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Spin transport of magnonic excitations in uniaxial insulating antiferromagnets (AFs) is investigated. In linear
response to spin biasing and a temperature gradient, the spin-transport properties of normal-metal-insulating
antiferromagnet-normal-metal heterostructures are calculated. We focus on the thick-film regime, where the
AF is thicker than the magnon equilibration length. This regime allows the use of a drift-diffusion approach,
which is opposed to the thin-film limit considered by Bender et al. [Phys. Rev. Lett. 119, 056804 (2017)],
where a stochastic approach is justified. We obtain the temperature and thickness dependence of the structural
spin Seebeck coefficient S and magnon conductance G. In their evaluation, we incorporate effects from field-
and temperature-dependent spin conserving intermagnon scattering processes. Furthermore, the interfacial spin
transport is studied by evaluating the contact magnon conductances in a microscopic model that accounts for the
sublattice symmetry breaking at the interface. We find that while intermagnon scattering does slightly suppress
the spin Seebeck effect, transport is generally unaffected, with the relevant spin decay length being determined
by non-magnon-conserving processes such as Gilbert damping. In addition, we find that while the structural
spin conductance may be enhanced near the spin flip transition, it does not diverge due to spin impedance at the

normal metal magnet interfaces.
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I. INTRODUCTION

Spin-wave excitations in magnetic materials are a corner-
stone in spintronics for the transport of spin-angular mo-
mentum [1,2]. The usage of antiferromagnetic materials has
gained a renewed interest due to their high potential for
practical applications. The most attractive properties of anti-
ferromagnets (AFs) are the lack of stray fields and the fast dy-
namics that can operate in the THz frequency range [3]. Those
attributes have the potential to tackle current technological
bottlenecks, like the absence of practical solutions to generate
and detect electromagnetic waves in the spectrum ranging
from 0.3 THz to 30 THz (the terahertz gap) [2]. Nevertheless,
the control and access to the high-frequency response of AFs
is challenging. Certain proposals circumvent one of these
obstacles by manipulating metallic AFs with charge currents,
through the so-called spin-orbit torques [4—6]. Antiferromag-
netic insulators, however, offer a compelling alternative since
the Joule heating caused by moving electrons is absent. In
such systems, the study of transport instead focuses on their
magnetic excitations.

In insulating AFs, the spin-angular momentum is trans-
ferred by their quantized low-energy excitations, i.e.,
magnons. Since the AF in its ground state is composed
of two collinear magnetic sublattices, magnons carry oppo-
site spin-angular momentum. The transport of magnons has
been experimentally achieved through the longitudinal spin
Seebeck effect in AF|NM [7-13] (NM, normal metal) and
FM|AF|NM [14-18] (FM, ferromagnets) heterostructures, in
which magnons were driven by a thermal gradient across the
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AF. Alternatively, thermal injection of magnons in AFs has
been studied [19,20] by a spin accumulation at the contact
with adjacent metals. In addition, it was shown that thermal
magnon transport takes place at zero spin bias when the
sublattice symmetry is broken at the interfaces, e.g., induced
by interfacial magnetically uncompensated AF order [21].
Complementarily, coherent spin transport induced by spin
accumulation was considered earlier and predicted to result
in spin superfluidity [22,23] or Bose-Einstein condensates of
magnons [24]. Recently, it has been shown via nonlocal spin
transport measurements that magnons remarkably propagate
at long distances in insulating AFs: a-Fe, 03 [25], Cr,03 [26],
MnPS; [27], and also in NiO via spin-pumping experiments
with YIG [14]. Their exceptional transport properties, as well
as those reported in Refs. [7-11], are governed by the spin
conductance and spin Seebeck coefficients. Rezende et al.
[28] theoretically discussed the spin Seebeck effect in AFs
in contact with a normal metal. They obted the Seebeck
coefficient in terms of temperature and magnetic field, finding
a good qualitative agreement with measurements in MnF, /Pt
[7]. In addition, it was found that magnon scattering processes
significantly affect the spin Seebeck coefficient. Hitherto there
have been no complete studies on the underlying mechanism
for spin transport coefficients, e.g., their thickness, temper-
ature, and field dependence, effects derived from magnon-
magnon interactions or when the sublattice symmetry is bro-
ken at the interfaces.

In this paper, we describe spin transport though
a left-normal-metal-insulating AF  right-normal-metal
(LNM|AF|RNM) heterostructure. As depicted in Fig. 1,
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FIG. 1. A normal-metal-insulating antiferromagnet-normal-
metal heterostructure. An external field H is applied along the z
direction. A spatially dependent temperature 7 (x) and a spin bias u
is considered. As a result, a magnon spin current j flows through the
AF of thickness d.

magnon transport is driven by either a temperature gradient
or spin biasing. We focus on the thick-film limit, where the
thickness d of the AF is greater than the internal equilibration
length [ for the magnon gas. This limit implies a diffusive
regime where magnons are in a local equilibrium described
by a local temperature and chemical potential. This is in
contrast to our earlier, stochastic treatment of thin films
(d < 1) where spin waves do not establish a local equilibrium
[19]. Specifically, we study the spin transport by evaluating,
via a phenomenological theory, the structural spin Seebeck
coefficient S and magnon conductance G. Furthermore, we
investigate their temperature and magnetic-field dependence
by computing the interfacial conductance coefficients in a
microscopic model for the NM|AF interface and evaluating
the various coefficients using a Boltzmann approach.

The paper is outlined as follows. In Sec. II, we introduce
the microscopic Hamiltonian for the bulk AF and its interac-
tion with the metallic contacts. In Sec. III, we formulate the
phenomenological spin diffusion model, including scattering
between magnon branches, and obtain expressions for the
structural Seebeck coefficient and magnon conductance. In
Sec. IV, we compute the coefficients for interfacial magnon
transport from the microscopic model for the contacts. Based
on this result, we estimate bulk transport coefficients as-
suming the interaction parameters are field and temperature
independent. We conclude in Sec. VI with a discussion of our
results. In the Appendices, we detail various technical aspects
of the calculations.

II. MODEL

We begin by defining the microscopic model for the
LNM|AF|RNM  heterostructure. The total Hamiltonian is
H = Hr + H, + H,, where Har describes the AF spin sys-
tem while A, represents their interfacial contact with the
normal metals. The Hamiltonian H, describes the electronic
states at the left and right leads. The coupling with LNM and
RNM is modeled by a simple interfacial exchange Hamilto-
nian,

A=~ [ ax Y socos S (1)

where Jj is the exchange coupling between the electronic spin
density S(x) and the localized spin operator §; at site i that

labels the lattice along the interface. Here p;(x) is the density
of the localized AF electron orbital representing effective spin
densities at the interface. We will return to the study of A; in
Sec. IV to determine the contact spin conductance.

