the DOS is practically
the same as the spin-independent DOS for a homoge-
neous superconductor. That is because the spin-resolved
DOS for a spin direction perpendicular to the direction of
the homogeneous exchange field does not depend on spin
and here we have a superconductor in a homogeneous
exchange field h = hege, far from the wall. Ni; also
does not follow the homogeneous shape of the local field
even for the case of wide walls. The profile of the spin-
resolved DOS is always distorted in the vicinity of the
centre regardless of the wall width. This component of
the spin-resolved DOS cannot be obtained in the model of
infinitely narrow wall, because in this model the magne-
tization is always collinear and there is no spin rotation,
which leads to the creation of the equal-spin pairs and,
therefore, a nonzero difference Ny — N_4. The 2D plots
of the spin resolved DOS N_; and N_j; are presented in
Fig. [LT(b) and (c), respectively.

The spin-resolved DOS along z-axis N; and N_; for
noncoplanar DW are very similar to Ny and N_; and not
presented here. For a coplanar DW with 6 = 0 (the DW
is in (z,y)-plane) N; = N_; = N and, therefore, the
DOS does not show a spin polarization along the axis
perpendicular to the DW plane.

0

-5

0
r/&s

FIG. 11. 2D plot of (a) DOS N; (b) spin-resolved DOS N_; and (c) N_j in (g,z)-plane. heg = 0.3A, dw/€s = 0.5, The

noncoplanarity d(x) is the same as in Fig.



IV. SPIN-RESOLVED DOS AS A SIGNATURE
OF TRIPLET SUPERCONDUCTING
CORRELATIONS

Now our goal is to demonstrate that measurements of
the spin-resolved DOS provide an information about the
presence and the structure of spin-triplet correlations in
the system. Indeed, from the normalization condition

o (90tgo fo+fo 2_
g__(h+j% %+ga) =5 (25)

where the structure of the Green’s function in particle-
hole space is written explicitly, it follows that

9= [hFtiof +if < fl. (@)
9o

On the other hand,

Combining Eqgs. and , we can conclude a that
nonzero difference N; — N_; is an direct signature of the
presence of triplet superconducting correlations in the
system. It is worth to note that the inverse statement
is not always true: from Ny — N = 0 it does not follow
that the odd-frequency correlations are absent, what is
similar to the situation in the Zeeman-split conventional
superconductors®?. This situation is realized in the re-
gion of the gap.

Diffusive limit. In the diffusive limit Eq. can be
further simplified. As it seen from Eq. , in this case
f' = —f and fo = — fo and the Green’s function does not
depend on the momentum direction. Hence, we obtain:

N; — N_; = NpRe[tanh 0 f1). (28)

We observe that measurements of spin-resolved DOS cor-
responding to the spin axis I provide information about
the projection of the triplet pair correlations vector f

N; — N_; = NpRel[(g)l]. (27)  onto the direction I.
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FIG. 12. (a) N — N_s; (b) N;,

— N*ﬁu; (¢)-(d) real part of opposite-spin triplet correlations Re[f;,.] and equal-spin triplet

correlations Re[fi,y], respectively; (e)-(f) imaginary part of opposite-spin triplet correlations Im[f; .] and equal-spin triplet
correlations Im[f; ], respectively; Different curves correspond to different values of the effective SO coupling L/€s = 100
(black), 10 (red), 5 (green), 2.5 (blue), 1.5 (pink), 0.5 (brown). heg = 0.2A and § = 0.257 for all the panels.

For the case of the magnetic helix, it is physically more
reasonable to consider the pair correlations structure in
the local spin basis, where the quantization axis coin-
cides with the local magnetization direction. In this ba-
sis fio = U foU and fi . = m, sinh a cosh 0 represents
the opposite-spin pair correlations f;. = (fy, + f14)/2,
while f;, = mysinhacoshf = —ifyy = —if), is the
amplitude of the equal-spin pair correlations. There-

(

fore, we can conclude that measurements of the spin-
resolved DOS along the direction of the local magnetiza-
tion I = h provide us with information about the mixed-
spin triplet correlations without the contamination of the
equal-spin correlations, while measurements of the spin-
resolved DOS along I perpendicular to the local mag-
netization direction can give us the information about
the equal-spin correlations without the contamination of



the mixed-spin correlations signal. At the same time, in
the considered case of the helix spin texture in the fixed
reference frame the opposite-spin and equal-spin corre-
lations are represented as an oscillating spatial mixture.
Therefore, for a certain fixed I direction a mixture of the
mixed- and equal-spin correlations should be observed.

