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While the spin Seebeck effect (SSE) has proven to be an invaluable tool for probing spin cor-
relations in collinear magnetic insulators, a theory generalizing the heat-to-spin interconversion in
noncollinear magnets is still lacking. Nonetheless, a variety of quantum magnets that are attracting
an increasing attention to, e.g., their topological properties, display a noncollinear spin order. Here,
we establish a general framework for thermally-driven spin transport at the interface between a
noncollinear magnet and a normal metal. Modeling the interfacial coupling between localized and
itinerant magnetic moments via an exchange Hamiltonian, we derive an expression for the spin cur-
rent, driven by a temperature difference, for an arbitrary noncollinear magnetic order. Our theory
reproduces previously obtained results for ferromagnetic and antiferromagnet systems.

I. INTRODUCTION

Historically, thermoelectric phenomena have been an
invaluable tool for probing correlations in electronic ma-
terials. The interplay between thermal and electric prop-
erties has been invoked, for instance, in elucidating the
non-Fermi properties of metals through the violation of
the Wiedemann-Franz law [1], the non-Abelian nature of
fractional quantum Hall states [2], and the chiral Majo-
rana edge modes in gapped chiral spin liquids [3].

More recently, spin-caloritronic probes, which rely on
the coupling between the electron’s spin and heat fluxes,
have garnered much attention due to their potential for
probing magnetic properties of insulating quantum ma-
terials [4, 5]. In particular, since its observation in a
magnetic insulating system [6], the SSE, i.e., the genera-
tion of a pure spin current in response to a temperature
gradient, has been subject to intense scrutiny [7]. Since
pure spin currents pumped out of a magnetic insulator
can be converted, via the inverse Spin Hall effect [8-11],
into a transverse charge current in an adjacent normal
metal, the SSE has opened up new prospects for convert-
ing otherwise-wasted heat into charge currents. Thus, in
addition to its promise for probing magnetic quantum
materials, the discovery of the SSE has stimulated the
pursuit of new material platforms and functionalities for
designing efficient thermoelectric devices.

Heretofore, the SSE has been extensively investigated
only for a limited number of insulating systems with
collinear magnetic order [12-22], with a particular fo-
cus on the ferrimagnetic yttrium iron garnet (YIG). For
this ferrimagnet, the SSE has proved to serve as a sensi-
tive probe of magnetization dynamics, allowing one to
measure its magnon diffusion [23] and thermalization
lengths [24], as well as the strength of magnetoelastic
interactions [25].

Magnetic insulators, however, display a large va-
riety of magnetic orders. Spin-orbit coupling, such
as the Dzyaloshinskii-Moriya interaction, favors local-
ized magnetic textures with nontrivial topology such
as skyrmions [26]. Strong competing exchange interac-

tions between neighboring magnetic ions represent an-
other source of noncollinearity [27]. Moreover, a sub-
tle interplay between these forces and the electronic in-
teractions is responsible for the metal to noncollinear
magnetic-insulator transition in pyrochlore iridates [28—
32]. Contrary to collinear systems, a non-collinear spin
texture might engender a field-tunable SSE, as it typi-
cally displays a continuous response to a magnetic field
through changes in the spin order canting. Moreover, as
non-collinear orders often result from spin-orbit coupling
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FIG. 1. Noncollinear magnetic insulator/normal metal (M|N)
heterostructure. We consider an arbitrary magnetic order-
ing, e.g., from the top to the bottom left, a spin spiral,
the all-in/all-out ordering of R2IraO7 pyrochlore iridates or
a skyrmion lattice. The interfacial exchange interaction be-
tween the spin S,,,,, located at the site o of the mth magnetic
supercell, and the electronic spin density p is parametrized
by the exchange parameter J,. The coupling engenders in-
elastic electron-magnon scattering. Namely, a spin-s electron
impinging on the interface with wavevector k is reflected as a
spin-s’ electron with wavevector /;', generating a magnon with
wavevector ¢ on the magnetic side. The difference between
the insulator, T', and metal, 7", temperatures leads to an im-
balance between these events and the reciprocal processes,
giving rise to a net interfacial spin-current density I o< J 3
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(SOC), the dependence of the SSE on the orientation of
the external field is expected to be more complex than for
collinear systems. To properly account for these effects,
a microscopic theory for the heat-to-spin interconversion
in a noncollinear magnet—mnormal metal heterostructure
is necessary.