The AF spin Hamiltonian is introduced by labeling each
square sublattice site by the position i. The nearest-neighbor
Hamiltonian is

with §; the spin operator at site i, / > 0 the antiferromagnetic
exchange biasing, H the magnetic field, and « the uniaxial
easy-axis anisotropy. We are interested in small spin fluctu-
ations (magnons) around the collinear bipartite ground state.
The latter is the relevant ground state to expand around for
magnetic fields below the spin-flop field Hy. Magnons are
introduced by the Holstein-Primakoff transformation [29],

25 — aj i, (32)

Si; = —s+ BII;i, Si- = \/ 25 — BIZ;iI;ia (3b)

and §;; = §ii, when i belongs to sublattice a and b, respec-
tively. We expand the spin Hamiltonian, Eq. (2), in powers of
magnon operators that includes magnon—magnon interactions,
up to the fourth order, Hap = H + HXQ' To lowest order in
s, excitations of A /(fF) are diagonahzed through the Bogoliubov
transformation (see Appendix A for definition), by the oper-
ators &4 and Bq that carry spin angular momentum -+/2Z and
—hz, respectively:

A = lea(@fay + es(@pB] By (4)

q

We refer to the magnons described by the operator « (8)
as o and (B)magnons, respectively. The dispersion rela-
tion is €q5(q) = +H + \/(6Js)2(1 —y2)+H2 in a three-
dimensional lattice, where = stands for the a- and 8-magnon
branches, respectively. Here, Hf = k2 4 2k6Js is the critical
field corresponding to the spin-flop transition, while yq =
(1/3) th:l cos(gna), where a is the lattice spacing. Magnon-
magnon interactions are represented by the interacting Hamil-
tonian H ). In the diagonal basis, the interacting Hamiltonian
becomes a lengthy expression that is detailed in Eq. (A7)
(Appendix A). It consists of nine different scattering processes
among « and 8 magnons. Some of these processes allow for
the exchange of the population of « and § magnons, see Fig. 6.

III. SPIN TRANSPORT: PHENOMENOLOGICAL THEORY

We now outline the phenomenological spin transport the-
ory for magnons across the LNM|AF|RNM heterostructure.
In the subsections that follow, we estimate the structural spin
Seebeck coefficient and structural magnon conductances. The
basic assumption is that the equilibration length for magnon-
magnon interactions is much shorter than the system length
d, so that the two magnon gases are parametrized by local
chemical potentials , and 114 and temperatures 7;, and Tg. In
keeping with our treatment of ferromagnets [30], we assume
that strong, inelastic spin-preserving processes fix the local
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magnon temperatures to that of the local phonon temperature.
This assumption is reasonable since the rate at which magnon
temperature equilibrates with the phonon bath is dominated by
both magnon-conserving and magnon-nonconserving scatter-
ing processes [31]. Thus, the magnon temperature reaches its
equilibrium faster than the magnon chemical potential. The
local phonon temperature, in turn, is assumed to be linear
across the AF, and to be equal to the electronic temperatures
in each of the metallic leads. Only the magnon chemical
potentials 11, and pg are then left to be determined.

We then express phenomenologically the spin conservation
laws in terms of the chemical potentials. Its microscopic
derivation can be established from the Boltzmann equation as
is explained in Appendix B. Defining the magnon densities n,
and ng, these read

Hg +V - jo = —Fofla — Baala — apMUp, (5a)
ng+V-jg=—rpug — gpaka — gpplp-  (5b)

Here, r; describes relaxation of spin into the lattice result-
ing from inelastic magnon-phonon interactions that do not
conserve magnon numbers. In addition, g;; describes inelastic
spin-conserving processes that accounts for, e.g., magnon-
magnon and magnon-phonon scattering, where the total num-
ber of magnons n, + ng may change but the spin ~n, — ng is
constant. In what follows, the coefficients g;;, by assumption,
have their origin in the coupling between magnons. The cur-
rents of & and B magnons, denoted as j, and jg, are given by
Jo =—04Vig — 6o VT and jg = —03Vug — s VT, where
o4,p and ¢, g are the bulk magnon spin conductivities and
Seebeck coefficients, respectively. In writing the particle cur-
rents in the form above, we have neglected magnon-magnon
drag, which stems from magnon-magnon interactions that
transfer linear momentum from one magnon band to another
in such a way that the total spin current is conserved. Such
drag gives rise to cross terms like j, o V g. We shall simply
limit the discussion to the regime in which such momentum
scattering in subdominant to, e.g., elastic disorder scattering.
The bulk continuity equations, Egs. (5a) and (5b), are comple-
mented by the boundary conditions at the NM|AF interfaces
on the spin currents j§ = 7ij, and j/(;) = —hjg,

x O = —d/2) = Galur — na(—d/2)l.  (62)
x-j(c = —d/2) = Gl + pe(—d/2)].  (6b)
x - JO(x =d/2) = —Galpug — na(d/2)l,  (6¢)
X ~jf§)(x =d/2) = —Gglur + np(d/2)], (6d)

with x the unit vector along the x axis and where we have
chosen the left and right interfaces to correspond to the planes
x = —d/2 and x = d /2. Inside the left and right normal met-
als the respective spin accumulations, the difference between
spin-up and spin-down chemical potential, are p; and pg.
Here G, g are the contact magnon spin conductances of each
interface. The contact Seebeck coefficient does not appear,
as we are assuming a continuous temperature profile across
the structure, i.e., there is no temperature difference between
magnons at the interface and normal metal leads. For fixed
spin accumulations tz/r, Egs. (5a)-(6d) form a closed set of

equations with the parameters g, 7o 8, Gu.8> Oa,g, and G g to
be estimated from microscopic calculations (see Sec. IV).

The inelastic spin-conserving terms g;; can be signifi-
cantly simplified by additional considerations. Imposing spin
conservation one finds that g,, = gg, and gus = ggp. This
result is obtained from Egs. (5a)—(6d) by equating g, — 71g =
0 in the absence of magnon currents and disregarding the
relaxation term r;. In addition, we can estimate the field- and
temperature-dependence of the coefficients g,, and ggg, in
particular near the spin-flop transition. For this purpose, we
use Fermi’s golden rule to calculate the transition rate of a-
magnons (B-magnons), defined as I'pp (I'gy), that represents
the instantaneous leakage of magnons due to the conversion
between - and B-magnons. Among the different scattering
processes displayed in Fig. 6, few of them conserve the
number of - or B-magnons and thus do not contribute to the
transition rate. As detailed in Appendix B, we sum over all
the scattering rates and find that I'yg = I'gy, Which derives
as a consequence of conservation of spin-angular momen-
tum. Moreover, and more importantly, up to linear order
in the chemical potential I'yg = —g(y + pg). Therefore,
8oa = 8up = & Meaning that a single scattering rate describes
the inelastic spin-conserving process. The coefficient g is
expressed in terms of a complex integral, given in Eq. (B7),
that can be estimated in certain limits. In the high temperature
regime, where the thermal energy is much higher than the
magnon gap, we obtain g = Qu NS/ fis?)(ksT /Jsz)* with Q
a dimensionless integral defined in Appendix B.

