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Intrinsic nonlinear thermal Hall transport of magnons: A quantum Kkinetic theory approach
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We present a systematic study of the nonlinear thermal Hall responses in bosonic systems using the quantum
kinetic theory framework. We demonstrate the existence of an intrinsic nonlinear boson thermal current, arising
from the quantum metric, which is a wavefunction dependent band geometric quantity. In contrast to the
nonlinear Drude and nonlinear anomalous Hall contributions, the intrinsic nonlinear thermal conductivity is
independent of the scattering timescale. We demonstrate the dominance of this intrinsic thermal Hall response
in topological magnons in a two-dimensional ferromagnetic honeycomb lattice without Dzyaloshinskii-Moriya
interaction. Our findings highlight the significance of band geometry-induced nonlinear thermal transport and
motivate experimental probe of the intrinsic nonlinear thermal Hall response with implications for quantum

magnonics.
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I. INTRODUCTION

Quantum information processing technologies require fast,
compact, and power-efficient quantum devices. A promising
approach to achieve these goals is to use magnons as carri-
ers of information [1-5]. Magnons are quasiparticles of spin
excitations in magnetically ordered materials that carry both
energy and spin angular momentum [6]. Unlike electrons,
magnons are electrically neutral and thus not subject to Joule
heating, making them attractive candidates for information
processing [7]. Recent experimental advances have demon-
strated the feasibility of using spin-orbit torque to excite
terahertz magnons and control their quantum states [8,9].
However, a deeper understanding of magnon transport is cru-
cial to fully exploit their potential for the emerging field of
quantum magnonics, which combines quantum optics, spin-
tronics, and quantum information processing [5,10,11].

The magnon thermal Hall effect is a well-known transport
signature of magnons, which arises from the Berry curvature
and band topology in bosonic systems [12-25]. Topological
magnon systems, such as the magnonic analog of spin Hall
insulators [26-28] and magnonic Dirac and Weyl semimet-
als [29-31], have been extensively explored in recent years.
These systems host linear magnon spin Nernst or thermal
Hall currents, which are induced by noncollinear spin tex-
ture or Dzyaloshinskii-Moriya interaction (DMI). However,
in the absence of DMI the linear thermal Hall signal vanishes
and transport signatures in the Hall response appear only in
the nonlinear response regime. This has motivated the re-
cent exploration of exciting nonlinear transport phenomena
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in bosonic systems. These include the nonlinear thermal Hall
effect [32] (see Fig. 1), nonlinear spin Nernst effect [33], and
nonlinear optical response [34,35], among others. The study
of topological transport in bosonic systems is not limited to
magnons and has also been explored in phonons [36-38], pho-
tons [38], and other magnetic excitations [32,39]. However, a
systematic exploration of all possible nonlinear responses in
bosonic systems is still lacking.

To address this, we present a quantum kinetic theory
[40—44] based unified framework for calculating all the lin-
ear and nonlinear transport coefficients in bosonic systems.
We reproduce the known linear and nonlinear Drude and
anomalous Hall responses. Importantly, we predict the exis-
tence of an intrinsic nonlinear thermal Hall conductivity in
bosonic systems, which is independent of the magnon scat-
tering timescale and has not been previously explored. We
show that the intrinsic nonlinear thermal Hall conductivity
arises from the quantum metric and it dominates the thermal
Hall response in the regime where the linear and nonlinear
anomalous thermal Hall responses vanish alongside the Berry
curvature. We explicitly demonstrate this by calculating the
nonlinear thermal Hall transport of magnons in a ferromag-
netic honeycomb lattice with and without DMI. Our results
provide insights into band geometry-induced nonlinear trans-
port phenomena in bosonic systems.

Our quantum kinetic approach provides an elegant alter-
native to the Boltzmann transport theory [23], enabling us
to include all interband coherence effects without the need
for boundary confining potentials. We organize the paper as
follows: In Secs. II and III, we describe the quantum kinetic
theory formalism for calculating the nonlinear thermal current
of bosons, including both intrinsic and extrinsic contributions.
Then, in Sec. IV, we apply this framework to study magnons
in a two-dimensional hexagonal honeycomb lattice. Specifi-
cally, we demonstrate the dominance of the intrinsic nonlinear
thermal Hall conductivity in the absence of DMI in Sec. V. We
discuss some potential materials for observing the intrinsic

©2023 American Physical Society
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FIG. 1. Schematic showing the setup for measuring the nonlinear
thermal Hall current of magnons. The temperature gradient (—VT)
is applied along the y direction and the nonlinear thermal current
[J o (VT)?] is measured along the x (Hall response) and the y
(longitudinal response) direction.

nonlinear Hall current in Sec. VI, and summarize our findings
in Sec. VIIL.

II. NONLINEAR DENSITY MATRIX WITH THERMAL
DRIVING FOR BOSONS

To calculate the linear and the nonlinear thermal currents,
we first solve for the density matrix up to second order in
the applied temperature gradient VT'. We use the quantum
Liouville equation to calculate the density matrix in the crystal
momentum representation p(k, t). The quantum kinetic equa-
tion of the density matrix in the presence of a temperature
gradient has the form [40,41,45]

ap(k, j
% + = [Ho. pk.0) = Drlpk. D). ()

Here, H represents the grand canonical Hamiltonian satisfy-
ing Holuy) = & |uy). The energy of the nth band is ; with the
corresponding energy eigenstate |uz). In Eq. (1), [A, B] is the
commutator bracket for operators A and B. For brevity, we use
p for p(k, t) and ¢, for &} in the rest of the paper. The term on
the right-hand side of Eq. (1) is the thermal driving term [41],

Dr(p) = _%ET : HHO, 2—2} — i[Ry, {Ho, p}]]. 2
Here, E; = —VT/T is the thermal field [46] (or temperature
gradient) with T being the temperature and the bracket {A, B}
represents the anticommutator of A and B operators. In Eq. (2),
Rk is the momentum space Berry connection. In the band-
resolve form, it is defined as R, =i (uﬁ|3k|u£).

We use a perturbative approach to solve for the density
matrix in Eq. (1). It can be done by expanding p in pow-
ers of the temperature gradient, p = p© + pM + p@ 4 ...
where p™) oc [VT |V with N being an integer. The equilib-
rium density matrix is given by p©@ =Y |uf)(u}|fZ, where
8 = fB(e,) = (eo/T — 1)~! is the Bose-Einstein distribu-
tion function. The effect of disorder in this framework can be
included using the adiabatic switching on [42] of the temper-
ature gradient, VT — VTe ", This approach is equivalent
to a relaxation time approximation with n = 1/t denoting the
inverse of the scattering timescale (t), which is assumed to be

a constant for simplicity. In the band basis representation, the
Nth-order density matrix elements can be calculated using the
following equation [42]:

8'0(11\7/) i ) '0(11\:) (N=1)
- - s n L = D - np- 3
5 +h[7{0/0 ]p+t/N [Dr (0™ Dlnp- (3)

Here, the subscript np denotes the matrix element of an the
operator O between the nth and the pth energy eigenstates,
or O, = (u£|(9|u,’: ). For the steady-state solution, we ignore
the time derivative term of the density matrix. The matrix
elements of the commutator term can be evaluated to be
[Ho, 0™y = (80 — €,)p . Using this in Eq. (3), we obtain
a recursive solution for the Nth-order density matrix element,

pay) = —iligy [Dr (0™ )], )

Here, we have defined g”]f = [enp — iFN/t]~! with Enp =
(e — €,) being the interband energy gap at a given k.

A. First-order density matrix

From Eq. (4), we can extract the first-order density
matrix elements to be p,(L},) = —ihig\" D7 (p®)],p. For the
equilibrium density matrix of bosonic excitations (such as
magnons), we have pf9) = f?8,,. Using this, we can eas-
ily evaluate [Dr(0 )]y = —3E7 - [€20cfF + iRup(enff —
&p fPB )]. It will be useful to express the density matrices as
a sum of diagonal and off-diagonal parts, p" = p¢ + p°.
Here, pd includes the intraband processes, while p° arises
from the interband processes. We calculate the diagonal and
off-diagonal components of the first-order density matrix
to be

T .
p/‘zin = _ﬁgnac ,fE;,
po, = =R, 8\ (enf? — pf7 )Ef. (5)

For brevity, we have defined 9. = 0i,, and used the Einstein
summation convention for repeated spatial indices.