In this work, we investigate the spin current result-
ing from the interfacial exchange interaction between the
normal-metal spin density and the spins of a system
with arbitrary magnetic ordering, as illustrated in Fig. 1.
Specifically, we focus on the thermally-activated spin cur-
rent, i.e., the spin current due to the interfacial SSE,
which originates from inelastic magnon-electron scatter-
ing at the interface. Starting with equilibrium states of
the magnetic and conducting systems in the absence of
the interfacial coupling and using the Kubo formula up
to the second order in the interfacial exchange parame-
ter, we derive a general expression for the spin current,
valid for any magnetic arrangement. Finally, we check
our formula against two well-known collinear magnetic
systems, a ferromagnetic and a bipartite antiferromag-
netic insulating films and recover established results.

II. MODEL

In this section we consider a noncollinear magnetic
insulator|normal metal heterostructure. We present our
model for the magnetic insulator and the normal metal,
and we introduce the exchange Hamiltonian describing
the interfacial coupling among them.

A. Magnetic system

The magnetic system is modeled using a supercell ap-
proach, i.e., it consists of a supercell, containing N mag-
netic sites, that repeats periodically in the xz plane, as
depicted in Fig. 1. The initial input of our model is
the classical spin arrangement of the magnetic supercell,
which can be found analytically or numerically depending
on the complexity of the magnetic Hamiltonian. The po-
sition of each magnetic site can be written as 7 = 7, +7,
where 7, is a 2d Bravais lattice vector labelling the mth
supercell and 7, is the position of the pth magnetic site
within the supercell, respectively. For each site p of the
mth supercell, we can orient a spin-space Cartesian co-
ordinate system such that the z axis locally lies along
the classical orientation of the onsite spin operator S;m.
The latter can be related to the spin operator S, in the
global frame of reference via the transformation

Spm =R (QS/L)R@/(GM)SLm ) (1)

where the matrix R.(,)(¢) describes a right-handed ro-
tation by an angle ¢ about the z (y) axis, and 6, (¢,,) is
the polar (azimuthal) angle of the classical orientation of
the spin S,,,,.

At temperature T' <« T,, with T, being the magnetic
ordering temperature, we can access the magnon spec-
trum by linearizing the Holstein-Primakoff transforma-
tion in the local frame of reference [33]:

S//Ltn :S//irm + Zsﬁjm =V 2Sb:r1,ma
Sy =S — bl bum - (2)

Here, S is the classical spin (in units of h) and b},
(bum) the magnon creation (annihilation) operator at
the site 7,, obeying the boson commutation relation
(bym, bim,] = 0 0mm/. Next, we truncate the magnetic
Hamiltonian beyond the quadratic terms in the Holstein-
Primakoff bosons and perform a Fourier transform in the
2z plane, i.e.,

1 ik
bum = N Z e* b (3)
k

with k being a 2d wavevector and N the number of mag-
netic supercells. Generally, the resulting Hamiltonian is
not block-diagonal and a Bogoliubov transformation is
required to access the spin-wave spectrum Wiy The lat-
ter can be defined as [34],

by = 2 [ Muw(Beg, + Nuw(B)e | ()

v

where the magnetic excitations obey the Bose-Einstein
statistics, i.e., <é£#ég,y) np(Bwg, )05z 0y, With
np(z) = (e* — 1)7!, and My and Nj are both N x N
matrices. The matrices Mj; and Nj are inputs to our
theory and depend on the specific form of the magnetic
Hamiltonian.

B. Electronic system

We treat the conducting side as a spin-degenerate nor-
mal metal of thickness d. Its spin density (in units of &)
can be written as

1
P = 5 > Uh ()0 tbor (7). (5)

where o is a vector of Pauli matrices. For an electron
state with spin of/2 along the z-direction (with ¢ =
+), we expand the corresponding itinerant-electron field
operator

VYo (7)) = Z%}g(ﬁ)amw (6)
Ee

in terms of electron annihilation operators az, on the

basis of Bloch wavefunctions ¢z, (7;) = e*™uz,. Here,
the quantum number ¢ identifies the electron state in



the spin-transport direction (e.g., a quantum-well state).
The electronic Hamiltonian is given by

H, = Z Eﬁeajggoaﬁza , (7)
kto
with <a£/£/a/a13€o'> np (5'6135) 0000 00e,  Where

nr(z) = (e® 4+ 1)7! is the Fermi distribution function,
€y, the single-electron energy (measured with respect to
the chemical potential) and T = 3~ the common tem-
perature of the electron bath.

C. Interfacial Hamiltonian

The interfacial exchange interaction between the elec-
tronic spin density and the spins of the magnetic system
is given by

Hint = - Z J,u p(Fm + F,u) : S,um ; (8)

mp

where J,, is the exchange-interaction strength at the mag-
netic site p, due to the overlap between itinerant and
localized orbitals.

