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Nonlinear spin torque, pumping, and cooling in superconductor /ferromagnet systems
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We study the effects of the coupling between magnetization dynamics and the electronic degrees of freedom
in a heterostructure of a metallic nanomagnet with dynamic magnetization coupled with a superconductor
containing a steady spin-splitting field. We predict how this system exhibits a nonlinear spin torque, which can be
driven either with a temperature difference or a voltage across the interface. We generalize this notion to arbitrary
magnetization precession by deriving a Keldysh action for the interface, describing the coupled charge, heat, and
spin transport in the presence of a precessing magnetization. We characterize the effect of superconductivity
on the precession damping and the antidamping torques. We also predict the full nonlinear characteristic of
the Onsager counterparts of the torque, showing up via pumped charge and heat currents. For the latter, we
predict a spin-pumping cooling effect, where the magnetization dynamics can cool either the nanomagnet or the

superconductor.
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I. INTRODUCTION

The intriguing possibility to control magnetization dynam-
ics by spin torque suggested over two decades ago [1] and
its reciprocal counterpart [2,3] of spin pumping [4] have
been widely studied in magnetic systems. In such systems
charge and spin transport are closely linked and need to be
treated on the same footing. Recently there has also been
increased interest in coupling superconductors to magnets and
finding out how superconductivity affects the magnetization
dynamics [5-19]. On the other hand, recent work has shown
that a combination of magnetic and superconducting systems
results in giant thermoelectric effects [20-24] which couple
charge and heat currents. These works [21,22] also imply a
coupling of spin and heat. However, a general description of
the implications for the magnetization dynamics, dynamical
heat pumping effects, and the behavior in the nonlinear regime
at energies comparable to the superconductor gap A, has been
lacking.

In this work, we fill this gap by constructing a theory which
provides a combined description of pumped charge and heat
currents, spin torques, magnetization damping, voltage, and
thermal bias. We consider a metallic nanomagnet F with a
magnetization precessing at a rate 2 which is determined by
an external magnetic field, the shape of the magnet, and the
crystal anisotropy, [26] at a slowly varying angle 6 to the
precession axis [Fig. 1(a)]. The magnet is tunnel coupled to
a superconducting electrode S that also contains a constant
spin-splitting (exchange or Zeeman) field [25,27].
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Main features of the problem can be understood in a
tunneling model, shown schematically in Fig. 1(b). Both the
spin splitting /2 and nonzero 2 shift the spectrum, whereas
2 generates also effective spin-dependent chemical potential
shifts [28] providing a driving force which pumps the cur-
rents across the interface. The interplay of the two enables a
coupling between the magnetization dynamics and the linear-
response thermoelectric effect [20,21,23] originating from the
spin-selective breaking of the electron-hole symmetry in the
superconductor with respect to the chemical potential. As
a consequence, a temperature difference between the two
systems leads to a thermal spin torque, which in a suitable
parameter regime yields an antidamping sufficient to obtain
flipping or stable precession of the nanomagnet. The Onsager
counterpart of the thermal spin torque is a Peltier-type cool-
ing (or heating) driven by the precessing magnetization. In
the nonlinear response, the precession also pumps a charge
current, as already shown in [29]. We discuss the general
picture for the spin-split superconductor, and, in addition to
the thermomagnetic effects, find the Keldysh action [Eq. (20)]
describing the stochastic properties of the S/F junction. The
action allows identifying thermodynamical constraints, cur-
rent noises, a spintronic fluctuation theorem, and describes the
probability distribution of the magnetization direction and the
spectrum of its oscillations.

The manuscript is structured as follows: We introduce
a simple tunneling model in Sec. II and discuss the tun-
neling currents in Sec. III. Implications on magnetization
dynamics are considered in Sec. IV, including thermal
transport associated with the ferromagnetic resonance and
physics of spin torque oscillators driven by the thermal ef-
fects. In Sec. V we focus on studying the stochastic mag-
netization dynamics based on a Keldysh action approach
to the tunneling model, and discuss probability distribu-
tions and linewidths for the oscillators. We conclude in
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FIG. 1. (a) Schematic ferromagnetic island—superconductor tun-
nel junction (F/I/S) setup. The direction m of magnetization in F
precesses at a rate 2 at an angle 6 around the axis (2) of its effective
field. Electron tunneling and intrinsic damping produces torque T
on m. The superconductor has an internal spin splitting exchange
field h, from external magnetic field, or a ferromagnetic insulator
(FD) bilayer structure [25]. We consider also thermal and electric
biasing (67, V). (b) “Semiconductor picture” for pumping, in the
frame rotating with m (for h || Z). Gray solid line is the chemical
potential when €2 = 0. Increasing the precession frequency to 2 # 0
shifts both the spectrum and the chemical potentials (dashed lines)
by Qcos@ in F and by  in S. The exchange field & only shifts the
spectrum in S.