B. Second-order density matrix

As the second-order density matrix is calculated using the
first-order density matrix, both p¢ and p° contribute to the
diagonal and off-diagonal parts of the second-order density
matrix. Therefore, we can express the second-order density
matrix as a sum of four terms, i.e., p® = pdd + pdo 4 p"d +
0°°. Here, the first two (last two) terms constitute the diagonal
(off-diagonal) parts of the second-order density matrix. In
p%P . the first superscript @ (second superscript 8) denotes
the diagonal or off-diagonal element of p®. The second
superscript 8 in p*? captures the diagonal or off-diagonal
element of p1 from which it originates. From Eq. (4), we
have ,0,(3)) = —ihg)'[Dr(pV)],p. The detailed calculation of
the different terms of the second-order density matrix is pre-
sented in Appendix A. We obtain the “dd” part of p® to be

2
T
pld = ﬁ[he,, vpd £ + e300 fP|EVES, (6)

where v} = i '9ye, is the group velocity of the magnons
in the nth band along the spatial direction b = x, y, z. We
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calculate the “do” component of p® to be
d it
pny(l) = E ;(En + 8[))

X (sn ff

The “od” part of the second-order density matrix is given by

pRC Rb +gPﬂRb RE )

np pn np pn

— epfP)ELES. )

e ””R” (en0cf? — e30cf2)EPES. (®)
Similarly, we obtain the p°° part to be

i
10;(1); = __ggp(gn + Ep)D (gnpRnpg:np)EjéE;

+g22

NIRERE (en + £9)Eng

ng’Vqp
qF#n#p
- glpquRgp(gﬂl + &p)Eqp |ELES. )

Here, we have defined &,, =¢,f; —¢,f, and used the

covariant derivative D), = 8, — i(R}, — R} ). The second
term of Eq. (9) only contributes in systems having three
or more bands. This completes our derivation of the
second-order density matrix for a thermal perturbation to
a multi-band system. We use it to calculate the nonlinear
thermal Hall current in the next section.

III. NONLINEAR THERMAL CURRENT FOR BOSONS

For bosonic systems, the physically measurable thermal
current is identical to the energy current JE. It turns out that
JE can also have a circulating component (curl of energy
magnetization for our case), which cannot be measured in
transport experiments [24,47]. Thus, we have the measurable
transport current J = JE — JE™32_ The energy current is sim-
ply the Brillouin zone sum of the product of the energy current
operator (or energy velocity, {Ho, v}/2) and the distribution
function. The energy magnetization current for bosons is spec-
ified by JEM2 = V, x ME, where M® is the thermal energy
magnetization density in equilibrium. The equilibrium energy
magnetization density (for a given band n) is specified by
[24] the sum of two contributions, MY = an +M 5 The
first contribution arises from the particle’s magnetic moment
m,(k), and the other arises from its Berry curvature 2, (k).
Explicitly, we have

B Szn * B
=/[dk](8nfo (8n)mn+7/ de e fy (8)>~ (10)

Here, [dk] = d?k/(2m)? is the integration measure for a
d-dimensional system. We note that the orbital magnetic mo-
ment of the quasiparticle arises from the self-rotation of the
wave-packet around its center of mass. The first term in the
energy magnetization can be interpreted as the thermody-
namic average of the orbital moment. However, the center
of mass motion of the wavepacket gives it another contribu-
tion dependent on the Berry curvature [the second term in
Eq. (10)].

Using the above definition, the linear thermal current
(within the quantum kinetic theory) can be expressed as

[41,42]
JO = Te[H{Ho, v}p V] + Trl(Er x m)Hopol
L OTHE; x Mg 1)

Here, m (Mg) is a diagonal matrix with the band-resolved
quantities m,, (Mg,) as its diagonal elements expressed in
the basis of eigenvectors of Hy. As a consistency check for
Eq. (11), we note that it produces all the known linear thermal
currents, such as the Drude and the anomalous thermal Hall
current. We refer the readers to Appendix B, where we have
presented all the detailed calculations of the linear thermal
current.

The nonlinear thermal currents due to the temperature
gradient can be obtained similarly. The second-order thermal
current is given by [42]

J? = Tr[3{Ho, v}p®] + Trl(Er x m)HopV1.  (12)

The equilibrium magnetization current [the third term on
the right-hand side of Eq. (11)] is linear in the temperature
gradient. So, it does not contribute to the second- or higher-
order thermal current. A subtle possibility beyond Eq. (12)
is that the magnetization can get corrections induced by the
temperature gradient, m — m + m’ . This idea is similar to
electric field-induced magnetization, which has been recently
explored in Refs. [48—50]. The thermal gradient-induced mag-
netization contribution m” can combine with the equilibrium
density matrix p© to possibly have a finite thermal current
similar to the second term in Eq. (12). However, in this paper,
we will not explore this possibility; it can be a potential future
project.

Following the four terms of the density matrix, we express
the second-order thermal current as J® = J 4 jdo 4 jod 4
J + J™&, Here, the first four terms arise from the corre-
sponding component of the second-order density matrix. For
example, p% generates J% and so on. The last term J™ rep-
resents the thermal current arising from the magnetic moment
part of Eq. (12). For the first term in Eq. (12), we can show
that

el 1 @|_1 @
r[E{Ho, v}p } =3 2 GEnteuupfl.  (13)

n,p,k

Here, v,, denotes the components of the velocity operator
defined as ihv = [r, H]. For notational brevity, we have used
Y = [[dk]. The elements of the velocity operator are ob-
tained by the covariant derivative of the Hamiltonian (v, =
E D Ho] »n) and found to be

Vpn = V8pn + iwp R . (14)

Here, the first term v,, is the group velocity of the quasiparti-
cles in the nth band, while the second term corresponds to the
Berry phase correction to the velocity.

Using these, we calculate the “dd” component of J® orig-
inating from the p% along the spatial direction a to be

JY = 2h2 Z (henvld f2 + 20,0, f2)e v ERES.  (15)
nk

The J% component of the thermal current depends only on the
group velocity of the quasiparticle. Similarly, we calculate the
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nonlinear thermal current stemming from p% to be

. p#n
d 124 n, b c B B
J' = 2 > IR RE (e + £p) Enfy — £pf?)
n,p,k
X (snv,‘: — 8,,UZ)E?E}'. (16)

The “od” component of the nonlinear thermal current is given
by

. p#n
a_ T b
LA P )
n,p,k
x (en0f;f — 3002 )ELE]S. (17)
Similarly, we compute the “00” component of J to be
p#n
I = = D e e + £p)RG,
n,p.k

X (Sn + SP)Dﬁp (g,IprlpE"I’)

qFn#p
+i Y (1R, RE (80 + £9)kng
q

— IR RS (64 + €p)6qp) | ETES. (18)

We find that barring the J9¢ contribution, all the other three
contributions depend on the band geometric quantities.

To calculate the magnetic moment-induced J™*, we note
that the particle magnetic moment of the nth band is given by
[51,52]

i

2h(vku,';| x [Ho — &4]|Viu)

m, =
. Dp#n

_ —ﬁ Y (en — &) (Rup X Ropn). (19)
p

In writing the second line of the above equation, we have used
the completeness relation. Using this, we explicitly calculate
J™M% and it is given by
mag 2 & 2 ab B b e
It = D enen — £p) Q0 fPERES.  (20)
n,p,k

We refer the readers to Appendix B for a detailed calculation
of magnetic moment contribution to the linear thermal cur-
rent. The calculation for the second-order current in Eq. (20)
follows the same approach. In Eq. (20), the band geometric
quantity Qgi’, is commonly known as the band-resolved Berry
curvature. In our calculation, it arises from the band-resolved
quantum geometric tensor [53] defined as QZZ = RZPR'[’M =
Q,‘;fj - %QZZ, where Q,flb, is the band-resolved quantum metric.
Recently quantum metric was measured experimentally [54]
in the context of anomalous Hall drift. Here, we emphasize
that the quantum geometric tensor, quantum metric, and Berry
curvature are gauge-invariant quantities (see Appendix D for
details). The band-resolved Berry curvature can also be ex-

pressed as Q@b = —2 Im[Q4] = (R, Rb, — R R4). In

this form, it is explicit that the band-resolved Berry curva-
ture is antisymmetric under the exchange of both spatial and
band indices [51,55], or lebj = —Qﬁ‘;,, and QZZ = —Q;ﬁ. This
band-resolved Berry curvature is related to the single-band
Berry curvature [used in Eq. (10) for example] via the relation
Q=37 .

