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Thermally induced spin-transfer torques in superconductor/ferromagnet bilayers
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Thermally induced magnetization dynamics is currently a flourishing field of research due to its potential
application in information technology. We study the paradigmatic system of a magnetic domain wall in a
thermal gradient which is interacting with an adjacent superconductor. The spin-transfer torques arising in this
system due to the combined action of the giant thermoelectric effect and the creation of equal-spin pairs in the
superconductor are large enough to give rise to high domain wall velocities 10° times larger than previously

predicted.
DOI: 10.1103/PhysRevB.103.1.020503

Introduction. In recent years a new field of research has
emerged by coupling spin and heat degrees of freedom, called
spin caloritronics [1]. In particular, the spin Seebeck effect,
which is the generation of a spin imbalance by a temperature
gradient, has been discussed. Further, a thermally induced
spin-transfer torque (STT), based on the spin-dependent See-
beck effect, was predicted and its influence on the domain
wall (DW) motion has been discussed [2-9]. There is also
experimental evidence of the thermally induced STT in fer-
romagnetic systems via observations of the magnetization
switching and domain wall motion [10-15]. The main mech-
anisms of the thermal STT are spin transfer via magnons and
via thermally induced electron spin flow.

In this Letter, we propose a paradigm of converting
thermal gradients to magnetization dynamics in a very ef-
ficient and energy saving way. The key idea is to exploit a
superconductor/ferromagnet (S/F) hybrid as shown in Fig. 1,
where the STT is due to the combined action of the giant
thermoelectric effect and creation of equal-spin pairs in the
superconductor. Our estimates suggest that domain wall ve-
locities of the order of at least 100 m/s can be achieved
by extremely small temperature differences smaller than the
critical temperature of conventional low-temperature super-
conductors such as Al and Nb. The efficiency of the thermal
STT can be quantified by the ratio of the domain wall velocity
vpw to the temperature gradient V7. In principle, our esti-
mates give vpy /VT 2 10-10> mm?/K s for the S/F system,
which is about three orders of magnitude larger than the values
~1072-10"" mm? /K s reported for thermally induced domain
wall motion in ferromagnetic materials [10,12].

In the framework of the discussed mechanism the thermal
STT is provided by the electron spin polarization created
in the superconducting part of the structure and subsequent
coupling of this polarization to the ferromagnet magnetization
via the exchange mechanism. In principle, the STT is uni-
versal and can be relevant for ferromagnetic metals as well
as for magnetic insulators. The key ingredient for efficient
realization of the thermal STT is the Zeeman splitting of the

2469-9950/2021/103(2)/L020503(6)

L020503-1

density of states (DOS) in the superconductor by proximity
to the adjacent ferromagnet. The role of the Zeeman split-
ting is twofold. First, the presence of superconductivity in
the system provides a unique mechanism for an antidamp-
ing spin-transfer torque, which is not connected to spin-flip
scattering of quasiparticles: a superconducting quasiparticle
spin cannot align itself to the inhomogeneous magnetization at
the length scales shorter than the superconducting coherence
length &5 because the quasiparticle strongly interacts with the
condensate of equal-spin pairs, where the characteristic length
scale is &s. Therefore, if the DW width [py is less than &g,
the quasiparticle spins are inevitably misaligned to the DW
magnetization giving rise to the nonadiabatic torque.

The second contribution to the STT is the thermally in-
duced quasiparticle spin flow in the superconducting part
(spin-dependent Seebeck effect). This quasiparticle spin flow
is known to result in the thermal STT in nonsuperconducting
systems [2-9]. At the same time a Zeeman-split superconduc-
tor is a unique example of a physical system, in which a very
large spin Seebeck effect can be realized at low temperatures.
The spin Seebeck effect can be quantified in terms of the
spin thermopower Vyu,/2eVT generated by the temperature
gradient VT in an open circuit, where py =y — u is the
spin imbalance of the spin-dependent chemical potentials. In
order to have a nonzero spin Seebeck effect an electron-hole
asymmetry at the Fermi level is required [1,16-20]. Typi-
cally the corresponding electron-hole asymmetry in metallic
ferromagnets is rather small resulting in the predicted spin
thermopower pt,/2¢VT ~ 1073 mV /K for intermetallic inter-
faces at room temperature [4,21], while a much smaller spin
thermopower ~107® mV/K was measured for a ferromag-
netic film [20]. In Zeeman-split superconductors a very large
thermopower and spin thermopower was predicted [22-33].
The experimental observation of the large thermopower has
been reported [34-36]. Upon application of strong in-plane
magnetic fields B~ 1 T or by proximity to a magnetic in-
sulator, Seebeck coefficients of the order of 0.3 mV/K were
measured, which is comparable to the thermopower measured
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FIG. 1. Sketch of the bilayer S/F system. The magnetization of
the ferromagnet F has a form of a head-to-head domain wall (DW)
and is indicated by arrows. The picture on the top surface illustrates
the process of thermally induced spin pumping into the DW region.
Thermally induced quasiparticles both electron- and holelike move
from the hot to the cold end. In the bulk of both domains the magnetic
moments of the quasiparticles are polarized along the corresponding
magnetization. Therefore, the spin current (opposite to the magneti-
zation current) in the bulk of both domains is directed away from
the DW. In the left (hotter) domain the direction of the majority
spin flow is opposite to the spin current direction, while in the right
(colder) domain they coincide. Therefore, the spin current flowing
in both domains, pumps majority spins of the hotter domain into the
DW region. This leads to the expansion of the hotter domain and,
consequently, the DW moves from the hot to the cold end.