Sec. VI. Certain details of derivations are postponed to the
Appendixes.

II. TUNNELING MODEL

The main effects can be understood with a tunneling
Hamiltonian description (below /i = e = kg = 1),

H = Hg + ROHFR®) + Y Wpe™"'cl dyy + He., (1)
ij'e

where cj, and dj, are the F and S conduction elec-
tron operators and W the tunneling matrix elements for
spin/momentum states o = =, p;, and V is a bias voltage.
The Hamiltonian Hg describes the spin-split superconduc-
tor [23], and Hp the magnet with magnetization paral-
lel to the z direction. The magnetization direction m(t) =
(cos ¢ sin 8, sin ¢ sinf, cos 0) is specified by a spin rotation
matrix R(t)c j(,lé(t)f =Y, Ryo/(t)cjo. In the frame rotating
with R [28,30], assuming m(t) varies adiabatically so that
an equilibrium electron distribution is maintained, the Berry
phase ¢(t) = f’ dt'¢(1 — cos6) can be absorbed (c.f. Refs.
[31,32] and Appendix B) to the spin rotation,

R = efiqb(t)UZ/Zein(z‘)o)./Zeiqb(t)az/2€7izp(t)az/2’ (2)

where o,/,,. are the spin matrices. Varying m(¢) results to
effective spin-dependent voltages [30] in the tunneling part.
For uniform precession, they are Q,, = (0 — 0/ c0s6)2/2
[see Fig. 1(b)]. From the model, we can compute in leading
order in W the tunneling charge, energy, and spin currents
(I., E, I,) via a standard Green function approach (see Ref.
[33] and Appendix A). The assumption of local equilibrium
implies that the rates of tunneling and other nonequilibrium-
generating processes on the magnetic island should be small
compared to electron relaxation [34-36].

Consider precession with frequency €2 around the z axis,
¢(t) = Qt with |#] « 2. From the above model, we find the

time-averaged currents and 4T, = —(m x Iy x m)_, [1,28] the
z component of the time-averaged spin transfer torque:
T Gr oo n2
=7, | de ;«wo V’NsoNeolfr = fsl, (3
Es =T oodeZe(cﬂa’)zN Neolfr — fsl, (4
S — 282 e o= S,0lVF.o'LJF JS1s
_ Grsin?6 [™
=T /;oo deY oNsoNpolfe — fsl.  (5)

oo’

Here, fr = fole =V — Qo05, Tr), fs = fole, Ts) are the
Fermi distribution functions in F and S, (o]|c’)? = (1 +
oo’ cosf)/2 the spin overlap between m and the z axis,
and Ng/p,—+ the densities of states (DOS) for up/down
spins [quantization axis m(t) for F, and Z for S] normalized
by the Fermi level DOS per spin, and Gy the tunneling
conductance. Of these, Eq. (3) was previously discussed in
Ref. [29] for h = 0. Using a basic model for F and S, we
have Ny, =1+ oPand Ny, =) li+”'2N0(e F h), where
P = (vp4+ —vp_)/(vp4+ + vp_) is the spin polarization in
terms of the majority/minority Fermi level DOS vg 4, and
No(e) the Bardeen-Cooper-Schrieffer density of states [37].
The tunneling described by Egs. (3)—(5) can be understood in
a semiconductor picture, as shown in Fig. 1(b). The broken
electron-hole symmetry around the chemical potentials for
both spins in S and spin polarization in F results to thermally
driven spin currents causing torques, and the rotation-induced
potential shifts pump charge and heat currents.

III. TUNNELING CURRENTS

Expanding for small voltage bias V, temperature difference
0T = Ts — Tr, and the precession speed €2, the time-averaged
currents are described by a linear-response matrix:

G Po cos 6 0 174
= | Pacos®  GnT Lsin*0 || —8T/T |,

0 —2sin*9  —sin?0 §2

ARSI

(6)

where G and Gy, are the linear-response electrical and ther-
mal conductances. Here, « = —(Gr/2) ffooo dee[Ns () —
Ns _(€)1f5(e) is a thermoelectric coefficient [20,21], which
originates from the exchange field & generating the electron-
hole asymmetry in the superconductor. It is nonzero only
when S is both superconducting and has a spin splitting 2 # 0.
The response matrix L in Eq. (6) has the Onsager sym-
metry L;; = L}ri, where tr refers to time reversal, o = —a,
P* = —P.