A. Intrinsic and extrinsic contributions
to thermal Hall currents

While the previous section calculates all contributions to
the nonlinear thermal current of bosons, it is useful to classify
them according to their dependence on the scattering time.
By doing a systematic expansion in 7, we can express J» =
JP(x 19 + TP (x 1) + TP (x 12). Here, J@ (x 79) is the
intrinsic part of the nonlinear thermal current independent of
the scattering time. The other two terms, namely J® (o t!)
and J¥ (o< 7?) depend on the scattering time and represent the
extrinsic nonlinear thermal current. This is useful for experi-
ments as the contributions with different t dependence can be
separated using appropriate scaling laws [56]. This facilitates
the understanding and analysis of the physical mechanism
behind the dominant contribution to the thermal current. This
also helps us to identify the dissipationless intrinsic nonlinear
thermal currents, which originate from quantum coherence ef-
fects and carry the signature of the band geometric quantities.
Additionally, this helps us to compare results from quantum
kinetic theory with the semiclassical thermal transport frame-
work where currents are calculated in orders of the scattering
time.

The different contribution of the nonlinear thermal currents
like J%, J% and J°° depend upon a t-dependent function
gy, with N =1 or N = 2. In the dilute impurity limit (DIL)
where 7 3> 1/w,, or tw,, > 1, we can express gy as a sum
t-independent and t-dependent parts, and retain only the
dominant 7 contributions (see Appendix C for details). This
allows us to express each of the thermal current contributions
into an intrinsic (via subscript “int”) and extrinsic (via sub-
script “ext”) part as

Jéz)(O(to):Jdo +Jod +Jo

aint T Yaint T Jaine>
JLEZ)(O(TI) = JL?,ZX[ + J:.dext + 3
JP(ocr?) = g4, 1)
For example, Jgfi’m conveys the intrinsic part of the J&, while

J&, corresponds to the extrinsic contribution. This is also
summarized in Fig. 2, which explicitly shows the origin of the
different thermal Hall contributions in terms of the diagonal
and off-diagonal part of the density matrix involved.
Combining all the intrinsic contributions into one term, we

obtain the intrinsic nonlinear thermal current as

#n
1 &2 en(en+ )
JO(ex 1% = _Z nl&n T &p
hn’p’k Enp

B
. [é{(ei _ 69,0 — G50, (e — £2)]

+Goo[26a0 ;) + 17 060 + g,,)]] ELES.

(22)
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Quantum Kinetic Theory

Linear Response Nonlinear Response

Diagonal Off-diagonal < Density Matrix —»Diagonal  Off-diagonal
/'d /)O /ldd /ldo /'«)d /Ooo
I—» Heat Current 4—'

Operator

. Nonlinear
dd 2 —
J (O( T ) Drude

do mt( 0) \
! <Jd” {ox 7!

oXT

Linear Drude «— J(x 71)

Linear Anomalous Hall «— /°(x %)

Nonlinear

]l‘;l‘tl ’X 10) Intrinsic
T o 1 (79)
oxt X7 )

Nonlinear

Extril}sic

ooty |
Jos(oc b/

FIG. 2. Origin of the different conductivity contributions in the
quantum kinetic theory framework and their scattering time depen-
dence. The off-diagonal terms of the density matrix capture the
impact of interband coherence. All band geometry-induced transport
responses arise from the off-diagonal components of the linear or
nonlinear density matrix.

The intrinsic thermal current explicitly depends on the band-
resolved quantum metric G, which is defined as the real

np?
part of the quantum geometric tensor, i.e., Qfl" Re[Qb‘] =

3 (R 2Ron + R, prm) Note that g,f; is symmetric under the
exchange of both spatial and band indices [55,57,58], i.e.,
Ghe = Gehand Gho = GPe.

Similarly, we obtained the linear r-dependent nonlinear
thermal current through Eq. (21) as

p#n
Zs Q. fPELES. (23)

JéZ)(Tl) np

n,p.k

This contribution is referred to as the nonlinear anomalous
thermal current. This nonlinear thermal Hall contribution has
been calculated earlier using the semiclassical Boltzmann
transport in Refs. [23,59-61]. It is considered as the thermal
analog of the Berry curvature dipole-induced nonlinear elec-
tric Hall effect. The quadratic 7-dependent nonlinear thermal
current is determined solely by J%, and has the same expres-
sion as J% in Eq. (15), i.e., JP (o t2) = J9. We refer the
readers to Appendix C for details of this calculation. We note
that the intrinsic and Drude nonlinear thermal currents will
remain unchanged on going beyond the dilute impurity limit.
However, the nonlinear anomalous thermal Hall current gets
corrections with different powers of t. Note that the general
expressions for all conductivity contributions (retaining all
powers of 7) are presented in Egs. (15)—(18).

The nonlinear thermal current can be expressed as J, =
—Kape(T)VpT V. T with k4.(7) being the nonlinear thermal
conductivity tensor of rank three. « () has all the information
of the scattering time dependence of the nonlinear thermal
current. Under time reversal symmetry, J, picks up a negative
sign, while V,TV,.T remains unaltered. Therefore, we must

have k5. (—T) = —kupc(7) in the presence of TRS. This works
out only if k.(t) depends on the odd powers of 7. Or in
other words, in a TRS symmetric system, only the odd power
of t-dependent thermal currents survives. Note that under
TRS, we have ¢,(—k) = ¢,(k) and gnp( —k) = g,‘;ﬁ(k), while
v,(—k) = —v, (k) and Qb (—k) = —Q¢b (k). Using this, we
have explicitly checked that the nonlinear thermal current
contributions J® (o< 72) and J® (o 79) given in Egs. (15) and
(22), respectively vanish in the presence of TRS. In contrast,
the linear t-dependent nonlinear thermal current given in
Eq. (23) is finite under TRS.

Systems where parity and TRS are individually broken,
but the composite symmetry of parity-TRS is preserved are
also very interesting. In these systems, the Berry curvature is
identically zero at each point of the momentum space. This in
turn makes the Berry curvature-dependent nonlinear thermal
current to vanish. However, the remaining nonlinear thermal
currents, the Drude contribution J®(72) and the intrinsic con-
tribution J®(z%) can be finite in such systems.

Having established the quantum kinetic theory for linear
and nonlinear transport of bosonic systems, we now explore
the thermal Hall current of magnons in two-dimensional
hexagonal lattices.

IV. MAGNONS IN HEXAGONAL FERROMAGNETS

We take a spin model on a single-layer honeycomb lat-
tice as our model to calculate different magnon transport
coefficients. Our Hamiltonian consists of different kinds of
spin-spin interactions that are relevant for ferromagnetic insu-
lators. The spin Hamiltonian is given by

H==> NS -S;— Y hSi-S;
(ij) (ij))
+ D vylSi x S;l.—BY S, (24)

In this Hamiltonian, the first two terms describe the ferromag-
netic Heisenberg coupling for the nearest (we take J; > 0)
and the next-nearest neighbor (we take J, > 0). The third
term is Dzyaloshinskii-Moriya interaction (DMI) between the
next-nearest-neighbor sites (the nearest-neighbor DMI cou-
pling is zero due to inversion symmetry) and the last term is
the Zeeman coupling. The sign convention of the DMI (v;;)
is shown in Fig. 3(a). The ferromagnetic ordering vector is
perpendicular to the plane of the honeycomb lattice (along the
c axis). The spins on the A and B sublattice are S4 = Sp = 52
in the ground state.

To investigate the Hamiltonian’s energy spectrum and
transport properties in Eq. (24), we employ the linear spin-
wave theory, in which we map the spin operators to bosons
through Holstein-Primakoff (HP) transformation. In the rest
of the paper, we neglect the magnon-magnon interaction. The
HP transformation is given by

h=+28a;, S, =+2sa, (25

8, =8 —bib;, S =+2Sh;, S$;=+2Sbl.  (26)
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T;:—l vij =1
K_/U
Y 2 g )
b >
AN
03

N
LLF

FIG. 3. (Left) The unit cell of the honeycomb lattice. &, with
1 = 1, 2 denote the real-space lattice vectors. The vectors 31 withi =
1, 2, 3, connect the nearest neighbors. The sign convention for choos-
ing the Dzyaloshinskii-Moriya interaction is also shown. (Right) The
Brillouin zone of the honeycomb lattice with the reciprocal lattice
vectors BM, and the high-symmetry points marked.

