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Nonlinear magnon transport in bilayer van der Waals antiferromagnets
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In this paper, we study the Berry curvature induced linear and nonlinear magnon transport in bilayer van
der Waals antiferromagnets, where we deduce forms for the spin and energy currents within the semiclassical
Boltzmann formalism under the relaxation time approximation. Even in the absence of the Dzyaloshinskii-
Moriya interaction, if we turn on the layer dependent electrostatic doping (ED) potential and anisotropy in the
Heisenberg interactions, the linear response remains zero, whereas we obtain a nonzero nonlinear thermal Hall
response resulting from higher moments of the Berry curvature. We show that there is a sign reversal of nonlinear
thermal Hall conductivity with varying strength of ED potential, which can be potentially useful in spin based
technologies. We also comment on the momentum and temperature dependence of the relaxation time, which

can influence the transport properties.
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I. INTRODUCTION

Anomalous transport signatures as a consequence of the
presence of Berry phase of electronic systems have been
studied extensively in the past [1-4]. Berry phase driven non-
vanishing transport signatures in the linear response regime
requires broken time-reversal symmetry (TRS), thus, such
anomalous transport has been under intense investigation,
especially, in quantum Hall systems [5-10]. It is recently
understood that even in time-reversal symmetric systems
signatures of Berry curvature and other band geometric quan-
tities can appear beyond the linear response. In particular,
in a time-reversal symmetric but inversion broken system,
due to the presence of Berry curvature dipole (BCD) in the
reciprocal space, there can be nontrivial electrical as well as
optical response in the nonlinear regime [11-16]. Numerous
studies have been carried out in the recent past of BCD related
anomalous transport, which include nonlinear anomalous Hall
[17-19], Nernst [20-22], and thermal Hall effects [23].

In similarity to electronic systems, Berry curvature plays
an important role in the transport properties of magnetic sys-
tems, where the transport is carried by quantized spin wave
excitations or the magnons [24,25]. In magnetic systems, the
presence of the Dzyaloshinskii-Moriya interactions (DMI)
among the spins can generate complex hopping elements in
the effective magnon Hamiltonian that makes the magnon
bands topological, and hence, one finds the linear response
coefficients to be nonzero [26-28]. In the absence of DMI,
Berry curvature related transport appear only in the nonlin-
ear response regime, as in the case of electronic systems,
where the responses are due to the higher moments of Berry
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curvature. There are a few recent studies that address this
problem, especially, in spin Seebeck effect [29], spin Nernst
effect [30], and optical responses [31,32], but there exists no
study of thermal Hall response in the nonlinear regime of van
der Waals spin systems, as far our knowledge.

In this paper, we investigate linear as well as nonlinear
responses of the magnons in presence a temperature gradient
in the semiclassical Boltzmann transport framework, where
we find that the nonlinear thermal Hall response can also
be attributed to the presence BCD. We apply our calcula-
tion in a bilayer van der Waals honeycomb antiferromagnet
with anisotropic Heisenberg interactions under the presence
of a layer-dependent electrostatic doping potential (ED). An-
tiferromagnetic honeycomb lattices are excellent platforms
for exploring magnon transport properties as these systems
support collinear ground states. Previous work on honey-
comb lattice antiferromagnet MnPS; showed the existence
of linear spin Nernst current in the presence of DMI inter-
action [26,27]. Both for single-layer and bilayer honeycomb
lattices, the linear thermal Hall current remains zero due to
a global time-reversal symmetry. Recent neutron scattering
experiments [33] suggest that MnPS; has effectively zero
DMI. Thus, one of the possible explanations for the observed
magnon Nernst [34] response can be explained by the Berry
curvature dipole induced nonlinear currents, which was stud-
ied in a recent paper [30], and other possible mechanisms
include the magnon-magnon and magnon-phonon coupling
[35]. In our study, with finite ED, even in the absence of
DMI, we obtain an anisotropy induced nonlinear magnon
thermal Hall response, while the total nonlinear magnon spin
Nernst current remains zero. Interestingly, we also find a
sign reversal of the nonlinear Hall conductivity with increas-
ing strength of ED, which can have potential applications in
spintronics.

In addition to the nonlinear response, we also study the
linear spin Nernst response in the same system with DMI

©2023 American Physical Society
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and Heisenberg interactions terms up to the third order (i.e.,
keeping Jy, J», as well as J; hoppings). We comment on
the possible temperature and momentum dependence of the
magnon scattering time, leading to finite lifetime of these
modes and their effects in the nonlinear transport properties.

Our results show a direct control of the responses of these
magnetic systems by means of electrical doping, an emerging
area of research with potential for application in quantum
devices [36,37]. The recent advance in the field of van der
Waals heterostructures has also opened new avenues for such
electrical control of magnetism [38]. Application of electro-
static doping (ED) technique has already been used to tune
the local moments in atomically thin bilayer systems such as
CrBr; [39] and Crl5 [40].

Before we present details of the study, we note that
the Boltzmann transport theory is based on semiclassical
wavepacket dynamics, where the energy carriers are local-
ized wavepackets that remain in a single energy band and it
disregards the impact of multiband coherence effects [41,42].
Taking in account multiband effects, which is beyond the
scope of the Boltzmann theory, in addition to the extrinsic
nonlinear Hall coefficient, which is proportional to the life-
time of the quasiparticles, one is expected to get another
contribution that is intrinsic and independent of any scattering
mechanism [43-45].

This paper is organized as follows: In Sec. II, we present
the expression for the linear and nonlinear magnon spin
Nernst and Hall coefficients by invoking semiclassical Boltz-
mann transport formalism. Next in Sec. III, we introduce the
model spin Hamiltonian, where we study different transport
coefficients. In Sec. IV, we provide the details of the numer-
ical simulations and discuss the results. We conclude with
further discussions and a summary in Sec. V.

