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Dynamics of nonequilibrium magnons in gapped Heisenberg antiferromagnets
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Nonequilibrium dynamics in spin systems is a topic currently under intense investigation as it provides
fundamental insights into thermalization, universality, and exotic transport phenomena. While most of the
studies have been focused on ideal closed quantum many-body systems such as ultracold atomic quantum
gases and one-dimensional spin chains, driven-dissipative Bose gases in steady states away from equilibrium
in classical systems also lead to intriguing nonequilibrium physics. In this work, we theoretically investigate
out-of-equilibrium dynamics of magnons in a gapped Heisenberg quantum antiferromagnet based on Boltzmann
transport theory. We show that, by treating scattering terms beyond the relaxation-time approximation in the
Boltzmann transport equation, energy and particle number conservation mandate that nonequilibrium magnons
cannot relax to equilibrium, but decay to other nonequilibrium stationary states. The only decay channel for these
stationary states back to equilibrium is through the nonconserving interactions (i.e., changing particle number
and/or energy within the magnon system) such as boundary or magnon-phonon scattering. At low temperatures,
these nonconserving interactions are much slower processes than intrinsic magnon-magnon interaction in a
gapped spin system. Using magnon-phonon interaction as a quintessential type of nonconserving interaction, we
then propose that nonequilibrium steady states of magnons can be maintained and tailored using periodic driving
at frequencies faster than relaxation due to phonon interactions. These findings reveal a class of classical material
systems that are suitable platforms to study nonequilibrium statistical physics and macroscopic phenomena
such as classical Bose-Einstein condensation of quasiparticles and magnon supercurrents that are relevant for

spintronic applications.
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I. INTRODUCTION

Nonequilibrium dynamics in spin systems is important as
it opens the door to exciting new fundamental scientific ques-
tions about thermalization, universality, and dynamical phase
transitions beyond traditional condensed matter paradigms
[1]. Technologically, it might hold the key to achieving co-
herent spin transport as it directly relates to dissipationless
information transport for low-power and low-loss spintronic
devices [2]. Strongly motivated by the rapid progress in
achieving closed quantum system such as ultracold atomic,
molecular, and trapped ion systems, recent theoretical stud-
ies of nonequilibrium spin dynamics have been focused on
closed many-body quantum systems [3-8], such as one-
dimensional (1D) spin chains [9-12]. In 1D quantum systems,
the ubiquitous presence of integrability—a property of dy-
namical systems with an infinite set of conserved commuting
quantities—Ileads to intriguing physics such as nonequilib-
rium flows [10,13-15], finite Drude weight [16-20], and
relaxation to nonequilibrium steady states (NESS) [21,22], all
constrained by the conservation laws afforded by integrability.
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Spin dynamics in higher-dimensional quantum magnets,
e.g., two-dimensional (2D) or three-dimensional (3D) Heisen-
berg antiferromagnets have also been extensively investigated,
both theoretically and experimentally [23-28]. These systems
are well described by a classical spin model where the spin
components have a range of possible values depending on
their particular angular orientation. In such systems, the col-
lective excitations of spins called magnons act as a dilute
Bose gas. Nonequilibrium dynamics of such a Bose gas may
also lead to interesting physics. Specifically, in the quantum
degenerate regime, an ideal Bose gas driven to a steady state
away from equilibrium could form Bose-Einstein condensa-
tion [29-31]. This coherent quantum state of magnons holds
the key to achieving dissipationless and possibly entangled in-
formation transport, realizing the true potential of spintronics
for low-power and low-loss electronic devices. In this con-
text one might ask simple questions: what are the dynamical
properties of nonequilibrium magnons in higher-dimensional
quantum magnets? In particular, under what conditions could
they reach a NESS?

A conventional understanding of magnon dynamics is that
the dynamics is dominated by collisions among magnons,
where the transition rate is given by Fermi’s golden rule
[32,33]. Therefore, nonequilibrium magnons, whose statis-
tics are not described by the Bose-Einstein distribution, are
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believed to relax back to equilibrium states due to these
collision processes. Theoretical investigations using the
Boltzmann description of transport under the relaxation-time
approximation (RTA) supports such a claim [34-38]. How-
ever, the validity of the RTA should be questioned when
multiple macroscopic conservation laws are imposed, thus
limiting interaction pathways.

For higher-dimensional Heisenberg antiferromagnets at
low temperatures, the symmetry of spin operators restricts
intrinsic magnon-magnon interactions to elastic pairwise
collisions of magnons, meaning microscopic interactions con-
serve crystal momentum, energy, and particle number [39]
and macroscopically total energy and particle number are
conserved. Nonconserving interactions (i.e., changing particle
number and/or energy within the magnon system) such as
magnon-phonon scatterings are very weak in a gapped system
at low temperatures, as the overlap of scattering phase space
between phonon and magnon states is significantly reduced
compared to gapless systems. Boundary scatterings are also
very weak in a gapped system since the occupied states at
low temperatures are primarily near the zone center and their
group velocities are close to zero. Therefore, these noncon-
serving interactions occur at a time scale much slower than
intrinsic magnon-magnon interactions. This prediction has
been confirmed by high-precision neutron spin-echo measure-
ments of magnon linewidths of Rb,MnF, and MnF,, 2D and
3D Heisenberg antiferromagnets, respectively [40,41].