/

Here, a, b @, ET) are the magnon annihilation (creation) op-
erator for sublattice A and B, respectively. In addition, the spin
ladder operators satisfy S* = §* 4 iS¥ for both sublattices.
Further, the Fourier transform for the magnon operator in the
momentum space is given by

&i 1 ik-r: &k
~ = — el i N , 27
HEE=al @
where N is the total number of unit cells in the lattice.
Within the linear spin-wave approximation, the Hamiltonian

in Eq. (24) can be expressed in terms of the bosons in the
momentum space, H = Y, pz Ho(k), where

Holk) = V' (l)H (k)W(k). (28)
Here, ¥ = [af BT], and we have defined
H (k) = ho(k)oog + he(k)o, + hy(k)o, + h(k)o,,  (29)

with oy, . are the Pauli matrices and oy is the identity matrix
of order two. In Eq. (29), the different coefficients of the o
matrices are

ho(k) = (3J; +6/,)S +B

—28,/J} + D2 cos ¢ Z costk -a,,),

2

he(k) = =118y cos(k - §,,).
"

(30
hy(k) = —J,S Z sin(k - 8,,),
"

he(k) = 28,/D? + J2sing Y _sin(k - a,,),
)z

with tan¢ = D/J,. Here, §,, and a,,, are the nearest-neighbor-
position vectors and the lattice vector, respectively, as shown

in Fig. 3. Now we calculate the energy eigenvalues of this
Hamiltonian and it is given by &, (k) = ho(k) + ay (k) with
y (k) = VI(k) + hi(k) + h2(k), and o = =1 being the two
magnon branches. The energy eigenfunction corresponding to
each eigenvalue is given by

W, (k)) = i(xi — e Py )T, (1)

V2

where Ay = /1 ah,(k)/y(k), T denotes the transpose of
the matrix, and we have defined B(k) = arctan[h,(k)/h.(k)].

Note that the eigenfunctions do not depend on Ay (k) at all. So,
any changes in /i (k) will modify only the energy eigenvalues,
while the Berry curvature and other band geometric quantities
remain unaltered.

Without the DMI (D = 0), the magnon Hamiltonian pre-
serves both Tc, (T being time-reversal symmetry and c, is
a rotation of 180° around the x axis in the spin space) and
inversion symmetry. This makes the Berry curvature identi-
cally zero over the whole Brillouin zone with gapless Dirac
points [29] at two nonequivalent K and K’ points. The gapless
Dirac points are also known to be robust against higher-order
magnon-magnon coupling [29]. Including the DMI interac-
tion breaks the 7 c, symmetry and changes the band topology
by opening a finite gap at Dirac points. This leads to a finite
Berry curvature, which in turn gives rise to the linear magnon
Hall effect [18]. The underlying physics in the presence of
the DMI is similar to Haldane’s quantum anomalous spin
Hall model [18,62—64]. Even in the absence of the DMI in-
teraction, different quantum metric components remain finite,
making this model a suitable platform for studying intrinsic
nonlinear magnon transport.

However, the presence of inversion symmetry forces all
the second-order nonlinear responses to vanish, including the
intrinsic contribution. This is remedied by the presence of an
inversion-symmetry breaking term in the Hamiltonian, which
breaks the valley symmetry between K and K’. For example,
it can induce a tilt in the Dirac dispersion [65] by adding a
term like Bg(k, + ky)og in Eq. (29). A similar tilt can also
arise in the system, from the combined impact of the external
electric field and the spin-orbit coupling via the Aharonov-
Casher (AC) phase [66,67]; see Appendix E for details and a
numerical estimate. With both the inversion- and time-reversal
symmetry broken, all the thermal current contributions be-
come finite. The more interesting case is that of vanishing
DMI, where the T c, symmetry gets restored, and the intrinsic
nonlinear magnon thermal Hall effect is the only finite Hall
response.

We present the momentum-resolved energy dispersion of
the lowest energy magnon band in Fig. 4(b) along with the
Berry curvature in Fig. 4(c). The quantum metric tensor has
three distinct components that are shown in Figs. 4(d)—4(f).
We can clearly see that the band geometric quantities are
highly concentrated near the band edges at the K, K’ points
having coordinates (+kg, 0), with ky = 47 /3\/§. It is in-
structive to study the low-energy Hamiltonian around these
band edges. With the help of the Taylor series expansion, we
obtain the low-energy Hamiltonian for Eq. (24) near K, K’
points,

H; = hyoo + vy, (Lkeor + kyoy) + ¢ Ao, (32)
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0.4
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FIG. 4. The color plot of the magnon dispersion in the Bril-
louin zone for the (a) lower-energy band and the (b) higher-energy
band. Dzyaloshinskii-Moriya interaction opens up a gap at the K/K’
point. (c) The distribution of the Berry curvature in momentum
space for the lower-energy band. The Berry curvature peaks near
the band edges. In contrast to the fermionic hexagonal lattices,
the Berry curvature of magnon bands in hexagonal ferromagnets
retains the same sign in both valleys. [(d)—(f)] Three distinct com-
ponents of the quantum metric. We used the following parameters:
{/», D, B, B;} = {0.01, 0.1, 0.001, 0.05}J; with J; = 1meV. In all
panels, the hexagon in dashed lines indicates the Brillouin zone.

where ¢{ = #£1 for K and K’ points, and k,/k, are measured
with respect to the corresponding K and K’ points. The
low-energy magnon Hamiltonian is analogous to the massive
tilted Dirac Hamiltonian [56] in two-dimensional hexagonal
fermionic systems with broken inversion symmetry. However,
there is one crucial difference. For the fermionic system, the
mass term that opens up a gap near the K, K’ points is indepen-
dent of the valley index. This results in the total Chern number
being zero for each band in fermionic systems with time-
reversal symmetry. In contrast, for our magnon Hamiltonian,
the DMI-induced gap term has an opposite sign near K — K,
so the gap opening is a topological transition with the magnon
bands having a finite Chern number. To have a relatively sim-
plified expression, we set the next-to-next nearest-neighbor
interaction (J;) to be vanishingly small. Consequently, the
parameters of the Hamiltonian have the following expres-
sion: hyg = 3J1S + B + Bg(k, + k), v, =3J15/2, and A =
—3./38D arises from the DM interaction and opens a gap
in the magnonic spectrum. The energy eigenvalues are given
by &4 = hy + agg, with gy = \/(kf + kg)vfn + AZ, indepen-
dent of the valley index. The corresponding eigenfunctions

T
_L %‘i‘): _ %
e = = a\/1+a80e \/1 a =] 63

where we have defined 6, = arctan(k,/¢k,). Using these sim-
plifications, we calculate different band geometric quantities.
These are given by

Qx_v — _aA;}Vle
o ’
2¢g;
S G
o —a 4—56"
gxy — _kxky U:::
o,—a 4
deg
2 (A2 2,2
, vo (A +kZv
ggz_a = W_ (34)
0

Note that the magnon band geometric quantities are indepen-
dent of the valley index, though the Berry curvature depends
on the band index. We highlight a few things here. Firstly,
the Berry curvature is zero in the absence of the DMI, as
it is directly proportional to the A. Secondly, the tilting
term [B,(k, + k,)op] introduced in the Hamiltonian with an
identity matrix does not influence any of the band geomet-
ric quantities but invalidates the relation €, (k) = €,(—k), as
expected. In the Appendix E we discuss the possible mi-
croscopic mechanism responsible for such a term in a spin
model. Lastly, in the absence of DMI and external mag-
netic field, the lowest-energy magnon dispersion reduces to
the gapless magnon excitation when k — 0. This gapless
Goldstone mode is the consequence of the spontaneously
broken symmetry in the ferromagnetic ground state. Fur-
thermore, the calculated expression of the Berry curvature
is consistent with Refs. [42,68,69], and the distinct compo-
nents of the quantum metrics are in complete agreement with
Refs. [42,70].