II. FORMALISM

For the dynamics of quantum particles in a lattice, such
as electron (or magnon), we need the information of their
dispersion as well as the Berry curvature of the Bloch bands
[26]. The various transport properties can get considerably
modified due to the presence of nontrivial Berry curvature
(BC). The general properties of the Berry curvature of the
band can be constrained by symmetry consideration. Under
the time-reversal operation, the Berry curvature transforms
as QZ(I_&) — —QZ(—I_&); on the other hand under the inversion
Q(k) — Q(—k) [21]. Thus, for a system with both the TRS
and inversion symmetry, the Berry curvature vanishes identi-
cally over the whole Brillouin zone. The Chern number can
be calculated by integrating the Berry curvature over the first
Brillouin zone,

1 -
C, = 7 d*k (k). (D)

T JBZ

We consider a magnon wave packet, which is localized
around the center, 7., k., in the real and the momentum space,
respectively. The dynamics of the wavepacket is described by
the semiclassical equations of motion (the suffix ¢ is omitted
for brevity), which include an anomalous term due to the
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FIG. 1. Setup used for the calculation of edge current in x di-
rection. d. and d,, d, are chosen well inside and outside the sample,
respectively. The confining potential restricts the magnon wavepack-
ets within the sample and its gradient exerts a force on the magnons,
which are described by Eq. (3).

Berry curvature [42],

. 10E,(k) = = -
F=——=—= —k x Q,(k), 2)
L 3k
and
h]_é == _ﬁvcon(?)a (3)

here n is the band index, E, (I;) and Q, (E) are the energy and
the Berry curvature of the nth magnon band in the momentum
space, respectively. The geometry we have is shown in Fig. 1,
where we would like to find the current in the x direction in
response to a small temperature gradient in the y direction.
For the calculation of current, we follow the same line of
derivation given in Ref. [42]. The first term of the Eq. (2)
describes the usual group velocity and the second term is the
anomalous velocity arising from the Berry curvature of the
magnon bands. In electronic systems, the right-hand side of
Eq. (3) is usually the Lorentz force, but as the magnons are
neutral quasiparticles, the force term can only be induced by
a confining potential V., (7), which we consider to be present
only near the boundary of the antiferromagnetic sample. The
confining potential restricts the magnon wavepacket within
the sample and its gradient exerts the confining force. For
the validity of Egs. (2) and (3), the spatial variation of the
confining potential V.., (7) should be much slower compared
with the size of the magnon wave packet. If w is the width of
the sample, then we have

Veon(x,dc) =0, Veon(x, di) = Veon(x, da) = 00
with, d| < —w/2 <d, < w/2 < dy, (@)

where d, is the center of the sample.
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A. Magnon current
The averaged particle current density along the x direction
is given by
dy

1 .
Jo=— dy jx(y)
w

dy

1 dy 1 d.
— / dy ju() + — f dy . 6)
w dc w dl

Where j.(y) is the magnon current density in the the x
direction, which is y dependent. The confining potential varies

slowly along the y direction and ———

F+w/2. Thus,

# 0 only near y =

i dVeon
hk = _ Weny) 9. ©6)
dy
The net velocity is then given by

- L[OE(K)_  OE,K).
5 _
A\ ok, ok,

1 dVeon A

- Z’y(y J0:(®) (5 x 2.

(N

The anomalous part of the velocity (second term) gives rise to
magnon edge currents at the boundaries of the sample.

The anomalous magnon current density in the x direction

is then given by

an(k T(y))— Gk,  ®

];;(y) con(y)
dy

where ,0,,(1_5, T (y)) is the nonequilibrium bosonic distribution
function of the nth band, T (y) is the temperature as a function
of the y coordinate and V is the area of the sample. Here
we should mention that, apart from the velocity along the
edge due to BC [second term in Eq. (7)], we have another
contribution coming from the group velocity [first term in
Eq. (7)] of the Bloch bands, so the magnon wavepackets may
not move only along the edges. But, what we have written
in Eq. (8) is indeed the total magnon edge current when all
the magnons in the thermal equilibrium are added up, i.e.,
JRO) = jx() [42].

Following the usual procedure, we write down the nonequi-
librium distribution function as a sum of equilibrium distribu-
tion (p®) and the first-order corrections due to temperature
gradient (details of the calculation are given in Appendix A),

_ l ) > l dvcon (y)
=5 Z Pu En(k) + Veon P T0)) dy

J ) (k)

Con (y )

+ Zp,ﬁ“(k TGy )) —= (k). ©)

nk

For the moment, we shall not discuss the first term of the
above equation, which is the linear response of the system,
instead, we shall focus on the second term, which is responsi-
ble for the nonlinear response,

nl _ l (7. lchon(y) 77
J: (y)—Z_ijn &TONS a0 Q@®. 10

nk

Now we are in a position to calculate the nonequilibrium
bosonic distribution function using the semiclassical Boltz-
mann transport equation under constant relaxation time (t)
approximation [46], given as

L0p | 2 0p (p—p)
LAY 11
Tar Tk T an

Writing p = p©@ + p» and after some straightforward alge-
bra (given in Appendix A) we get the following form of the
first-order correction,

<1>=—_T<_ EnU?)—u)aEn(l?) 2p" dT
S T ) ok aE,®)

T IE, (k) 3p® dVeon
B ok, Veen dy

T dVeon 3
hody ok,

12)

While calculating the current we neglect the contribution aris-
ing from the second and the third terms of Eq. (12), as they
correspond to higher-order corrections [O(VT)? and higher].

Now we plug the expression of Eq. (12) into Eq. (9) to get
the final form of the net magnon current density for the nth
Bloch band,

1 dVCOH (y)

Jax () = —s (k) p”
i dy
1 dVeon - TE,(k 3p®
Lyl co(y)Q()E W(k) — KOO G
1% - Lo ody T 3k,
(13)
o . dT
with j,(y) =), jux(y),and VT = (d—y).

