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The topological surface state arising from the nontrivial topology of the bulk band structure has attracted a
wide range of interest. Compared with electrons, the magnon propagation in magnetic materials can be more
intuitively reflected in the spin precession and generate different effects. Using molecular dynamics simulations,
we study the real-space evolution of the magnon topological surface state in Cu3TeOg, a three-dimensional
antiferromagnet with Dzyaloshinskii-Moriya interaction. We observe a coherent wave-packet propagation on
the surface without attenuation into the bulk. As the intensity of the chiral Dzyaloshinskii-Moriya interaction
increases, spin-dependent chirality of magnons appears on the surface. Such behavior suggests that Cu;TeOg
displays the magnon spin Nernst effect, i.e., the system generates a transverse net spin flow after applying
a longitudinal temperature gradient. In our numerical calculations, when the intensity of the Dzyaloshinskii-
Moriya interaction is about 10% of the nearest neighbor exchange interaction, the spin Nernst coefficient in this
material is estimated to be around a,, = 1-3 x 10716 J/mK.
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I. INTRODUCTION

Over the past two decades, topological surface states (TSS)
have attracted extensive attention and interest [1-6]. They are
generally gap-closing edge modes that appear at interfaces
between materials with different topological band structures
[7-9]. Compared with normal surface states, topological edge
modes are protected by the topology in momentum space.
Therefore they are not affected by defects, irregular bound-
aries, or backscattering in real space as long as the symmetry
is maintained. In particular, their band topology is indepen-
dent of the statistics of the constituent particles, so novel trans-
port can be realized in real systems. In fact, topological sur-
face states have been proposed theoretically [10—19] and ob-
served experimentally [1,2,20-24] in electronic systems such
as topological insulators and topological semimetals [25-34].

In real space, TSS behaves as large-scale collective mo-
tions of particles or quasiparticles. In contrast to most studies
of TSS in the momentum-frequency space [25-33,35], studies
of TSS in real space-time, especially its dynamic evolution,
is of great importance, as it can directly verify theoretical
predictions and visualize transport properties of materials.
In addition, complex interactions and surface defects within
materials as well as their nonequilibrium evolution processes
can also be better revealed. However, studies on the dynamic
evolution of TSS are rather rare [36,37] and even less in real
space-time (7, ).
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Full quantum calculation is a straightforward approach
to studying the real-time evolution of TSS, however, its
high computational cost is an obstacle to its application in
large systems. More precise techniques such as time depen-
dent spin density functional theory [38], are applicable to
describe dynamics but only within picoseconds and a few
hundred atoms. Therefore a more effective method, such
as semiclassical molecular dynamic (MD) simulations, is
needed for large-scale collective motions of TSS in real
space-time.

Recently, the concept of TSS has been further extended
into bosonic quasi-particle systems such as photons [39,40],
phonons [41], and magnons [42-47]. Compared with elec-
trons, magnons (quanta of magnetic excitations) [48-51] are
easier to visualize in real space because their wave func-
tion corresponds directly to the spin of ions in real space.
In addition, magnons (neutral bosonic quasiparticles) have
different transport properties from electrons, such as long-
distance propagation without being affected by Lorentz forces
and Joule heat in magnetic materials. Therefore studying the
transport properties of magnons is of great significance for
magnetic materials and spintronics.

Cu;3TeOg is a Mott insulator that exhibits antiferromag-
netic order below the Neel temperature (7y = 61 K) [47,52—
54]. The arrangement of spin-1/2 on the Cu®* sublattice in
this antiferromagnetic order is predominantly collinear and
bipartite, as shown in Fig. 1. It has a rich topological magnon
band structure, thus is a convenient playground to study the
topological magnon surface states [47,55]. In particular, quan-
tum fluctuations in CuzTeOg are suppressed by far-reaching
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FIG. 1. (a) Illustration of the ground state in the primitive cell
of CuszTeOg for D,, = 0.25J;. The green arrow indicates the spin.
(b) shows the layer structure and the component of the spin in
the plane perpendicular to the [111] direction (amplify 25 times).
Spin-up and spin-down Cu”>" are denoted by the red and blue cir-
cles, respectively. The yellow line between two Cu*" represents the
nearest neighbor at a distance of » = 0.318 nm.

interactions [47], allowing them to be studied in a semiclas-
sical manner. Recently, based on the Heisenberg model and
neglecting the contribution from the Dzyaloshinsky-Moriya
interaction (DMI), Yao et al. [47] obtained the Hamiltonian of
the system,

Hy :JIZS,--SJ-+JZZSi-Sj+~-~+ngS;~Sj,
(ij) (2
(D

where Ji, ..., Jo are exchange interactions obtained by fit-
ting the inelastic neutron scattering data. However, when the
bond angle of the Cu-O-Cu bond is less than 180°, the DMI
generally exists between two nearest Cu>* neighbors. So the
contribution of the DMI, Hpy, to the Hamiltonian H,