V. NONLINEAR MAGNON THERMAL HALL EFFECT
IN HEXAGONAL FERROMAGNETS

We present the variation of the linear and nonlinear
magnon transport coefficients with temperature in Fig. 5 for
different values of DMI strength. First, let us focus on the
linear thermal Hall conductivity depicted in Fig. 5(a). As
the linear thermal Hall conductivity is directly proportional
to the Berry curvature, its value increases with increasing
DMI coupling. For zero DMI, the Berry curvature becomes
zero and so does the Hall conductivity. The linear thermal
Hall current does not show any sign change as a function of
temperature or the DMI strength. The results are consistent
with the study in Ref. [18].

In Fig. 5(b), we show the temperature dependence of
the intrinsic nonlinear thermal Hall conductivity for several
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@ o (b) 0.2 TABLE I. Demonstration of the magnitude of linear and non-
e D000 g - 22?? linear magnon thermal Hall current at a temperature of 20 K for
~ ] —— D- 0:05(]1 0.1 Do 1(]11 different values of the DMI. In calculating these numerical values,
g D=010J | T we used the same parameters as in Fig. 4 except B; = 0.01 J;, and we
e é,, 0.0HA] assume the magnon lifetime to be of the order of T ~ 1 picoseconds.
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FIG. 5. Thermal Hall conductivity for magnons. (a) Linear,
(b) nonlinear intrinsic, (c) nonlinear extrinsic anomalous, and
(d) nonlinear Drude contribution to the thermal Hall conductivity for
three values of the Dzyaloshinskii-Moriya interaction (DMI). The
Berry curvature-dependent linear Hall and the extrinsic nonlinear
anomalous component of the thermal current are induced by the
presence of a finite DMI, and vanish as DMI vanishes. In contrast,
the intrinsic nonlinear contribution increases with decreasing gap
or DMI and is finite even in the vanishing DMI limit. The Drude
contribution does not depend on any band geometric quantity. In
the limit of vanishing DMI, the intrinsic Hall contribution dominates
over all other contributions. We have chosen the same parameters as
in Fig. 3 except B; = 0.01J;. In these plots, we have used the natural
units and set /i = 1 and kp = 1. The grey dashed line marks the 0 and
serves as a guide to the eye.

values of DMI. Recall that the intrinsic nonlinear contribution
depends solely on the different components of the quantum
metric. From Eq. (34), we can clearly see that all the compo-
nents of the quantum metric are maximum when the DMI is
zero (G o« A2, at the band edge). This is also reflected in the
plot of the nonlinear intrinsic current.

In Fig. 5(c), we plot the Berry curvature dipole-induced
extrinsic nonlinear Hall conductivity, which varies linearly
with the magnon scattering time (7). Note that the extrinsic
nonlinear anomalous Hall conductivity vanishes as the DMI
strength goes to zero. In Fig. 5(d), we present the Drude
contribution to the nonlinear Hall effect. This contribution is
independent of any band geometric quantities like the Berry
curvature or the quantum metric, it entirely depends on the
band dispersion and the magnon distribution function. This
can also be seen from the fact that the curves for different
DMI values are very similar in nature.

To understand the behavior of these responses at high
temperatures, we note the thermal driving force (akin to the
electric field for fermions) is o« VT /T. Thus, a constant tem-
perature gradient is less effective at higher temperatures, with
the thermal fluctuations nullifying the impact of the tem-
perature gradient. Consequently, larger thermal fluctuations
suppress the directed flow of magnons under a fixed tem-
perature gradient as T increases. This suppression is more
dominant in the nonlinear thermal responses as compared to
linear responses.

VI. DISCUSSIONS

The potential material candidates, which host magnons
in a hexagonal ferromagnetic lattice are chromium tri-
halides such as CrBr; [71], Crl; [72], and CrCl; [73].
These compounds are promising materials for probing band
geometry-induced nonlinear thermal transport in magnons.
Recent measurements on CrCl; [74] suggest the presence of
gapless Dirac-like magnon dispersion. However, the magnon
dispersion of CrBrj3 [75] and Crl; [76] indicates the presence
of a gap at K point. This suggests that the effective DMI
interaction for CrCl; is zero. As a consequence, CrCl; is
a potentially good platform to study the nonlinear intrinsic
magnon thermal Hall response highlighted in Fig. 5(b).

To compare the relative magnitude of different linear and
nonlinear contributions to the thermal Hall current, we present
an order of magnitude estimation of different contributions
in Table 1. For the analysis, we assume the magnon lifetime
to be T ~ 1 picoseconds [77,78], which is the typical value
for chromium trihalide ferromagnets. The temperature gra-
dient used for a magnon transport experiment in Ref. [79]
was of the order of VT ~ 10~° K/nm. In comparison, the
magnitude of the linear magnon thermal Hall current ob-
served in Lu,;V,07 (ferromagnetic insulator) bulk sample at
T =20K was 4 x 107* W/K m [80]. Assuming the thick-
ness of the monolayer sample to be 0.5 nm, the thermal Hall
conductivity for single monolayer is 2 x 10713 W/K [81,82].
Assuming the same temperature gradient for our case, we
find the corresponding thermal Hall current to be of the order
2 x 107" W/m.

An interesting issue from the experimental perspective is
to separate the intrinsic contribution (o t°) and the Drude
contribution ( t2) in the measured nonlinear thermal Hall
effect. A potential solution is to plot the measured total non-
linear transverse thermal conductivity as a function of linear
longitudinal conductivity (x; o 7) by varying some system
parameters such as temperature or strain. The intrinsic part of
the nonlinear conductivity will scale as («; )°, and the extrinsic
Drude part will scale as (k). A similar approach helped
in identifying the intrinsic and extrinsic electrical transport
contributions to the nonlinear conductivity (for fermions) in
Ref. [83], and in Ref. [84].

At finite temperature, the magnon-magnon interaction
becomes important and it can renormalize the magnon
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dispersion along with the corresponding band geometric
quantities and the magnon relaxation time [85]. It was shown
in Ref. [86] that for ferromagnetic monolayer Cr,Ge,Teg, the
relaxation time increases with temperature (t o< 72) due to
the magnon scattering while it decreases with the external
magnetic field. In our study, for simplicity, we have assumed
the relaxation time to be a constant and ignored the effects of
magnon-magnon interaction. The investigation of the impact
of magnon-magnon interaction on different nonlinear trans-
port coefficients can be an interesting study for the future.

At larger lengthscales, the dipolar interaction can also
play an important role and modify the dispersion relation,
spin-orbit coupling, magnon-magnon coupling, etc. However,
in this paper, our focus is on magnetic systems where the
exchange interactions dominate over the dipolar interactions,
allowing us to disregard the latter [87]. This is a reasonable
regime for ferromagnetic materials like CrCls.

A critical aspect of our study is that it is valid in the weak-
disorder limit, where the quasiparticle approximation with
extended wavefunction is still reasonable, with k being a good
quantum number. In the limit of large disorder density and
disorder strength, new physics may emerge (like localization,
etc.), where a completely different framework and analysis
will be needed.

Several earlier papers have established that VT can be
treated as a physical force in the linear response regime for
fermionic systems. Luttinger [88] first treated VT as a scalar
potential, and Tatara [46] treated VT as a vector potential
to capture its impact on the thermal transport properties of
fermions. More recently, Ref. [41] showed that using the
quantum kinetic theory and treating VT as a vector potential
reproduces all the known thermal Hall and other responses
induced in the linear response regime for fermions. Motivated
by this, we showed in Ref. [42] that the treatment of VT as
a vector potential can be extended to the nonlinear response
regime for fermions and this framework reproduces all the
known results from the Boltzmann transport theory, which
treats VT as a statistical force. These studies establish that
treating VT as a vector potential captures the linear and
nonlinear thermal response of fermions. Our paper demon-
strates this idea for bosons. Since the single-particle quantum
mechanics of bosons and fermions are identical, they have
very similar band geometric quantities. Thus, within the quan-
tum kinetic theory, the linear and nonlinear heat transport by
bosons and fermions have very similar expressions, with their
difference being captured only by their equilibrium statistics
[42]. This should work as long as we can treat the fermions
and bosons at a single-particle level. This may not work for
strongly interacting systems where a multi-particle framework
will be needed, and the differing statistics of fermions and
bosons may play an important role.

VII. CONCLUSIONS

In conclusion we have developed a quantum kinetic theory
framework for systematically studying thermal transport in
bosonic systems up to second-order in the applied temperature
gradient. Our theoretical framework provides an alternative

to the Boltzmann transport theory. It includes all interband
coherence effects and works without the need for boundary
confining potentials.

