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Abstract

We investigate the effect of magnon—magnon interactions on the dispersion and polarization of
magnon modes in collinear antiferromagnetic (AF) insulators at finite temperatures. In
two-sublattice AF systems with uniaxial easy-axis and biaxial easy-plane magneto-crystalline
anisotropies, we implement a self-consistent Hartree—Fock mean-field approximation to explore
the nonlinear thermal interactions. The resulting nonlinear magnon interactions separate into
two-magnon intra- and interband scattering processes. Furthermore, we compute the temperature
dependence of the magnon bandgap and AF resonance modes due to nonlinear magnon
interactions for square and hexagonal lattices. In addition, we study the effect of magnon
interactions on the polarization of magnon modes. We find that although the noninteracting
eigenmodes in the uniaxial easy-axis case are circularly polarized, but in the presence of nonlinear
thermal interactions the U(1) symmetry of the magnon Hamiltonian is broken. The attractive
nonlinear interactions squeeze the low energy magnon modes and make them elliptical. In the
biaxial easy-plane case, on the other hand, the bare eigenmodes of low energy magnons are
elliptically polarized but thermal nonlinear interactions squeeze them further. Direct
measurements of the predicted temperature-dependent AF resonance modes and their
polarization can be used as a tool to probe the nonlinear interactions. Our findings establish a
framework for exploring the effect of thermal magnon interactions in technologically important
magnetic systems, such as magnetic stability of recently discovered two-dimensional magnetic
materials, coherent transport of magnons, Bose—Einstein condensation of magnons, and
magnonic topological insulators.

1. Introduction

Antiferromagnetic (AF) systems occupy a central position at the frontiers of modern spintronics due to
their functional potential in future energy-efficient and ultrafast information and communication
nanotechnologies [1-5]. AF ordered systems are abundant materials compared to ferromagnets and range
from collinear to noncollinear and uniaxial to multi-axis materials. Current research centers on exploiting
their most remarkable properties as the lack of parasitic stray fields, THz spin dynamics, and polarization
degree of freedom of magnons [6—11]. Of particular interest are the electrical insulator class of AF materials
[10, 12—19], where Joule-heating losses caused by itinerant electrons are absent. Magnons, the low-energy
bosonic excitations of magnetically ordered materials, can carry spin angular momentum in AF insulators
across large distances, as recently shown [3, 19, 20].

© 2022 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft


https://doi.org/10.1088/1367-2630/ac94f0
https://creativecommons.org/licenses/by/4.0/
mailto:mahroo.shiranzaei@physics.uu.se
mailto:alireza.qaiumzadeh@ntnu.no

10P Publishing

New J. Phys. 24 (2022) 103009 M Shiranazei et al

Magnonics is an emerging field in spintronics and magnetic-based nanotechnology [12] that exhibits
various features from quantum coherent phenomena [21-24], chiral magnonic spin transport, magnonic
crystals [25—28], and ultrafast magnetization dynamics [29]. Nonlinear magnon interactions are ubiquitous
and inevitable in magnetically ordered materials. Although in classical magnets nonlinear magnon—magnon
interactions are weak at low temperatures, their effects significantly influence various phenomena. These
phenomena are relevant in spin transport [30, 31] through magnon relaxation and spin conductivity, as
well as close to magnetic phase transitions. Moreover, nonlinear magnon interactions are essential to
stabilize magnetic droplets [32] and Bose—Einstein condensation of magnons [23, 33-35]. It is also an
important ingredient in emergent magnonic topological phases [36]. A recent study demonstrated that
nonlinear magnon interactions of Dirac magnons in honeycomb ferromagnets strongly renormalize the
magnon band structure and magnon lifetimes [37]. In AF systems, nonlinear magnon interactions also have
significant effects even at low temperatures due to zero-point fluctuations [38]. Additionally, two-magnon
spectra of AF systems are strongly influenced by magnon—magnon interactions [39].

The recent discovery of two-dimensional (2D) materials establishes a new platform for the study of
nonlinear magnon interactions in different lattice structures [31, 40—43]. In low-dimensional magnetic
systems, the presence of a finite bandgap in the low-energy magnon dispersion is an essential ingredient for
the stability of long-range magnetic order at finite temperature and overcoming the bottleneck imposed by
the Mermin—Wagner—Hohenberg theorem [44, 45]. Therefore, the effect of nonlinear magnon interactions
on the magnetic resonance frequency and magnon dispersion is a key issue in the study of long-range order
stability of 2D magnetic systems.

There are already several primary works which investigate nonlinear magnon interactions in AF systems
within a mean-field approach. In references [46, 47], the effect of nonlinear interactions on magnon
dispersion of a square lattice Heisenberg antiferromagnet were studied via a Green’s function method at
zero temperature. In reference [48] effect of nonlinear thermal magnon interactions on spin-wave excitation
and sublattice magnetization in a 3D anisotropic quantum Heisenberg antiferromagnet with a tuneable
interplanar coupling has been studied via an equation of motion formalism within a mean-field approach.
For a recent review on AF systems look at reference [20].

Nonlinear magnon interactions, even in simple AF systems, are very complicated. To the best of our
knowledge, a systematic investigation of nonlinear interactions on spectrum and polarization of thermal
magnons in AF materials remains absent [49]. In AF systems, the underlying crystal lattice structure affects
the magnetic ground states and interactions, and therefore, one needs to study each case separately [50].

In this paper, we first develop a formalism to compute the nonlinear interactions of thermal magnons in
both uniaxial easy-axis and biaxial easy-plane AF insulators in arbitrary dimensions using a self-consistent
Hartree—Fock mean-field theory. Next, we investigate the effect of thermal nonlinear interactions on bare
magnon dispersion and AF resonance frequencies, which are directly accessible experimentally [51]. Later,
we investigate the effect of nonlinear interactions on the polarization of magnon modes. For numerical
calculations, we consider collinear AF materials with easy-axis and easy-plane magnetic anisotropies in
square and hexagonal lattices. We study these systems as prototypes of recently discovered 2D AF materials
to explore the stability of these systems against thermal fluctuations.