In the steady-state limit, the magnon chemical potentials
are described by Egs. (5a) and (5b), and are of the general
form pe ~ pp ~ /. The collective spin decay length A
admits two solutions,

WP =N+ A - \/4,\;2x;2 + (A2 - Agz)z, (7)

257 = A+ A+ \/4A;ZA/;2 +(A2 A5 ®

where Agz = g/og, )\;2 = g/0q, A;z =(g+ry)/o, and
Algz = (g+rg)/og. In the absence of magnetic field, the
magnon bands are degenerate and therefore o and S have
equal properties. Thus the collective spin diffusion lengths
become )»1_2 =r/o and )52 = (2g + r)/o that differ due to
the inelastic spin-conserving scattering (~g). In the following
sections, we evaluate the structural spin Seebeck coefficient
and structural magnon conductance. We will consider sep-
arately two scenarios, a temperature gradient and spin bias
across the LNM|AF|RNM heterostructure in Secs. IIT A and
III B, respectively.

A. Spin Seebeck effect

Let us assume a linear temperature gradient, with no spin
accumulation in the normal metals. We solve for the spin
current at the right interface, j, = x - j%'(d/2) + x -j/(;)(d/Z)
in presence of the temperature gradient AT. Then, the spin
current flowing through the right interface is related to the
thermal gradient by j; = SAT, where S is the structural spin
Seebeck coefficient. The general solution for S is found in
Appendix C [Eq. (C4)]. In what follows we examine several
regimes of interest.
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First, we consider the zero applied magnetic field case,
but allow for sublattice symmetry breaking at the normal
metal|magnet interfaces. Here, we have that the dispersion
relations for the @ and f magnons are identical. Furthermore,
the bulk transport properties becomes independent of the
magnon band, i.e., 0 =0, =0 and ¢ = g, = ¢p. In this
limit, one finds

205(Gg — Gy) [ i|
= h| — 1, 9
(Ga1Gp2 + GanGp1)d A cot 2M1 2

with G;, the effective conductances defined by G, = G; +
(0i/An)coth[d/21,] for i = «, B and n = 1, 2. We see that S
is proportional to the bulk spin Seebeck conductivity ¢. In
the absence of symmetry breaking at the interfaces, G, = Gg,
the spin Seebeck effect vanishes as expected. When there is
no magnetic field, it is thus essential to have systems with
uncompensated interfaces to get a finite Seebeck effect.

To understand the dependence of Eq. (9) on the film
thickness d, it is useful to distinguish two thickness
regimes. Let us first introduce a “thin” film regime, d <
di, = 1,Coth™!(GiA,, /o) for n =1,2 and i = «, B. In this
limit G,; = (0 /A,)Coth[d/2A,]. The spin Seebeck coefficient
becomes

s = G) 5 (10)
dCoth[d/2);] o

which in the extreme thin film limit (d < X,), becomes inde-
pendent of d, § — (Gg — Gy)2¢/o. This can be understood
as the sum of two independent parallel channels, each with
effective conductances renormalized by the bulk transport
parameters. When G; > o /A,, we may also define a “thick”
regime (d > dj, = »,Coth™! (G, /o) for all i, n) in which
the contact resistance dominates, i.e., G;, &~ G; (thick film).
In this case, one obtains

d log —1
~ Coth| — |22 (67" = G 11
S~ Co [ml}dm( S -G, (an

and S ~ (o¢/dr )G;1 at long distances d > A;. In this case,
the net interfacial conductance behaves as the sum of a series
spin-channels, each with conductance G, and Gg. Note that
as the Seebeck coefficient is defined through the relation
Jjs = SAT, the ~1/d-dependence means that j; ox 9,7 is
independent of d; a Seebeck effect can thus originate for
a thick AF due to a difference between the impedances of
the magnon bands just at the interface where the signal is
measured.

Second, we consider effects of a finite applied magnetic
field. In addition, we assume no symmetry-breaking at inter-
faces, G, = Gg = G. In the “thick” film regime, we obtain
S ~ —(¢o — ¢p)/d, which is simply the bulk value of the
Seebeck coefficient. However, allowing symmetry breaking at
the interfaces, we can obtain S in the weak coupling regime,
i.e., g K rg, rg, corresponding to slow scattering between the
magnon branches (compared to Gilbert damping). Expanding
the collective spin decay length, Egs. (7) and (8), to linear
order in g/r, g, we get Ay ~ ,Jog/rg(l —g/rg) and A, ~
Voo /Te(1 — g/ry). This expansion lead to corrections in the

structural Seebeck coefficient, S ~ S@ + O(g/r), where

S0 =89 480 = Gpsp _ GaSa (12)

Gy dGy

with g;‘l” the lowest order of the effective conductances. It
is interesting to note that Eq. (12) consists of two com-
pletely decoupled parallel channels. In the particular thick
film regime (d > d;,), it reduces to S© ~ —(¢, — spg)/d,
which is consistent with the result obtained at finite field in
the “thick” film regime and G, = Gg.Although we allow for
symmetry-breaking at the interface here, all of the interfacial
properties are washed out in the thick film regime.

Last, consider the regime in which interactions are strong:
8> ry, 1g and d > A,. Naively, one might expect interac-
tions to greatly reduce the spin Seebeck effect. In fact, one
finds that all dependence on g drops out:

0y \2
_Ga+Gﬁ (a) S — Sa

S
4| (&) s+ s

(13)

Thus, even with strong interactions between magnon
bands, the spin Seebeck effect becomes independent of g and
nonzero. The effects of interband interactions are shown in
Fig. (4 a); while there is a slight suppression of the signal,
the spin Seebeck effect is qualitatively unchanged by large
scattering.

B. Spin biasing

Aside from a temperature gradient, a spin current may
be generated by means of an electrically driven spin biasing
across the spin (usually via the spin Hall effect in a normal
metal contact) [25]. To model this, we consider the temper-
ature constant throughout the structure, but a spin accumu-
lation p = puZ is applied at the left interface, giving rise to
a spin current j = Gu flowing out of the opposite interface,
parametrized by the structural conductance coefficient G. The
full steady-state solution to Eqgs. (5a) and (5b) is given by
Eq. (C7) in Appendix C. To find simple relations for the spin
conductance, we focus on three regimes.

First, we consider the case of sublattice symmetry and zero
magnetic field. At the interfaces, this entails G, = Gg = G.In
the bulk, this implies that bulk magnon spin conductivities and
Seebeck coefficients are identical for each magnon branch.
Here we find that only one collective spin decay length, A, =
/o /r, plays arole in transport. One obtains

_ 2G%*0 /),
o232+ Gz]sinh(%) + 2(0/)\,)Gcosh(/\ir)'

(14)

(Note that as the field—or symmetry breaking at the
interfaces—is turned on, the magnon-magnon interactions
start to play a role). In the thin film regime (d < 1,), G = G,
which is just the series conductance of two parallel chan-
nels, each with interfacial conductance G/2 (due to the two
interfaces through which the spin current must pass). In the
opposite limit, d >> X,, we find

G~ KOG

" (0 /h +G)? ’ (1)
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exhibiting an exponential decay over the distance A,.