The coefficient for charge pumping is here zero, unlike
in the ferromagnet-ferromagnet case [30], because the spin-
(anti)symmetrized DOS of S is also (anti)symmetric in energy.
This also suppresses linear-response contributions to charge
current from thermal magnetization fluctuations [31], which
are also related to the magnon spin—Seebeck effect [3,18,31].

Importantly, the spin splitting of the superconductor en-
ables the precession to pump energy current at linear response,
and as its Onsager counterpart, there is nonzero thermal
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spin torque (terms with « # 0). This is made possible by
the nonzero thermoelectric coefficient [20,21] driving spin
currents due to a temperature difference. This effect is (in
metals) parametrically larger by a factor ¢p/A > 1 than that
from normal-state DOS asymmetry [3,35,38] in systems with
Fermi energy ep.

A. Symmetries

Let us now consider the joint probability P of changes n;
and 8Ejy in the electron number and energy of S, and a change
dm, in the magnetization of F, during a time interval of length
to. It satisfies a fluctuation relation [39,40]:

P, (8n, Es, Sm,) = eTF"VSn-&-(TS"—TF")6E5+TF"QSSmZ
0 k] k)
X Pg(—én, —8Eg, Sm;). @)

Here, we denote S = VM, /(hiy) as the effective macrospin of
the ferromagnetic island, V and y are the F volume and gyro-
magnetic ratio, and M, the magnetization. Moreover, P" cor-
responds to reversed polarizations and precession (Ng/r,s >
Ns/r—o, 2+ —). The Onsager symmetry of L;; in Eq. (6)
is a consequence of fluctuation relations [41]. The energy
transfer 8Er into the ferromagnet (generally, SEf # SEs)
is determined by energy conservation §Efp 4+ §Eg = Vén +
QS8m,, which implies Es + Ep = I.V — QT;. These results
arise from the symmetries of Egs. (19) and (20) below, for the
case where there is no external magnetic drive.

B. Nonlinear response

The pumped charge current is shown in Fig. 2(a), and the
energy current into S in Fig. 2(b). The charge pumping is
nonzero above the quasiparticle gap, |2| 2 A £+ h [29]. The
heat current shows the presence of a region of cooling of
either of the two leads, depending on the relative orientation
of h and Q2. Nonzero /4 enables the N/S cooling effect to be
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FIG. 2. (a) Pumped differential current for Ty = T = 0.1 T¢
where T¢ is the critical temperature of the superconductor. Blue,
yellow, and red lines are for h = —hZ, hx, hZ, respectively. (b) and
(c) Energy current into the superconductor Es (blue line) and into
the magnet Er (red line) for (b) b = —h% and for (c) h = h2. F and
S are at temperature 7' = 0.6 Tc. Dashed lines represent the linear

response. In all figures,V = 0,0 = 3> P =1,and h = 0.3A, where

Ay is the superconductor gap at zero temperature.

present already at linear response, similarly as with voltage
bias [23,42].

IV. MAGNETIZATION DYNAMICS

The Landau-Lifshitz-Gilbert-Slonczewski (LLG) equation
for the tilt angle is

—89,cos =T, — SA)Q2sin® 6 + 1, 3

where the spin transfer torque 7, is given by Eq. (5). We
include the intrinsic Gilbert damping [28] phenomenologi-
cally, and Ay is the dimensionless damping constant. More-
over, n is a Langevin term describing the torque noise
[32,39,44,45] with the correlation function (n(t)n(t")) =
2[D(0) + SAT] sin2(9)8(z‘ —t); see below. Equilibrium
torques are here included in the LLG effective magnetic field
Q7 (see Appendix A). We consider the limit of weak damping,
where it is sufficient to consider only the equation for the z
component.

A. Heat balance in ferromagnetic resonance

Let us consider a ferromagnetic resonance (FMR) [26] in a
thin magnetic layer on a spin-split S, driven by a resonant cir-
cularly polarized rf magnetic field (at frequency @ = €2), and
in the case of S acting as a reservoir at a fixed temperature 7.
The electrical circuit is open, so that no charge flows between
F and S. The FMR driving acts as a power source. We
assume that a fraction A € [0, 1] of the power dissipated by
the intrinsic Gilbert damping heats the F electrons; the value
of A depends on into which bath(s) its microscopic mechanism
dissipates the energy (see also Sec. V A below). In a steady
state, the total energy current into F, the overall torque, and
the charge current are zero:

Epyo = Ep + 2P; =0, ©9)
T+ Tax+Tc=0, (10)
I. =0, (11)

where T; and I, are the contributions related to the tunneling
between F and S, from Eqs. (3) and (5), and Er =1,V —
Q7. — Es is found from the tunneling model via a similar
calculation as in Eq. (4). Moreover, T, g = —SA(Q2 sin?(9)
and Pg = SA)Q?sin?(9) are the torque due to the intrinsic
damping and the rate of work done by it. At resonance, the
rf drive creates a torque T, s = yS(m X hy), = yShysin6,
where hy¢ is the amplitude of the rf field. From the above it
follows that the power,

Es + Epjor = P — (1 — AP, (12)

is absorbed by the electron system, where Py = QT_ is the
total rf power absorbed at resonance [28].