in magnetic semiconductors at much higher temperatures
[37].

Model and method. The model system that we consider is
shown in Fig. 1. It consists of a spin-textured ferromagnet with
a spatially dependent magnetization M (r) in contact with a
spin-singlet superconductor. The superconductor is assumed
to be in the ballistic limit. The ferromagnet can be a metal or
an insulator. If the thickness of the S film dg is smaller than the
superconducting coherence length &g, the magnetic proximity
effect, which is the influence of the adjacent ferromagnet on
the S film, can be described by adding the effective exchange
field [38—43] h(r) ~ —M (r) to the quasiclassical Eilenberger
equation, which we use below to treat the superconductor.
While in general the magnetic proximity effect is not reduced
to the effective exchange only [44—46], in the framework of
the present study we neglect other terms which can be viewed
as additional magnetic impurities in the superconductor and
focus on the effect of the spin texture. The bilayer film is
assumed to be connected to equilibrium reservoirs having
different temperatures 7; .. We neglect all inelastic relaxation
processes in the film assuming that its length is shorter than
the corresponding relaxation length.

The torque can be calculated starting from the effective
exchange interaction between the spin densities on the two
sides of the S/F interface:

Hipg = — / PrJoSs, (1)

where s is the electronic spin density operator in the S film,
S is the localized spin operator in the F film, Jex is the ex-
change constant, and the integration is performed over the
two-dimensional interface. It has been shown [46] that this
exchange interaction Hamiltonian results in the appearance of
the exchange field h = JxM/(2ydy) in the S film. Here M is
the saturation magnetization of the ferromagnet and y is the
gyromagnetic ratio.
The spin density s obeys the following equation:

s = —09;J; —2h x5, (2)
where we have introduced the vector J; = (J;-‘, J; JJ ;) corre-
sponding to the spin current flowing along the j axis in real
space.

The additional contribution to the Landau-Lifshitz-Gilbert
equation from the exchange interaction Eq. (1) has the form
of a torque acting on the magnetization:

oM o oM Je
Y e M xHy+IMx 2 s M s, 3
ot yM > Hen+ M > =+ 2 "M xs, ()

where « is the Gilbert damping constant and the last term

represents the torque. H . is the local effective field

HxM, 24 _,

—M e, + ]WV M — K, Me,. “4)

Hg is the anisotropy field, along the x axis, A is the exchange

constant, and the self-demagnetization field K| M, is included.
In a stationary situation d,s = 0 from Eq. (2) one can obtain

that

Heffz

N Jex M dS a J 5

=M xs=y 0l 5)

The spin current J; in the superconductor is calculated in

the framework of the Keldysh technique for quasiclassical

Green’s functions. All the technical details of the Green’s

function calculation are given in the Supplemental Material
[47].

To understand the efficiency of the torque N induced by
the presence of the superconductor, we compare its value to
the characteristic value of the torque induced by the effective
field H.gr. Equation (5) can be rewrittenas N/y HxkM = ¢ 3 s
with the dimensionless quantities 9zJ, = (2¢*Ryvr/A})d:J
and ¢ = Eg/mE4. The latter is proportional to the ratio of
the condensation energy Es = Nr Alds/2 and the anisotropy
energy E4 = MHgdp /2 per unit area of the film in the (x, y)
plane. Here and below Ry =/ (2¢*Ngpvr) is the normal state
resistance of the film and Ay is the superconducting order
parameter of the S film in the absence of the ferromag-
net at zero temperature. Taking Eg ~ ds x (10-10%) erg/cm®
(for conventional superconductors such as Al and Nb) and
Ex ~ dp x 10° erg/(:m3 for Py thin films [63,64] or E4 ~
dr x (10-10%) erg/cm3 for YIG thin films [65], we obtain that
¢ can vary in a wide range ¢ ~ (1074-10%)(ds/dF).