H = Hy + Hpmi = Hy + Dy »_di;-S; xS;. (2)

(ij)
can be of sigpiﬁcance. Here D,, is the intensity of the DMI
[56,57] and d;; is the normal direction of the triangle made

from the Cu—O—Cu bond. Hpy term is the origin of chiral
interactions in Cu3TeOg, which provides a natural explanation
for the ground state spin orientation along the [111] direc-
tion that cannot be explained by the Heisenberg model [55].
We note that the strength of DMI in this material has been
controversial [43,52,55,58]. For instance, first principles cal-
culations suggested that the DMI in Cu3TeOg are rather weak,
D,, = 0.06J;, where J; is the nearest neighbor exchange in-
teraction [43]. However, the experimental study showed that
the canting angle of the spins from the [111] direction is of the
order of 6° [52], corresponding to D,,, = 0.2J; [47]. In arecent
experiment, by calculating the magnetization with different
external magnetic fields, the DMI in Cu3TeOg is refined to be
D,, = 0.1J; [58].

We thus investigate a possible range of these DMIs (D,, =
0.0 — 0.30J;). Using classical molecular dynamics (MD) sim-
ulations and linear spin wave theory (LSWT), we study the
transport properties of topological magnon surface states of
CusTeOg in momentum space and real space. A coherent
wave-packet propagation of the topological surface states,
the magnon wave packet, is observed on the surface without
attenuation into the bulk state for the entire range of D,,
investigated.

However, the characteristics of the band structure and the
way of magnon wave-packet propagation are different with-
out (D,, = 0) or with (D,, > 0) the DMI terms. In the case
of D,, =0, the ground state is a collinear antiferromagnet.
For any given state (magnon), there is always another one
with the same spin but opposite propagation direction on the
same surface, so the total spin current and the energy current
generated by the magnons are always 0. In contrast, when
D,, > 0, Hpy term in Eq. (2) introduces chirality into the
system, thus breaking the collinearity of the ground state. As
a result, spin-up and spin-down magnons move in opposite
directions on a single surface, thereby generating two net spin
currents on the upper and lower surfaces.

The above features can be explained in terms of sym-
metries. When D,, = 0, the system is invariant under time
reversal followed by a spin rotation of 180° along the spin y-
axis transformation [R,(180°) % T symmetry], which enables
the symmetric backward propagation of a magnon with the
same spin on a single surface. When D,, > 0, this symmetry
is broken and introduces chirality to the system, resulting in a
nonzero net spin current on single surfaces. In both cases, the
system has the PT (time reversal followed by space inversion)
symmetry, which guarantees that the net spin currents on
the upper and lower surfaces are of the same magnitude and
direction, but with opposite spins. Thus, when a longitudinal
temperature gradient is applied across the upper and lower
surfaces, a transverse net spin current can be generated. This
indicates that considering the DMI, Cu3TeOg displays the
magnon spin Nernst effect [59,60] (SNE).

In a recent experiment, the intensity of DMI is refined to
be D,, = 0.1J; in Cu3TeOg¢ [58]. We calculate the SNE coef-
ficient for D,, = 0.1J; in this material and find that depending
on the experimental temperature, oy, varies from 1 x 10710
to 3 x 10716 J/mK. This work elucidates the surface state
properties of CuszTeOg in the presence of DMI and predicts
the SNE effect, which is useful for future experimental and
theoretical investigations in Cu3TeOg.
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The rest of the manuscript is organized as follows, Sec. II
contains the calculation details, Sec. III discusses the charac-
teristics of bulk band structures based on LSWT calculation
and MD simulations, and Sec. IV presents the calculation
results of topological surface state in momentum space and
real space. In Sec. V, the SNE coefficients of the system are
shown; and finally, a summary is concluded in Sec. VI.

II. METHOD

To calculate the surface band structure in CuzTeOg, we
build slabs consisting of N; (N; = 10, 30, 50) lattices stacked
in the z direction. They have two free boundaries in the z
direction and are periodical in the x-y plane. Then, the surface
band structure is studied using LSWT. Since the surface states
are barely affected by size effects (see Fig. S4 in Ref. [61]), a
slab of ten-layer lattices is used in the main text. To ensure the
generality of the results, two geometrically different surfaces
were cut along the [001] direction. In fact, topological surface
arc states always exist no matter how they are cut, although
their shape in the surface BZ depends on the geometry of
the surface (see Figs. S5 and S6 in Ref. [61]). Moreover,
our conclusions or the physical mechanisms involved are not
affected by surface geometries.