Expanding Eqgs. (3)-(5) in the linear order in V', 6T /T, and
62, but not in 2, we find the charge and heat currents,

I G Pa PG-G) 1%
Es|=|Pa GuT a+a+S||-0T/T). (13)
7 0 0 -G £0?
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Unlike the linear-response matrix in Eq. (6), the above matrix
is not symmetric, as there is no Onsager reciprocity between
7, and 62. The coefficients are

-~ G *° Q —02) —
“ZTT 0516;(6—%>Ns,a(6)f0(6 UQ) fo(é)’

(14)

_Z de;w&a(e)ﬁ)(e —os§22> —H© 5,

o= 2
These coefficients are defined so that 1iIl”1VQ‘>05 =G and
limg_,o @ = «, and they assume the values Gyorma = Gr and
Onormal = 0 in the normal state.

The torque balance (10) determines the precession angle
0 ~ yShy/(SAe2), where SAer = SAg + % To quadratic

order in A, Er = G20%/4 — E. Using this, and the condi-
tions (9) and (11) for heat and charge currents, we find the
FMR induced temperature difference and voltage,

( v ) N <G Pa >_1 N 0
5T | = q G ‘
i Pa  GuT — T 4 [G 4 1840]Q2

(16)

The coupling between E_S and Qz is of the linear order in €2,

whereas the coupling between 1. and 62, the rf power, and the

magnetic dissipation are of the quadratic order in 2. Thus, for

Q « T the induced temperature difference and voltage are
Po o )

~ —48T, 6T ~ ———-Q6~. (17)
GT

- 2(Ge - GF)

1%

The denominator 5111 = Gp — % is always positive [21].

For Q « T, Fis refrigerated when o > 0, which corresponds
to h-Z < 0. Restoring the SI units, thg magnitude of the
coefficient between 8T and Q672 is |fia /(Gye)| < li/kp .

At higher frequencies the magnetic dissipation, nonlinear-
ities of @ and G, and the coupling between charge and preces-
sion start to play a role and limit the attainable temperature
difference. For SAy/Gr = 0.1, the magnitude of the effect
is illustrated in Fig. 3. The maximum value of Ay for which
refrigeration is possible is shown in Fig. 4 as a function of
T and Q. If A =1, the parameter regime is similar to that
where the spin-torque driven oscillations occur (see Sec. IV B
below). However, if the intrinsic damping dissipates the en-
ergy to systems different from the F conduction electrons

kpoT (D) s kT
020 027
7.5 01
: g ! 0.2
0.1 >~ 01
001 S 900
0 =05 0
411.1 -0.1
- -1
-10 ~10
0
0 0.5 1
T/Te

FIG. 3. Electromagnetically driven FMR induced refrigeration
for h = —0.3A¢%, P =1, and Ay = 0.1AiG/(€*S). (a) For A =0
and (b) for A = 1. Dynes broadening I' = 1073 A was assumed [43].

o f AQ(e38 Ay)
Grl
1.5+ 0.1
<C|’ 0.08
o ! 0.06
<
05! 0.04
0.02
0 0
0 0.5 1
T/Te
FIG. 4. Maximum intrinsic =~ damping, expressed  as

Q x Ae*SAy/(GrAy), for which the system can be refrigerated,
with h = —0.3A¢%, P =1, and Dynes broadening I' = 107> A,
The maximum intrinsic damping is determined by solving A, from
Eq. (16) with §T = 0.

(A < 1), refrigeration is easier to obtain than auto-oscillations.
Therefore, measuring the temperature difference §7 via the
thermoelectrically induced voltage V allows for a direct study
of the energy dissipation mechanism of the intrinsic Gilbert
damping. Note that also in the absence of the spin splitting in
S (and therefore @ = 0), it is possible to induce a nonzero volt-
age via FMR driving [29]. However, that generally requires
higher frequencies 2 < A than the case analyzed above.