Our goal is to determine the spin current driven by
a temperature difference between the magnetic and the
metallic side. As we will show, the latter arises from
thermally-activated electron-magnon scattering at the
interface. Thus, while rewriting Eq. (8) in terms of
second-quantized operators, we discard terms involving
the z-component of the spin-density operator (in the lo-
cal frame), ie., S/Z, = S — bl bum. The first term,
ie., Sagéga,g,e,g, describes elastic scattering of elec-
trons off the static spin density of the magnetic system
and does not depend on the applied thermal bias [21].
Within mean field and far from the magnetic order-
ing temperature, ie., N,/S <« 1, with N, being the
number of magnons at the site u, the second term re-
duces to a correction to the leading elastic-scattering
processes, i.e., x Nﬂagegag,e,a. Beyond mean field, the

term o a% 10 O e/gbLmbﬂm leads to higher order correc-
tions that we neglect here. Thus, Eq. (8) can be rewritten

as

S 3 3D SRR

n=1 oo’ kk:'*
Guet

< [V R @t al, L8ag,, +He] . (9)

where G is a reciprocal lattice vector [35], L =
{ot,07,0.}/2, and

V(uné)f’(];‘:a E/a q) = - (k k) i

SZJ ua

[fnu ((T)"‘gnu MV( (T)] (10)

W)U (T)e!

*

with fi, = 9, = sin®(0,/2)e""%u, g1, = £z, =
cos?(0,/2)e~ " and f3, = g3, = —sind, /2.

IIT. RESULTS.

In this section we discuss our analytical result for the
interfacial spin current, and we check it against two well-
known collinear magnetic systems.

A. Interfacial spin current

The conservation of spin density on the conducting side
allows us to define the interfacial spin-current density
operator (per unit of area) into the normal metal as

i=dhp = —id[p, Hint] - (11)

Using the Kubo formula to second order in the exchange
parameter J,, [36], we find the a-polarized spin-current
density as

1 P () (T T
Ia = W Z Re |:nV1/(Z)’ (k7k/7Cj})‘/ué(g)(lﬁkl’q_>
kK q

Guee'

FOViD R0

=

u%’( aka_)é Lk E’,C_f’
(12)

5
— eV(M),(

with A being the interfacial area and
By (kK Q) = / dwy dey dey 8(ey — €3 + w1)AL (T, w1)
Ag(E, e1) Ap (K, 62){”B(5w1)HF(5/€1) (1 —nr(fe)]

[ (B [1 - np(Fe)] npw’ez)} | (13)

Here, A, (7,w) and Ay(k, €) are, respectively, the magnon
and electron spectral functions. For a = z, we have
B,y =1,96,( =2 and n,e = 1. For a = z (y), we have
v=1,6,=3,(=2and n,e =4 (n,—e = 4i).

The first term on the right-hand side of Eq. (13) de-
scribes an electron scattering inelastically off the inter-
face and creating a magnon in the insulator, while the
second term accounts for the reciprocal process. The dif-
ference between the insulator, 7', and metal, 7", temper-
atures breaks the balance between these two processes,
driving a net spin-current density across the interface.
Equation (12) shows that, as a consequence of the trans-
lational invariance in the zz plane, the inelastic electron-
magnon scattering at the interface conserves the linear
2d momentum, modulo the reciprocal lattice basis (i.e.,
umklapp processes). On the other side, as the non-
collinearity of the magnetic system breaks spin-rotational



invariance, no spin component is conserved at the inter-
face. Thus, inelastic scattering events without electronic
spin-flip contribute as well to the total spin current.

Given any spin arrangement, Eq. (12) allows one to cal-
culate the interfacial spin current, driven by an arbitrary
temperature difference, as function of material-specific
microscopic parameters. By neglecting vertex correc-
tions, disorder in the normal metal can be accounted for
via the electronic spectral function. For the magnetic
side, instead, the effects of disorder can be included by
increasing the size of the magnetic supercell such that it
greatly exceeds the primitive one.

B. Collinear magnetic systems

In order to test our results, we consider two collinear
magnetic systems, i.e., a ferromagnetic and a bipar-
tite antiferromagnetic thin films. For simplicity, we
treat both the electronic and magnetic systems as clean
and non-interacting, i.e., A(q,w1) = 271d(w1 — wg) and
Ak, €) = 2md(e — €;), and we neglect umklapp scatter-
ing. Moreover, we assume that the common electronic
temperature 7" and the single electron energy e; are both
much smaller than the Fermi energy er. Thus, we can
treat the electron density of states as a constant, i.e., D.
First, we consider a ferromagnetic system with collinear
ground state defined by S || —z [37], i.e., its magnon
modes carry spin & along the z direction. We assume
that the corresponding Hamiltonian can be diagonalized
in terms of a standard Bogoliubov transformation [38],

ie.,
bfé |:UE 'U’_",:| cr
| = UL (14)
lbg] v ug) |

with |ug|* — |[vg|> = 1. Generally, magnons flow in the
direction opposite to a thermal bias, i.e., from the hot
to the cold region [39]. Thus, if the magnetic-insulator
temperature is higher than the normal-metal one, i.e.,
T > T', we expect the z-polarized spin-current density
to flow into the conducting side, i.e., I, > 0. This is
correctly predicted by Eq. (12), which reduces to