Following further calculations (see Appendix A), we arrive
at the following expression of the net averaged current density
of the nth band:

k
= szz S(E)er (") (VT)

V£
k

L1, -t () — ) apl®
o — Q% (k)= " (VT 14
+VZh”()h = T ?, (14)

with J, = )", J,... Here ¢, are defined as

cu(p) = = / ooﬂ (€B)"(9p,” /9€)de

n

0) v
=/p" 1og[(ﬂ>] dr. (15)
0 t

The first and second terms in Eq. (14) correspond to the
linear and nonlinear contributions of magnon current in the x
direction under the influence of a temperature gradient in the
y direction, respectively. We should note that the second term
in Eq. (14) can be recast into the following form:

1 T
—(VT)? _
V( )XE:EZT

which also agrees with the result of Ref. [30]. The quan-
tity within the square bracket is termed an extended Berry

9
ci(p )ak [E. (093], (16)
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(a) (b)

FIG. 2. (a) Schematics of stacked bilayer honeycomb lattice. We are taking antiferromagnetic intra layer Heisenberg interactions up to
third order, in plane easy axis anisotropy in both layers, an antiferromagnetic interlayer coupling and oppositely directed ED potentials. Red
and blue circles correspond to the A and B sublattices respectively. (b) Schematics of single-layer honeycomb lattice in real space and (c) unit
cell in the reciprocal space. The real space and momentum space lattice vectors are also marked. (d) Schematic of the right- and left-handed
magnon modes in a single layer. The brown and green arrows represent the precession of spins on A/B sublattices, in each mode the S,
component is different for A and B sublattices during the spin wave precession, as a result, eigenmodes carry opposite spin angular momentum

(figure adapted from Ref. [48]).

curvature dipole, which has similar implications to the BCD
in electronic systems [20].

B. Nernst, and thermal Hall current
The magnon spin Nernst current is defined as

=hY (M (17)

Nernst
Jx

where (S2) is the expectation value of 82 operator in nth
magnon band. Energy current for nth band is simply given
by (see Appendix A)

JEnergy

Z QL ()ea (o) (VT)

E,(k) — 1)’ 3p©
. Zsm)’( o e

(18)

The net magnon thermal Hall current is defined as the sum of
the contribution arising from each band,

S =Y e (19)

n

We note that these final expressions have similar forms as in
the case of fermionic systems [21]. We would like to stress
that the definition of thermal Hall current in Eq. (19) is appli-
cable solely to the linear and nonlinear extrinsic currents.

H

=12

C. Nonvanishing transport coefficients based on symmetry

Now, having arrived at this result, we present a short
discussion on the symmetries of the dispersion and the
Berry curvature, and their consequences on various terms in
Egs. (14) and (18). For a time-reversal symmetric system, the
Berry curvature is an odd function of k and the dispersion
is an even function of k and hence the first terms of both
the Egs. (14) and (18) are odd functions of l_é, thus total
contribution will vanish for each band when we sum over the
entire BZ. But the second term (which is the nonlinear con-
tribution) for each of the equations are even functions under
the exchange k — —k because of the presence of the term
T k , and, as a consequence, the contribution coming from each
band can be nonzero when we sum over the entire BZ. Overall
spin Nernst current and Hall currents, which are described by
Egs. (17) and (19), respectively, can be nonvanishing depend-
ing on the sign of (S7) and the symmetry of Berry curvature.
Below we take a generic spin Hamiltonian and analyze the
above mentioned magnon transport coefficients.

III. VAN DER WAALS HONEYCOMB
ANTIFERROMAGNET

We take a stacked bilayer honeycomb lattice as our model
Fig. 2(a) to calculate the magnon transport coefficients. We
consider a Hamiltonian of the spins consisting of various
kinds of spin spin interactions, which are relevant in van der
Waals magnets [26,47]. The Hamiltonian is given by

Z Zjljsi,l S+ Z DSir- S+ Z JSir- S
(i) (i (i

+ 308 S+ Y [ Do K(sz)? —l—ZUlel—i—DZvU[S,ZxSJ,] : (20)

(ij) 1=1,2 i

(i
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where S’iJ stands for the spin operator at site i in the layer / = 1/2. The first three terms within the braces consist of an
antiferromagnetic Heisenberg interaction up to third order, the fourth term is an antiferromagnetic interlayer coupling (¢) between
the nearest-interlayer sublattices, the fifth term is an easy axis anisotropy term in each layer (K), the sixth is the layer-dependent
electrostatic doping potential (U;) [47] interaction, and the last term is the intra layer DMI strength (D) among the second-nearest
neighbors (the DMI coupling between the nearest-neighbor spins vanishes as the inversion center of the Honeycomb lattice
coincides with the center of the link joining the AB sublattice). Sign structure v;; is depicted in Fig. 2(b). Further, we consider
anisotropic nearest-neighbor Heisenberg model where J;; # Ji12 # Ji3, which might be induced by pressure in a realistic system
[30], whereas in absence of such anisotropy Ji; = Ji2 = Ji3 = J. s ; (j = 1,2, 3) are the set of three vectors that connects the
nearest-neighbor sites. An easy axis anisotropy interaction I = KS/(2S — 1), stabilizes the Néel ordering in the z direction.
U; = £U for layer I = 1/2, respectively, which can be controlled by external doping of impurity ions.
We proceed by writing down the Hamiltonian in terms of Holstein-Primakoff bosons defined as

layer1: §¢ ~S—al a St ~ /28 ST~ /284!

Sublattice A:} <" b iatil Al al’T Al o1 2D
layer 2: Si',z ~ =S+ a; ,ai 2, S~ AN2ay, S, ~V2Sa;
layer 1: %, ~ —S+b' b;y, St ~2Sb!, Sz ~/25b

Sublattice B:] " 2 PR 51 i 22)
layer 2: S;,z ~ S — bjyzbj'z, Spo X N28by,  Sp, & V2SD)

[
Fourier transformed operators are defined as [Sz ., H] =0, where S?

total total — Zl,i Sf,l is a good quantum
. . number. We make a unitary transformation (W) of our basis
[qi] _ L Z o [qk] 23)
b; VN 4 by
where N is the number of unit cells. Now the Hamiltonian can

such that the Hamiltonian becomes block diagonal with each
block corresponding to a fixed S° sector. With
be written in the following form:

(k) = W(k),

our transformed Hamiltonian becomes

1 o
_ ¢ LSS w1y w1
H =2 W EHEW®E 24) H= 3 Y Wi oW HEOW ! E)
k k
where the full basis is given b
g y _ H, 0 ’ 25)
WE) = [a, by pal bl bypal b ] Lo
(k) = [al,l'é kY 1% g Rr %259 ¢ 2,_,;] )
where
where a;(b;) indicates the bosonic magnon annihilation oper- 1 g S
ator at sublattice A(B) in layer [ (details in Appendix B). Hy = 3 Z WL ()Hy (k)W (k), (26)
k
1 - - -
Diagonalization and spectrum H, = 3 Z \IJiT (k)H, (k)\IJi (k). 27
Our Hamiltonian in Eq. (20) preserves the rotational sym- k
metry along the z direction (in the spin space). In this case, Here,
|
A+F-U+D 0 B—iC t
> 0 A+F+U-D t B+iC
HB® =1 pyic ' A+F+U-D 0 : (28)
t B—iC 0 A+F—-U+D