If the thermoelectric coefficient is zero, F always heats up.
In the normal state we have

Gr + 8ASAy
8Gm
which shows the combined heating effect from the different
sources of dissipation. However, in that case the induced

voltage V = 0, and the temperature difference would have to
be measured via some other mechanism.

8 Thormal = — Q%% <0, (18)

B. Spin torques

The junction also exhibits a voltage-driven spin torque.
With an exchange field such that h-Z <0 and Q < 24,
the torque due to tunneling becomes antidamping at large
voltages. When it exceeds the intrinsic damping, the 6 = 0
equilibrium configuration is destabilized, and a new stable
steady-state configuration t, (o (6x) = O is established. An ex-
ample of the signs of the torque and the resulting configuration
is shown in Fig. 5(a): The stable angle is 6, = 0 at small
voltages, after which there is a voltage range for which
0 < 6, < . There, the system realizes a voltage-driven spin
oscillator [46,47]. At large voltages the stable angle is 6, = 7,
corresponding to a torque-driven magnetization flip.

Similarly, the thermal torque is shown in Fig. 5(b). Due
to the nonzero linear-response coupling, it is antisymmetric
in small §7, in contrast to the voltage-driven torque. Conse-
quently, antidamping regions occur for both signs of Q. In
linear response [Eq. (6)], for temperature differences satis-
fying sgn()8T < 8T, = [1 + e*SAo/(hG)IPHi/(2els]), the
spin torque drives 6 — 0, damping the precession. Here,
s = —Pa/(GT) is the junction thermopower, which can be
|s| = kg/e. [21] Above the critical temperature difference 87,
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T 0.05 T 80
< 5 0025 = % T T T T l —0.0125
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FIG. 5. (a) Torque vs angle 6 and voltage V at 2 = 0.3A/h
for Ty = Tr = 0.5T¢, h = —0.3A%, and P = 1. The arrows indicate
where the torque drives the angle. The solid black line indicates
the stable precession angle 0,, and the dashed line the unstable
one. At V =0, 6, =0. (b) Torque vs angle and temperature dif-
ference at Q = 0.5A/h for Ty = 0.5T¢, h = 0.3A¢Z, P =1, and
V = 0. Moreover, SAg = 0. The dashed green line indicates §7,.
(c) Magnetization distribution normalized by its maximum value,
for a thermally driven spin oscillator with § = 100, Ty = 0.5T¢,
h=03A0%, P=1,V =0, and Q = 0.5A/h. When Tr ~ 0.31T¢
(dashed line), the distribution is significantly bimodal. (d) Full width
at half maximum (FWHM) of the dipole spectrum S,,(w) (black
line) and the average magnetization (red line) with Gy = €?/h. The
dashed line indicates 6, and the dots correspond to (c).

the thermal spin torque drives the system away from 6, = 0
(or 8, = m for Q < 0). The stable precession angle is shown
in Fig. 5(b): There is arange of 67 in which 8, # 0, 7 and the
system exhibits thermally driven [35] spin oscillations.

In Fig. 5, we neglect the effect of the intrinsic damping
Ao on the magnetization oscillations. However, it is the main
obstacle in reaching auto-oscillations in FMR devices, and
we estimate its effect here. For the superconducting systems,
generally the effective bias |s|67 can be at most A. Consider-
ing the value 87, given above, this results to a requirement
for the resistance-area product of the S/F junction: RA <
(RA)) = #ﬁﬂm ~ 1074 Q um? x %, where dp
is the ferromagnet thickness. Meeting the requirement is likely
challenging. Values RA ~ 0.1  um? have been achieved in
~(100nm)? lateral size magnetic junctions [46,48]. With
such RA and poMdr =5Tnm (e.g., Co layer [46]) and
Ap = 0.01 [28], the condition is satisfied for f = |Q2|/(27) <
0.02A/h ~ 1 GHz (for Al as superconductor). The FMR re-
frigeration has a similar requirement but with A +— A/A, and
hence may be easier to achieve, if the microscopic mechanism
issuch that A < 1.

V. KELDYSH ACTION

To properly describe the metastable states in the mag-
netization precession, we need to extend the formalism.
The dynamics beyond average values can be described by
an effective action S = Sy + Sy for the spin including the
tunneling, derived [32,34-36,39,45,49,50] by retaining the
Keldysh structure [51] for the orientation of the magnetization

mean field. The action § describes the generating function of
the joint probability distribution P (dn, 6Es, SEr, dm;) [see
Eq. (7)], with a source field y, &g, &r, ¢ associated with each
of the arguments. The free part reads