In this work, we first show that by treating scattering terms
beyond the RTA in the Boltzmann transport equation, the
conservation of total energy and particle number mandate that
nonequilibrium magnons cannot relax to equilibrium but de-
cay to nonequilibrium stationary states whose conditions are
solely determined by the initial particle number and energy.
The only intrinsic decay channel for these stationary states
back to equilibrium is through the interaction with phonons,
which is a much slower process. We then propose that the
NESS of magnons can be observed experimentally if such a
system is driven by pumping nonequilibrium magnons peri-
odically at a rate faster than the phonon-magnon decay times.

II. MAGNON BOLTZMANN TRANSPORT EQUATION

Out-of-equilibrium magnon transport in Heisenberg quan-
tum magnets without an external magnetic field can be
generally described by the Boltzmann transport equation [38]

aa—ff‘+vk~vxfk=—aa—f" . (1)
scattermg
which describes the dynamics of the out-of-equilibrium oc-
cupation function f; at position x and time ¢, for all possible
magnon states k [k = (q, 5), where q is the magnon wavevec-
tor and s is the magnon polarization]. The second term on
the left-hand side of Eq. (1) describes advection processes
of magnons, where vy is the group velocity derived from
the slope of the magnon dispersion. The right-hand side term
describes variations due to magnon scatterings.

The spin-wave dispersion and damping in quantum mag-
nets are derived from the second-order and higher-order
expansions of a spin-operator Hamiltonian, respectively. At
low temperatures, the spin order in a Heisenberg model is

collinear and magnon scatterings in a Heisenberg antiferro-
magnet are restricted to two-in/two-out processes (k + p —
s 4 r) due to symmetry of the spin operators. Three-magnon
scatterings only become important when the noncollinear
terms are non-negligible at elevated temperatures, i.e., close to
the Néel temperature [39,40], or for frustration. Derived from
quantum perturbation theory, the scattering term in Eq. (1) for
two-in/two-out processes is given in Eq. (A1).

To solve Eq. (1), we first define the out-of-equilibrium
occupation function as

filt,x) = fEE(To) + Afilt, x), 2)

where Afi(¢,x) is the deviational distribution from the
global equilibrium Bose-Einstein distribution f#5(Tp) =
(exp(hawy/(kgTy)) — 1)7'. wy is the magnon frequency, kg is
the Boltzmann constant, and 7y is the equilibrium tempera-
ture. When f; = fBE(Ty), both the right- and left-hand sides
of Eq. (1) vanish.

For simplicity, we now normalize energy by kgTy and then
define

i (t, x) = Afi(t, x)sinh(é;/2), 3)

where &, = hwy/(kgTy) is the dimensionless magnon energy.
This definition of the deviational distribution allows us to
transform the magnon scattering term into a diagonalizable
Hermitian matrix. Assuming n (¢, X)csch(é;/2) < f,fE(To),
we can keep the terms only involving zeroth and first orders
in ng(t,x) and, therefore, linearize the scattering operator
around f(Ty). The linearized BTE in terms of n(z, X) can
be written into the following form:

N LR o)
where v is a normalized volume and €2 is the linear scatter-
ing operator acting on ny . This linearization of the scattering
operator has been used in many studies of phonon trans-
port and holds for small deviations from thermal equilibrium
[42—47]. The scattering matrix appearing in Eq. (4) is in its
most general form and describes all possible mechanisms by
which a magnon excitation can be transferred from a state k
to a state k' regardless of interaction mechanism. The matrix
operator representing two-in/two-out magnon interactions is
given in Appendix A.

From the explicit formula in Eq. (A2), four key features of
the matrix €2 can be identified [48-52]: (i) it is real and sym-
metric, i.e., Qu = Quyg; (i) it is an even function of k, i.e.,
Q_j_r = Qu; (iil) it is positive semidefinite, i.e., | Q2| = 0;
and (iv) due to the restriction from two-in/two-out scattering
processes, it is summational invariant in both ug = csch(ég/2)
and u} = &resch(éy/2), ie.,

Z Qkkrug, = Z qukk' =0, (%)
k' k

Z Qe = Z 1y e = 0. (©6)
k' k

The two summational invariants are direct consequences of
conservation of total particle number and energy. The ele-
ments of the collision matrix are filled according to each
possible collision process (k 4+ p — r +s) and follow that

054306-2



DYNAMICS OF NONEQUILIBRIUM MAGNONS IN GAPPED ...

PHYSICAL REVIEW B 109, 054306 (2024)

qukk + qukp — u(r)ri — M?ka =0 and M]lchk + u;Qkp -
u} Qi — ui Qs = 0 for each process. The deviational particle
number and nondimensional deviational energy are given by
AN =v 'Y et x)ul and AE =v=' Y, me(t, x)u}, re-
spectively. If f; is at a new thermodynamic equilibrium state
described by a temperature T, the equilibrium deviational
distribution is given as n;?(T) = u} AT /4, where AT = |T —
Tol/Ty < 1.