(

where A=SUn+Jn+Ji3+35+t—K), and, in a similar fashion, the basis for the | sector is given by

S(Jlleik‘/‘/g + lee_i/z(k)'+kx/\/§) + ]13e—i/2(—kv+kx/«/§)),
g = T3S (e~ 2k/N3 4 0 p=iki/ 3 cos(ky)), F = J,S[2(cosk, +

Vi =

T, (30)

2 i T
Wi k) = (agp by by a

cos[—ky /2 — (+/3/2)k] + cos[—k, /2 + (v/3/2)k,]) — 6],

D = 2D, S[sin(ky) + sin (1/2(ky + +/3ky)) + sin (1/2(k, —
\/gkx))], B = Re[y; + gz], and C = Im[y; + gz]. The basis
for 1 sector is given as

!N ¥ T T
W) = (ag, by, b ) (29)

Now, in order to diagonalize the Hamiltonian in Eq. (28),
we employ the standard technique of Bogoliubov trans-
formation for quadratic bosonic Hamiltonian [49,50]. We
introduce new creation and annihilation magnon operators
(' /a, BY/B), such that

¥ i

o T 3D

Wi (k) =Ty Ty (k) Th(k) = (o Bra BTy o,
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We choose 74 such that the matrix ’TTTH¢ (75)’7} becomes di-
agonal with the condition that 7; X, TTT =X, with &, =
o, ® I, where o, is the Pauli matrix for the spin space and I,
is the identity in the layer space. The last condition preserves
the bosonic commutation rules in the new basis. The elements
of the matrix 7; can be found from the eigenspectrum of the
matrix X Hj (1?), which is also known as the dynamic matrix.
More details of the procedure can be found in Refs. [50,51].
Similarly, we can diagonalize the Hamiltonian for the |, sector.
After the diagonalization, we obtain four magnon bands, and
corresponding eigenkets lag ) lag o) 1Bz 1) 1Bga)

o) = e 100, 1) = B 10,

B;,10) = 0. (32)

A schematic diagram of the precession of spins in each
layer for each magnon mode is depicted in Fig 2(d). For either
D =0 or U = 0 the Hamiltonian for Hj (l;) (up-spin sector)
and H, (l_é) (down-spin sector) are related by

a/;,]|o> = 01

Hy (k) = H} (—k).

The total spin angular momentum can be written as

total Z Sz 1A + Siz,l,B’ (33)
i,l=1,2

which we can write as

total 2 :(al 141 —

= Z(a NS aﬁ L0 — b;lbl?,l + b};_zb/}z)' (34)

Zzai,Z - bilbi,l + bngi,z)

After the block diagonalization, we can write the spin angular
momentum in each sector and find its average for the magnon
mode o and B8 (¥; =0, ® 1),

1 T ’
Sy=3 2 vimY
k

1 .
- i i i i
2 ;(%% B — PPl —era g,
(35)

and, similarly,
1 ’
Sy ==3 2 Vv
k

1 . . .
'{ [} '{ T
=5 D20, B B BB, el ).
k
(36)

In each of these blocks, we calculated the expectation value
of the total spin operator, which signifies spin momentum
locking of the magnon modes having chirality +1, and also,
that these expectations are k independent. Interactions like
an in-plane easy axis anisotropy or the Kitaev term destroy
this spin rotation symmetry around z axis and invalidate these
relations.

TABLE I. Model, Eq. (20), with D # 0 and U = 0. In this case
the two bands have Chern numbers C = =+1.

Band n Energy (S.) Q: (k)

1 E (k) +1 +u (k)
2 Ex (k) +1 —Q (k)
3 E (k) -1 +Q (k)
4 E>(k) -1 —Q,(k)

IV. NUMERICAL RESULTS
A. Dispersion and Berry curvature withD # 0and U =0

For a single-layer model, with antiferromagnetic Heisen-
berg interaction in the presence of single ion anisotropy and
DMI coupling, the magnon bands are known to be twofold
degenerate [El(E) = EZ(E), E1,2(§) #+ El,z(:k)] with oppo-
site Berry curvature [Ql(%) = —Qz(%)]. As a consequence,
the linear spin Nernst current becomes nonzero but the ther-
mal Hall current remains zero [26], which can be readily
understood from our equations (17) and (19), respectively.
The same model in a bilayer honeycomb lattice with inter-
layer antiferromagnetic coupling was also briefly discussed
in Ref. [27]. We have studied this particular model [Hamil-
tonian in Eq. (20) with U = 0] under the additional presence
of second- and third-nearest neighbor Heisenberg coupling,
which was not investigated in earlier literature. In Figs. 3(a)
and 3(b) we plot the magnon spectrum along the high sym-
metry points with zero and nonzero value of DMI strength.
In both cases, the bands are doubly degenerate with vanishing
energy at I point. In contrast to the single-layer model, in
this case E,l(l_é) = En(:k). In absence of DMI, the magnon
bands touch at the K, K’ points. In Fig. 3(c) we also show
the momentum resolved Berry curvature, which peaks near
the M points. It is clear that the Berry curvature for this case
is an even function of the momentum that results in nonzero
value of the Chern number (which is 1). In Table I we have
summarized the symmetries of the dispersion and the Berry
curvature for this particular model.