Thermally induced spin current in a homogeneous S/F
bilayer. Now we are ready to calculate the thermally induced
spin torque in the S/F bilayer. But at first we discuss briefly
thermally induced spin current in a S/F bilayer with a homo-
geneous exchange field without a DW because it is a main
ingredient of the torque providing the spin pumping into the
DW region. Let us apply a temperature difference 7; — 7, to
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FIG. 2. Spin current divided by the temperature difference §7 —
0 in the homogeneous S/F bilayer vs the temperature. heg = 0.1
(red), 0.2 (green), 0.4 (purple), and 0.6 (blue) in units of Ay. Inset:
spin resolved DOS filled by thermally activated right-moving quasi-
particles coming from the hot end. The spin-up S, = +1 (spin-down
S, = —1) DOS is blue (red). It is seen that all the right-moving
quasiparticles contribute to spin flow of the same direction.

the ends of the film. In this case a thermally induced spin
current appears in the superconductor. This is a kind of spin
Seebeck effect. It is worth noting that the effect does not
require an external spin source in the system as opposed to
spin pumping experiments in superconductors [66,67]. The
spin current in the homogeneous S/F bilayer only carries
x-spin component J; = J, which is directed along the ferro-
magnet magnetization. Figure 2 demonstrates the dependence
of the spin current on the system temperature at small §7 =
T; — T, < T for different h. For a homogeneous bilayer the
spin thermopower at 67 /Ay < 1 is

2
2eRNJ=F<A+h)_F<A—h) ©)
8T 2T 2T
with F(x) = xtanhx — Incoshx. The maximal values of
2eJRy /8T are of the order of (h/Ag) x 107! mV/K and are
reached for T ~ 0.6-0.7T, as illustrated in Fig. 2.

The estimated values of 2eJRy /8T are much larger than
those obtained for nonsuperconducting systems containing
metallic ferromagnets. Such large values of the spin Seebeck
effect are a result of the huge spin-dependent electron-hole
asymmetry close to the Fermi level (see the inset of Fig. 2).
For the ballistic transport that we consider, the distribution
function of right-moving (left-moving) quasiparticles is de-
termined by the Fermi distribution function of the left (right)
end of the sample, which is assumed to be in thermal equi-
librium at 7 = Tj,. Let us assume for simplicity that 7, = 0.
Then there are no left-moving quasiparticles. The spin-split
DOS occupied by right-moving quasiparticles is shown in the
inset of Fig. 2. We observe that at intermediate temperatures
A —h <T < A+ h the spin-down DOS is presumably oc-
cupied by electronlike quasiparticles, while the spin-up DOS
is occupied by holelike quasiparticles. In this ideal situation
all the thermally induced quasiparticles (both electrons and
holes) have the same spin and contribute to the flow of spin-
down quasiparticles to the right, which results in the maximal
possible value of the thermally induced spin current.
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FIG. 3. Spatial profile of the spin current components J; (red), J)
(green), and J? (blue) for different temperatures of the hot end, 8J% =
Jj — J;(Tl = Tr) heff = 0.3A0, Tr = 0.0ZA(), lDW = 0.5%'5, where
& = vr /A throughout the Letter.

Thermally induced spin-transfer torque. The spatial profiles
of the spin current in the presence of a plane DW [located in
the (x, y) plane] are presented in Fig. 3 for different tempera-
tures of the hot end. At first, let us focus on the J; component,
which is the only nonzero component of the thermally induced
spin current in the bulk. Due to the presence of two mag-
netic domains with opposite magnetizations it leads to spin
pumping into the region occupied by the DW. This process is
schematically illustrated on the top surface of Fig. 1 and is de-
scribed there. At nonzero T; — T, in-plane component J3 also
appears in the region of the DW. In the limit 7; — 7, — 0 only
JZ survives. Then it represents a spontaneous spin current oc-
curring in the region occupied by the wall in equilibrium. It is
carried by the equal-spin Cooper pairs generated by the mag-
netic texture. Similar spontaneous spin currents have already
been obtained, usually in a Josephson-junction type geometry
[68-76]. The torque generated by this equilibrium spin cur-
rent is compensated by the DW shape distortion resulting in
additional contributions to the in-plane effective field [47].
Consequently, the equilibrium torque contribution does not
affect the DW motion and is subtracted from nonequilibrium
torque driving the wall.

The torque can be obtained via the spin current according
to Eq. (5). In general, any spin torque can be written as
N =aom+bm x do,m, where m = M /M. The first (sec-
ond) term can be related to electron spins following (being
misaligned to) the magnetic texture. In the framework of the
linear response theory the coefficients a and b are proportional
to the temperature gradient. For the plane DW under consider-
ation, N, and N, components contribute to the adiabatic torque
and N, gives rise to the nonadiabatic contribution.