Second, we consider the strongly interacting case where
g> 1y, rgand d > A,. Here, one finds that while the conduc-
tance generally depends on g, in this regime the conductance
is finite and independent of g,

g =0s+ s, (16)
where
g, — (0o} + 02G) (0 + o)/ -
sinh () [T,— (96707 + 023G
reduces to Eq. (14) at zero field, while

1 2 2 g(Z)GOl - ggr")Gﬂ
gB:E(Uﬁ_"a)Z” W 21 200
vt Yarop +05Gg,

(18)

is nonzero only when the magnetic field is applied;
here G\ = G; + (0/A,)tanh[d/2),] while G =G; +
(o;/X1;)Coth[d /2A,]; the decay length A, is given by the limit
of Ay in the large g limit, yielding A, = (ry /0y + rg/op)/2.
Thus, we find that strong interactions do not radically alter
the structural spin conductance in the sense that the spin
conductance neither vanishes or diverges in this regime. When
d > X\, Eq. (16) simplifies to

Ot (G +02G)
Ar (ga,ag + aggﬂr)z

Thus we find that for large interband scattering, the nonlocal
signal does not depend on g but only on the decay processes
(e.g., Gilbert damping) via r;.

Third, we consider a finite magnetic field and the limit
when magnons are noninteracting. In the zero coupling
regime, g = 0, one finds that the structural conductance is the
sum of the parallel channels, G = G, + Gg. Here,

(0i/1ir)G?
[07/2% + G?sinh (L) + 2(0i/ i) Gicosh (1)

g 19)

G =

. (20)

where k;z = r;/o; is determined by decay processes. For d >
Air, we find that

G — 2(0i/1ir)G?
" ((01/hir) + Gi)?

which shows an exponential decay over distance. When «-
and B-magnons are identical at the bulk and interfaces, both
Egs. (21) and (19) reduce to Eq. (14).

In the following sections, we calculate and estimate the var-
ious parameters that enter into the phenomenological theory
above.

e hir (1)

IV. TRANSPORT COEFFICIENTS: MICROSCOPIC
THEORY

In this section, we compute the interfacial spin conduc-
tances from a microscopic model for the interface. In addition,
the bulk magnon conductance, as well as the bulk Seebeck
coefficient, are obtained in linear response from transport
kinetic theory. Based on these results, the structural Seebeck
coefficient is evaluated and plotted in Fig. 4.

(uncompensated) (compensated)

f !

Japa(XL)

Jopn(x1)

FIG. 2. Effective spin densities of AF|NM interface as experi-
enced by normal metal electrons scattering off of the interface, for
the compensated and uncompensated cases.

A. Contact magnon spin conductance

In this section, we compute interface transport coefficients
appropriate to our bulk drift-diffusion theory above, allowing
for the boundary conditions, Eq. (6a) to be computed.

Let us suppose that the spin degrees of freedom of the AF
are coupled to those of the normal metals by the exchange
Hamiltonian Eq. (1). Here it is understood that i labels the
lattice along the interface (see Fig. 2). Specifically, the lat-
tice is the set of vectors Ry, = {naZ + may}. The integers n
and m are such that i corresponds to a and b atoms when
n+m are even and odd, respectively. In this model, we
assume that g and b atoms are evenly spaced, which is not
essential in what follows. Besides, the itinerant electronic
density, corresponding to evanescent modes in the x direction,
decays over an atomistic distance inside the AF. The spin
density of itinerant electrons in the normal metal is S(x) =
(7/2)3, . Wi (X)T,0 ¥, (x), where W, (x) is the electron
operator and 7 the Pauli matrix vector. The exchange coupling
Ji=J,, if i €a, and J; = Jp, if i € b, while the local spin
density at each lattice site i is modulated by the function
pi(X) = |¢i(x)|?, with ¢; the localized orbital at position i.
Note that, in general, the orbitals for the a and b sublattices
may be different.

Based on the model represented by the contact Hamilto-
nian Eq. (1), we wish to obtain the magnonic spin current
across the interface using Fermi’s golden rule. We expand
H; in terms of magnon operators up to order n;/s, obtaining
A, =A" + A", The first term is the coherent Hamilto-
nian A" = Y4 Uk (6, u01 — & 6wy, with 845 (¢, the
fermionic operator that annihilate (create) and electron with
spin o and momentum k. The term HI(”) gives rise to coherent
spin torques, and magnonic corrections to it, ~n x g. Since
we are assuming a fixed order parameter n and focus only on
thermal magnon spin currents, we need not consider this term.
The second contribution, H;Sf), is the spin-flip Hamiltonian
that describes processes in which both branches of magnons
are annihilated and created at the interface by spin-flip scat-
tering of electrons. This term reads

(st SEAT A Atat A
A% = Z (Vi Grd ur + tik/ﬂqC£¢Ck/¢) +He., (22)
qkk’
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where the matrix elements are

/8S
Vq"{(k, =— ﬁ/dx\llf(‘(x)\llkf(x)

x (p;(q, X)J,coshfq — p; (q, X)Jsinhbg)  (23)

and

s 8S .
quk,:— N dxW, (x)¥y (x)

x (pop(q, X)Jpcoshfy — pa(q, X)J,sinhby).  (24)

Here, the function Wy (x) represent the eigenstates of the
nonmagnetic Hamiltonian. Specifically, in the yz directions,
the wave function is a delocalized Bloch state of the interfacial
lattice, which we assume here for simplicity to be common
to the both the metal and insulators (as is common in such
heterostuctures); in the x direction, the state is an evanescent
mode on the insulator side of the interface, and a Bloch-like
state of the metallic lattice on the other, which reduces to
the usual 3D metallic Bloch state far inside the metal. The
quantities p, and p;, are defined by p,(q, X) = Ziea pi(x)e’i
and py(q, X) = i, s, with pi(x) = [$i(X)]” as the
density of the localized AF electron orbital at site i. The
quantities coshfy and sinhfy originate from the Bogoliubov
transformation that diagonalizes the noninteracting magnon
Hamiltonian [32].

It is instructive to consider the simplest case of in-
terfacial spin transport. This occurs when the interface is
fully compensated, i.e., pjcy(X) = picp(x +1)) and J, = Jp,
see right side of Fig. 2. Because the normal metal elec-
tronic states Wi (x) are Bloch states of the interfacial non-
magnetic Hamiltonian, then translation by the lattice spac-
ing a in the y (or z) direction transform, Wy — ey
Using pup)(Q, X) = €9 oy (q, X + a) = €29 p,(q, X +
2ay), it follows that V&, = e20@+=k), Viiao- Applying trans-
lational invariance on the full Hamiltonian, under x — x +
ay, one has that this is independent of q +k — k', and it
follows that Vg, = e""’(Vq/i,k)*, with the phase factor defined
by ¢ = algy +k, — k)’,). Since all of the interfacial transport

coefficients are proportional to |V|?, we establish that they
become identical for both magnonic branches, at zero field,
for the case of fully compensated interface.

It is also interesting to note the role played by Umk-
lapp scattering processes at the interface. Suppose again a
fully compensated interface. Then, in the small q limit, one
finds coshfy ~ sinhfy, and the matrix elements Vq"{(k/ and

V’ik, vanish when (q — k + k'), = 0 (specular scattering of
efectrons), where the subscript L designates the in-plane
components. However, when (q —k + k'), = G,,,,, where
G,in = n(w/a)y + m(mw/a)z is the reciprocal lattice vector,
the matrix elements do not vanish for odd values of m + n,
and transport for each species becomes possible. We therefore
expect Umklapp scattering processes to play a crucial role in
the low temperature behavior of the magnon conductance, as
well as other interfacial linear transport coefficients. This is
consistent with Takei er al. [22], where Umklapp scattering is
found to be responsible for a finite spin-mixing conductance,
describing coherent spin torques, at an AF|NM interface.
Umklapp processes, however, may only happen when part of

the yz cross section of the normal metal |k| = 2kp surface lies
outside the magnetic Brillioun zone of the lattice interface, for
instance in a spherical Fermi surface this conditions becomes
2kp > m/a.