We have organized this paper as follows. In section 2, we introduce the spin Hamiltonian and review the
linear spin-wave theory. In section 3, we present a Hartree—Fock mean-field theory for thermal magnon
interactions and compute mean-field coefficients. In section 4, we compute the nonlinear spectral shift of
magnons in easy-axis and easy-plane AF systems and present numerical calculations for two specific lattice
models. In section 5, we investigate the effect of nonlinear thermal interactions on the polarization of
magnons. We conclude in section 6 with a discussion of our results. In the appendices, we present the
technical details of the calculations.

2. Spin Hamiltonian and its bosonic representation

We describe a generic two-sublattice AF insulator with the local spin field S 4(5) in sublattice A (5). The
effective AF spin Hamiltonian reads, [6, 20],

Hy =] Si-Sj+ > K8’ =D K8, (1)
(i) i i

where (ij) represents summation over nearest-neighbor sites, 7 and j, and we consider the local spins have
the same length S at each sublattice [Sic(4}| = [Sic(5}| = S. The Hamiltonian includes the isotropic

quantum AF Heisenberg exchange interaction, ] > 0, and single-ion magnetic anisotropies, characterized
by K > 0 and K, > 0, which represent the hard and easy magnetic axes, respectively. In the uniaxial easy
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axis case, i.e., Iy = 0, both the spin Hamiltonian and the ground state have U(1) symmetry while in the
biaxial easy-plane case this symmetry is broken. The absence of U(1) symmetry in the ground state breaks
the degeneracy of the two AF magnon eigenmodes. We emphasize that although the spin Hamiltonian,
equation (1), has U(1) symmetry even in the easy-plane case, i.e., K, = 0, this symmetry is spontaneously
broken in the ground state and the eigenmodes are not degenerate anymore [52].

To study spin excitations, we write the spin Hamiltonian, equation (1), in terms of so-called deviation
bosonic operators using the Holstein—Primakoff (HP) transformation [53]. We assume the ground state of
the AF spin Hamiltonian is a collinear Néel state with Siciay = (0,0,S) and Sic(py = (0,0, —S); and thus
the HP transformation in the two-sublattice AF system reads,

Sf =S — aja,», Si_ = aj\/ 28 — ajai, (2a)
z _ 7. - _ AN
S =—S+blb, S =1\/25- bbb, (2b)

i
and S;fj) = (Si_(j)) , where i and j denote sites in the sublattices .A and B, respectively. The deviation

operators a (b) and at (b) are, respectively, annihilation and creation operators at the sublattice A () that
follow the bosonic communication relations. The number of HP bosons at each site on sublattices A and B
is upper-limited by 2§ [54]. Inserting equations (2a) and (2b) into the AF spin Hamiltonian, equation (1),
and under the assumption of small deviation number (aj a;), (bj b;) < 28, with (-) the expectation value, we
do a Taylor series expansion in the powers of 1/S. This procedure leads to an effective bosonic Hamiltonian
with an arbitrary interaction order,

Hy=E+HP +H" +---, (3)
where ellipsis stands for higher order interactions. The classical AF ground-state energy is given by,
E; = NS[— (/2 + K.)S+ K./2)], (4)

where z denotes the coordination number and N is the total number of sites. H, éz) and H, £4) represent the
noninteracting (quadric) and interacting (quartic) bosonic Hamiltonians, respectively.
The noninteracting Hamiltonian, consists of quadratic bosonic terms, in the momentum space, reads,

HY =8> [(z] + Ky + 2K.) (a)ag + blby) + 2]y qagb 4
q
Pt g K b gl
+ 2] vqbl gay + > (aqa_q +bgb_g +aga’, + bqb_q)} , (5)

where a; = \/2/N )", eiay and b; = \/2/N2qeiq‘rf bgs with {i,j} € {A, B}. The lowest order interacting
Hamiltonian, in our model, consists of quartic bosonic terms and describes the four-magnon scattering
processes H,i4). In section 3, we will investigate these nonlinear terms in detail. In general, in AF spin
systems, three-magnon interactions, consists of cubic bosonic terms, can be appeared in the presence of
some spin interactions, like DMI and dipole—dipole interactions, as well as magnetic frustrations. These
interactions break the conservation of total magnon numbers. However, in our model, equation (1), due to
the absence of such spin interactions, three-magnon interactions are forbidden [38].

2.1. Linear spin-wave theory

To investigate the effect of nonlinear four-magnon interactions on magnon dispersion and polarization, we
should first find the band structure and eigenstates of the noninteracting magnon modes. At a magnon
density, we can disregard nonlinear magnon interactions. The quadratic bosonic Hamiltonian H 1(72) can be
diagonalized via a standard canonical Bogolioubov transformation that maps the boson operators on two
AF sublattices {ay, by}, into the new bosonic magnon eigenmodes {cy, 3,} where q is the magnon
wavevector. In the rest of this section, we find the eigensystems of uniaxial and biaxial AF systems,
separately.

2.1.1. Uniaxial easy-axis AF system
To diagonalize the noninteracting bosonic Hamiltonian (5) in the uniaxial easy-axis limit (}C, = 0), we
perform a canonical transformation using the following 2 x 2 Bogolioubov transformation, [20, 55],

a uy =0\ [ad
()= (% () ©
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where [ug]* — |vi]* = 1. We define uj = cosh(6,/2) and v = sinh(6,/2). Inserting equation (6) into the
Hamiltonian (5), we obtain the following Bogoliubov coefficients for the uniaxial easy-axis system,

ZJS+ 2K, S + e
Uy = \/26“ 4 (7a)
aq
ZJS + 2, S — €
B iy 7 (7b)
1 2¢ef,

The degenerate eigenenergies of the circularly polarized eigenmodes x € {a, 5} of easy-axis AF system
are,

et =5y + 260 = (T ) (8)

where v, = 27137 €19 is the structure factor and §; denotes the nearest-neighbor vectors.