The temperature dependence of both the adiabatic and
the nonadiabatic torques is determined by the spin pump-
ing processes. It closely follows the temperature dependence
of the bulk quasiparticle spin current [47]. Therefore, the
spin pumping is the driving force of both adiabatic and
nonadiabatic torque components. However, it is important to
note that in the S/F hybrid the nonadiabatic torque naturally
appears because of two different length scales: Ipy and &s.
A quasiparticle spin is aligned with the magnetization at the
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FIG. 4. DW velocity vy as a function of 6T =7, —1T,. tp =
(yHg)™'. Inset: vy as a function of b(x = xpy ). The direction of §T
growing along this curve is marked by the arrow. ¢ = 0.3, o = 0.2,
K. = Hy/M, T, = 0.35A,.

length scale ~&5. At lpy < &s it inevitably mistracks magneti-
zation giving rise to the nonadiabatic torque. The reason is that
in the superconductor the quasiparticle is a coherent mixture
of electronlike and holelike excitations and strongly inter-
acts with the condensate. Consequently, any changes of the
quasiparticle spin are coupled to the changes in the equal-spin
condensate wave function, which have characteristic spatial
scale &g. This is in contrast to the nonsuperconducting case,
where the nonadiabatic torque is believed to be due to spin-flip
scattering processes.

Thermally induced DW motion. The dynamics of the DW
under the applied temperature difference is calculated from
the Landau-Lifshitz- Gilbert equation (3). In the present study
we focus on small values of parameter ¢ describing how
strong is the torque induced by the superconductor. In this case
we calculate the torque for the unperturbed DW neglecting the
distortion of the DW shape due to its motion. Our numerical
results for the spatial profiles of the moving DW are presented
in the Supplemental Material [47] and demonstrate that the
distortion is indeed very small, therefore justifying the above
assumption.

We found that for the values of ¢ and 7; — 7, consid-
ered in Fig. 4 the DW moves as a rigid object reaching the
steady state at a characteristic time t; = 1/4wrayM; that is,
the Walker’s breakdown [77] is not reached in our calculation.
For the considered parameters we have found no sign of a
precessional motion, which is typical for the motion in the
regime after the Walker’s breakdown. The DW velocity is

calculated as v(t) = xpw (), where xpw (¢) is the coordinate
of the DW center at a given time and is extracted from the
dynamical profiles of the magnetization [47]. The steady state
velocity vy = v(t — o0) as a function of 6T is plotted in
Fig. 4. We see that at T < A the velocity is a linear function
of the temperature difference. Although in superconducting
systems the microscopically calculated coefficients a and b
are spatially dependent (see Supplemental Material [47] for
details), vy ~ b(x = xpw) = —IlpwN;(x = xpw ), as is demon-
strated in the inset of Fig. 4. It indicates that in this regime
the DW motion is determined by the nonadiabatic torque
analogously to the case of nonsuperconducting systems [78].
The “hysteretic behavior” of the parametric plot v (b) is due
to the nonmonotonic dependence of the velocity, as well as
b(xpw) on 8T, which in turn results from the suppression of
superconductivity by heating of the film.

The DW velocity vy is linearly proportional to the S/F
coupling strength ¢{. At ¢ = 0.3 and taking material param-
eters for Py films [64] Hx ~ 500 Oe and Ilpy ~ 20 nm or
for YIG thin films [65] Hx ~ 0.5 Oe and Ipy ~ 1 um the
maximal DW velocities can be estimated from Fig. 4 as
vpy ~ 0.06(a/apy)(Ipw /to)py, Which gives us vp, ~ 100 m/s.
Analogously, vy;g ~ 10° m/s. In these estimates we take into
account that vy ~ o~ and realistic values of apy, ~ 0.01 and
ayig ™~ 1074

Conclusion. In summary, we have predicted and micro-
scopically calculated a thermally induced STT in thin film
S/F bilayers containing a DW. It features adiabatic as well
as nonadiabatic contributions. The physical mechanism of
the torque is a unique feature of superconducting hybrids:
it results from (i) the extremely efficient quasiparticle spin
pumping into the superconducting region close to the DW
provided by the giant Seebeck effect and (ii) strong interaction
between quasiparticles and the condensate in the supercon-
ductor resulting in the characteristic length scale & of the
quasiparticle spin evolution, which, in its turn, gives rise
to a nonadiabatic torque contribution at Ipy < &. We have
demonstrated that this torque allows for a high-velocity steady
DW motion corresponding to v ~ 100 m/s at small tempera-
ture differences ~1 K applied at the length of several domain
wall widths.
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