The diagonal terms of €2 give the relaxation time t; of
each mode under the RTA, i.e., 0ni /0t |scattering = (i (¢, X) —
ni"(T(t, x)))/tx. Under such an assumption, nonequilibrium
magnon states decay back to equilibrium, independent of
other magnons. However, it can be shown that the summa-
tional invariances of u{ and u] cannot be simultaneously
satisfied, meaning either the particle number or energy conser-
vation has to be broken. This leads to an unphysical prediction
of the nonequilibrium dynamics of magnons in Heisenberg
antiferromagnets.

The goal of the following mathematical treatment is to
treat the scattering matrix such that both energy and particle
number are conserved and demonstrate that starting from a
nonequilibrium distribution, for a closed system (no exchange
with phonon bath or the environment through the boundaries),
ny (¢, x) will not return to an equilibrium distribution when
conservation of both energy and particle number are present
and the initial information of the distribution is preserved
partially as t — oo. To show this, we start by solving Eq. (4)
using a spectral decomposition method [48]. Due to the above
mentioned properties of €2, we can deduce that there exists a
complete set of eigenvectors such that

1 1
=) Qb = —67, 7
v ; kk' Y} T k ( )

where 7! is the eigenvalue (the lifetime of relaxons intro-
duced by Cepellotti and Marzari [44]) and @ (@ = O, 1, 2,
3...N-1, where N is the dimension of the collision matrix) is
the eigenvalue index of €2. The orthonormal condition and the
scalar product are then defined as v™' )", 620¢ = (ala’) =

8w and (flg) = v! > i fe&k = (glf). Then ny is expanded
as

(%) = ) g, 06, ®)

where g% (¢, x) = (n(t, x)|0%) are unknown coefficients to be
solved for.

Since €2 is real and symmetric, all of its eigenvectors must
be real. Since €2 is an even function of %, its eigenvectors can
be chosen to be either even or odd, i.e., 0 = 0%, . Because
of its positive semidefiniteness, one can show that its eigen-
values are non-negative, i.e., 7, > 0 Vo, and there is a pair
of degenerate eigenvectors with zero eigenvalue, which are
labeled as o = 0, 1. The associated eigenvectors are a linear
superposition of ug and u,i, and therefore are even functions
of k.

It follows from Eq. (4) and from the orthogonality and
completeness of the eigenvectors that the coefficients g* (¢, x)
are determined by the coupled set of equations

0g° P
Y oMV =0, ©)
t
B,odd
% S i) Ve =0 (10)
ot -
B,0dd
0g” £ ooas1 an

—- D falvip) Ve = -,
t T

B
where the matrix elements of the group velocity are (¢|v|8) =
p! P vaké‘,f. Since vy is an odd function of k (v =
—V_g), matrix elements connecting two eigenvectors with the
same parity must be zero.

In general, solving the above system requires numerical
discretization in time and space and matrix inversion. How-
ever, under the assumption of a closed boundary condition
(no magnon flux in or out of the system), one is able to ob-
tain an analytical solution for a volume-integrated distribution
function. Integrating Eqs. (9)—(11) over crystal volume V,
one obtains [, (c|v|B) - VgPdV = §; g/ (a|v|B) - adS = O for
a closed boundary condition, where i is the outward pointing
unit normal at each point on the boundary S. Equations (9)—
(11) then are simplified into a set of decoupled first-order
ordinary differential equations with solutions given as

8ot) =80t =0), g1 =20 =0),

Zut) = Zu(t = 0)e /™ (a > 1),
where the tilde means volume integrated. The time-dependent
distribution function can be written as 7 (t) = g0(0)9,9 +

21 (0)9,(1 +> 418 (0)e /™ 0¢. Therefore, the stationary-
state solution is given by

12)

iy = it — 00) = go(0)6¢ + 21(0)6;.. (13)

To gain more physical insights into the stationary-state solu-

tion, we write 9,9 as

0 = aul) + buj. (14)

Due to orthonormality between the eigenvectors, 9,(1 can be
constructed as 6} = x~'/?[u) — (u°|6°)6Q] with the normal-
ization factor x. For simplicity, 6’,{1 can be written as

6, = cu) — duj, (15)
where
0r,,1 1 1
o a(u’|u') 4+ b(u'lu’) ’ (16)
V (@0[u) (uO[u) — (u]u')?
and

b(ulu') + a(u|u’)

) ) — (@l

a7

Assuming a volumetric generation of magnons at t =0
with an initial distribution ﬁ;'{, the total number of generated
particles is given as AN = (ii'|u’) and the total dimen-
sionless energy generated as AE = (fi'|u'). Then, we have
80(0) = aAN + bAE and g;(0) = cAN — dAE. Then the
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stationary-state solution can be rewritten as

iy = (@®AN + abAE + ¢*AN — cd AE)u
+(abAN + b*AE — cd AN + d*AE)u;. (18)

Using the identities given in Appendix B, we have
(*|u’) = AN and (i*|u') = AE, indicating that both parti-
cle number and energy are conserved. The only way for 7i}* to
reach an equilibrium distribution is to set a> AN + abAE +
AN — cd AE = 0, leading to AN/AE = @®|u')/(u'|u")
and 7 o u,. This shows that for a closed magnon system with
magnon-magnon interactions restricted with conservation of
both energy and particle number, unless the system starts with
an equilibrium initial distribution, the magnon population will
always remain out-of-equilibrium.