Fig. [[2] demonstrates the mixed-spin and equal-spin
pairing amplitudes in comparison to the spin-resolved
DOS. This figure illustrates our statement that in the
energy intervals, where the spin-resolved DOS in non-
zero, the triplet pair correlations are inevitably present.
Therefore, the spin-resolved DOS definitely indicates the
presence of the triplet correlations, but does not allow
for obtaining their exact structure.

Ballistic limit. In the clean case the situation is sim-
ilar. However, the condition f x f = 0 is not fulfilled
for each of the trajectories separately. Therefore, the
non-unitary pairing®! with nonzero spin of the pair is
nonzero if we are only interested in the direction-resolved
pairing before averaging over trajectories. However, the
term f x f becomes zero after averaging over trajecto-
ries. This pairing can manifest itself in the DOS under
the applying of the supercurrent to the system, which we
do not discuss here. The resulting relationship between
the spin-resolved DOS and the triplet correlations takes
essentially the same form as in the diffusive case:

Jofy

N; — N_; = —NpRe
[ — F [<go

(29)
|

10

Fig. [L3| demonstrates f, and f, pairing amplitudes in
comparison to the spin-resolved DOS. For this case, we
present the results in the fixed spin basis. We see that
there is a clear correlation between the real part of f,
averaged over trajectories and the corresponding spin-
resolved DOS N5y — N_z(5)- The imaginary part of
Jz(y) 18 also strongly correlated with the spin-resolved
DOS, but is nonzero at subgap energies, where the cor-
responding DOS is zero. This fact again illustrates our
statement that a nonzero spin-resolved DOS definitely in-
dicates the presence of triplet correlation, while a vanish-
ing spin-resolved DOS does not guarantee their absence.

Far from the DW centre only f, correlations and
Nz — N_; are nonzero. This is because far from the wall
the magnetization is homogeneous and is directed along
the z-axis. Therefore only mixed-spin triplet correlations
represented by f, are present in this case. Upon moving
to the wall centre the mixed-spin correlations are par-
tially converted into equal-spin ones and therefore the
magnitude of f, grows. For the case of a noncoplanar
wall the behavior of f, is essentially the same as the be-
havior of f,, while for the case of the coplanar wall f, is
absent.
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FIG. 13. (a) Nz — N_z; (b) Ny — N_g; (c)-(d) Re[(fz)] and Re[{fy)], respectively; (e)-(f) Im[({f.)] and Im[(f,)], respectively.
Different curves correspond to different distances x from the wall centre: x = 0 (black), z = 0.5¢s (blue), z = &s (green),
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V. CONCLUSIONS

We have investigated the influence of inhomogeneous
ferromagnetic textures on the structure of the Zeeman-

(

split DOS and the spin-polarized DOS in thin film S/F



bilayers. The modifications of the typical Zeeman-split
DOS by the spin texture of the ferromagnet show that
the spin-polarized DOS clearly indicates the presence and
the spatial structure of spin-triplet correlations in the su-
perconducting layer in proximity to a spin-textured fer-
romagnet. Our results demonstrate the huge potential of
tunneling spectroscopic methods in characterizing super-
conductivity in hybrid structures containing magnetic el-
ements. Even more so, by using spin-polarized tunneling
information about different spin-component of the local

11

pairing amplitude can be obtained.

VI. ACKNOWLEDGEMENT

This work was financially supported by the DFG
through SP 1538 Spincaloric Transport and SFB 767
Controlled Nanosystems. Note added: after finalizing
this work a related manuscript was made public®2.

! L. N. Bulaevskii, A. I. Buzdin, and S. V. Panjukov, Solid
State Commun. 44, 539 (1982).

2 A. I Buzdin, Rev. Mod. Phys. 77, 935 (2005).

3 'W. Belzig, A. Brataas, Y. Nazarov, and G. Bauer, Phys.
Rev. B 62, 9726 (2000).