We return to the general case to obtain the contact magnon
conductances Gy g. This can be done by a straightforward
application of Fermi’s golden rule to calculate the magnonic
spin current flowing across the interface. The magnon current
is expressed as [30]

ji =2D; f degPVi(e) (€ — U fim(€) — fiel©)],  (25)

and, therefore, the magnon spin current through the interface
becomes j; = I(j, — jg). Here we have defined fori = «, 8,

ﬂdAF 1 i 2
Vie)* = D2 Z 5 Vaii| 8(ex — €r)
F qkk’ 8e
x 8(e — €r)d(e — €q), (26)

with Dr as the normal metal density of states and g\ the
i magnon density of states. In Eq. (25) u, p = Fu, where
we recall that p is the spin accumulation. The Bose-Einstein
distribution for the i magnons is fi,(€) =1/ [ete—H)/ksTi _
11, and fi.(e) = 1/[e'“~#/ksTe — 1] corresponds to the ef-
fective electron-hole-excitation density experienced by the i
magnons.

In a simple model, we may take the atomic densities
for both sublattices as p;(x) = §(x —r;) and the normal-
metal wave functions Wy (x) = e*-*F(x)/v/Vam. Here the
function Fi(x) describes the decay within the AF and Vym
the normal metal volume. Then, defining the spin-mixing
conductance giN = 16JTNdApVAp(snDpJ,~/VNM)2, where n =
f dxFy(x)F}(x), which we take to be momentum indepen-
dent for simplicity, one may write the i magnon spin current
hij; in Eq. (25) as

o . . .
hji = T (8l 6 +ghtel 1 o,/glvelte®),  (27)

where the functions f;‘l(li,), which carry units of energy, are given
by

7 1 ’
(lr) == f(ll) €q — Wi)\Njm — Nje
0 = Srov L 2 P (e = 1) i)

q.k. k' mn
X 8(ep — €k)O(€F — €k )0k —k—q,Gym > (28)
with F40 = cosh®6y, F = sinh?6, and F&) = Fbo —

(—1y"™*+coshfysinhfy. The motivation for expressing the
spin current in the form of Eq. (27) is that in the case of
particle-hole symmetry at the interface, ij; = (g'V/4m)E ~
(gN/4n)(an) — wi)(n;/s). In particular, the m = n = 0 term
in Eq. (28) gives spectral scattering processes, while all others
(m # n # 0) correspond to Umklapp scattering.

The contact spin conductances G, and Gg are obtained by
the linearization of the i-magnon current given by Eq. (27),
e, G; = (9ji/dpi)l,,—o- The ratio of interfacial conduc-
tances of the two magnon branches « and B is shown in
Fig. 3 at zero field and as a function of ratios of interfacial
sublattice exchange constants J,/J,. The ratio G, /G reaches
a maximum value to later saturates when J,/J;, is increased.
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FIG. 3. Ratio of interfacial conductances of the two magnon
branches « and B at zero field for different ratios of interfacial sub-
lattice exchange constants. Sublattice symmetry breaking (J, # J,) is
necessary to obtain a structural spin Seebeck effect in the absence of
magnetic fields [see Eq. (9)]. Inset: Temperature dependence of G,
including and excluding Umklapp scattering [m # 0 and/or n # 0 in
Eq. (28)]. All curves are obtained for ky = 4/a, and 6Js*> = 2H,.

In particular, we note that G, = Gg when the interfacial
exchange constants are equal. Thus, the breaking of sublattice
symmetry (J, # Jp) is necessary in realizing a structural spin
Seebeck effect in the absence of a field, as is seen from Eq. (9).
In the inset of Fig. 3, we display the temperature dependence
of G,. In this plot we have included (solid line) and excluded
(dashed line) Umklapp scattering.

B. Bulk magnon conductances and spin Seebeck coefficients

In this section, we evaluate the bulk magnon conduc-
tances o, g and bulk spin Seebeck coefficients g, g. These
are obtained from standard kinetic theory of transport. Unlike
previous works [28,33,34], here we consider the magnonic
transport driven, in addition to thermal gradients, by spin
biasing. The generic expressions for the magnon current in
the bulk are

d af;
a 3 t,-v[z—f, (29)
Qmy x

where the integration is over the Brillouin zone and i = «, 8.
The magnon relaxation time is 7; and the magnon group
velocity along the x direction is v; = d¢;/hdk,. The number of
i magnons with momentum q is denoted by f; and given by the
Bose-Einstein distribution function. This yields the transport
coefficients,

ji=-

4J*H? dq T sin’ (aqx)yq2 Bebe 30)
g; = — ,
) Q) 1+ J2(1 = p2) (efi — 1)
4T*H? [ dq  Tisin’(aqo)yl e plePe
Gi= 1 (31

on? QY14+ 72(1 = y2) (ef — 1?2’

where J = 6Js%/H, is roughly the Néel temperature in units
of H. and 8 = 1/kgT. Similarly, we may obtain expressions
for the damping rates r; from #n;|, = )73 f dqn;/ti; with
7;; the Gilbert damping lifetime. From the above relation, 7; is

0 5 10 15 % 5 10 5 20
T/H. T/H.

FIG. 4. (a) Structural Seebeck coefficient S and (b) structural
spin conductance G as functions of temperature 7' /H, for a field H =
0.2H,.. The temperature dependence of the intermagnon scattering
is given by g = Q(T/T.)* (see Appendix B). Shown for both plots
are Q@ =0, 1, 10, 10%, 10°, corresponding to a shift from blue to red
coloring. While increased scattering slightly diminishes the SSE, it
has no discernible effect on the spin conductance for these particular
parameters. For these plots, the parameters g'¥ = 1/100a* (which
for a =1 A corresponds to g™ ~ 1/nm?), kr = 1/a, 6J5> = 2H,,
a = 1073 and d = 100a were used.

extracted and obeys

2a dq Bekefe
r=— | g, (32)
h (27)3 (efei — 1)2
and « is the Gilbert damping constant.

The momentum relaxation rate, entering in the transport
coefficients obtained in Egs. (30) and (31), has contributions
from different sources; Gilbert damping, disorder scattering,
magnon-phonon scattering, and «-magnon—8-magnon scat-
tering. For simplicity, we consider the regime in which Gilbert
damping dominates transport,

i~ (33)
where figl = 2ue€;/H,. Note that the tilde represents units of
H..

In Figs. 4(a) and 4(b), we show the temperature depen-
dence of the spin Seebeck coefficient and structural spin con-
ductance, respectively using the interface and bulk transport
coefficients above. The interaction parameter g grows with
temperature (see Appendices B and C). As shown in Fig. 4(a),
however, the effects of g are minimal, suppressing the spin
Seebeck signal slightly and negligibly affecting the structural
conductance.