If the particle number is not conserved, u2 is no longer a
summational invariant of the collision matrix €2, and the time-
dependent distribution function becomes 7 (¢) = gl(O)u,i +
>t 8a(0)e™ @7 . Then, 7#;® will always be proportional to
the equilibrium distribution u,i, meaning the system will reach
equilibrium as r — oo, similar to that for a typical phonon
system mediated by three-phonon interactions.

III. DYNAMICS OF NONEQUILIBRIUM MAGNONS

We now apply the above calculation to Rb,MnF,, a
quasi-2D square lattice S = 5/2 Heisenberg antiferromag-
net. The Hamiltonian of this material is well understood
[53]. Its magnon dispersion and damping mechanism have
been extensively studied both theoretically and experimen-
tally [39—41,54]. Magnon transport is confined to the ab plane
and ion anisotropy leads to a magnon energy gap around
0.6 meV at3 K. At T « Ty = 38 K, the linewidth broadening
of one-magnon scattering intensity by neutrons has been con-
firmed to be dominated by two-in/two-out magnon-magnon
interactions and phonon-magnon interactions are negligible
[40,41]. The following calculations are performed at 7 = 3 K
and all the parameters necessary to evaluate the dispersion and
scattering matrix are given in Refs. [41,53].

We calculate the matrix elements of €2 and numerically de-
termine the values of a and b in 6 by finding the eigenvalues
and eigenvectors of 2. We used the same integration scheme
as described in Ref. [41]. Briefly, the computations of the
matrix involve sums over q; and q, states, where q; + q, =
q-+45 9- =9, — q, and q; = q; + q. For q,, a grid with
density of [81/(2m)]? over the first Brillouin zone (BZ), with
64 x higher density in the central 1/8th of the BZ, is used in
the summation, weighted by the reciprocal-space volume per
point. The grid in q has a uniform density of [81/(27)]* over
the BZ. For a given initial distribution 7;, we are now able
to evaluate its corresponding stationary-state solution using
Eq. (18). Figure 1 gives the stationary state distribution func-
tions 7* for four initial conditions (solid curves). For all four
initial distributions, the total AE is kept constant. Depending
on how many states are initially excited, AN varies for the
four cases. The dashed curve in Fig. 1 gives the equilibrium
deviational distribution 7,7(T) at the given AE, which corre-
sponds to a temperature rise of 0.1 K. The crossing of all the
distributions in Fig. 1 occurs at &, = (u'|u')/(u°|u') where all
the terms involving AN in Eq. (18) cancel out. From Eq. (18)

0.08 i .
AN = 0.22NO = = Equilibrium
——Nonequilibrium
0.06 1 1
NO at T0 =3K
0.04+ Const AE - AT=0.1 K|

if at equilibrium

12 16

8
[

FIG. 1. The stationary-state distributions 7;* as a function of
dimensionless magnon energy &, for four initial conditions (solid
curves). For all four initial distributions, the total AE is kept
as a constant, around 15% of the total energy at 3 K, Ey =
v Y, iy fBE (T = 3K). Depending on how many states are ini-
tially excited, AN varies for the four cases: AN = 0.22N, (red),
0.14N, (yellow), 0.09N, (green), and 0.07N, (blue), where Ny =
v 3", fBE(Ty = 3K) is the total number of particles at 3 K. The
dashed curve gives the equilibrium deviational distribution at a given
AE, which corresponds to a temperature rise of AT = 0.1 K.

and Fig. 1, we have shown that the final stationary-state so-
lutions depend on the initial conditions through the values of
AN and AE but it cannot distinguish two initial distributions
that give the same AN and AE. Therefore, the stationary-state
solution contains partial information about the initial states.
To analyze the driven-dissipative behavior of the dynamics,
we now add a phenomenological magnon-phonon coupling as
a prototypical nonconserving interaction and external driving
terms to Eq. (4) and the volume-integrated BTE then becomes

ity 1 iy — i (T)
_— = —— Qi — ——5 — ° Fi(t s 19
o 5 Ek, k' ik E—— + Fi () (19)

where 7,,_,, is the relaxation time of magnons due to phonon-
magnon interaction and Fi(¢) is an external driving source.
To ease the derivation but still maintain the physical picture,
Tph—m 1S assumed a constant for all magnon modes. After
application of the eigendecomposition method as described
above, the governing equations for g* (o > 2) become