—28/ d{( +¢>")8t(cos6l) — (cos 0)(¢¢ —Q):|
(19)

where ¢ and g denote the symmetric/antisymmetric com-
binations x¢/4 = ’% of quantities on the two Keldysh
branches (+/—), for example, (cos 6)/7 = [cos(@‘ 09) +
cos(0¢ — 07)]. Concentrating on slow perturbat10ns around
the semiclassical (S >> 1) precession trajectory ¢°(¢) = U,
the tunneling action can be expressed as Sy >~ — i ffooo dtsr
with [39]

cos0? + oo’ cosh°
ST = / de Z NFUNSJ{ )

oo'=%

x [ fr (1 — f) + e o fs(1 — fr)]

1 ! )
_ W[ﬁv(l C R+ s — fF)]}, (20)

where 0,5 = x +€&s — (€6 =V — Quo)ér — 2¢q%. Here,
we have neglected terms that renormalize 2. For computing
time averages, the source fields are taken nonzero between t =
Oand?t =1y, e.g., x(t) = x0(|to| — |t])0(t sgnty). The results
(3)—(5) can be found as I, = —id, 570, ES = —10gST |0, and
T, = 5940570, where |o indicates ¢ = 09 = x = &yp = 0.
Expansion around the saddle point gives Eq. (8), and
the correlator characterizing the spin torque noise is D =
aiqsﬂo CSC2 0= ——aequTlo

A. Intrinsic damping

We can include the phenomenological Gilbert damping
term Agm x m of the LLG equation into a corresponding term
in the action, iSg = ffooo dtsg(t). With the weak-damping as-
sumptions ¢~ Q, |6° < |¢|, the leading term in the torque
is produced by sg >~ —2iSA, sin®(0¢)p?.

Further reasoning is required for thermodynamic consis-
tency. Let us first assume that the Gilbert damping is caused
by a coupling that ultimately dissipates energy into the bath
of conduction electrons in F (A = 1). We can express the
conservation of energy in conversion of magnetic energy
to energy of conduction electrons as the symmetry sg[ér +
x, 7 4+ Qx/2] = sgléF, 7] for all x. In addition, to pre-
serve the thermodynamic fluctuation relations and the second
law at equilibrium, the fluctuation symmetry sg[éF, ¢7] =
sgliT, g &p, —¢?] should be fulﬁlled [39]. The above fixes
the series expansion in &g, ¢, TF to have the form,

sglér, ¢7] = —24A0S sin2(60)|:i§2(¢q _ %%-F)

2
+2TF(¢4 - %EF) } 4.on. @1)

If the Gilbert damping dissipates energy directly to multiple
baths (e.g., magnons, phonons), more terms of this form
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appear, where &7 and Ty should be replaced by the cor-
responding bath variables, and only a fraction 0 < A < 1
of the total Ay comes from conduction electrons. Including
Eq. (21) in the total action S = Sy + St + S then produces,
e.g., the correlation function of the Langevin noise terms in
Eq. (8), and the additional term in the heat balance equation
Eq. (9). These are of course possible to find also directly, by
assuming the fluctuation-dissipation theorem, and reasoning
about magnetic work done by the damping.

For the external rf drive, we similarly have a term s =
2iSma - yhy >~ 2iyhyS sin(0°)¢?, at resonance. It does not
obey the above energy conservation symmetry, as power is
externally provided and the mechanism generating /. is not
included in the model. As a consequence, as noted in Eq. (12)

Es,tm + Ep,lm # 0, and the fluctuation relation (7) is modified.

B. Spin oscillator

The probability distribution of the magnetization angle 0
can be obtained from Egs. (19) and (20) [39,44], within a
semiclassical method applied to 37 = s7|gs=y=¢,=0 [39,51].
In this approach, at equilibrium, the fluctuation symmetry
S7(¢? = —i2/2T) = 0 results to the Boltzmann distribution
P(cos @) = NeS<@RUT Tn the nonequilibrium driven state
(V #£0, 8T # 0), the distribution deviates from this.

The probability distribution is shown in Fig. 5(c) for the
thermally driven oscillator. The figure shows the spin torque-
driven transition from the magnetization pointing in the
direction of the magnetic field (cos@ = 1) for high T, to
the opposite direction of the field (cos6 = —1) at low Tf.
In the intermediate range 7y ~ 0.25-0.37T,, the probability
distribution becomes bimodal, reflecting the two locally stable
configurations in Fig. 5(b): One of these corresponds to the
oscillating state.