The dynamic evolution of magnon surface states was stud-
ied using semiclassical molecular dynamics (MD) simulations
[62—64] on a slab of 80a x 80a x 10a (1 561 600 Cu atoms).
Here a = 9.537 A is the lattice constant. All simulations are
performed at 7 = 0 K to eliminate any thermal fluctuation or
lattice vibration. The free boundary in z direction and periodic
boundary conditions in x and y directions are applied. Note
that the MD simulations are carried out on LAMMPS [65] with
SPIN package included [66].

To calculate the SNE coefficient, a steplike temperature
gradient is applied to the Cu3TeOg slab. The slab is uniformly
divided into five layers along the z direction with an assigned
temperature 7; (i = 1, 2, 3, 4, 5) for each. The temperatures
satisfy T)' < T, <Ts < Ty <Ts, and Ts — Ty = AT — 0 to
ensure a linear dependency. Bose dlStrlbuthIl is used to de-
scribe the probability of one magnon excitation in each layer,
p(Eux; T;) = 1/[exp(Ex/kgT;) — 1], where E, is the energy
of Bloch wave function |¢,(Kk)) in the nth magnon band at
k in 2D BZ. The spin current on the surfaces (x-y plane),
contributed by eigenstate |¢,k), is calculated according to

1 aEnk
Sn nK » l
Z P (En; )h Py

1 Z)Enk
h oky

n 1 n
=3 2 8 pEw T
k,i

3

where V is the volume of the system, i represents the ith

layer of the slab, ji, j5, S? are 1 x 3 vectors representing
the component of spin in the x, y, and z directions, and }1 "3’;;”“‘
is the group velocity. Then the SNE coefficient is calculated

according to

i = ey @)

where j7 represent the spin current in [111] direction, i and j
represent the xyz component, and ¢} is the lateral spin current
at a unit temperature gradient [59,60,67,68]. Note that the
[111] direction is defined as the z direction of the spin space,
that is, the spin along the [111] direction is spin-up and the
spin along the [—1 — 1 — 1] direction is spin-down.

III. BULK BAND STRUCTURE

Based on the effective Hamiltonian in Eq. (2), we gradually
tune the DMI by varying intensity D,, from 0 to 0.30J;, to
investigate how the ground state and magnon band structure
are affected. The ground state is calculated from molecular
dynamic (MD) simulations, and the magnon band structure
was calculated using linear spin wave theory (LSWT).

Strikingly, semiclassical MD simulations well reproduce
previous results for D,,, = 0. The antiferromagnet ground state
is a collinear arrangement of 12 Cu®" ions in the primitive
cell, and in the magnon band structure [Fig. 2(a)], there
are six double degenerate bands with three Dirac points at
P. Two of them are very close around £ = 15 meV, and
the other is at £ = 17.6 meV. In contrast, when D,, > 0,
the original collinear ground state at D,, = 0 is no longer the
lowest energy state, thus losing its stability. Instead, a non-
collinear state with a slightly tilted spin direction becomes the
ground state. The tilting angle, defined as the angle between
the spin direction and the [111] direction, is proportional to
D,,. Meanwhile, the band structure of Cu;TeOg obtained from
the LSWT calculations for D,, > 0 (e.g, D,, = 0.25J}) is also
different from that for D,, = 0. As can be seen from Fig. 2, the
original six double degenerate bands [Fig. 2(a)] are split into
12 independent bands [Fig. 2(b)], and the Dirac point at E =
17.6 meV expands into a nodal line [red line, Fig. 2(b)] along
the [111] direction (P-I" path), whose length is proportional
to D. Specifically, from P to I', four energy bands become
three, forming a double degenerate line along the path. In
addition, a small energy gap is also opened at the bottom of
the “acoustic” branch (see Fig. S1 in Ref. [61]). This energy
gap as a function of D,,, shown in Fig. 2(c), is well fitted by
a quadratic function of D,,, E = aD,,*> with a ~ 0.91. Once
E is obtained from the magnon band structure experimentally,
D,, can also be determined, thus providing a way to estimate
the DMI intensity. We note that the energy gap induced by
DMI (about E = 0 — 0.08 meV) is much smaller than that
estimated from the INS experiment (about 2 meV) [47]), sug-
gesting that it is not the DMI but other anisotropic interactions
are responsible for the energy gap of 2 meV. However, these
changes are difficult to be observed experimentally due to the
resolution (see Fig. S2 in Ref. [61]), though the inclusion of
DMI does bring changes in the band structures. This is why
the Spin Nernst coefficient is a convenient quantity to estimate
the strength of DMI.