We predict the existence of an intrinsic nonlinear boson
thermal current, which arises from the quantum metric and
is independent of the scattering time. In contrast, the extrin-
sic contributions, such as the anomalous and Drude parts of
the nonlinear thermal current, exhibit linear and quadratic
dependencies on the scattering time, respectively. Consider-
ing topological magnons in a two-dimensional ferromagnetic
honeycomb lattice as a concrete example, we show that the
intrinsic nonlinear magnon thermal Hall current dominates
over other responses in the absence of DMI. The absence of
DMI ensures that the Berry curvature and the linear Hall re-
sponse vanishes along with the nonlinear anomalous thermal
Hall response.

Our study highlights the significance of band geometry-
induced nonlinear thermal transport. It opens up avenues
for experimental probe of intrinsic nonlinear thermal Hall
response of bosons. A potentially interesting problem is to
develop framework for probing the signature of real-space
topology in magnon transport [89], similar to topological Hall
effect for fermions [90,91]. Our findings have potential impli-
cations for quantum magnonics, and our calculations can be
easily extended to explore other bosonic systems.
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APPENDIX A: CALCULATION OF THE SECOND-ORDER
DENSITY MATRIX

To calculate the second-order density matrix, we use recur-
sive Eq. (4), and write the second-order density matrix in the
following form:

101%) = _lhggp[DT (p(l))]np- (A1)
For ease of calculation, we segregated p® into the four parts
as p%, p%, p°d and p®. Here, pd¢ and p% are diagonal
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atrices in the band index, while p° and p°° are off-diagonal matrices. So, to calculate the diagonal part of o, we calculated the
diagonal elements of the thermal driving term to be

1
[Dr (0] = —ﬁE? 2end0g, +1 Y _(en+2p)(05, Ry — Rby05,) (A2)

p#n

On the basis of the classification discussed in Sec. II B, the “dd” part of p® arising from the first term of the above equation is
given as

2

dd T d\pb _ T ng B &n B |pbpe
= ——28,0 E7 = —¢,| v,0, —0po.f, |EFET, A3
pnn 2h b(pn) T 2h [ b fn + h b fn:| T=T ( )

and the remaining part of p®, which is diagonal in band index and originates from p° is given by

lT n c n c c

IOSI(I) = § :(511 + 817)(8 1pRnprm + ng RZI?RPn)S"PEgET' (A4)
P

Following a similar approach, we now calculate the remaining two parts of p® stemming from the off-diagonal elements of the
thermal driving term. After performing a careful calculation, we obtain the off-diagonal (n # p) elements of the thermal driving
term as

! .
(D7 (0 Vp = =52 E7 | (En + )05, +1 ) (e + )01 Ry, — (2 + €p)R5,04,))
q

(A5)
The second term inside the square bracket of the above equation containing summation over g can be simplified by considering
the following three cases: ¢ = n # p, ¢ = p # n, and g # n # p. Thus, we simplify the above expression in the form of

a4

1 , .
—E} | 2i(eapsy, — €0Pp)Ritp + (En + )P0, 00, + Y il(en + £0)0g,RY, — (64 + £))R0y05,) |- (A6)

[Dr(p"p = 7
q

(

where we have defined DZ,, =9, —i(RE — R’;p), Using this ~ hand side of this equation can be written as

expression of the thermal driving term in Eq. (Al), we cal-

culate the off-diagonal elements of p® originating from p¢

Tr[%{'}-lo, v}p(l)i|

as
1
— 4 (1) MIy,,p
d b b d d == u, | Hovp" + vHop" " |u
,0,(;[, = —ETgnpRnp(Snpnn - 8[;,01,[,) 2 p;< k| | k)
_ T nppb (24 fB 24 #B\pbpc
=58 Ry (exdcfy — er0.fy )ETET. (A7) _ Z(gn +ep)vpmol)
n,p,k
Finally, we left out with ,o,‘l’; which corresponds to the off- 1
diagonal part of p® stemming from p°. Explicit calculation =3 Z(En + €)(Vndpn + 10pn Rpn) (050,80 + P;?p)
of this part results in the following form: n.pk
1
00 J n ¢ c =3 (811 +é ) vnpgna n + iw nR n;o;(q) ) (Bl)
Prp = _Egzp(gn + SP)DI};P(g”PRnpSnP)EgET 2 % P ( P prrpRnp

Here, we use the elements of the first-order density matrix in

1
~ ngc b
+ 252 Z (1R Rgp(en + g the form of p{}) = p5,8,p + pg,- In the last line of the above

a#n7p equation, we consider that the w,, and ,o,‘jp are zero when
- g‘{pquR;p(eq + 8p)§qp]E}’E;, (A8)  n = p. Here, we see that the first term of Eq. (11) gives two

contributions to thermal current—one originating from p¢ and

Hence, we completed the calculation of the second-order den-
sity matrix in response to the applied temperature gradient.

APPENDIX B: LINEAR THERMAL CURRENT

In this Appendix, we present the calculation of the linear
thermal current within the quantum kinetic theory framework.
Starting from Eq. (11), we show that the first term on the right-

the other from p°. So, the linear thermal current component
along the a axis arising from the p¢ will be given as

T .
i = envion = =5 D eavidfiE.  (BY)
nk nk

This thermal current component depends entirely on the en-
ergy dispersion and the distribution function. Therefore, it
is also called the “linear Drude thermal current.” Similarly,
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another thermal current contribution arising from p° is given
as

i
JO = T Z(sn + €p)Epn R3y 00,

n,p,k
[ n ¢ ¢
~57 Z(sn + sp)spngl"R;anp(enff - sppr)ET.
n,p.k
(B3)

Using the dilute impurity limit, which we will discuss in
AppendixC, we can write g|” ~ 1/&,,. With this substitution,
the above equation can be simplified to

a Z(&‘n + 8P)Ra RC (Snff - Epff)E;
n p.k
Z(en +&p)enf U Er. (B4)

npk

In writing the last line of the above equation, we have used
some manipulation: firstly, we decomposed the first line of the
above equation into two terms through (s, f;} — €,f7). Sec-
ondly, we shuffled the dummy indices 7, p in the latter part of
the decomposition. Finally, we grouped the terms and used the
definition of the band-resolved Berry curvature. Henceforth,
we will use this manipulation to write the thermal current in
terms of the band-resolved Berry curvature and the quantum
metric. Due to the presence of the Berry curvature, this com-
ponent of the linear thermal current is always perpendicular
to the applied temperature gradient. Hence, it gives rise to the
contribution to the linear thermal Hall response.

The second term on the right-hand side of Eq. (11) gives
the particle magnetic moment-induced contribution to the lin-
ear thermal current, which can be written as

Tr[(E7 x my)YHopol, = ) €acrEimpy enfr.  (BS)
nk

Here, €, is the antisymmetric Levi-Civita tensor of rank 3,
which (a, b, c) being the even cyclic permutation. Using the
expression of the particle magnetic moment given in Eq. (19),
we can show

i
my, = _ﬁ Z(Sn - Ep)Rnp X an
p#n
a i b c
=y, == DO eanclen — p)R),R,

p#n b,c

1

= Caneiyy = =55 ) (en — €)Y (B6)

p#n

Using the fact that €,., = —€4p. = €pyc along with the above
definition of the particle magnetic moment in Eq. (BS5), we
get the magnetic moment contribution of the linear thermal
current as

Te[(E7 x my)YHopol, Z En(en — &) fLES.

npk

(B7)

This contribution also gives a Hall-like response to the linear
thermal current. Further, this contribution is similar to J°.
After combining these two terms, we write

= Z Quc fB Ec

J? +Trl(Er x my)Hopol, = (B8)

In obtaining this result, we used a relation connecting band-
resolved Berry curvature to single band Berry curvature via
QGC —_ Z Qac
n_. LpFn tinp . .
Finally, we focus on the last term on the right-hand side of
Eq. (11). We transform it as

2Tr[Er x Mg, = —2Tr[Mg x Et],

b
=-2 Z €arcM? oES
nk

2 o0
== Zeabcsz’;(k)E; / de(e — w)fE(e)

En

=-= Z Qi (k)ES, /OO de(e — W f° (o).
nk En

(B9)

In the last line of the above equation, we use mathe-
matical manipulation eabCQﬁ = emeZ = Q7 = —Qic. After
performing the integration along with some manipulations, we
can show that

/ ds(e — 1) (e)

B
= %(kBT)2|:log(1+fn)log( + )—2L12( /! ):|

(72
(B10)

Here, Li, is the polylogarithmic function [92] of order 2.
Again, the contribution to the linear thermal current em-
anating the Berry curvature-induced heat magnetization is
perpendicular to the temperature gradient. Thus, the total lin-
ear anomalous thermal Hall current is the sum of J°, Tr[(E1 X
my)Hopol, and 2Tr[E7 x Mg]. Adding these three contribu-
tions, we have the simplified form of the linear anomalous
thermal Hall current as

JA =T + Tr[(Er x my)Hopol, + 2Tr[E7 x Mg],

2
= -G s an [5285 £5 +1og (1+ £7)
nk

/e : c
X 10g< (fB)2 ) - 2L12(—ff):|ET.

n

(B11)

1+f

It is straightforward to show that B¢, =
substitution, we simplify the above equation as

). Using this

= — (kBT) Y Qe (fF)E;. (B12)
nk
where  ex(f) = (1 + f)log(ZL)? —log(f)* = 2Lix(~f).