2.1.2. Biaxial easy-plane AF system
In the case of biaxial AF systems, we use the following 4 x 4 Bogolioubov transformations [20, 56],

9q Uq Uq *q Wq\ [ “q
l;q — | T Yq g Wq BTq , 9)
al, Xq Wy g 7g | | oLy
biq —Xq Wgq —lig Ug ﬁiq

where the Bogoliubov coefficients are given by,

1 [ZS+KS+ 2K, S+ e
Uy = \/ J 6", (10a)
2 €9
1 [2JS+ KiS+2K.S + ¢4
I ZS + t t (10b)
2 6;1
1 S+ KeS+2K,S — €
Xq = —\/Z] 6’1, (10¢)
2 €y
q
1 |28+ KiS+2K.S — €,
wq:\/zf AR S (10d)
2 €q
The eigenenergies of two magnon modes x € {a, 5} in easy-plane AF system are,
X — S\/ 2 2
6(1 - (Z]+1Cx+21Cz) (Z]|'7q| :F]Cx) > (11)

where sign —(+4) refers to a () magnon mode. The eignenenergies of the biaxial easy-plane case reduces to
the uniaxial easy-axis limit when I, = 0, as it should be.

In the easy-axis limit K, = 0, and in the absence of external magnetic fields and Dzyaloshinskii—Moriya
interactions (DMIs), the two magnon eigenenergies are degenerate and the eigenmodes are circularly
polarized with opposite chiralities [7, 20]. The presence of a hard-axis anisotropy (K, # 0) removes the
degeneracy of magnon eigenstates and causes the two eigenmodes become elliptically polarized [7, 20]. The
latter is a consequence of the breaking of U(1) symmetry in the ground state of the spin Hamiltonian 1. In
the presence of the long-range dipolar interactions that also breaks U(1) symmetry, the magnon
eigenmodes of a uniaxial easy-axis are elliptically polarized [57]. In the present study, we ignore the effect of
dipolar interaction since they are negligible in most of AF systems.

After diagonalization, the total noninteracting AF Hamiltonian in the new eigenbasis is given by,

H, =Ey+HY, (12)
Ey = E§ + E, (13)

where E, is the total AF ground-state energy, and the quantum correction to the classic AF ground-state
energy, Ef, reads,
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El = SZ {2(2] + Ky + 2K,) (|xq]* + |wq]?) 4 2 Re[2]7_q(—tigxq + vqwq) + Kx(tigxq + vqwg)] }-
q
(14)

This quantum zero-point energy lowers the classical ground-state energy and expresses the well-known fact
that the true ground state of an AF system is not a Néel state [58]. The quadratic part of the AF
Hamiltonian that describes the dynamics of magnons is,

HY = Z [630&;0&,1 + 656;[3,]], (15)
q

where the bare eigenenergy for the magnon mode x € {«, §} is given by equation (11).
The structure factors for 2D square (z = 4) and hexagonal (z = 3) lattices are, 7, = 2 (cos(qx /qm) +

cos(qy/qm)) /z and ~y, = e"%/9m (1 + 2 e %4/20n cos(v/3q,/2q,)) /2, respectively, where q,, = 1/a and

a is the lattice constant. In the long-wavelength limit g — 0, the structure factors of both hexagonal and
square lattices reduce to v, ~ 1 — ¢*/4q7,; and thus the mode-dependent eigenenergies becomes to

€q = S\/4(ICZ + Ko (@ + K,) + 2J¢* (2] — Ky) /243, and

6(51 =S \/ A, (2] + K, + Ky) + 2J¢* (2] + K4)/242,. In other words, around the center of the Brillouin zone,
called I'-point, the two low-energy AF magnon modes propagate as relativistic-like quasiparticles with
different effective rest masses and speed of light, determined by the magnetic exchange stiffness and magnetic
anisotropies. The bare magnon bandgaps of each mode are eg_, and eﬁ:o that can be measured by in AF
resonance experiments. The presence of this gap stabilizes long-range magnetic order at finite temperature
in 2D magnetic systems and the magnetic transition temperatures in these systems are proportional to this
energy gap. We will later show how the bare magnon dispersions become renormalized in the presence of
nonlinear thermal magnon interactions.

3. Mean-field theory of magnon—-magnon interactions

In this section, we use a Hartree—Fock mean-field theory to treat the nonlinear thermal magnon
interactions in a two-sublattice AF system at finite temperature. The lowest-order nonlinear terms related to
two-boson scattering are represented by four-boson interactions,

H£4> _ _T]Z [aja,—b}bj + aibjbjbj + (a < b)} - %Z [AICajajaia,- + ajaia,-ai + (a4 b)| +H.c, (16)

(i) i

with AKX = 2(1 4 K,/K,), and H.c. is the Hermitian conjugate. Four-boson interactions in AF systems are
more complicated than the ferromagnetic one. In ferromagnets, in the absence of long-range dipolar fields,
the four-boson interactions conserve the number of quasiparticles because there are only quartic terms with
two creation and two annihilation operators. On the contrary, as it can be seen in equation (16), in AF
systems the magnon number could in general be a nonconserved quantity. It was also shown that
spontaneous three-magnon and in general all other n-magnon decays are forbidden in collinear AF systems
by energy conservation at zero temperature in the absence of an external magnetic field [38, 59].

To explore the effects of nonlinear magnon interactions on the bare spectra of magnons at finite
temperature, we implement a mean-field theory based on the self-consistent Hartree—Fock approximation
[60, 61] to reduce equation (16) into an effective noninteracting Hamiltonian in terms of quadratic magnon
operators. In the mean-field treatment, we start out by substituting fjf; = (fjfj’ )th + Zeer into the
Hamiltonian (16), where &, ¢! € {a;, b;, az[, b:[} and (-)y, is a thermal average. We expand up to the first
order in the field Z¢ = gjg; — <§j§]f>th, and express the operators in the basis of a- and 5-magnons
through the Bogoliubov transformation. In the leading-order correction, it is assumed that mean-field
parameter = characterizes slight nonequilibrium deviations from the thermal equilibrium, which is
consistent with our earlier assumption of small deviation in the boson number in the Taylor series
expansion of HP transformations. To guarantee the thermalization of each magnon mode, we assume that
nonlinear magnon scattering-times are much faster than the timescales associated with spin non-conserving
interactions such as magnon—phonon interactions [62]. In the Hartree—Fock approximation, we only keep
the diagonal terms and assume for each bosonic operator x, € {ay, 3,}, so that <X;Xq/>th = OqqMy.ql42,
43]. The thermodynamic equilibrium of the AF magnon number at each magnon mode x € {a, 3} is
defined through the Bose—Einstein distribution function n, 4 = (eva/ksT — 1)1 with the Boltzmann
constant kg, and the temperature T. The chemical potential of magnons is zero at thermal equilibrium [63].