C. Emission spectrum

A driven spin oscillator produces electromagnetic emission
which can be detected. [46,47] This can be characterized
with the classical correlator of the magnetic dipole, whose
spectrum is approximately a Lorentzian centered at frequency
Q. The classical spectrum of the magnetic dipole correlator
can be written as

Sunl@) = S /

—00

o]

dge™" (m,(19)m,(0)), (22)

where m, = cos ¢ sinf, and the average is over the driven
steady state of the system. To evaluate it, the average over
¢ can be taken first, noting that (cos¢(f)cos@(0))y =
%Re(ei¢(’°)_i¢(o)>¢ — % RefD[(p", 6] 1S pi®° (10)—ig*(0) _

%Re [ Dl¢c,69€™S, where the exponential factor is
removed by a shift (cosf)? — (cos6)? 4 sgn(ty)0(|to| —
[£)O(t sgnty)/(2S). For S > 1, this results to §' — 8§ =~
Qto + ilto|ST2D csc? 8¢ =: Y (ty) so that (m,(to)m,(0))y =~
1 sin? @ Re ¢/ Evaluating the Fourier transform, we get

Sex(w) % Z(D/[(a) + Q) + (S 2Dcesc? 6%y, (23)
+

A similar calculation is done in Ref. [44], via Langevin and
Fokker-Planck approaches. The remaining average is over the
steady-state distribution P(cos6).

The linewidth of the spectrum [black line in Fig. 5(d)]
in this nonequilibrium system is a nontrivial function of
the system parameters. For Ty ~ 0.317: precession at 6,
becomes possible, and as a result the linewidth (o< csc? )
narrows rapidly, becoming significantly smaller than the near-
equilibrium fluctuations at & ~ 0, .

VI. DISCUSSION

In this work, we explain how the thermomagnetoelec-
tric effect of a spin-split superconductor couples the mag-
netization in a magnetic tunnel junction to the temperature
difference across it. The thermoelectric coefficient in the
superconducting state is generally large, and enables a mag-
netic Peltier effect and thermal spin torque, with prospects
for generating thermally driven oscillations detectable via
spectroscopy. Superconductivity also offers possibilities to
characterize and control the thermal physics via both the
electric and magnetic responses or external field coupling of
the magnetization.
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APPENDIX A: TUNNELING CURRENTS

Calculation of the tunneling currents from the model (1) in
the main text can be done with standard Green function ap-
proaches [33]. Assuming a spin and momentum-independent
matrix element (W;;; = W), the k-spin component of the spin
current to S reads

oo

=G0 7 dew ZURER ) 85 — Bs(REPRD) K,

32 J_» 2
(AD)

where the superscript K refers to the Keldysh component
and Gy = mvpvg|W|? is the normal state tunneling conduc-
tance. The charge and energy currents can be obtained by
replacing oy /2 + 73 and 0} /2 > € in Eq. (A1), respectively.
Here, o; and %; are Pauli matrices in the spin and Nambu
spaces, with the basis (Y4, ¥, —wI, WD, and X, (e,1) =
[dt' e =X (1), X_(e,t)= [dt'e<“IX(t',t). More-
over, grss(e)= ﬂf;/s T3 Zj Gp/g(e, p;) are state-summed
Keldysh Green’s functions, normalized by the total density of
states (DOS) vg/s at the Fermi level of the ferromagnet and
the spin-split superconductor. The rotation matrix,

R = e*i¢a:/267i90)‘/26i¢01/2

« e—i[’ di¢(1—cos H)U;/ze—ivfgl’ (A2)

contains the Euler angles of the time-dependent magnetization
direction vector (m - o = RO‘ZRT), a Berry phase factor, and
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voltage bias V. The Berry phase appears from the Green
function [31,32] of the conduction electrons in F follow-
ing adiabatically the changing magnetization. For a metallic
ferromagnet, gf — & ~ 23, (& £ o)7* and §F = [¢*
#4101 = 2fy(e)), where Vr,4/) i= Vr+ are the densities of
states of majority/minority spins at the Fermi level and
Jole)=(1+ e¢/T)~! is the Fermi distribution function.

Evaluating Eq. (Al) for the different currents pro-
duces Egs. (3)-(5) in the main text, with Ns/po—1 =
5[5 1+;7U; (&5r — &)

Beyond linear response (6), we find the second-order con-
tributions to the current and torque:

_ o P %
sOT = —%[sin%@)(VQ — CZS 822) n Pcos(@)Vz]

P (9) Ty gy (A3)
— Pcos —B—V,
T T
s ag, 3 0
i B L[Vz Peos@Q + 0@ )92]
sin“(60) 4 8
AL 2+B§TQ (A4)
a\T 4T

where of; = —(Gr/2) [°2, de€/[Ns i (€) F Ns,_(e)1fs (€),
and A = 2a1’1+a2,2, = 0‘1,0"‘0‘2,1'

For Q <« A, the onset of the voltage-driven spin oscilla-
tions [Fig. 5(a)] can be determined from Eqgs. (6) and (A4) to
occur at V, = +4, /e28Aefo/a£0.