The superscript A in the above equation is used for linear
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anomalous current. This expression of the linear anomalous
thermal Hall current is in complete agreement with the
existing work done in Refs. [11,23,93], where it has been
calculated within the semiclassical framework.

APPENDIX C: INTRINSIC AND EXTRINSIC
NONLINEAR THERMAL CURRENTS

From the main text, we note that the scattering time de-
pendence of the contributions J% and J™*¢ are 7> and T,
respectively. However, the scattering time dependence of the
remaining current is not trivial and is determined by the factor
T8y for J* and J*¢, and g,,, for J°°. We use an identity given
in Ref. [42] to extract the scattering time dependence of these
factors. Following these identities, we write

n .h n 1 ~N
gl = ;T(N—i— ny) and gy . —(1+9). (€D
np np

Here, 1", and 7", are dimensionless function of tw,, with
wpp = Enp/h being the interband transition frequency. The
explicit expression of these functions is given as

1 —
np . wll]]
77qu = —ITWpp > s
T+ N
; 1+N-:
~np l TWnp
=N . C2
Ten TWpp 1+ N2 Tzlz (2

In the above expressions, we emphasize thatn # p. With these
expressions, the form of the nonlinear thermal conductivities
becomes convoluted. Therefore, to represent the nonlinear
thermal conductivities in a simplified and more tractable form,
we employ the dilute impurity limit (DIL), which corresponds
to the scattering time (7) being greater than the inverse of the
interband transition frequency w,,i.e., 7 > ﬁ or Twy, > 1.

In DIL, we can approximate dimensionless functions 1,y and

ﬁf,  straightforwardly as n N A —ITwyp, and 7 n N ~ 0, which

P~ tﬁN

in turn give tgy ~ X + L and g}/ ~ -~. From the ap-
np
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proximated form of the scattelrlng time-dependent factor tg,,,
within the dilute impurity limit, one expects an intrinsic and a
linear scattering time-dependent term from the J%° component
of the thermal current. Surprisingly, we find that the extrinsic
part of the J% component vanishes identically, i.e., J% = 0.
The remaining intrinsic part of the J% is given by

P?ﬁ”
T =1 Z R RS (e + )
n,p.k "p
X (Snf —&f, )(5" ﬁ”Z)E?E;
1 & gnp B b
= —= Z —&,(8, + sp)(sn — apv”)f EJE;.
n,p,k "[7
(C3)

Here, we use the same manipulations discussed in Eq. (B4).
Similarly, we obtain the nonzero intrinsic and the linear scat-
tering time-dependent extrinsic contributions from the J°
thermal current component. The intrinsic part of this current

component is determined by the band-resolved quantum met-
ric and has the form

2 p#n ~ab
IS == Z id 2(en + )0 fPELES.  (C4)
n,p, k

The extrinsic part of J°! is governed by the band-resolved
Berry curvature. Explicit calculation of this term yields

pF#n
T = Y] Z en(en + £,)Q00. fLETES.. (C5)
n,p,k

Likewise, we extract the intrinsic and extrinsic parts of the
thermal current component J°°. The t dependence of this
current is determined by the factor g,,, which is independent
of 7 in DIL. Thus, J°° has only an intrinsic part. We simplify
the intrinsic part of J° as follows:

1 p#n . 1 .
J;)(int = _E Z(sn + EP)an |:(8" + SP)D3p<%Rnp€:np>

n,p.k

q#n#p 1
+i Yy <

q

RE,RE (&0 + €4)éng

ngqggqp
o ququ(qurep)sq,,)}EiE;. (C6)

Now, focus on the first term of the above equation, which we
denote by J; as

pF#n
1
J:—— en+e,)"REDY [ —RE
[ r§(n+ % " <8np !

p§"P> E?E;

(e

R;pg,,,,> ) EJES. (C7)

1 pFn
— 2
=37 2t e)’R;,

n,p,k
1
(RZI‘L RZp) (a

With the help of algebraic manipulations, we can write the
first term of the rounded bracket as

Rfm I ( e, npi:’W)

1
= 8;,<—Rf,n72;p$n,,> - —
Enp np

In this way, we can modify J; as

Z(sn +e,) [ab(

npk

R EnpdpRe,.  (C8)

R R pén p>

1

pn

R, Enp Do RS ]E#E;‘. (C9)
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Now, we modify the second part of Eq. (C6) by exchanging the dummy indices, i.e., g <> p and g <> n. Thus, we can write the

second part of Eq. (C6) as

. pFn qF#nFEp
l S J
== D (en+ ep)Rgp£ D7 (e + £ RE,RY, — (84 + £,)R4,RE ) EPES. (C10)
n,p,k n q
With the help of J; and J;, the intrinsic current J;,, will be reduced to the following expression:
1A 1
L =17 > (en+ e,,)[(s,, + sp)ab<;7z;n7z:;pgn,,>
n,p,k n
R;;pgnp b pa . a pb a b brc
S (O e)D0,RE, —i Y ((en + ) RE,RE, — (24 + £)RE,RE) | |EPES. (C11)
"p g#(n.p)
With the help of sum rule [55], we further simplify the above equation by showing that
a b b a __ . a b a b
D4Ry, — Do RS, =—i Y (R,RS, —Re,RL). (C12)
q#(n.p)
Thus, the intrinsic component of J°° becomes
p#n c
1 R pén
00 2 a c n P ~a b brc
Ja,int = _E 2(8" + ‘917) I:ab<8_anRnp%‘"P> - %Danpn]ETET
n,pk np np
i n#p#q Rc E »
npSn, ¢
— 1 2 et e = ((6g =8RG Ry, + (en — e Ry, Ry, JETES (C13)
np

n,p.q.k

The second term on the right-hand side of the above equa-
tion will be nonzero only for systems having three or more
bands. Therefore, we omit this term for a two-band system
and focus on the first part of Eq. (C13). The permutation
symmetry of indices b and ¢ renders the nontrivial part of
the U(1) covariant derivative D% R’ . This can be viewed by
symmetrizing indices b and ¢ followed by the exchange of
dummy indices n <> p. With this manipulation, we can write
the second part in the first term of the above equation as

1 (Sn + 81’)2 c b b rc
) = s Xp; TgnpnnpammETET

1 (8” + EP)Z B c b brc
= Z g—pg” 1r0.(R;, RS, )ELEF
n,p.k n

1

= (C14)

2
& &
§ (ntep) enfP .G ETES.

&
n,p.k np

In obtaining this result, we have expanded the &,, in the
second line of the above equation and then used the exchange
of dummy indices. Likewise, we transform the first part in the
first term of Eq. (C13) as

1 2 gnan ac bc
Ji=—2= (eat )0 Ge |EQE;

Enp

enfy

ke N

(C15)

I

==
:

oY

g,‘;;;) dp(en + £, ELES.