The effective mean-field Hamiltonian in momentum space and first order in the fluctuations Egers
becomes H{i. = %Zq\If:;H(‘*)\Ifq, with the vector operator ¥, = (o, 3y, ozT_q, BT_q)T. The matrix
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Hamiltonian H® is defined by,

gaa Daﬁ 2?/0404 3 laﬁ

Dos  Cps Dug 2Csg
ZC, C(l(y D(l 5

/
oo aff

/ !
af 2685 D(k;ﬁ’ CSS

H® = , (17)

where the overbar represents the complex conjugate and the explicit dependence of the
temperature-dependent mean-field coefficients on the wavevector and temperature is omitted for brevity.
The Hamiltonian Hr(\i% represents the quantum and temperature-dependent corrections to the
noninteracting magnon Hamiltonian, when the lowest-order nonlinear AF dynamics is taken into account.
The coefficients of the matrix H® depend on temperature, for more details see appendix A2. This effective
Hamiltonian H{}. describes scattering processes between magnons of the same band (intraband
contribution) and magnons of different bands (interband contribution). The components C,, and C;,,
describing intraband processes of magnons at the y-band, are given by equation (A7) in appendix A2.

Cocyg = A;\uq\z + A:q|xq|2 + 2Re[uqxq (§ — Rel"q)], (18a)
Cspq = A,‘1~'|vq|2 + A,‘1~'|wq|2 + 2Re[vqwq (§ + Rel"q)], (18b)
Chiong = 207 ugxg + Ajuz + A, x2, (18¢c)

b5.a = 207 vgwg + A0l + Afw, (18d)

where A;t, & gand A;t are defined in equation (A8). These mean-field coefficients parameterize the
amplitude of the intra- and inter-band magnon interactions. The relevant Bogoliubov coefficients u, v4, X4
and w, are defined by equations (10a)—(10d). Interband scattering of magnons are characterized by the
components D,g and D/, o and read,

Deapq = Tgxqug — f‘qquq + O_gxqwy — Oquaug + 2 Evg xq + 2 guq Wy, (19a)
g = La%qWq — Dquigug — © _gxqvg + O qwquig + 26 uqvy + 2 & xqw,, (19b)

where F;, O, and £’ can be found in equation (A8). Through the interband process, - and 3-magnon
modes become coupled and thus, hybridized. The definition of As, A}, Aasq and A, are respectively
detailed in equations (A6b)—(A6e) in the appendix A. The mean-field coefficients C,, C;X, D,s and Diw
are functions of temperature and magnon energy through the Bose—Einstein distribution 7, 4. The
evaluation of these coefficients, as well as to obtain the eigenenergies, requires a self-consistent calculation.

The analytical expressions obtained for the mean-field coefficients, equations (18) and (19) constitute
the main result of our work. To illustrate the effects of interacting thermal magnons on the AF magnon
spectrum and the polarization of magnons, we analyze both uniaxial (K, = 0) and biaxial (I’ # 0) AF
systems with hexagonal and square lattice structures that are two common lattice geometries.

4. Nonlinear spectral shift of magnons

In this section, we investigate the effect of nonlinear magnon interactions on magnon dispersion, magnon
bandgaps, and AF resonance modes of easy-axis and easy-plane antiferromagnetic insulators.

4.1. Uniaxial easy-axis AF systems

First, for the sake of completeness, we consider an AF system with easy-axis anisotropy along the
z-direction, modeled by the Hamiltonian in equation (1) when Cy = 0. Nonlinear magnon interactions in
uniaxial AF systems have been previously treated in detail to unveil their role in the lifetime of magnons
[31, 59], hydrodynamic regime [59] and bulk spin transport [55, 62].

As we have already mentioned, in the uniaxial AF system and in the absence of a magnetic field and
DMIs, the two AF magnon eigenmodes are degenerate and given by equation (11) with K, = 0, and their
corresponding eigenstates are circularly polarized magnons. On the other hand, the effective interacting
Hamiltonian of magnons in the uniaxial AF case, in a basis that diagonalizes the bare part and within the
mean-field approximation, see appendix Al; is given by,

Hy' = [Coaiias + CoBii By + Dya B2, + Hee (20)
1
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Figure 1. Temperature dependence of degenerate magnon eigenenergies of a uniaxial AF system with (a) 2D square and (b) 2D
hexagonal lattices as a function of dimensionless wavevector g, /q,,. Dashed curve lines represent the bare magnon dispersion
given by equation (11) with /C; = 0. At the inset of panels (a) and (b), the AF resonance modes (renormalized magnon bandgap)
as a function of temperature are presented. The mean-field coefficients (in units of meV), C and D', are shown for different
temperatures as a function of wavevector for square and hexagonal lattices at panels (c) and (d), respectively. We use these typical
parameters: ] = 1 (meV), K, = 0.1 (meV),S=5/2anda =1 (nm).

where the superscript ‘u’ refers to the uniaxial case. The mean-field coefficients C; and Cj renormalize two
noninteracting magnon modes, described by the linear spin-wave theory H'?), equation (15). In the absence
of magnetic fields and DMIs Cy = Cy.

The magnon nonconserving term with strength D!, that represents interband magnon scatterings with
opposite linear momenta, breaks the local U(1) symmetry associated with the magnon number
conservation. This process is equivalent to the excitation and annihilation of a magnon pair with zero net
linear and spin angular momenta. We later show how this term leads to the thermal squeezing of magnon
eigenmodes.