4S(DJ)?
1. = I S gl () — (] (15)
q
with
V= (1/AD)? ZMEF —€p)o(er +wg — 6k7)5l€+q‘,l€/ :

kR
(16)
Secondly, we consider a bipartite antiferromagnet with
collinear ground state given by Sy () || £z, with 1(2) la-
belling the sublattice site. The corresponding Hamilto-
nian can be recasted in diagonal form by defining [20]

big [ Uy U*] C1E
=k R 17
[sz] U UE | %ok (17)

FIG. 2. Antiferromagnetic insulator (AF) | normal metal (N)
heterostructure. The conductor spin density p couples to the
spin Sy() of the antiferromagnetic sublattice 1(2) with ex-
change strength Jy(2). Due to the collinearity of the magnetic
system, the spin component parallel to the magnetic symme-
try axis must be conserved. Thus, the only processes that
are allowed include a spin-down (up) electron can scatter in-
elastically off the interface, flipping its spin and creating a
magnon carrying angular momentum Fh, and their reverse.
The dashed line encompasses the allowed scattering processes
in the ferromagnetic (F) system we consider.

where 01(2) is the creation operator of a magnon mode

carrying spin angular momentum F/ and energy wy(a).
From Eq. (12), we find the z-polarized spin-current den-
sity as [37]

s .
L= 212 A3 Z [BQ(k,k/v®J1U§€ T 4 Joug €072 |2
kE'q

— By(k, K, Q)| Jiug €T 4 Jovg 0T |2] Or ok
(18)

where By (9) is given by Eq. (13). Equation (18) shows
that cross-sublattice terms contribute to the spin-current
density. However, electron interference effects vanish
when the two antiferromagnetic modes are equally pop-
ulated. For degenerate dispersions, Eq. (18) indeed be-
comes

_ 4nSD?*(J3
N A

I, —Ji) Z Vi wg[ne(Bwz) — np(f'wy)] .

' 19)

Equation (19), which agrees with the results of
Ref. [22], offers a simple physical interpretation: as
magnons associated with the sublattice 2 (1) carry
spin angular momentum =£A, when the metallic side is
hotter, they lead to a positive (negative) contribution
to the z-polarized spin current. In a collinear magnetic
system, the inelastic magnon-electron processes driving
the spin current must conserve the component of the
spin parallel to the magnetic symmetry axis, i.e., the z
axis. Thus, an electron with spin-up (down) impinging
on the interface is reflected with flipped spin, creating
a magnon with angular momentum =4A, as illustrated
in Fig. 2. Equation (19) shows that, even when the
antiferromagnetic modes are degenerate, the interfacial
spin-current density (19) is finite if the symmetry



between antiferromagnetic sublattices at the interface is
broken, i.e., J; # Jo, which confirms the predictions of
Ref. [40].

IV. DISCUSSION AND CONCLUSIONS

In this work, we address thermally-driven spin trans-
port at a noncollinear magnetic insulator | normal metal
interface, deriving an expression for the spin current ap-
plicable to any magnetic ordering. Our theory reproduces
correctly the interfacial spin transport in collinear mag-
nets | normal metal heterostructures.

For thin films, along with bulk systems with strong
spin-orbit coupling, the interface can represent the bot-
tleneck for spin transport. In this scenario, our result
captures the main contribution to the thermally-driven
spin current. Otherwise, our expression for the spin cur-
rent serves as a boundary condition, which should be
complemented by an appropriate theory for bulk magnon
transport [21]. The interfacial spin density induced by
the spin current can be measured on the conducting side
of the interface via the magneto-optical Kerr effect [41].

Instead, to relate our results for the spin current to a
measurable ISHE voltage, the conductor has to be mod-
elled as a bulk system and our theory complemented
with transport equations describing spin diffusion on the
metallic side [42].

While here we focus on the spin current due to the
SSE, our framework could be easily extended to include
the spin pumping and spin-transfer torque contributions
to the overall interfacial spin current, as well as addi-
tional interfacial interactions [43]. Future work should in-
vestigate the corrections arising from a non-perturbative
treatment of the interfacial exchange interaction.
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