In addition to the spin transfer torque (STT) discussed in
the main text, the electron transfer between F and the spin-
split S generates also other torque components acting on F.
This effect can be found from Eq. (Al), and appears in
the torque components T/, perpendicular to the equilibrium
magnetization Z.

In the main text, we neglect these torques, because any
equilibrium torques can be absorbed to a renormalization of
the effective magnetic field, and moreover, in the limit of weak
damping and torques the components perpendicular to Z such
that 7./, < S have little effect on the dynamics. In contrast,
the component in the main text has a significant effect already
at T ~ ApSQ K SQ.

For completeness, we write here the expressions for all
torques, as obtained from Eq. (A1l). Equation (5) in the main
text gives the dissipative contribution to t,. Similar contribu-
tions can be found for 7, /,:

G o (14 00'cos)?
Ty = —?T de Z fNS,x/y

—0Q

X [fF(E - QGU’ - V) - fS(E)]7

where Ny = 5 tr 255 5 (@5 — &6).

In addition, there are two remaining contributions, the
equilibrium spin torque, and a Kramers-Kronig counterpart to
the density of state term. Terms of the latter type commonly
appear in calculations of time-dependent response. To find
it, we need g8t =gR + . We can evaluate them, e.g.,
in a model with a parabolic spectrum in three dimensions,
& = k?/(2m) — . In the superconductor, &, A < jus and in

(A5)

the magnet, A = 0. Evaluating the momentum sum yields

N Hs—>00 N N
g1§+A 5: gg,qcl + gg,qcl + glla’+A|hF’—>h~/l-F’—>ll-s7

g4 = 2iaRe /-

[(€ —hpo)T3 + url/lurl + C. (A6)

Here g’j{é‘d are quasiclassical low-energy Green functions [52],

2
lJa=Y _ J/TEhr/ur, and hp = :?Jr QT ur the internal
exchange field in F in the model. Moreover C are scalars
independent of €, h, and A, and drop out from expressions
for the observables here.
Neglecting terms of order A/u, T/, 2/, we find the
remaining terms in the spin current,

Ig = 1§, + oI}, (A7)
G —v
Iy = ——T de Ztanh
x (02 + o'm(t)) x P(€)Nr,q, (A8)

where P(¢€) = 5. tr 152 a[gr’;qcl(e) + gg,qd(e)]. It has the sym-
metry P(—e) = P(¢). For a BCS superconductor, the inte-
grand is nonzero only inside the gap, le £ h| < A.

The equilibrium spin current I’ . is related to the exchange
coupling between F and FI mediated by the electrons in the
superconductor. It can be absorbed to a small renormalization
of the effective magnetic field acting on F. While its value
can be calculated in the above tunneling model, the model
is not sufficient for describing this non-Fermi surface term
in the realistic situation. The superconducting correction 81
vanishes at equilibrium, but may contribute to nonequilibrium
response. This torque, however, has r_z” =0 and can be ne-
glected similarly as in Eq. (AS).

APPENDIX B: ADIABATIC GREEN FUNCTION

In the tunneling calculation of Eq. (A1), an expression for
the adiabatic Green function of the electrons on the ferromag-
net with dynamic magnetization appears. For completeness,
we discuss its meaning here. The nonequilibrium Green
function for free electrons in a time-dependent exchange
field, H(r) = ang/ CZU [H,(®)]oorCrors Ha(t) = €, + h(t) 0,
with a thermal initial state at r=0 is G, (t,t') =
—iU,(t, 0)(1 — p,)U,(0, ), where i8,U,(t,t") = [€, —
h@t)-olU,(t, 1), U@, t)=1, and p, =[1+=O/T]71
In an adiabatic approx1mat10n for |h| < B, U,(t, 1) ~

e =1aR (1)1 12R (1), where R(t)azR(tﬁ =h() o
and @,(t,1) =i [ dt"tro,R(t")' 3R(t"). In terms of
Euler angles h = (cos¢siné,sin¢sinf, cosf) we write
R = ¢ #9:/20=100y/261¢9:/26=ixo:/2  The function x(t) is
arbitrary, but U, does not depend on it. For simplicity, we
choose x = ft dt'$(1 — cos ), which gives ¢, = 0. With
this choice, the adiabatic Green function becomes

G, (t,1') = R(t)G; ot — R, (B1)
and the electron Berry phase appears only in the rotation
matrix. This is equivalent to the “rotating frame” picture used
in the main text and other works [28,30].
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