(

In the last step, we have shifted the derivative part to (e, +
&,)* using integration by part. This is facilitated by the fact
that the boundary term is negligible. Finally, using all the
above manipulations, we write a simplified form of Eq. (C6)
for a two-band system as

#n

1 & (en+ €p)En .p e

ant = I Z Tfn [(en + £,)0aGry
n,p,k

+ 4Gy (en + £) |ELET. (C16)

APPENDIX D: GAUGE INVARIANCE OF THE BAND
RESOLVED QUANTUM METRIC (G,,)

In this Appendix, we will discuss the gauge invariance
of the quantum metric. We have defined quantum metric
as gjﬁ = Re[RZprm] with R}, = i(uy|04|u,) and n # p. In
order to check gauge invariance let us consider that the eigen-
states |u,) and |u,) transform under gauge transformation
as |it,) = € |u,) and |fi,) = € |u,), respectively. Through
this, we can show that 9,|il,) = i0,0,e™ |u,) + € d,|uy).
So, under gauge transformation, the Berry connection
changes as

Rzp = i(ﬁnlauap)
= (il |[10,00p€™" |up) + €73, |up)]
= ei(ania’))[_<un|”p)aaap + i<un|8a”p)]a

ﬁ’ﬁp — ei(Ol;x_Olp)[RZp _ aaapgnp]'

(D1
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Now, we investigate, “How does the product of two Berry
connections transform under gauge transformation?” With the
help of the above gauge transformed Berry connection, we can
easily show

Ro, RY, = D[R, — 8a0ty8np € ™[R, — 90t pn]

=R RP

o R = Sup[ R Opetn + R, 040y — Bactpdpety .

D2)

Since n # p, then the second term in the second line of the
above equation will vanish due to the Kronecker delta func-
tion. Consequently, we have Rj RV =R RY . It means
that the product of the two band-resolved Berry connections is
gauge invariant. Likewise, we investigate the gauge transfor-
mation of the band-resolved quantum metric, which is written
as Gab = Re[R4,RY,1. As the R RS, is gauge invariant, so
does its real and imaginary parts. Therefore, we conclude that
the band-resolved quantum metric (ggj;) and Berry curvature

(Qg’;}) are also gauge invariant quantities.

APPENDIX E: SYMMETRY ANALYSIS

With zero DMI, the two magnon bands become degenerate
at K, K’ points. The inclusion of the second-order Heisenberg
interaction and the out-of-plane Zeeman field shifts the en-
ergy of the Dirac points rather than creating a gap [29] (the
corresponding terms are proportional to an identity matrix).
Now, we consider the symmetries in the magnon Hamiltonian
and the lowest-order perturbation on top of the ground state.
As honeycomb lattice is a bipartite lattice, we can write Sy =
SZ 4+ 8S4 and Sg = SZ + 8Sp. The first-order Heisenberg cou-
pling can be written as (S = 1),

Hy =" —Ji(1 +8Sj + 885 + 68 - 8S4), (ED
(48)

where (AB) denotes the nearest-neighbor sites. As we are
interested in the transport properties of the magnons, all the
symmetry operator acts on §S, and §Sp leaving the underlying
ferromagnetic ground state unchanged. This Hamiltonian is
invariant under a T'c, symmetry, where T is the time rever-
sal operator and ¢, is a 180° rotation about x axis in spin
space. Action of the operators is as follows: ¢,8S) 5 : S} 5,
CX(SS;“‘;/B . _8Si‘;/8’ cx(SSf‘/B . _SSE/B’ and T SSA/B . —SSA/B.
If the magnon Hamiltonian is invariant under this symme-
try, then the equation of motion of the magnon wavepacket
will also remain invariant. This leads to &(k) = ¢(—Kk) and
Q(k) = —Q(—k) [e(k) and Q(k) are magnon dispersion and
Berry curvature respectively]. The midpoint of the A-B link
in the honeycomb lattice is the inversion center. So, under
inversion operation 18S, : 8Sg. From Eq. (El), it is clear
that H; is also invariant under the inversion symmetry that
forces the relation Q2(—k) = Q(k). So, the Berry curvature is
identically zero throughout the whole Brillouin zone. Now,
when nonzero DMI is turned on, the additional term in the
magnon Hamiltonian is written as

Hp=D Y (88588, —85,65;) — (A — B),  (E2)
((AA))

where ({(AA’)) denotes the second nearest-neighbor link. This
breaks the Tc, symmetry, changes the band topology, and
opens up a gap at K, K’ points hence a nonzero Berry cur-
vature, giving rise to a linear magnon Hall effect. However,
the dispersion continues to be an even function of the Bloch
momentum. As in this paper, we want to explore the magnon
transport properties coming entirely due to the presence of the
quantum metric term, we keep D = 0; in this case, the lin-
ear (depends on the Berry curvature) and nonlinear extrinsic
(depends on the Berry curvature dipole) Hall coefficient will
remain zero, and we will only have contributions coming from
the nonlinear intrinsic (quantum metric dependent) and Drude
(quantum metric/Berry curvature independent) part. For the
Hamiltonian in Eq. (24) with D = 0,
e(k) = e(—k), G (k)= G (k).

np

When we sum over the entire Brillouin zone, the overall con-
tributions of the nonlinear intrinsic current cancel [Eq. (22)]
out since the integrand is an odd function of momentum
k. In order to explicitly break the valley symmetry, we
include the term By(k, + ky)cv0 in the Hamiltonian. This in-
validates the relation ¢(k) = ¢(—k) keeping the eigenfunction
hence the quantum metric unchanged. This term can be engi-
neered for graphene systems by applying strain and in-plane
electric fields [94,95]. Before going into the details on how
to engineer such a term in ferromagnetic insulators, let us go
back and discuss the presence of the J, term in our original
Hamiltonian. For D = 0, the contributions coming from J,
term go into the o0, but as it comes with cos (- - - ) terms, and
its effect on low energy model near K, K’ will be proportional
to k?, which will not break the valley symmetry. Even the
anisotropic J, results in the tilting of Dirac cones with k linear
contributions near Dirac points, but does not break the K, K’
symmetry. The presence of a substrate has been reported to
break this symmetry by opening up a gap at K, K’ points
nonsymmetrically [96].

Aharonov-Casher effect and the valley-symmetry breaking term

In the presence of an external electric field and spin-orbit
coupling, the Heisenberg Hamiltonian is modified by the
Aharonov-Casher (AC) phase [66,67] and its given by [97]

U i o e
D IlSiS; + S(MSTST + SIS (B3)
i,j

Here, the x;; phase depends on the magnitude of the spin-
orbit interaction and the external electric field and also on
the distance between the site i and j. If we tune our external
parameter in such way that x;; ~ m /4 for the second-nearest-
neighbor interaction then effectively the Hamiltonian will
have terms like iS;"S; — iS; S} for the second-nearest neigh-
bor. In the magnon Hamiltonian this will induce a term that
is proportional to sin(k, + k,)oo. Here we note two important
points, firstly the AC phase y;; is proportional to the distance
between neighboring sites (terms for the AA and BB links
will be exactly equal) so it will not generate a term that is
proportional to o;; as a consequence, it will never gap out the
magnon spectrum at K, K’ points. Secondly, the AC phase will
induce an effective DMI coupling [97] between the nearest

165412-14



INTRINSIC NONLINEAR THERMAL HALL TRANSPORT ...

PHYSICAL REVIEW B 108, 165412 (2023)

neighbor spins but it will go in the off-diagonal terms in the
Hamiltonian (terms with o, and o,) and will not alter the
topology of the system. In this context, we would also like
to mention that recently there have been few studies that have
explored the possibilities of electric field control of magnons
in two-dimensional heterostructures [98,99].

To estimate the magnitude of the effective B, induced by
the AC phase, we note that for a small value of the quantum
phase, By o< x;;.In a Mach-Zehnder spin-wave interferometer,
the quantum AC phase ®,¢ is the sum of the quantum phase
due to the AC effect, which a flipping spin acquires when it
runs around the ring once, and it is given by [67] N ;;/2m,
where N is the total number of sites. If we assume the distance

between the two nearby sites to be of the order of a = 1 A, and
the radius (rp) of the interferometer [97] to be approximately
50 nm, then the number of sites N = 2wry/a ~ 3 x 103. With
a reasonable radial electric field value of 0.1 V/A, the corre-
sponding quantum AC phase is given by

Dy ==~ 1074 (E4)

Here, p is the magnetic moment in units of Bohr magneton.
This corresponds to By ~ 10~°. For this B, value, we estimate
the corresponding intrinsic nonlinear thermal Hall current to
be of the order of 10~'7 W/m, which is in the experimentally
measurable range.
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