w_ ¥y ¥

ot Ty

+ F9(1), (20)
Tph—m

where F“(t) = (F(¢)|6“). The solution to this first-order
differential equation is then given by g%(¢) = f(; F*(t —
e "'/T=t'/T-n ¢’ From the numerical evaluation, the largest
value of t, for RbpMnF, is around ~1 us. At T < Ty,
due to strong exchange interaction between spins and mis-
match on the occupied states of phonons and magnons,
magnon-magnon scattering is much more effective than
magnon-phonon processes [55]. Therefore, the relaxation
time due to phonon-magnon interaction in Rb,MnF, is as-
sumed much longer than 1 ps. Then the decay dynamics of
8%(t) is determined by t,. The dynamics of AN and AE, on
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(a) 1.0 ‘
| =~ Driving source
‘ T =0.01PW
| ph-m
08/ | | —r =01PW
| ph-m
§ | —ohm = PW
> 0.6 : Toh-m = 100PW
4 ‘
zZ |
<104 :
‘I NESS
0.2 —
|
| \
AN ‘
500 502 504

Nondimensional time

P/PW =20

100 200 300 400 500
Nondimensional time

20 30 40
P/PW

FIG. 2. (a) AN(t) (solid curves) under a square-wave driving source ANP""¢(¢) (dashed curve). Time is nondimensionalized by a fixed
pulse width (PW) and the period P of the source is fixed at P = 5 PW. The dynamical behavior of AN(#) changes with phonon-magnon coupling
time (Tph—m): Tphm = 0.1 PW (yellow), PW (red), 10 PW (green), 100 PW (blue). When 7,,_,, > PW (blue line), the magnon system reaches a
nonequilibrium steady state and nonequilibrium magnon population will be maintained as long as the driving source lasts. (b) Nonequilibrium

steady-state value ANNESS

the other hand, is determined by 7,,_,,, given by the following

equations:
0AN AN 0AE AE
a + +b +
ot Tph—m ot Tph—m
AT
=127 L PO, @1
Tph—m
JAN AN 0AE AE
¢ + +d +
ot Tph—m at Tph—m
AT
=20 L P, 22)
Tph—m

where FOl(t) = (F(1)|6%"), ¢ = a/[4(ad — bc)], and p =
c/[4(bc — ad)]. If F¥(¢) is a driving source that only affects
magnons and AT is a time-independent quantity determined
by phonons, then Egs. (21) and (22) can be decoupled into
two first-order differential equations and their solutions have
a general form of fot ANDrve(p — Yot /Tn-ngt’ 4 constant,
where ANP™e(¢) is an external driving function in a general
form.

Figure 2 shows the dynamics of AN(¢) under a square-
wave driving source ANP™¢(t) = ANP™e(¢t + P), where P is
the source period. In this study, we fix the pulse width (PW)
of the square-wave source. The ratio of 7,,_, and PW deter-
mines the time-dependent behavior of AN(¢). When 1, <
PW [yellow curve in Fig. 2(a)], due to a fast magnon-phonon
coupling time relative to the active pumping time, the magnon
system quickly relaxes back to equilibrium once the driving
source disappears. When t,;,_,, ~ PW [red and green curves
Fig. 2(a)], decay of the nonequilibrium magnon population is
observed between two driving events and the decay time is
determined by t,;_,,. Observation of this dynamical behavior
can be used to determine the coupling time of magnon-phonon
interactions experimentally. When t,;,_,, > PW [blue curve
in Fig. 2(a)], the magnon system reaches a nonequilibrium
steady state and a nonequilibrium magnon population will

is inversely proportional to the period P. Inset: AN(#) under a square-wave driving source at three different periods.

be maintained as long as the driving source lasts. Once a
nonequilibrium steady-state condition is reached (tp,—, >
PW), changing the source period P only affects the nonequi-
librium steady-state value as shown in the inset of Fig. 2(b).
Figure 2(b) shows the nonequilibrium steady-state value is
inversely proportional to P. As P — 0o, ANNESS approaches
zero and the system is at equilibrium.

Candidate experimental methods that may be suitable for
observing the magnon NESS include but are not limited to
Raman [56], Brillouin light [29-31], and inelastic neutron
scatterings [57]. All three methods mentioned here have been
routinely used to measure magnon properties at thermody-
namic equilibrium and are feasible to integrate a periodic
pumping source, i.e., a laser pump. While optical spectro-
scopies probe nonequilibrium modes at zero momentum,
inelastic neutron scattering allows access to the momentum-
energy space of nonequilibrium magnons in a quantum
magnet. According to the theory developed in this work, by
varying the pumping duration of the laser pulses, different
decay behaviors of nonequilibrium magnons, similar to that
shown in Fig. 2, should be observed in these pump-probe
experiments.