4 F.S. Bergeret, A.F. Volkov, and K.B. Efetov, Phys. Rev.
Lett. 86, 4096 (2001).

5 F.S. Bergeret, A.F. Volkov, and K.B. Efetov, Phys. Rev.
B 69, 174504 (2004).

6 F.S. Bergeret, A. Levy-Yeyati, and A.Martin-Rodero,
Phys. Rev. B 72, 064524 (2005).

7 F.S. Bergeret, A.F. Volkov, and K.B. Efetov, Rev. Mod.
Phys. 4, 1321 (2005).

8 M. Eschrig, Reports on Progress in Physics 78 104501
(2015).

9 M. Eschrig, J. Kopu, J. Cuevas, and G. Schén, Theory
of half-metal /superconductor heterostructures, Phys. Rev.
Lett. 90, 137003 (2003).

10 R. Keizer, S. Goennenwein, T. Klapwijk, G. Miao, G. Xiao,
and A. Gupta, A spin triplet supercurrent through the half-
metallic ferromagnet CrO2, Nature 439, 825 (2006).

113 W. A. Robinson, J. D. S. Witt, and M. G. Blamire,
Controlled Injection of Spin-Triplet Supercurrents into a
Strong Ferromagnet, Science 329, 59 (2010).

2.7 S. Khaire, M. A. Khasawneh, W. P. Pratt, and N.

O. Birge, Observation of Spin-Triplet Superconductivity

in Co-Based Josephson Junctions, Phys. Rev. Lett. 104,

137002 (2010).

X. Waintal and P. Brouwer, Magnetic exchange interaction

induced by a Josephson current, Phys. Rev. B 65, 054407

(2002).

Z. Shomali, M. Zareyan, and W. Belzig, Spin supercurrent

in Josephson contacts with noncollinear ferromagnets, New

J. Phys. 13, 083033 (2011).

5Y. Zhu, A. Pal, M. G. Blamire, and Z. H. Barber, Super-
conducting exchange coupling between ferromagnets, Nat.
Mater. 16, 195 (2016).

16 P, Machon, M. Eschrig, and W. Belzig, Phys. Rev. Lett.
110, 047002 (2013).

17 A. Ozaeta, P. Virtanen, F. Bergeret, and T. Heikkila, Phys.
Rev. Lett. 112, 057001 (2014).

18 9. Kolenda, M. Wolf, and D. Beckmann, Phys. Rev. Lett.
116, 097001 (2016).

193, Kolenda, P. Machon, D. Beckmann, and W. Belzig, Beil-
stein J. Nanotechnol. 7, 1579 (2016).

20 F. Giazotto, J. W. A. Robinson, J. S. Moodera, and F. S.
Bergeret, Appl. Phys. Lett. 105, 062602 (2014).

21 F. Giazotto, T. Heikkila, and F. Bergeret, Phys. Rev. Lett.
114, 067001 (2015).

13

14

22 P. Machon, M. Eschrig, and W. Belzig, Giant thermo-
electric effects in a proximity-coupled superconductorfer-
romagnet device, New. J. Phys. 16, 073002 (2014).

23 A. Rezaei, A. Kamra, P. Machon, and W. Belzig, Spin-flip
enhanced thermoelectricity in superconductor-ferromagnet
bilayers, New. J. Phys. 20, 073034 (2018).

24 J. Linder, M.E. Bathen, Phys. Rev. B 93, 224509 (2016).

25 1. V. Bobkova and A. M. Bobkov, Phys. Rev. B 96, 104515
(2017).

26 D. Huertas-Hernando, Y. V. Nazarov, and W. Belzig,
Phys. Rev. Lett. 88, 047003 (2002).

2T F. Giazotto and F. S. Bergeret, Appl. Phys. Lett. 102,
162406 (2013).

28 F. Giazotto, F. Taddei, R. Fazio, and F. Beltram, Applied
Physics Letters 89, 022505 (2006).

2 F. Giazotto and F. Taddei, Phys. Rev. B 77, 132501
(2008).

30 E. Strambini, V. N. Golovach, G. De Simoni, J. S. Mood-
era, F. S. Bergeret, and F. Giazotto, Revealing the mag-
netic proximity effect in EuS/Al bilayers through super-
conducting tunneling spectroscopy, Phys. Rev. Materials
1, 054402 (2017).