V. SPIN-FLOP TRANSITION

The spin-flop transition occurs as |[H| — H. from below.
Here, the magnon spectrum becomes gapless and quadratic
at low energies for one of the two magnon bands (say, the
B band, for purposes of discussion). When Gilbert damping
dominates the transport time [Eq. (33)], the bulk conductance
o in Eq. (30) demonstrates an infrared divergence, while ¢g,
rg, and Gg are finite. It is straightforward to show that the
Seebeck coefficient, Eq. (C4), does not diverge in this case,
consistent with Ref. [19].

In contrast to Ref. [19], however, the structural conduc-
tance G does not diverge in the diffusive regime. Here, it is
instructive to consider the noninteracting case, Eq. (20), which

054404-7



TRONCOSO, BENDER, BRATAAS, AND DUINE

PHYSICAL REVIEW B 101, 054404 (2020)

g
'y )\Tw

2.0 —

1.5

1.0

00 0.2 0.4 0.6 08 0" H/H,

FIG. 5. Main figure: Behavior of conductance G near spin flop.
While the spin diffusion length A, diverges as |H| — H., the con-
ductance G, though sharply increasing, does not actually diverge
because of bottlenecking by the interface impedances; for noninter-
acting magnons it has a maximium value of max (G, /2, Gg/2) [see
Eq. (34)]. The colors and parameters are identical to those shown in
Fig. 4.

reduces to
2
G= %
(Gﬁ/)\ﬁr)(d/kﬁr) + 2G5 ’

which shows an algebraic, rather than exponential, decay in
film thickness, due to a diverging decay length Ag, (~,/5p).
For a thin film, this becomes G = Gg/2; while the AF bulk
shows zero spin resistivity (o ! = 0) due to the Bose-Einstein
divergence at low energies, structural transport is bottlenecked
by the interface resistance G;l, which is only well defined
in the diffusive regime. (The effect is similar to a supercon-
ducting circuit, which with perfectly conducting components,
shows a finite resistance due to normal metal contacts.) While
the signal does not diverge, there is a clear enhancement due to
the diminished spin resistivity, as well as long-distance trans-
port (algebraic in d), manifesting as a peak in the signal near
the spin-flop transition [25] (see Fig. 5). A full calculation
for nonlocal spin injection—including spin Hall/inverse spin
Hall effects absent here—would show additional impedances
to spin flow due to spin resistance in the normal metal injector
and detector.

(34)

VI. CONCLUSION AND DISCUSSION

In summary, we have presented a study of spin transport
of magnons in insulating AFs in contact with normal metals.
We focus on the thick-film limit, wherein a diffusive regime
can be assumed and magnons are in a local thermodynamical
equilibrium. The excitation of magnon currents is considered
in linear response and driven by either a temperature gradient
and/or spin biasing. The spin transport is studied by evalu-
ating the structural magnon conductance and spin Seebeck
effect within a phenomenological spin-diffusion transport the-
ory. These parameters were calculated in terms of bulk trans-
port coefficients as well as contact magnon conductances.
While the former were computed through kinetic theory of
transport, the latter are obtained from a microscopic model
of the NM|AF interface. Furthermore, we allowed for the

breaking of sublattice symmetry at the interface assuming
an uncompensated magnetic order. In addition, the field and
temperature dependence of the intermagnon scattering rates,
which redistribute angular momentum between the magnon
branches, were estimated. We find that the effects of inter-
magnon scattering, which lock the two magnon bands to-
gether, is negligible. Furthermore, we show that even as the
bulk spin resistivity vanishes near the spin flop transition,
normal metal|magnet interface spin impedance ultimately bot-
tleneck transport, irrespective of interactions, in contrast to the
stochastic theory [19] for thin films.

The phenomenological approach above ultimately breaks
down for strong interactions (which occur near the spin-flop
transition), where the individual « and 8 clouds are no longer
internally equilibrated with well-defined chemical potentials
an interactions. Instead, a treatment of the interacting clouds
(e.g., a kinetic theory approach) beyond the quasiequilibrium
approach that is adopted here is needed. In addition, more
sophisticated treatments of the transport time t; have been
shown to more realistically reproduce experimental results
[33]; such quasiempirical transport times could be incorpo-
rated directly into our phenomenology. Most importantly,
our somewhat artificial assumption that the magnetic field
is applied along the easy axis in not necessarily realized in
experiment. Instead, even simple bipartite AFs such as those
modeled by our phenomenology above show complex param-
agnetic behavior in response to a field applied along different
axes. In these scenarios, heterostuctures may manifest both
antiferromagnetic and ferromagnetic transport behaviors [25].
Future work, such as the drift-diffusion approach discussed
above, is needed to fully understand such scenarios at a more
fundamental level.

Note added. Recently, we became aware of another related
article [35] that considers magnon transport in AFs.
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APPENDIX A: MAGNON-MAGNON INTERACTIONS

We start out by defining the AF Hamiltonian. Introducing
a square lattice, labeling the sites in the lattice by i, on
sublattices .4 and B, the nearest-neighbor Hamiltonian reads

A A ~ K A2
Si-Sj—H E Siz—z—s E Sizv

(ieA,jeB) ieA,B ieA,B

(AD)

where J > 0 is the exchange coupling, H the magnetic field,
and k > 0 the uniaxial easy-axis anisotropy. Introducing the
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Holstein-Primakoff transformation, assuming a bipartite ground state, the spin operators in the limit of small spin fluctuations
reads

§f =s5— aTa,-, §il§ = -5+ bjbi, (A2a)
1

= V/2sa; — @a aiay, 8 = V2sb] — ﬁbjbjb,-, (A2b)
1

= /2sa] — \/_al ala; & = V2sb; — \/—_b} bib;. (A2¢)

The AF Hamlltoman Eq. (Al) is expanded up to fourth order in the magnon OPerators Fourier transformed through the
relations a; = f > e*ig, and b; = f > e*J by, and expressed as Hap = Eg + Hy) + H /(\‘;:) where

AY = (Jsz+«) Z[(l + h)ajaq + (1 = h)bl by + Eyq(agh—q + alb’ 1. (A3)
q
nd K 5
Hz(\F) = - ﬁ Z 8‘11+‘l2*¢l3*q4 I:zy(h (I4aq1 b7q4a%b*q: + z_s(agla(;ZQQ3aQ4 + b:;lb:rlzb(bb(h)
q1929394
+ VQ4(bLIb—Q2bQ3a<I4 + b 3bT—qzb!I1 q4 + aqla—qzalhbm +a 3a—qza¢hbg4 )i|’ (A4)

withh = H/(Jsz +«), & = Jsz/(UJsz+«) and yq = % Y scos[q - 8], where z is the coordination number. The quadratic part of
the Hamiltonian, Eq. (A3), is diagonalized by the Bogoliubov transformation