The temperature-dependent mean-field coefficients are given by,

1 —u—u A u_ .u
Cy= E[Al(|u;|2 + |v;\2) — (Anq g0y + Azq uguy)ls (21a)
1 —u—u A u,,.u
Cy = E[A1(|“;|2 +[vg]?) — (Aaq 1T + Ag g ugvy)), (21b)
Dl = 24,0508 + [Aoq(vl)? + Aq(il)?], (21¢c)

the Bogoliubov parameters of the uniaxial case, 1 and vy, and temperature-dependent mean-field
coefficients A; and A, are presented in appendix A. Even at zero temperature, these coefficients are finite.
Therefore, we can generally say that there is always a finite nonlinear quantum correction to the bare
magnon dispersion in AF systems.

The resulting total magnon Hamiltonian of a uniaxial AF system in the mean-field approximation is
H* = H'® + HXY. Due to the presence of interband processes, D', o and 3 modes are coupled and the
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Figure2. Temperature dependence of magnon eigenenergies of a biaxial AF system in a 2D square lattice. In panel (a), the
eigenenergies for both 1 and v modes as a function of the wavevector are plotted. Dashed lines represent the noninteracting
eigenenergies, € and 6‘5, see equation (11). The AF resonance modes, € and €}, are shown in their respective panels, as a
function of temperature and different hard-axis anisotropy strengths. In panel (b), the mean-field coefficients (in meV units)
Coa>Cra> Cap and Cj, are plotted for various temperatures as a function of wavevector. The parameters employed are | = 1
(meV), K, = 2K, = 0.2 (meV),S = 2.5and a = 1 (nm).

Hamiltonian H" is no longer diagonal in the {«, 3} basis. To diagonalize H", we should introduce a new
diagonal basis of operators, i, and 4, and the Hamiltonian in this new basis reads

H'=>" 4 (eﬁl’ [leﬂq + 6;17:[119,1). In the absence of magnetic fields and DMlIs, the effective eigenmodes of an
interacting uniaxial AF system remains degenerate, e = £/ = £, where

%=J@+%Y—WW, (22)

with e = 2JS \/ (142K, /2] )2 — |74]? denotes the dispersion relation of noninteracting magnons in the
uniaxial case, i.e., equation (11) with K, = 0.

The dispersion in equation (22) is valid for two-sublattice AF systems with arbitrary dimensions and
lattice structures at finite temperature. Here, we consider two distinct geometries of spin systems which are
quite common, i.e., square and hexagonal lattices. The evaluation of mean-field coefficients,
equations (21a)—(21c), and the eigenenergy ¢, is done self-consistently and involves the calculation of A;
and A, for various temperatures.

In figure 1, we display the magnon eigenenergies and mean-field parameters as a function of the
wavevector for different temperatures and for two lattice structures. As we have already discussed, the
eigenenergies do not reduce to the eigenenergy of noninteracting magnons €, at zero temperature (dashed
line at figures 1(a) and (b)), thanks to the existence of nonlinear quantum corrections. At finite
temperature, we observe that magnon interactions lower the energy of long wavelength magnons. In
particular, from the inset of panels (a) and (b), we see that AF resonance modes are decreased by increasing
the temperature. This figure shows that nonlinear magnon interactions are more pronounced in AF systems
with hexagonal lattice than their square lattice counterparts.

The mean-field parameters C, and D;, plotted at figures 1(c) and (d) for each lattice, are both peaked at
the zero wavevector. The intraband coefficient C; may change the sign by varying the temperature and
wavevector while the interband coefficient Dj is always positive in our formalism.
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Figure 3. Temperature dependence of magnon eigenenergies of a biaxial AF system in a 2D hexagonal lattice. In panels (a) and
(b), the energies & and €] are plotted as a function of the wavevector. Dashed lines represent the respective noninteracting
energies, see equation (11). The mean-field coefficients (in meV units) Coq, Cly» Cass Cgﬂ, D, and D, 5, are shown as a function
of the wavevector in panels (c) and (d) with kg7 = 40(meV) and K, = 0.2(meV). Note that the real parts of coefficients D,z and
D) ; are zero, and thus only imaginary parts are displayed. The parameters employed are the same as in figure 2.

4.2. Biaxial easy-plane AF systems

In this subsection, we focus on the AF systems with biaxial anisotropy. Previously, we have shown that the
degeneracy of two noninteracting magnon modes is lifted in this case, see equation (11), and the
corresponding eigenstates are elliptically polarized magnons [20]. The total interacting magnon
Hamiltonian within the mean-field approximation is H = H® 4 H{!\. The mean-field Hamiltonian (17)

can be partitioned into the intra- and interband contribution as Hyj = Ho. + H{ | with
Hipy =Y [Conq@yorg + CosgBlBy + Chogtqtt—q + ChysgB4B-q + Hocl, (23a)
q
Hipe = [DapgathBy + Diys gtgB-q + Heel. (23b)
q

The intraband contribution of nonlinear magnon scattering consists of diagonal elements, in the o and

/3 operators representation, with coefficients C,, and the off-diagonal elements with coefficients C, .
Cyx=aa(sp) renormalizes noninteracting magnon dispersions, obtained within the linear spin-wave theory
H?), equation (15), while Cl\—aa(sp) characterize magnon scatterings between states with opposite
momenta, q and —gq, inside a particular magnon band. The later is equivalent to the annihilation and
excitation of an (a) a(/5) —magnon pair with zero net linear momentum and spin angular momentum
+2h(—2h). The interband nonlinear magnon scatterings are parameterized by off-diagonal terms, D, and

5> corresponding to scattering processes of magnons between « and 3 bands. The total interacting
Hamiltonian, H, is no longer diagonalized in the basis of o and 3 operators. Thus, we do another canonical
transformation and find the diagonal basis in terms of new bosonic operators, say ; and v. The expressions
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for mean-field parameters are presented in the appendix A2, see equations (A4a)—(A4d). In the biaxial case,
similar to the uniaxial one, the temperature-dependent mean-field coefficients are finite even at T = 0. This
nonlinear quantum corrections to magnon dispersion scales as 1/N, see the appendix A2, and therefore are
negligible for large systems. The nonlinear quantum corrections, in addition to linear quantum spin
fluctuations, could play a relevant role in the quantum spin-transfer torques and spin shot noise
phenomena [64]. The importance of this correction is, however, conditioned to small systems, which is a
size limit where our mean-field approach might breakdown.