B. Linear magnon transport

In this bilayer model, the linear spin Nernst current is
enhanced compared to the single layer. Although the bands
are topologically nontrivial, the thermal Hall current remains
zero due to a global time-reversal symmetry [27]. We neglect
the nonlinear part of the Eq. (17) and write down J!in-Nemnst —

Irl\}gmstVT [see details in Appendix A, Eq. (A13)]. In Fig. 4 we
plot /i as a function of temperature for different values

of DMI strength, as well as, J, and J3. For the increasing
value of D the linear spin Nernst current increases. As a
function of temperature, it starts from zero, then increases,
and finally saturates. As we increase J, the nearest-neighbor
spins get frustrated, which helps noncollinear configurations,
in contrast, J3 stabilizes the Néel ordering. This is the reason
why for constant D, the linear Nernst coefficient increases
with increasing J, but decreases with J3. From the perspective
of magnon dispersion, with increasing J, the interband gaps
between the magnon bands at M points increase; in contrast,
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Energy (meV)

(© Qf
2
/F N 2N
: 3
ky 01 - -
2
\ 7 N 71,
-2
ﬂ-— 27 0 2T 0
ke

FIG. 3. Model with U = 0: The dispersion along the high symmetry points and the Berry curvature (lowest magnon band) for a model
with Heisenberg interaction under the presence of the second-nearest neighbor DM and easy axis anisotropy. Parameters for (a) and (c): S = 1,
Ji =15meV, J, =0.05J;, J3 = 0.1J;, K =-0.0086 meV, U = 0, ¢t = 1.0 meV, D = 0.3 meV. The values of the parameters are close to the
real values in most of the van der Waals magnets [52] from the predictions by ab initio calculations. The dispersion is highly anisotropic as
a function of k. With D = 0 there is a band touching near K, K’ points (b). The density plot of the Berry curvature shows that it is highly
concentrated near M points and topological charges for each M point is 1/3. The dotted lines indicate the first Brillouin zone.

when J3 is increased the gaps decrease, leading to a vanishing
measure of the Berry curvature at the M points, and, as a re-
sult, the linear Nernst current decreases with increasing J3. In
this analysis, we have kept the values of J, to be small enough
so that the system is still in an ordered state and the spin wave
theory is a valid approximation [50]. Our analysis reveals that
the change in magnitude of the linear spin Nernst coefficient
by varying second- and third-nearest neighbor Heisenberg
coupling is much larger in comparison to the change due to
D. In passing, we comment that the nonzero spin Nernst cur-
rent observed in the material MnPS; was originally explained
using these models, but recent neutron experiments done on
the same material [33] suggests that the observed value of D
is too small to explain the magnitude of linear spin Nernst
current. Thus, the observed Nernst effect may be related to
other possible mechanisms, such as the magnon magnon and
magnon phonon interaction [53] and nonlinear effects.

C. Dispersion and Berry curvature withU # 0 and D = 0

In a very recent paper [30], the authors have shown that
in a single-layer honeycomb lattice, even without DMI, in

the presence of anisotropic Heisenberg exchange interaction,
one can get nonvanishing magnon spin Nernst current. In this
case, the dispersion and Berry curvature holds the following
identities: E;(K) = E>(k), Ej,(K) = Ey2(—k) and (k) =
—2,(K), because of this symmetry, the linear spin Nernst and
thermal Hall current remains zero. In the following, we inves-
tigate the nonlinear response in a stacked bilayer honeycomb
lattice by introducing a layer-dependent electrostatic potential
that can be externally controlled by changing the amount of
doping [38-40]. The Hamiltonian is given by Eq. (20) with
D = 0 and in addition, we have a strain induced anisotropic
nearest-neighbor coupling, Ji; # Ji2 # Ji3.

Now without the application of strain (i.e., when J;; =
Jio = J13), near the K, K’ points the derivatives of magnon
dispersions are vanishingly small, making their product
Q, (l?)BEn (I_é) / 0k, almost zero near each of those points. How-
ever, under the application of strain, the maximum value of
Berry curvature and the derivative of dispersion shifts in the
k. — k, plane in a nonequivalent way that makes their product
nonzero. This is a necessary condition to get a large non-
vanishing nonlinear response in our particular model. Such
anisotropic nearest-neighbor coupling can be generated by

(©

(3)5 x10~6 x10~6
g N ; OOW
S s OOOW
) W 94 o
% 21 oAA
N o D=0l o Jy=005 oA, °  J3=005
B A D=02 s B=010 | . A Jy=0.10
. —s— D=03 e h=ou | —a— J,=0.15
0 20 40 60 80 100 0 20 60 80 100 0 20 40 60 80 100

Temperature T (K)

Temperature T (K)

Temperature T (K)

FIG. 4. Linear Nernst current as a function of temperature for different values of D, J,, and J3. The coefficient of linear Nernst current is
defined in Eq. (A13). The Chern number of the bands are C = =1, which indicates that the bands are topologically nontrivial. In (a) J, and
J; are kept zero, in (b) and (c) D=0.3 meV, for all plots t = 1.0, the other parameters are the same as Fig. 3. In a typical experimental setup

VT = 107% K/nm.
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TABLE II. Model, Eq. (20), with U # 0 and D = 0.

Band n Energy (S.) Qi (k)

1 E\(k) +1 +Qu (k)
2 E, (k) +1 —Q (k)
3 Ei(k) -1 —Q, (k)
4 E>(k) -1 +9,(k)

the application of external pressure induced strain [30]. As
a passing comment, we want to mention that very high value
of ED potential leads to a transition from an antiferromagnetic
to a ferromagnetic interlayer coupling even in zero magnetic
field [40], so we assume ED potential to be small enough
so that the interlayer interaction remains antiferromagnetic in
nature. In the Table II we have summarised the symmetries of
the dispersion, and Berry curvature for this particular model.

In Fig. 5 we plot the magnon dispersions and the Berry
curvature for this model with Jy; # Ji» # Ji3. The spectrum is
doubly degenerate where the gaps between the bands at K, K’
points are proportional to U. In this model, the maximum
contributions to the Berry curvature come from momenta near
the K, K’ points. The Berry curvature in this case being an
odd function of the Bloch momentum, the Chern number of
the band is zero.

D. Nonlinear magnon transport

In our case, the inversion symmetry is broken in each layer
but it remains intact if we consider both the layers together.
From Eq. (17), the total nonlinear magnon spin Nernst current
can be written as

. . T(VT)2 N >
Jol-Nemst _ ST (85)2,(k)g1(Eq(k)),

n,k

(b)
2

— 27
— 27

where g1(E, (k)) =E, (k)2ap<0> / 0k, and the Berry curvature

Qn(k) are both odd functions of momentum. As a result, the
nonlinear Nernst response for the individual magnon bands
will be nonzero but when we sum over the bands they cancel
each other out. It means that we have counterpropagating
nonlinear spin currents.

Interestingly, the nonlinear thermal Hall response is
nonzero in this case. From the Eq. (19), the total nonlinear
magnon thermal Hall current can be expressed as

T(VT)?

Jnl,Energy
WVT?