ag =l +mgpl,, (A5)
b, = m,,&,, + 1,8, (A6)
with the coefficients /q = ((”HKHE“) (USZ;;) ‘e ) = —Xqlqand g = (Jsz + k), /1 — £2y2, resulting in Eq. (4). In
the diagonal basis, the 1nteract1ng Hamlltonlan Eq. (A4) finally becomes
14 = O ot ot @ i ® ol o a B
H Z 5q|+q2 4B—q4 [v‘ll(h(h(h a1 %, %3 %q, + Vl]l‘leﬂ]A @ P-%;: %, + V(l1CI2(h(l4 (IIa(ha‘Bﬂ*q‘t
41929394
@ ¥ T Ve ©) P gt
+ Vg wga: %, B-0%:P-q, T Voqra50,0-a: B~ @B a T Vagqa® lﬂ*qzﬂfqzﬁﬂu
@ ¥t pt ot ®) ©) T gt
+ Varwasa: e % Bas Bas T Vaygoasas a1 B-a: %y %qs + Vqlqququ QIﬂ*qzﬂquﬁfq«t]’ (A7)
where the scattering amplitudes are Vq(l"(;?q3 0 = —(5)lq,lg,lq,lq, P35, The functions @@ are the following expressions:
D
CD;234 Yeo—qu X Xqs — (ququ + VaiXaqu + Vo Xy Xz Xau + Yo Xai Xan Xth) + (l + Xa Xq2 X3 XQ4) (A8)
2)
Pir3s = — Yar-aiXas — Yai—as Xai Xa: Xas + Vas Xai Xas T Yas Xap Xas + E(qu Xa: (Vai + Yoo Xai X)) + (Vg + Ya, X, Xa2))
K
1
3)
Py = — Yo-ai Xa: — Yar—as Xao Xas Xas + Vo Xai Xas T Vo Xap Xas + E(qu Xa: (Va5 T Vau Xas Xa.) + (Va, + Va3 Xa: Xas))
K
- J—ZS(Xq4 + Xai Xa» Xq3 ) (A10)

2K
4)
@34 = Yao—as T Yar—a: Xai Xao + Yar—as Xas Xas + Var—as Xay Xao Xas Xau + a(quXq4 + Xai Xas)

= (Xa, (Vs + YauXas Xa) + Xas Vay + Ve Xy Xau) T Xae Vo T Yoy Xy X)) + Xao (Vau + Vas Xas Xaa))> (A1)

Do = — Yo Xar — Yar—a Xas Xas Xao + Voo Xao Xao + Vao X Xas + %((m + Vai Xas Xas) + Xa Xao (Vas + Vo Xan Xas))
e Uty Xa X X (A12)

Py = — Yar—ai Xas — Var—as Xay X Xas + Vau Xa Xas + Vae Xap Xas + %((Vq] + Yoo Xay Xa) + Xas Xas Vo + Ve, X Xa))
e Ut o K X (A13)
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1 K
7
q)(12)34 = Yoo X Xas — E(ququ + Yai Xas + Yau Xas Xao Xa: T Yao Xao Xas Xau) + T(qu Xai T Xai Xao)»

@ _
D234 = Var—qs X, X

1 K
9
cb§2)34 = Yoo—quXa Xas — E(Vq4Xq4 + Vo Xao + Yoo Xai Xas Xas + Vas Xay X Xas) + T(l + Xaqi X, Xas Xas )

/

l—€q !
where x4 = _(1+e:)

1
- E(V%X(ls + Y Xay + Vg Xq2 Xq3 Xqu + VQ4XQ1XQZX¢14) + Z_(X(MXQZ + Xas XQA.)’

(Al4)

zs

K

Jzs (A15)
(A16)

&

2 . .
. Note the symmetry relations among these coefficients <I>§32)34 = <I>gi)12, <I>g)34 = <I>(32)12, and <I>(1§)34 =

@;1)12. The form of these expressions differ from Ref. [36], where a Dyson-Maleev transformation was considered.

APPENDIX B: SCATTERING LENGTHS

In this section, we compute the field and temperature
dependencies of g,, and ggp through Fermi’s golden rule.
To start with, we introduce the Boltzmann equation for the
distribution of o and 8 magnons, f*(x, q, t) and f’g (x,q,1),
respectively,

afe  afr 0w

—4 e r*“f[ql, Bl
o +8x 2a [q] + T*’[q] (BD)
art  aff dof
L + L = =1P[q] + TPq], (B2)
ot ax  dq

where € = hwy. The right-hand sides are the total net rates
of scattering into and out of a magnon state with wave vector
q. The magnon spin diffusion equations [Egs. (5a) and (5b)]
are obtained by linearizing the Boltzmann equations in terms
of the small perturbations, e.g., the chemical potential. This is
achieved, in addition, by integrating Eqs. (B1) and (B2) over
all possible wave vectors (.

The terms I'* and T'? originate from multiple effects
such as magnon-phonon collisions, elastic magnon scattering
with defects, and magnon number and energy-conserving
intraband magnon-magnon interaction. It is worth mention-
ing that the estimation of each of those contributions, as
was done in Ref. [31] for ferromagnets, is out of the
scope of our work. However, we implement the basic as-
sumption that the equilibration length for magnon-magnon
interactions is much shorter than the system size, so the
two magnon gases are parametrized by local chemical po-
tentials p, and g and temperatures 7, and 7Tyz. More-
over, as was pointed out in Sec. IV, the magnon relax-
ation into the phonon bath is parametrized by the Gilbert
damping.

Now we focus on the magnon-magnon collisions described
by I'*? and I'#*. These terms describe interband interaction
between magnons that exchange the population of different
magnon species. To calculate T and T'’%, we consider the
interacting Hamiltonian given by Eq. (A7) that represents all
scattering processes among o« and S magnons (depicted in
Fig. 6). We emphasize that those processes represented in
Figs. 6(b), 6(d) and 6(e) do not conserve the number of «

(

magnons or 8 magnons, even though the difference n, — ng is
constant due to conservation of spin-angular momentum. This
inelastic spin-conserving processes contribute to the transfer
of one magnon mode into the other and thus determine the co-
efficients g;;. We quantify this effect evaluating perturbatively
the rate of change of magnons using Fermi’s golden rule.

Based on time-dependent perturbation theory, the tran-
sition rate between an initial |i) and a final state |f)
is given by Fermi’s golden rule, which reads I' =
2m/h) Zi‘fW[|(f|V|i)|28(ef —¢;). The sum runs over all
possible initial and final states, W; is the Boltzmann weight
that gives the probability of being in some initial state, V is
the matrix element of the Hamiltonian corresponding to the
interactions, and the delta function ensures energy conserva-
tion.