IV. CONCLUSION

We studied the dynamics of nonequilibrium magnons
in a gapped Heisenberg antiferromagnet in the framework
of Boltzmann transport theory. When solving the Boltz-
mann transport equation, the macroscopic conservation laws
mandated by the elastic pairwise collisions of magnons in
a Heisenberg model were strictly obeyed. We found that
intrinsic magnon-magnon interactions are not sufficient to re-
equilibrate nonequilibrium states unless the magnon system
undergoes some nonconserving interactions, i.e., coupled to a
thermal bath of phonons. Therefore, the necessary condition
to achieve the NESS of magnons is that any nonconserv-
ing interaction has a much slower relaxation time than the
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intrinsic magnon-magnon interaction time. The sufficient con-
dition to observe the magnon NESS in such a magnet is to
pump nonequilibrium magnons to the system periodically,
i.e., via laser pumping, at a rate faster than the relaxation
times of nonconserving interactions. This sufficient condition
provides a route to experimentally determine the coupling
time of magnon-phonon interactions, a quantity that remains
unknown in most magnets.

As a final remark, there is a class of quantum magnets
like gapped Heisenberg antiferromagnets [39] that satisfy
the two-in/two-out magnon-magnon scattering rule. In these
material systems, nonequilibrium magnon populations, once
excited, will not relax back to thermodynamic equilibrium
unless there are other energy leakage channels, i.e., coupling
with a phonon bath. These material systems provide a natural
platform to study thermalization processes, nonequilibrium
statistical physics, and transport mediated by the nonequilib-
rium states, all of which are important to both fundamental
science and technological applications.
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APPENDIX A: LINEARIZED SCATTERING MATRIX

For two-in/two-out magnon-magnon scattering, following the expression given by Harris et al. [39], the collision operator of

the Boltzmann transport equation is written as

o
ot

scattering

x[(fe + D(fp + Dfi fs

- fkfp(fr +

wH?
- ; WZENzMzz(k, p. 12 8)8(wp + wp — 0, — ) A(g + 4, — 4, — q,)

D(fs + D], (AD)

where Mo, (k, p, r,s) in Eq. (Al) is referred to as the “matrix element” by Harris et al. and its derivation can be found in
Ref. [41]. Hp = 2JzS, where J is the spin exchange strength, S is the spin moment, and z is a quantum renormalization factor.
The Kronecker delta A is zero unless its argument is zero or a reciprocal lattice vector, in which case it takes the value 1.

By defining f; = fBE(Ty) + nyesch(é,/2) and assuming ngcsch(éy/2) < fBE(Ty), Eq. (A1) is linearized into
y g k g Jk q
Bnk JTHI%
o ) = pzs: mMzz(k, D, 1, 8)8(wy + w, — wr — ) A(gy, +4q,—4q, — q,)
y nksinh(%k) B n, B ng (A2)
4sinh(%2)sinh(%)sinh(%) ~ 4sinh(%)sinh(3)  4sinh(%2)sinh(%)  4sinh(%2)sinh(%)

Using the fact that for each collision process (k + p — r + s), we can find three other decay processes (p +k — r + s, 7 + 5 —
k + p,and s + r — k 4 p), the matrix form of this linearized scattering operator is therefore symmetric, written as

Bnk
ZQkk Ny (A3)
where
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APPENDIX B: EIGENVECTOR IDENTITIES

Due to the orthonormal relation of 9,? and Okl [Egs. (14) and (15)], we can derive the following identities of the coefficients

(a,b,c,d) in 9,? and le:

cd —ab = (ullu) 0 (B1)
(1u®) (u' ") — (uO|u')? ’
2 2 (ullul)
= o) — o 7 ®2
01,,0
P +d® = ) (B3)

(u01uO) (u lu') —

(u0lu')?

Using the above identities and Eq. (18), the total deviational particle number and energy at the stationary state are then given as

(i@ 1u°) = [(@® + ) (|u®) + (ab —

(7 |u') = [(@® + ) lu')

+ (ab — cd)(u'|u")]AN + [(ab —

cd) (W |u'))AN + [(ab — cd)@®u®) + (b* + d*)(u|u')]AE = AN, (B4)

cd)W®|u"y + (B + d>)(u'|u")]AE = AE. (B5)

[1] R. Vasseur and J. E. Moore, J. Stat. Mech.: Theory Exp. (2016)
064010.

[2] J. R. Hortensius, D. Afanasiev, M. Matthiesen, R. Leenders, R.
Citro, A. V. Kimel, R. V. Mikhaylovskiy, B. A. Ivanov, and
A. D. Caviglia, Nat. Phys. 17, 1001 (2021).

[3] J. Myers, J. Bhaseen, R. J. Harris, and B. Doyon, SciPost Phys.
8, 007 (2020).

[4] V. B. Bulchandani, R. Vasseur, C. Karrasch, and J. E. Moore,
Phys. Rev. Lett. 119, 220604 (2017).

[5] D. Wei, A. Rubio-Abadal, B. Ye, F. Machado, J. Kemp, K
Srakaew, S. Hollerith, J. Rui, S. Gopalakrishnan, N. Y. Yao, L.
Bloch, and J. Zeiher, Science 376, 716 (2022).

[6] B. Doyon, Commun. Math. Phys. 351, 155 (2017).