Y Qub)ga(E(R)),

nk

here, ©2,(k) and g,(E,(k)) = E,(k)*3p/dk, are both odd
under k. The nonlinear magnon thermal Hall response for
each band as well as their sum is nonzero. In Fig. 6(a) we
plot the nonlinear magnon thermal Hall current [details in
the Appendix A, Eq. (A14)] as a function of temperature for
different values of U. The thermal Hall coefficient starts from
zero and peaks up at a point where the temperature becomes
of the order of the energy gap. From Fig. 6(b), it is also clear
that with increasing U there is a sign change in the nonlinear
Hall current. With increasing temperature, the curves exhibit
a diminishing slope, leading to a rightward shift of the points
where they intersect the U axis. As U increases, the valence
band’s influence on the thermal Hall current undergoes a
change in sign, resulting in a complete reversal of the total
response. These results predict that the nonlinear thermal Hall
current can indeed be tuned by external doping and strain
induced anisotropy. These are the main results of our current
paper.

In our nonlinear Hall response, most of the contribution
comes near the K, K’ points, near which the group velocities
of magnons are of the order 22 =7.5x 10" nm sec™". Typ-
ically, the magnon mean free path for an antiferromagnetic
sample at 20 K ranges from 1—100 um [54], this corre-
sponds to a magnon lifetime (7) is 1077—10~? seconds. The

Cold end

vT

o

Hot end
0 2m Nonhnear magnon thermal Hall current
ke T >

FIG. 5. Model with D = 0: [(a),(b)] The band structure along the high symmetry points and the Berry curvature of the lowest magnon
band. Parameters of the plots are as follows: S = 1, J;; = 1.0 meV, J;; = 1.05 meV, and J;3 = 0.95 meV, K = -0.0086 meV, D =0, t =
1 meV, U = 0.05 meV, J, =0, J5 = 0. Bands are twofold degenerate and the gap at K, K’ points are of the order of twice the ED potential.
The Berry curvature for the bands picks up near the K and K’ points and is an odd function of momentum, resulting in a zero Chern number.
(c) Schematic of nonlinear magnon thermal Hall current. Different colors and the arrows represent different magnon modes and their spin S*
quantum numbers, respectively. The length of the arrows from the center represents the magnitude of the corresponding particle current. We
have a pair of modes having the same magnitude of Hall current in the same direction but with opposite S, as a result, we have a nonzero
nonlinear thermal Hall current with vanishing nonlinear spin Nernst current.
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(a)
o)
200 [0}
g 1004
T
5
=N
=
_3 —1001
F\F
—200

10 60 80

Temperature (K)

20

[

5 0.100 0.125 0.150 0.175

U (meV)

0.050  0.075 0

FIG. 6. Nonlinear Hall coefficient defined in Eq. (A14) as a function of temperature and ED potential. We find that, under the presence of
strain, there is a sign reversal of the Hall coefficient. For very large anisotropy there is a competition between the Berry curvature density at
the I', M, and K points. The magnitude of the ED potential should be kept small so that there is no spin flipping transitions. Parameters of the
plots are as follows: S = 1, J;; = 1.0 meV, Jj; = 1.05 meV and J13 = 0.95 meV, K = -0.0086 meV, D =0, =1 meV, J, =0, J; = 0. The
relaxation time (7) of the magnon modes in antiferromagnets are typically of order 10~ — 10~° sec.

applied temperature gradient (VT) for a magnon transport
measurement reported by the experiment in Ref. [34] is of
the order of 107® K/nm. The coefficient of nonlinear Hall
current we obtain for U = 0.03 meV at 20 K is around 250 eV
nm~! sec™2. This is equivalent to a nonlinear thermal Hall
current of 250x10~7 eV nm~'sec™! ~ 10~'* W/m, which
is in the measurable range. In comparison, the magnitude
of the linear magnon thermal Hall conductivity reported in
Refs. [53,55] at 20 K is around 10~'* W/K. Assuming the
same value of the temperature gradient in our case, the value
of the linear magnon thermal Hall current is 1071 W/m. We
have checked that the order of magnitude estimation is robust
against changes of the material parameters.

E. Model with bothU # 0 and D # 0

We have also analyzed the magnon band structure when
both DMI and ED are nonzero (Fig. 7). For this particular
case, the twofold degeneracy of the magnon modes is lifted
and the dispersion becomes asymmetric about the I" point
(also termed as nonreciprocal magnons) with the formation of
Dirac like nodes near the M point. The degree of nonreciproc-
ity of the magnon band structures can be possibly manipulated
by changing the direction and magnitude of the external ED
potential. As the linear response is already nonzero for this
model, we do not show any transport studies of this model

in this paper. The outcome of various magnon transport co-
efficients for variants of U + D model are summarized in
Table II1.

F. Momentum and temperature resolved relaxation time

The simplest mechanism through which out of equilibrium
magnets can relax is known as Gilbert damping [56-59]. From
the Landau-Lifshitz-Gilbert equations, the scattering rate can
be written as

oo 2aE (k)
S h

where p is the bosonic distribution function, « is the Gilbert
damping parameter, and £ (k) is the magnon dispersion. In this
mechanism the relaxation time is inversely proportional to the
dispersion; as a result, we can expect that at small tempera-
tures, it will modify the magnitude of the different magnon
transport coefficients. For example, within the Gilbert relax-
ation, our nonlinear magnon Hall current will be proportional
to E(k)? instead of E (k)®. For higher temperatures, magnon-
magnon interactions become important and it can significantly
modify the band structures and the wavefunctions. Previous
studies [60-62] have confirmed that there is a 72 dependence
on relaxation rates. In our case, this will make the nonlinear
Hall current proportional to T in contrast to 72 dependence

1

__(:0]2 - peq) = - (:0]2 - peq)v (37)
TG

@) O == . ©
e et TN 5
6 S . b I “"\
% - 4 !
g, / .
o Ei(R) R ’
é’ ...... Ez(];) o e . 1:> 9
2 - -
) (F) )
—= Eu(k) 2 (F)
0 y ; — T — T y y — T
r K M K I T K M K Tr T K M K T

FIG. 7. Evolution of magnon band structures in the D 4+ U model with a varying magnitude of D and U. Parameters are as follows:
(@ U/D=04,(0b)U/D=1.2,(c)U/D = 6.0, all the other parameters are same as Fig. 4. It is interesting to note that, in D + U model the
valley degeneracy between K, K’ points is broken, i.e., the magnon bands have different energies at those two momentum points.
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TABLE III. Variants of D + U model and their various transport signatures.