We find that in square lattices D,3 = D, 5 =0, hence, the interband scattering processes are absent. The
eigenenergies for the two magnon bands in a square lattice are given by,

€ = \/ (€5 + Cang)? = [Chaql® (24a)

6; = \/(63 + Cﬂﬁ,q)z - ‘Céﬁ,q‘z' (24b)

In figure 2(a), we show the magnon eigenenergy of a 2D square lattice as a function of the wavevector
for different temperatures. The situation is similar in 3D AF systems, see the appendix A3. The
noninteracting eigenenergies, €, and 62 , in the upper- and lower-panel are respectively represented by
dashed lines. The effect of nonlinear interactions is in particular evidenced by the temperature dependence
of the AF resonance modes, €}y and €}, shown in the respective insets of panel (a). These figures show that
the energy of one magnon band €fj, decreases with temperature, while another band ¢}; has a weak
temperature dependence for different strengths of the hard-axis anisotropy.

Quite contrary, we find that in hexagonal lattices, the interband mean-field coefficients D3 and D/, 5 are
nonzero. The eigenenergies for the magnonic - and v-eigenmodes, denoted by €] and €], respectively are
shown in figure 3. Their analytical expressions are displayed in equation (A9) at appendix A3.

Generally, in biaxial cases, the degeneracy of two magnon bands are broken and one band (the v band)
has lower energy than other one (the 1 band). Therefore, increasing temperature leads to an increase in the
population of the lowest magnon band, the v band, and consequently these thermally excited magnons
renormalize the v band more strongly than the 4 band. This can be readily seen in figures 2 and 3.

5. Thermal squeezed magnons

In this section, we study the effect of nonlinear thermal magnons on the polarization of magnon
eigenmodes based on the calculation in appendix A4. In general, magnon polarization is an essential
ingredient in magnonic-based information technology [7, 65, 66]. Therefore, it is important to understand
the effect of interactions on the polarization of magnon eigenmodes. As we have mentioned earlier,
two-sublattice AF systems have two magnon eigenmodes. At long-wavelength limit, i.e., close to the
magnetic Brillouin zone center, the polarization of magnons is determined by magnetic anisotropy, while at
short-wavelength, i.e., close to the magnetic Brillouin zone boundaries, the polarization of the modes are
governed by the Heisenberg exchange interactions. Therefore, in our spin model with isotropic Heisenberg
exchange interaction in the presence of either uniaxial or biaxial magnetic anisotropies, high energy
magnon eigenmodes close to the BZ magnetic boundaries are circularly polarized with an ellipticity

e = (S )max/ (S )max = 1, see the inset of figure 4 and right panel of figure 5. On the other hand, in the
previous section, we have shown that nonlinear thermal interactions mostly modify the low-energy magnon
excitations. Therefore, we expect interactions mainly affect on the polarization of the anisotropy-dominated
low-energy magnons.

It has been shown, both theoretically and experimentally, that in quantum AF systems with negligible
magnetic anisotropy and at low temperature, there are magnon self-squeezing states because of AF
quantum fluctuations and interaction between two AF sublattices [67—71]. Magnon squeezed states and
quantum spin entanglement are related, and thus they are interesting for applications in quantum
computing. In the presence of anisotropy and finite temperature, quantum magnon squeezing is reduced,
but here we show that thermal squeezing becomes dominant at finite temperature [72]. This thermal
squeezing in uniaxial AF systems, arising from an effective attractive magnon interaction and breaking of
the local U(1) symmetry, see equation (20) and discussions below it.

The resulting temperature-dependent magnonic modes exhibit anisotropic spatial oscillations. This
property is evidenced by the ellipticity, which is determined [20] from the Bogolioubov transformation,
(equations (6) and (9)), and diagonalization matrix of the Hamiltonian H = Hr(rf) + Hﬁ%, that in turn
relates the spin components and diagonal basis, i and 7, of operators, see appendix A4 for more details.
The result is obtained for the uniaxial (e,n;) and biaxial (ey;) AF square-lattice systems, and presented at
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Figure 4. Temperature-dependent ellipticity of AF resonant modes of a uniaxial AF square lattice for different easy-axis
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Figure 5. Ellipticity of two AF resonance modes as a function of temperature (left panel) and dimensionless wavenumber (right
panel) in a biaxial AF square lattice. The temperature-dependent ellipticity of each AF resonance mode, ¢|; and e, are
represented at left panels by blue and red curves, respectively. The result is shown for various hard-axis anisotropies, Ky, with a
fixed easy axis anisotropy K, = 0.1. Right panels show the wavenumber dependence of ¢;; and ¢f; for different temperatures,
ks T = {0,0.1,10,20,30} (meV) around the center of the first BZ. Black dashed line represents the ellipticity of noninteracting
magnons. The inset in the right panel shows the behaviour of ellipticity in the whole BZ, where two magnon modes become

circularly polarized close to the first BZ boundaries.

figures 4 and 5 as a function of temperature for different magnetic anisotropy strengths. Similar results is
also obtained in hexagonal lattices (data not shown).