[7] M. Rigol, V. Dunjko, V. Yurovsky, and M. Olshanii, Phys. Rev.
Lett. 98, 050405 (2007).

[8] T. Kinoshita, T. Wenger, and D. S. Weiss, Nature (London) 440,
900 (20006).

[9] A. Scheie, N. E. Sherman, M. Dupont, S. E. Nagler, M. B.
Stone, G. E. Granroth, J. E. Moore, and D. A. Tennant, Nat.
Phys. 17, 726 (2021).

[10] B. Bertini, M. Collura, J. De Nardis, and M. Fagotti, Phys. Rev.
Lett. 117, 207201 (2016).

[11] B. Bertini and L. Piroli, J. Stat. Mech.: Theory Exp. (2018)
033104.

[12] F. H. L. Essler and M. Fagotti, J. Stat. Mech.: Theory Exp.
(2016) 064002.

[13] O. A. Castro-Alvaredo, B. Doyon, and T. Yoshimura, Phys. Rev.
X 6, 041065 (2016).

[14] L. Piroli, J. De Nardis, M. Collura, B. Bertini, and M. Fagotti,
Phys. Rev. B 96, 115124 (2017).

[15] L. Mazza, J. Viti, M. Carrega, D. Rossini, and A. De Luca, Phys.
Rev. B 98, 075421 (2018).

[16] X. Zotos, Phys. Rev. Lett. 82, 1764 (1999).

[17] E. llievski and J. De Nardis, Phys. Rev. B 96, 081118(R) (2017).

[18] B. Doyon and H. Spohn, SciPost Phys. 3, 039 (2017).

[19] E. Ilievski and J. De Nardis, Phys. Rev. Lett. 119, 020602
(2017).

[20] V. B. Bulchandani, R. Vasseur, C. Karrasch, and J. E. Moore,
Phys. Rev. B 97, 045407 (2018).

[21] T. N. Ikeda and M. Sato, Sci. Adv. 6, eabb4019 (2020).

054306-7


https://doi.org/10.1088/1742-5468/2016/06/064010
https://doi.org/10.1038/s41567-021-01290-4
https://doi.org/10.21468/SciPostPhys.8.1.007
https://doi.org/10.1103/PhysRevLett.119.220604
https://doi.org/10.1126/science.abk2397
https://doi.org/10.1007/s00220-017-2836-7
https://doi.org/10.1103/PhysRevLett.98.050405
https://doi.org/10.1038/nature04693
https://doi.org/10.1038/s41567-021-01191-6
https://doi.org/10.1103/PhysRevLett.117.207201
https://doi.org/10.1088/1742-5468/aab04b
https://doi.org/10.1088/1742-5468/2016/06/064002
https://doi.org/10.1103/PhysRevX.6.041065
https://doi.org/10.1103/PhysRevB.96.115124
https://doi.org/10.1103/PhysRevB.98.075421
https://doi.org/10.1103/PhysRevLett.82.1764
https://doi.org/10.1103/PhysRevB.96.081118
https://doi.org/10.21468/SciPostPhys.3.6.039
https://doi.org/10.1103/PhysRevLett.119.020602
https://doi.org/10.1103/PhysRevB.97.045407
https://doi.org/10.1126/sciadv.abb4019

HUA, LINDSAY, SHINOHARA, AND TENNANT

PHYSICAL REVIEW B 109, 054306 (2024)

[22] T. Oka and S. Kitamura, Annu. Rev. Condens. Matter Phys. 10,
387 (2019).

[23] M. G. Cottam and R. B. Stinchcombe, J. Phys. C 3, 2326 (1970).

[24] E. Balcar, J. Phys. Collog. 32, C1-701 (1971).

[25] K. P. Bohnen, C. R. Natoli, and J. Ranninger, J. Phys. C 7, 947
(1974).

[26] S. Ty¢, B. I. Halperin, and S. Chakravarty, Phys. Rev. Lett. 62,
835 (1989).

[27] S. Ty¢ and B. I. Halperin, Phys. Rev. B 42, 2096 (1990).

[28] P. Kopietz, Phys. Rev. B 41, 9228 (1990).

[29] S. O. Demokritov, V. E. Demidov, O. Dzyapko, G. A. Melkov,
A. A. Serga, B. Hillebrands, and A. N. Slavin, Nature (London)
443, 430 (2006).

[30] D. A. Bozhko, A. A. Serga, P. Clausen, V. I. Vasyuchka, F.
Heussner, G. A. Melkov, A. Pomyalov, V. S. Lvov, and B.
Hillebrands, Nat. Phys. 12, 1057 (2016).

[31] I. V. Borisenko, B. Divinskiy, V. E. Demidov, G. Li, T.
Nattermann, V. L. Pokrovsky, and S. O. Demokritov, Nat.
Commun. 11, 1691 (2020).

[32] L. van Hove, Physica 21, 517 (1954).

[33] L. Van Hove, Physica 23, 441 (1957).