Model Linear Nernst Linear Hall Nonlinear Nernst Nonlinear Hall
U #0,D=0 X X X X
U #0,D =0 + strain X X X v
D #0,U=0 v X X X

under constant relaxation time. This certainly enhances the
magnitude of the Hall response at higher temperatures.

V. SUMMERY

In conclusion, we have investigated the linear and nonlin-
ear magnon transport under the presence of various possible
spin-spin interactions in a bilayer van der Waals honeycomb
magnet within the semiclassical Boltzmann transport theory.
We have shown that, even in the absence of Dzyaloshinskii-
Moriya interactions (DMI), the presence of anisotropy and
electrostatic doping potential (ED) can lead to a nonzero
nonlinear thermal Hall effect. Interestingly, we have observed
a sign reversal of this nonlinear magnon Hall current as a
function of the ED potential, which can have the potential
for application in spin-based technologies. We have further
shown that, in the presence of DMI coupling, the second-
and third-nearest Heisenberg interactions play an important
role in determining the magnitude of the linear magnon spin

J

Nernst current. We have also commented on the momentum
and temperature dependence of the magnon scattering time,
which can significantly affect the magnitude of the transport
coefficients and their experimental relevance.
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APPENDIX A: SEMICLASSICAL BOLTZMANN TRANSPORT CALCULATION

The semiclassical equations of motion of the magnon Bloch bands are given by

19E,(k) > = -

2 LB b s @) (A1)
ho 8k
fik = —VVeon(7), (A2)

here 7 is the band index, E, (k) is the nth magnon band energy, and €25 (k) is the Berry curvature in momentum space. For the
validity of Eqs. (A1) and (A2), the spatial variation of the confining potential V.o, (7) should be much slower compared with the
size of the magnon wave packet. Here, we focus on the edge current in the x direction, with a small temperature gradient in the
y direction, as an example.

We are specifically interested in the situation when the contribution due to the first term of Eq. (9) (which is linear in AT)
vanishes due to symmetry considerations. We show below that the second term is proportional to (AT)?, which gives the
first-order nonlinear correction,

-nl _ l (1) 7. ldvcon(y) 72/1
= ;pn (kT (y)) P dy Q: (k). (A3)

_ (=0
ar ok T

where p(© is the equilibrium distribution function. Let us suppress the suffix n in p, for notational simplicity for the moment.
We first calculate the first-order correction, i.e., p(l),
55
P £0),

VRO RPN ()| M /5,0
A Y A ()
ar ok T 0x ay

Under the relaxation-time approximation, as written in the main text,
. 0 5 0
7 _’0 + k- _p —

’

using Egs. (6) and (7) we can write

8,0(0) 1 dVeon 8:0(0) _ _p(l)

LOE,(k) 8p  1dViow 3p© _ —p")
ay h dy 0k, T

h ok, dy h dy ok, T

(A4)

Uy
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And we write

9p® _ 9p® dr + 39p© dV.q,
ay oT dy Veon dy

(AS)
From Eq. (A4), we can write

BE,,(IQ) 9p @ dT 8En(l_é) 30 dVeon  dVeon 30 _ h 1) (A6)
aky oT dy 8ky 8Vcon dy dy 8kV a tp .

The equilibrium bosonic distribution is given by

1
ePE®—1) _ 1

| 0 ~1 Eu(k) — p ap® ~1 1
AT (ePER-m) 1) ksT2 )" BE, (k)  (ePE®-w — 12 \kgT )’

2o _( Ena'é)—u) 2o
aT T dE, (k)

0
p© =

So we have

this expression enables us to write p!) in compact notation,

= ( En(/E’)—u)aEn(/?) 0p" dT  t IE,(K) 9 dVeon | T dVion 39

—— — = — . A7
h T ok, BE,(k)ydy h 0k, OVeen dy +h dy 0k, (A7)

Now, the force acting on the magnon wavepacket can be written in a perturbative series of the confining potential (V,,,), if we
take dV.on/dy correction term in the expansion of oW, then it comes with order (dV,on/dy)? in the expression of the nonlinear
current, which can be neglected in comparison to (dV,o,/dy) order. Thus, we write

E (k) — p 9p© (d_T>

o, T ~_
k., T(») T ok, \dy

(A8)

The expression of nonlinear current density for each band can be written as (putting back the suffix n),
1 dVeon(y) Qz(k)zE LK) — 1 3p© <flT>
Yy

Jna) = B dy T ok

The total averaged nonlinear current in x direction is given by the integral of the current density

_ Ly ey TEAR =gt (T (% 1 (000ER) + Ve T (+10/2))
__Z ©ri T <a’y>/ 5( ok,

APV (En(k) + Veon(r); T(—w/2))) W
8k} con-

This is zero if T(w/2) = T (—w/2). Now using Taylor series approximation we can write

dT 3p®
p (T = pT 2y— :
(T (=) =p, (T() — ydy T
Thus
- T E(k dT\> [ [ 82pO(E, (k) + V.
nx= Z Qz(k)z (k) — (_) / ( Py (E, (k) + con(r))) AVio.
T dy ) Jo k0T
We have

3p”  3pOUEK) + Veon (1)) DE, (k)
oky DE,(K) Oky

El
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and

) 0) 7
_ Z ok (k)EE (k) (VT)2 0 / (3,0n (E11(k)+vcon(r))> AVion

T oT ok,
T(VT)2 o= (i) En (k) — w)?* 1 OE, (k)
= — (k) —— pO(E, ()1 + pO(E, (K A9
- Z” 20— = p VER + PO E ) == 7% (A9)
Total nonlinear spin Nernst current is given by
Jnl Nernst _ Z Sz Jnl (A10)

The total averaged magnon current for each band including both linear [26,42] and nonlinear contribution is given by

ho="0 ﬁ L2 e (o) VT + o 3 2o & (k;; W a;,;m (VTP (A1)
k k :
the first term is the linear contribution,
T = kVB Z HOEROI (A12)
k
The linear spin Nernst current is given by
JinNemst — N (S = [0 VT (A13)

nonlinear energy current is simply given by

CEE =1 o0 @i+ pOE @ e ®

VT)?,
kT ok, V)

J:,l;(Energy Z QZ (k)

the total nonlinear Hall current is given by

nl,Energy __ nl,Energy __ nl
J: & = E s & =1 x Iy (A14)

n

APPENDIX B: FURTHER DETAILS OF MODEL

In this Appendix, we provide the details of different kinds of spin-spin interaction under the linear spin wave approximation.
We calculate the Heisenberg coupling up to the third order, Dzyaloshinskii-Moriya (DM) coupling in second order (first-order
term is zero in honeycomb lattice from symmetry consideration), and in-plane easy axis anisotropy term. We write the terms in
a symmetrized fashion.