31 F. Giazotto, T. T. Heikkila, A. Luukanen, A. M. Savin,
and J. P. Pekola, Rev. Mod. Phys. 78, 217 (2006).

32 S. Kawabata, A. Ozaeta, A. S. Vasenko, F. W. J. Hekking,
and F. S. Bergeret, Applied Physics Letters 103, 032602
(2013).

33 F. Giazotto, P. Solinas, A. Braggio, and F. Bergeret, Phys.

Rev. Applied 4, 044016 (2015).

A. Kamra, A. Rezaei, and W. Belzig, Spin-splitting in-

duced in a superconductor by an antiferromagnetic insula-

tor Phys. Rev. Lett. 121, 247702 (2018).

35 W. Belzig, C. Bruder, and G. Schén, Phys. Rev. B 54, 9443
(1996).

36°S. Gueron, H. Pothier, N. Birge, D. Esteve, and M. De-
voret, Phys. Rev. Lett. 77, 3025 (1996).

37 A. Di Bernardo, S. Diesch, Y. Gu, J. Linder, G. Divitini, C.
Ducati, E. Scheer, M. G. Blamire, and J. W. A. Robinson,
Signature of magnetic-dependent gapless odd frequency
states at superconductor/ferromagnet interfaces, Nature
Commun. 6, 8053 (2015).

38 A. A. Golubov, M. Yu. Kupriyanov, and M. Siegel, JETP
Letters, 81, 180 (2005).

39 S. Diesch, P. Machon, M. Wolz, C. Srgers, D. Beckmann,
W. Belzig, and E. Scheer, Creation of equal-spin triplet su-
perconductivity at the Al/EuS interface, Nature Commun.
(2018) [arXiv:1811.08825|.

40 1V. Bobkova and A.M. Bobkov, Reconstruction of the
DOS at the end of a S/F bilayer, JETP Lett, (2019), to be

34


http://arxiv.org/abs/1811.08825

41

42

43

44

45

46

published |arXiv:1811.04373].

F. S. Bergeret, A. F. Volkov, K. B. Efetov, Phys. Rev. Lett.
86, 3140 (2001).

T. Tokuyasu, J. A. Sauls, and D. Rainer, Phys. Rev. B 38,
8823 (1988).

A. Millis, D. Rainer, and J. A. Sauls, Phys. Rev. B 38,
4504 (1988).

A. Cottet, D. Huertas-Hernando, W. Belzig, and Yu.V.
Nazarov, Phys. Rev. B 80, 184511 (2009) [Erratum: Phys.
Rev. B 83, 139901(E) (2011)].

M. Eschrig, A. Cottet, W. Belzig, J. Linder, New J. Phys.
17, 083037 (2015).

W. Belzig, F.K. Wilhelm, C. Bruder, G. Schon,
A.D.Zaikin, Superlattices and Microstructures, 25, 1251
(1999).

47

12

D. A. Ivanov and Ya. V. Fominov, Phys. Rev. B 73, 214524
(2006).

M. Eschrig, Phys. Rev. B 61, 9061 (2000).

M. Eschrig, Phys. Rev. B 80, 134511 (2009).

J. Linder and J. W. A. Robinson, Sci. Rep. 5, 15483 (2015).
G. Tkachov, Phys. Rev. Lett. 118, 016802 (2017).

F. Aikebaier, P. Virtanen, and T. Heikkila,
arXiv:1812.08410 (unpublished)

W. J. Tomasch, Phys. Rev. Lett. 15, 672 (1965).

J. M. Rowell and W. L. McMillan, Phys. Rev. Lett. 16,
453 (1966).

F. S. Bergeret and I. V. Tokatly, Phys. Rev. Lett. 110,
117003 (2013).

M. Wolz, C. Debuschewitz, W. Belzig, and E. Scheer, Phys.
Rev. B 84, 104516 (2011).


http://arxiv.org/abs/1811.04373
http://arxiv.org/abs/1812.08410

	 Signatures of spin-triplet Cooper pairing in the density of states of spin-textured superconductor-ferromagnet bilayers
	Abstract
	I Introduction
	II DOS in diffusive spin-textured S/F bilayers
	A Model and method
	B Results: magnetic helix

	III DOS in ballistic spin-textured S/F bilayers
	A Model and method
	B Results: domain wall

	IV Spin-resolved DOS as a signature of triplet superconducting correlations
	V Conclusions
	VI Acknowledgement
	 References