[34] L. J. Cornelissen, K. J. H. Peters, G. E. W. Bauer, R. A. Duine,
and B. J. van Wees, Phys. Rev. B 94, 014412 (2016).

[35] S. S.-L. Zhang and S. Zhang, Phys. Rev. B 86, 214424
(2012).

[36] S. S.-L. Zhang and S. Zhang, Phys. Rev. Lett. 109, 096603
(2012).

[37] M. Althammer, Phys. Status Solidi RRL 15, 2100130
(2021).

[38] T. Liu, W. Wang, and J. Zhang, Phys. Rev. B 99, 214407 (2019).

[39] A. B. Harris, D. Kumar, B. I. Halperin, and P. C. Hohenberg,
Phys. Rev. B 3, 961 (1971).

[40] T. Huberman, D. A. Tennant, R. A. Cowley, R. Coldea, and
C. D. Frost, J. Stat. Mech.: Theory Exp. (2008) P05017.

[41] S. P. Bayrakci, D. A. Tennant, P. Leininger, T. Keller, M. C. R.
Gibson, S. D. Wilson, R. J. Birgeneau, and B. Keimer, Phys.
Rev. Lett. 111, 017204 (2013).

[42] J. M. Ziman, Electrons and Phonons: The Theory of Transport
Phenomena in Solids (Clarendon Press, 1960).

[43] L. Chaput, Phys. Rev. Lett. 110, 265506 (2013).

[44] A. Cepellotti and N. Marzari, Phys. Rev. X 6, 041013 (2016).

[45] A. Ward, D. A. Broido, D. A. Stewart, and G. Deinzer, Phys.
Rev. B 80, 125203 (2009).

[46] D. A. Broido, A. Ward, and N. Mingo, Phys. Rev. B 72, 014308
(2005).

[47] W. Li, J. Carrete, N. A. Katcho, and N. Mingo, Comput. Phys.
Commun. 185, 1747 (2014).

[48] R. A. Guyer and J. A. Krumhansl, Phys. Rev. 148, 766 (1966).

[49] R.J. Hardy, Phys. Rev. B 2, 1193 (1970).

[50] R.J. Hardy, J. Math. Phys. 6, 1749 (1965).

[51] R.J. Hardy, Phys. Rev. 132, 168 (1963).

[52] R. J. Hardy, R. J. Swenson, and W. C. Schieve, J. Math. Phys.
6, 1741 (1965).

[53] T. Huberman, R. Coldea, R. A. Cowley, D. A. Tennant, R. L.
Leheny, R. J. Christianson, and C. D. Frost, Phys. Rev. B 72,
014413 (2005).

[54] B. 1. Halperin and P. C. Hohenberg, Phys. Rev. 188, 898 (1969).

[55] V. Safonov, Nonequilibrium Magnons: Theory, Experiment, and
Applications (Wiley-VCH Verlag GmbH & Co. KGaA, Wein-
heim, Germany, 2013).

[56] J.-A. Yang, N. Pellatz, T. Wolf, R. Nandkishore, and D. Reznik,
Nat. Commun. 11, 2548 (2020).

[57] C. Hua, D. A. Tennant, A. Savici, V. Sedov, G. Sala, and B.
Winn, arXiv:2310.10540 [cond-mat.mtrl-sci].

054306-8


https://doi.org/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1088/0022-3719/3/11/013
https://doi.org/10.1051/jphyscol:19711247
https://doi.org/10.1088/0022-3719/7/5/015
https://doi.org/10.1103/PhysRevLett.62.835
https://doi.org/10.1103/PhysRevB.42.2096
https://doi.org/10.1103/PhysRevB.41.9228
https://doi.org/10.1038/nature05117
https://doi.org/10.1038/nphys3838
https://doi.org/10.1038/s41467-020-15468-6
https://doi.org/10.1016/S0031-8914(54)92646-4
https://doi.org/10.1016/S0031-8914(57)92891-4
https://doi.org/10.1103/PhysRevB.94.014412
https://doi.org/10.1103/PhysRevB.86.214424
https://doi.org/10.1103/PhysRevLett.109.096603
https://doi.org/10.1002/pssr.202100130
https://doi.org/10.1103/PhysRevB.99.214407
https://doi.org/10.1103/PhysRevB.3.961
https://doi.org/10.1088/1742-5468/2008/05/P05017
https://doi.org/10.1103/PhysRevLett.111.017204
https://doi.org/10.1103/PhysRevLett.110.265506
https://doi.org/10.1103/PhysRevX.6.041013
https://doi.org/10.1103/PhysRevB.80.125203
https://doi.org/10.1103/PhysRevB.72.014308
https://doi.org/10.1016/j.cpc.2014.02.015
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRevB.2.1193
https://doi.org/10.1063/1.1704719
https://doi.org/10.1103/PhysRev.132.168
https://doi.org/10.1063/1.1704718
https://doi.org/10.1103/PhysRevB.72.014413
https://doi.org/10.1103/PhysRev.188.898
https://doi.org/10.1038/s41467-020-16275-9
https://arxiv.org/abs/2310.10540