In figure 4, we plot the ellipticity eyni for the degenerate magnon modes in uniaxial AF systems. The
result is identical for each magnon mode, which is shown for various easy-axis anisotropy values.
Interestingly, the eigenmode oscillations become squeezed along y-axis when temperature increases. This
effect is a direct consequence of U(1) symmetry breaking arising from nonlinear thermal interactions, see
equation (20), and thus is termed thermal squeezed magnons [72], unlike its quantum counterpart defined at
T = 0 [67-70]. In the biaxial AF system the ellipticity, eyi, of - and v-magnonic eigenmode, are plotted at
figure 5 as a function of temperature and momentum. In this case, the eigenmodes are nondegenerate and
they are elliptical even at zero temperature along different directions. The ellipticities, ef; and e}, at g = 0
are represented (left panels) by blue and red curves, respectively. The magnonic x(r)-mode becomes more
(less) elliptical, being e’g’i > 1 and ¢}; < 1, when temperature increases but in an anisotropic way. Similarly,
the dependence with momentum is displayed at right panels. As temperature is increased, both e}; and e,
slightly deviate from the ellipticity for noninteracting magnons (i.e., at 7 = 0 and depicted by a black
dashed line). Different rate in the change of ellipticity of the two modes vs temperature is related to the fact
that the ¥ mode has lower energy and this band becomes more populated than the ;¢ mode; therefore the
nonlinear effects are stronger in this lower band, see figure 2.
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6. Summary and conclusion

We have developed a self-consistent Hartree—Fock mean-field formalism to compute nonlinear magnon
interactions in two-sublattice biaxial AF systems at finite temperature. We have shown that thermal
interactions, on the one hand, reduce magnon bandgaps and thus AF resonance modes. Magnon bandgap
plays an important role in the stability of long-range magnetic order in 2D systems. On the other hand, we
have investigated the effect of nonlinear thermal magnon interactions on the polarization of low-energy
magnons. We have shown that in the uniaxial AF case, magnon modes become squeezed because of the
attractive nature of nonlinear magnon interactions and the breaking of local U(1) symmetry. In the present
paper, we have used the truncated HP bosonization transformation scheme to compute nonlinear magnons.
The Dyson—Maleev transformation [73, 74] also leads to the same effective renormalized Hamiltonian
within the Hartree—Fock approximation [42, 49]. We have shown that long-wavelength magnons interact
more strongly than high-energy magnons. Even at zero temperature, there is a finite nonlinear quantum
correction to the bare magnon dispersion. The power of this method is that it not only simplifies the
interaction terms in the magnon Hamiltonian but also does not impose a new constraint on the results. The
HP bosonization method is applied to find magnon interactions, and the Hartree—Fock method, applied to
find mean-field thermal magnon interactions, is more accurate at low magnon numbers and large spin
limits. Within this formalism, it is easy to investigate the effect of nonlinear magnons in various magnonic
phenomena such as ultrafast magnon excitation and transport, two-magnon dynamics, and magnon
condensation.
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Appendix A. Mean-field coefficients

In this appendix, we present the treatment of the magnon—magnon Hamiltonian H £4) within the mean-field
approximation. We define the following mean-field parameters [60],

2 2
m= s <aj1aq> = N_SZ <b;bq>, (Ala)
q q
, 2
m = ﬁz ’y_q<aqb;>, (Alb)
q
_iZ< >_iZ<bb ) (Alc)
P—qu aq“fq—NSq a9—q/)> ¢
, 2
= mz v_qlagh_g), (A1d)
q

where (. ..) is for the thermal average. The mean-field parameter m denotes the number of bosonic
excitations on each sublattice .4 and 3, while 7/, p and p’ denote the interaction between them. In the
following, we evaluate these mean-field parameters for both uniaxial and biaxial cases, separately.

Al. Uniaxial easy-axis AF system
In the uniaxial AF case, where the magnon basis reads as equation (6), the mean-field parameters become,

12
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2 ul2 u|2 ul2
m= Fszq:“”‘f‘ + |vg?) ng + 041 (A2a)
m =p=0, (A2b)
Zv qu (an 1). (A2¢)

The mean-field coefficients, introduced in the Hamiltonian (20) obey,

! Py A u, u
Cq= E[Al(\u;\z + [0 ?) = (Asq 0y + Az g uguy)], (A3a)
1 u
C, = 2[Al(\u ” 4 [04]7) = (Agg D% + Ay g i), (A3b)
Dy = —2A vy + (Agq(vf)* + Agg(it)?), (A3c)

where A} = —(2z] + 4KC,)Sm — 2JS(p’ + p') /2 and A; = —2zJS(p' + m) y_g, and ng = (1144 + 15,4)/2. In the
uniaxial case and in the absence of magnetic fields and DMIs n,,4 = ng,,.

A2. Biaxial easy-plane AF system
In this case K # 0, where the magnon basis reads as equation (9), the mean-field parameters become,

= 257 [l V5aP) g+ (gl fg) g ol + ] (Ada)
q

p= %Z [ugxg (2n10,q + 1) + vqwy (254 +1)], (Adb)

SZW —(lugl” + 1xq1") Mg + (lvgl* + [wg]?) 1 — lugl* + Ivg ] (Adc)

NSZW —tgxy (200, + 1) + vawy 2nse +1)], (A4d)

which depend on the Bose—Einstein distribution function of magnons at each mode, 1,,4 and n4 4, and the
Bogoliubov coefficients. In particular, note that the mean-field parameters are finite even at zero
temperature. In this regime, the magnon distributions 1, 4 — 0, and thus m = 2 3°_(|x,|* + [wg|*) /NS,
p =23, (ugxg + vgwg) /NS, m' =23, Y _q(—lugl® + |v4]*)/NS and p’ = 2 g V—q(—ligXq + vqwq) /NS.
This results emphasize that magnon—magnon scattering introduces finite corrections in the magnon
dispersion even at zero temperature.

The mean-field coefficients, introduced in the Hamiltonian (17) obey;,

1 _ _
Caa,q = E [2Aa(|uq‘2 + |xq|2) _ (A,ub,q +A:1b,q) |uq|2 _ (A;b)_q +A;b,—q) ‘xq‘z
+ (2A:1 + ZAZ - Aub,q - Aab,fq) UgXgq + (ZA; + ZAE, - Aab,q - Aub,fq) Zjlqjcq] > (A5a)

Cﬁﬂ,q - 5 [ZA (|U‘1|2 + |wq| ) + (Aubq +A;bq) |Uq|2 + (Aub —q +A;b,fq) ‘w']‘z

+ (24} + 2A} + Auvg + Aab—q) Vgwq + AL + 247 + Aapg + Aab,—q) Vgl (A5b)
Clrog = (240 — Ay g — Alupg)ughy + (A, + Al — Ay g)uy + (A, + A, — A g)%;, (A5¢)
Ciipg = (2Aa+ A;b,q + A1 q)0gWq + (Al + A} + Aag)vs + (AL + Ap + Ay )T, (A5d)