Real-space lattice unit vectors of the honeycomb lattice are given by (see Fig. 2)

7 = 3(3, V3), @ = 3(3, —3). (BD)

In the following, we set the nearest-neighbor spacing a = 1/+/3. The re scaled nearest-neighbor lattice vectors are then

1/ 1/ I
§i=—(—.1), Bh=o(—.—1). F=—(—1.0). B2
: 2<¢§ ) ? Z(ﬁ ) VAR ®2)

The nearest-neighbor terms (Hl(il)) without any anisotropy (J;; = Jjp = Ji3) is written in the momentum space as

2

1S - JiS
HP === " (e™ab_;+e¥a_thy +H,c) + = D (alag+a’a_+bibp+b b p), (B3)
k.8:,i=1,2,3 k

where &; with i = 1,2, 3 are the three nearest- -neighbor lattice vectors connecting A and B sublattices, and the coordination
number, z; = 3 for honeycomb lattice. In the case of anisotropic interaction J;z; is replaced by respective coupling strength.
Next-nearest-neighbor Heisenberg interaction (H @) s given by

DS

(2)
Hy" = 5

—ik; ikt — ikt ikt T T T T
Z (e aka’z—i_e U a,,;a—lﬁ_e n bi(.b]z-i—e 1 b,/;b—lz—i_h'c) — LSz Z(a/zalﬁaf/za—/?"i_b/}bl?+b71€b—l?)’
E,7i,i=1,2,3 k

(B4)
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Y > .
k U, (k) kE+1

FIG. 8. Schematic picture of the lattice Wilson loop on a discretized square lattice. The U(1) link variables and the path travelled along the
closed loop is also shown; for our case the Brillouin zone is a parallelogram.

where 7j; with i = 1, 2, 3 are the three next-nearest-neighbor lattice vectors connecting the AA and BB sublattices, z, = 6 for
honeycomb lattice. Third nearest-neighbor Heisenberg interaction (H}}) is given by

J3S
A3) 3 z :
HH —_

k..i=123

. . 58
(e ™ %azb ¢ +e*Ya by +h.o) + 3723 Z(aga; + aiEa_,; + b;b,; + bilzb_,;),
k

(B5)

where Z; with i = 1,2, 3 are the three third-nearest-neighbor lattice vectors connecting AB sublattices, z3 = 3 for honeycomb
lattice. The easy axis anisotropy term, which stabilized the ordering along the c axis is given by (Hg),

KS
— 2 __ i i T T
Hp = K(S) = T Z(aEaE +a'a_p+blbp+b" b ) (B6)
i k
and the DMI coupling term (Hpy) between next-nearest-neighbor is given by
~ = - S
Hpy = Z viDZ - (Si % §j) = 5 Z(Akaga,; — A_kailza_,; + Akbib,; - A_kbilzb_,;), (B7)

ij X
with

Ay = 2D[—sin(k - @) + sin(k - @) + sin (K - (@, — @))].

The lattice vectors and the sign conventions in the DM coupling term are given in Fig. 2(b).

APPENDIX C: BERRY CURVATURE FOR THE BOSONIC
BOGOLIUBOV DE GENNES (BDG) HAMILTONIAN

In this section, for the sake of completeness we present
the computation of the Berry curvature for the bosonic BdG
Hamiltonian. We will closely follow the line of derivation
given in Ref. [50]. Let us consider the Hamiltonian for the
up-spin sector Hy (l?), which is written in the basis \IJ’? (I;) =
(ag | b/},z bi]; . ailz 2)T. To satisfy the bosonic commutation
relations, the ’generélized eigenvalue equation for the Hamil-
tonian H, (I;) is written as

Hy(B)In(k)) = EK)Z,|n(k)), (C1)

where |n(§)) being a normalized wave function of the nth
Bloch band.

(

The Berry connection AM(E) (uw=1,2) and the corre-

sponding field strength Flg(z), for the nth band, are given by
[50,63]

AL (k) = (n(K)|8, 2 |n(k)), (C2)

Fy(k) = 9145(k) — 9,47 (k). (€3)
This way of computing the Berry curvature leads to nu-
merical errors because of the presence of the derivative in the

Brillouin zone (see Fig. 8). Instead, we define a inner product
in U(1) link variable of the Bloch band as [63]

U (k) = (n(R)| Z|n(k + f1)) [N} (K) (C4)
where

N3 (R) = [(n(B)| 2 |n(k + ). (C5)
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Q= 1,2 are the discretized vectors in the direction of the
reciprocal lattice vectors. E (k) has eigenvalues of the form

(E]_éqa] ) 6];,0(2’ _Ez.a] ) _612,012)' (C6)

For particle/hole bands the eigenvector |n(l€)) is normalized as
follows:

<nparticle(]_<')|ZZ|nParliC16(z)) =1, (&)
(" ) e () = 1. ©®

The link variables are well defined as long as NS(I_%) # 0,
which can always be assumed to be the case [64]. The field
strength is then numerically approximated as

Fly(k)8ki 8k, ~ log, U ()US (K + DU (k + 2)" U3 ()™,
(C9)

with

1.
7 < —F(k)8kiSky < 7. (C10)
1

Field strength is defined within the principle branch of the
logarithm specified in Eq. (C9). This definition of the field
strength is gauge invariant. The Berry curvature is written in

terms of the field strength as
Q" (K) = —iF» (k). (C11)

The Chern number on the lattice corresponding to the nth
Bloch band is defined as follows:

1 R
C,=— Fi>(k)dki8k,.
27_”.2:12() 16k

keBZ

(C12)

In similar way we compute the Berry curvature of the
Bloch bands corresponding to the A (k) Hamiltonian.
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