We recognize that a final state can be either any of those
described in Eq. (A7). However, those processes that conserve
the number of particles, i.e.,  magnons and 8 magnons, have
a null transition rate. Only the states described in Figs. 6(b),
6(d) and 6(e) will contribute to a finite transition rate. The net

() (b) (©)

V.
N X\
(d) (e) ®
T N S W
DAVAVAVS
// \\ // \\ // \\

&

---8

FIG. 6. Diagrammatic representation for the scattering processes
experienced by o and 8 magnons. (a), (c), and (f) represent the pro-
cesses with scattering amplitudes V", V®_ and V©, respectively.
(b), (d), and (e) show those inelastic processes that do not conserve
the number of magnons. These are scattered by the interacting
potential with amplitudes V®, V©_ and V7, respectively. Those
processes with amplitudes V®, V©®, and V® are the Hermitian
conjugates of the above and thus are omitted.
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transition rate of scattering into and out of a magnon state with wave vector q, reads

o 27[ 2 o (*2 (*2 o o o o
r ﬂ[q] = 7 {|V‘1(31)CI2(13| [(1 +fq)(1 +ff€h)(1 + (Iz) f fﬂ(h ( 3)]8‘1*q1+‘12 38(6 + e*(ll + qu - G(ls)

q19293

+ ’Vil(gl)qwz‘ [(1 +ft(lx)(1 +ffq1)(1 +ff(12)fflh - f:lefmffm(l +ff(h)]

X 811*(11*(12“138(63 + 6 + 6*(lz Eéqz)} (B3)
and
« 2z 3 2 B @ a\ po B ra pa o B I o o
Fﬂ [q] = 7 Z {|Vq(q1)qzq3| [(1 + f—q)(l + f(h)(l + f(Iz)fQ3 - f—qfchf(h(l + fQ3)]8—Q+QI+‘I2—Q38(E—q + E(h + 6112 - E113)
419293
6 2 B o B B B ro B B B

+ |V(ql)Q2q3| [(1 +f—Q)(1+fql)<l +f—<l2>f—¢h _f—qfqlf—(h<1 + f—qz)]a—‘I+‘11—QZ+¢h‘s< + E + E—Qz —%)}'
(B4)

We note that processes described by Fig. 6(e) do not contribute to the change of magnon density by invoking conservation of
energy. The total rates I'yg and I"g,, obtained by summing up over all wave vectors q, are defined by

Top =hY T*P[q], (BS)
q
Tpa =hYy TPq], (B6)

which describes the net imbalance of the magnon densities n, and ng by the successive scattering events between both magnon
modes. Next, we will show that Eqs. (B5) and (B6) scale linearly with the magnon chemical potentials when the magnon
distribution are close to the equilibrium.

To calculate I'yg and I'g, we consider that magnons are near thermodynamic equilibrium. Thus, their distributions are

parameterized by the Bose-Einstein distribution as fg' = (elCa—Ha)/keT _ 1)71 and f(’f = (e(e{f —rp)/ksT 1) 1, where T is the
temperature of the phonon bath. At equilibrium, the rates obey I'yg = I'g, = 0, which is established when the chemical potentials
satisfy o + g = 0. This can be clearly seen when the distribution is expanded up to linear order on w, and pg. Using this
expansion on Eqgs. (B3) and (B4), is found that the total transition rates I', 4 and I'g, become equals and proportional to the sum
of the chemical potentials. Precisely, we obtain I'yg = I'gy = —g(ue + up) with the coefficient g given by

RN A o (R M LR R

thT 9919293
L R (R VAR (CERC A (B)
where f%0 and f#° denote the equilibrium distribution evaluated at the chemical potential ;¢ = —p. Comparing with the

phenomenological Egs. (5a) and (5b), we obtain g4 = gug = 888 = 8o = &-

Despite the complex expression for the factor g, it can be estimated in certain temperature regimes. For instance, at high
temperatures the thermal energy is much higher than the magnon gap, therefore €, g(q)/kpT ~ (Jsz/kgT )alq|, i.e., the exchange
energy is the only magnetic coupling that becomes relevant. Thus, at large temperatures we obtain

21 N (kgT\’
= Q, B8
) ( Jsz ) (58)
where 2 is a dimensionless integral defined as
dpi dp, dp; 3) 2 24,0 .0 a0
= | Gay Gry @ny G )38("‘ 225 =[S A (14 75°)3(0 + 01 42— )
U 150 (14 1E0) 1208 (p 4 Py + 93— o) | (BY)

To obtain Eq. (B8), the continuum limit was taken by the replacement Zq — V((Usz /k;;;:T)a)_3 f dp/(2m)? on Eq. (B7), where
the dimensionless wave vector p = (Jsz/kgT )a|q| was introduced. We notice that in the limit of very large temperatures, the Bose
factors approach the Raleigh-Jeans distribution, i.e., fg' ~ fcf ~ kgT /(Jsz)alq|, and 2 becomes independent of temperature. The

dimensionless scattering amplitudes v{, .. = Vi) /vy, with vy = (Jsz)*/Ns(kgT)?, are evaluated and their asymptotic
; 3) — — 2y ith
behavior obeys vy p.p, = Up/popips = ~2Vp;popap, With
| 12
3) ~
@ ~—2(—> . (B10)
PiP2Psps P1P2P3P4
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APPENDIX C: SEEBECK COEFFICIENT AND SPIN CONDUCTANCE

To find the structural spin Seebeck coefficient and spin conductance we first express the general solution for the magnon
chemical potential,

U (x) = (Asinh [x/A] + Bcosh [x/A{]) + (D sinh [x/A;] 4+ E cosh [x/A;]), (Ch)

mp(x) = C(Asinh [x/A] 4+ Bcosh [x/A]) + (Dsinh [x/A;] + E cosh [x/X,]), (C2)

where C is a constant that is obtained from the eigenvalue problem that determines A; and A,. From the boundary conditions,
Egs. (6a)—(6d), we find the unknown coefficients A, B, D, and E. The net spin current crossing the right lead is

Js =79/ + jd/2), (C3)
where j = fij, and j[(;) = —Tijg. In the absence of a spin accumulation, p; = g = 0, we calculate the magnon currents j,
and jg to obtain S = j;/d. Thus, the structural spin Seebeck coefficient is
S— 1(Ga2Gpsp — Gp1GaSa) + V1(GpGaiSg — Gp2Gasa) + (Gp1 — Gp2)Gpsa + viva(Gar — Gai )Gagﬁ, )
(Ga1Gp2v1 + Gu2Gp1v2)d
which is written in terms of the effective conductances
o; d
Gin=G; + (Z)COth[an] (C5)
forn=1,2andi = «, 8, and
Vi = (8p — 8« +7p — Tu 1 8)/28p,
vy = (8« — &g +7a —Tp +0)/28p, (Co)

where § = /4gﬂga + (8o — 8p + Fo — Fp)?, and 7y = 1y /04, and g, = g/0,, with similar expressions for 8 parameters.
The structural conductance is obtained by following the same procedure as before. However, in this case, we assume that

ur # g and VT = 0. In the general case, G is given by

(+) (+) - B

1 gﬁz Ga + V2go,2 Gﬂ d
= ——(0uVv tanh| —
= T o e g 2
N 1 ( ) géJlr)Ga - vlgﬁj)Gﬁ ) h_ d ]
(0 — OgV2 ann| ——
22 nGy 'G5 + G Gy L2k
=) (=) - B

1 g Ga + V2ga Gﬂ d
+-—(0qv1 + 0p) (ﬂf) =) i) eoth| ——
2)\’1 vlgal gﬂZ + v2ga2 gﬂl _2}"1_

R ) Gi1'Go — 1G4, 'Gg Wl 4] n

— (g — O coth| —
22 P0G + 66 20

where G = G; + (0:/A,)tanh[d /2] while G = G; + (o;

m mn

/An)coth[d/2A,].
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