Dapq = (Aab,—q — Aabg)XqVq — (Aﬂb,*q - Aub,q)aqwq + ( ;b,—q - A/ubﬁq)xqwq - (A,ub,q - A,ub,q)”qaq
+ 2(Al — A} vgxg + 2(Al, — A}y, (A5e)
:,(g,q = (Aab,—q - Aab,q)xqwq + (Aub,q - Aab,—q)uqvq + (A;b,—q - A/ub,—q)xqvq + (A:zb,q - A/ﬂb)q)quq

+ 2(Al, — A} ugug + 2(A], — A})XqWg, (A5f)
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where the following definitions have been introduced

Ag=—S z]<m+perp>+4m<lcz+]§")—z(p+p)/@] (A6a)
Al =-S§ -z]r?z' + p(lcz + ’%) - Zmle], (A6b)
A,=-S§ _Z]m’ +p<lCz + %) - zmle], (A6c¢)
Adbvg = —2S7—q (p' +m) (A6d)
loa = — IS4 <m’ 4P Ip ) (A6e)

In the cases evaluated in the main text, i.e., in the absence of magnetic field and DMIs, the Bogoliubov
coefficients u,, v, w4 and x, can be defined as real functions, thus the previous relations for the mean-field
coefficients are simplified in the following form,

Cong = A;\uq\z + A:q|xq|2 + 2Re[ugxq (¢ — ReTy)], (A7a)

Cspq = A;|’Uq|2 + Aq+|u)q|2 + 2Re [vqwq (5 + Re Fq)] , (A7b)

Chog = 208, ugXq + Ny g + A x5, (A7c)

Chpg = ZA;vqwq + A‘;F’U; + ]\;w; (A7d)

Dopg = Laxqug — Dquigwy + O _gxqwy — Ogquguig + 2 {0 x4 + 2 guq Wy (A7e)

D5, = Dgxqwg — Tqiqug — O 4Xq0q + Oquguig + 26 ugvg + 2 & xqwy, (A7)
where we define,

Ay = As £ Re[Ay, ], (A8a)

E=A+ 4, &=A—-A, (A8D)

Ty = (Aa,—q — Aabg)s Ty = (Aap,—q + Aabg)s (A8¢)

A;t =&+ Augs (A8d)

= (Aupy — q /ah,q )- (A8e)

A3. Eigenenergies of a biaxial easy-plane AF system
The eigenenergy of a biaxial AF Hamiltonian in the presence of nonlinear interaction corrections, modeled
by an effective mean-field Hamiltonian H = H? + Hﬁ%, where H = H? is given by equation (15) and
Hﬁ% is given by equation (17); are given by,

2, =X+ [ -

(D(H(O.ZSTD’ —CloCls) + 4(ea + 0.5Ca0)° ((65 + 0.5055)2 - cgﬁéjgg))

+Che (4(65 +0.5Cs5) Ch + D2Chy — 4Ch,|Clisl* — 2(e5 + 0.5Cs35) Dy Das + C”Bﬂpgﬁ)

!
C(l(!{

—2D,,3,Das((es + 0.5C35)C,

[e7e)

O'ZS@ZM;QD(HQ) ( ,3’3’ +0. ZSD(!/?)DéB

1
2

— 2(6q + 0.5C00) (D 5ClisDas + D sClisDay — (€5 + 0.5Cs5) (1D + [Das? ))} . (A9)

with & = (0 +0.5Caa)? + (e +0.5C3)" +0.5(|Dus” = [Pl ) = IC
as we have already discussed in the main text, the interband scattering processes are absent D3 = D, 5 = 0,

and thus equation (A9) reduces to equation (24) in the main text. The result of equation (A9), is computed
for cubic lattices and presented at figure 6 for different temperatures.

= |C’55 |2. In square lattices,
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Figure 6. Dispersion relation along the high-symmetry lines for temperature-dependent magnonic eigenmodes of a 3D cubic

biaxial AF insulator. The eigenenergies for each mode, €, (left panel) and ¢, (right panel), are presented for various temperatures,
using equation (A9).

A4. Ellipticity
The ellipticity is defined as e = (S¥)max/(S: )max- In the uniaxial easy-axis AF case, the elipticity of each AF
eigenmode is given by,

Cni = \/A+8q+ \/A—eq’ (A10a)
VA+e—A-g
7 T

g VA et VA g (A10b)

uni ™ VA +e4— \/A’—Eq’

where A = €+ 0.5Cgand A’ = €+ 0.5C"1. Since Cg = C,’l, two modes have the same ellipticity.
In the biaxial easy-plane AF system, we find the following relations for ellipticity of each eigenmode,

P P
ey = nt =, (Alla)
Py — Py3
P P
o = e (A11b)
Py —Pp
where we have defined the following parameters,
Pr1 = uyQui + v4Qa1 + x4Q13 + wyQa3, (Al2a)
P13 = u4Q13 + v4Q2s + x4Qu1 + wgQar, (A12b)
Pry = u4Q1 + v4Qn + x4Qu4 + wg Qa4 (Al2¢)
Py = ugQus + v4Qa4 + x4Q12 + wy Qa2 (Al2d)

The matrix Q is the transformation matrix that diagonalizes the total interacting Hamiltonian
H=H? + H{}), where H{}} = Hi(ﬁt)m + H is the mean-field interaction, see equations (23a) and (23b)

inter
in the main text. In the diagonal basis, the Hamiltonian is written as

H= ;Zq: (M) (1), (A13)

T
where (1) = Q(¥) is the new basis in which the Hamiltonian is diagonal (1) = <uq, Vgs ,uiq, l/iq) , while

T
the old basis is (V) = ( oy, By» aT_q, ﬁT_q) ,and € is a 4 x 4 diagonal matrix, with elements equivalent to
the eigenenergies of the problem and
Q Qz) (Qn Qu) (Qla Q14>
— _ — 5 — N = A14
Q (Qz @) Y7l o ) 5 e o (A14)

being the transformation matrix [20].
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