In general, global U(l) spin-rotation symmetry exists
in most collinear antiferromagnets, and PT (time rever-
sal followed by space inversion) symmetry pertains to
various antiferromagnets with centrosymmetric crystal lat-
tices. These two symmetries make the spin wave Hamilto-
nian block-diagonalized (H = H,®H_) under the standard
Holstein-Primakof transformation and satisfy H, = H*. So
the magnons on the spin-up (H;) and spin-down (H-)
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FIG. 2. Bulk band structure of magnon dispersion for (a) D,, = 0.0 and (b) 0.25J; along high symmetry lines near the Dirac point at P
(E = 17.6 meV). Bulk band structures of magnon dispersion for £ > 12 meV along H-P-I"-H are shown as the inset. The red line represents
the nodal line for D,, = 0.25J,. (c) The size of the energy band gap at the bottom of the “acoustic” branch at P as a function of DMI intensity

D,,, which is well fitted by a quadratic function (red line).

sublattices are decoupled and symmetric, which explains why
each eigenstate in the Brillouin zone is at least doubly de-
generated [Fig. 2(a)], with one spin-up and the other spin-
down.

In contrast, when introducing the DMI (D,, > 0), the
ground state becomes noncollinear, and the spin rotation U(1)
symmetry is broken, resulting in the splitting of the origi-
nal 6 degenerate bands [Fig. 2(a)] into 12 independent ones
[Fig. 2(b)]. It is also important to stress that the threefold
rotation symmetry along the [111] axis (C3 group) and the
PT symmetries still remain even when the DMI is introduced
(D > 0). The C3 group has three one-dimensional repre-
sentations, two of which are mutually conjugate. Due to the
PT symmetry, the wave functions are conjugate, and spins
can be reversed, so the two one-dimensional representations
are degenerate. It is due to the preservation of C3 (threefold
rotation along the [111] axis) and PT symmetries that the
Dirac point expands into a nodal line along the [111] direction
[red line, Fig. 2(b)].

Here we note that the symmetry-based considerations we
used to explain magnon surface effects and Dirac points are
not only for 0 K. To show the temperature effects, we also
calculate the spin dynamical correlation functions [69] in
finite temperature (see Fig. S2 in Ref. [61]). But since the
topological energy bands are located in the high energy re-
gions (E > 12 meV) and require higher temperatures to be
effectively excited, increasing the temperature does not affect
the topological band structures in high energy.

IV. TOPOLOGICAL SURFACE STATE

Considering DMI, the topological magnon band structure
of Cus;TeOg obviously becomes much richer. According to
the bulk-edge correspondence principle [7-9], two materials
with different topological band structures must undergo gap-
closing edge modes at the interface. In the following, we
investigate the magnon surface band structure of a ten-layer
CusTeOg slab using LSWT.

The ground state of the Cu;TeOg slab is investigated using
molecular dynamic (MD) simulations for the first time. It
is found that the ground state remains a collinear antiferro-
magnet for D,, = 0, but changes to noncollinear near [111]
direction with a tilting angle for D,, > 0. MD simulations also

show that the tilting angle is more prominent on the surfaces
when introducing the DMI.

The eigenstates of the slab near the Dirac point (E =
17.6 meV) in a two-dimensional (2D) BZ for D,, = 0 and
0.25J; are presented in Fig. 3. As can be seen, there are eight
surface-arc states in the 2D BZ. They can be further divided
into four groups according to their total spin (+1, —1, or
0) and spatial location (upper or lower surface), namely, (i)
spin-up on the upper surface with Sy, ~ 1 and Sjow ~ 0 (red
points), (i) spin-down on the upper surface with Syp, ~ —1
and Sjow ~ 0 (blue points), (iii) spin-up on the lower surface
with Sypp A~ 0 and Siw ~ 1 (yellow points), and (iv) spin-
down on the upper surface with Sy, A~ 0 and Sjow ~ —1 (cyan
points). The bulk states are colored green. Note that Syp,
and Sjon represent the spin on the upper and lower surfaces,
respectively. Previous study [10] showed that surface disper-
sion is topologically equivalent to a double-helicoid structure
centered at the projection of the Dirac point [10] when two
bulk bands cross at a Dirac point, and its isoenergy plane
intersects the double-helicoid at the energy corresponding to
the Dirac point, forming two arcs from the projected Dirac
point. Likewise, the eight surface-arcs for D,, = 0 in Fig. 3(a)
originated from the projection of P (1/2, 1/2) onto the 2D
BZ and associated with the fourfold degenerate Dirac point of
the bulk band structure at E = 17.6 meV. The surface disper-
sion for D,, > 0, however, becomes much more complicated
[Fig. 3(b)]. For instance, the Dirac point becomes a nodal line
that displays a drumheadlike surface state structure, which is
beyond the scope of our study. Here we mainly focus on the
eight arcs.

The group velocity direction through energy gradient is
then investigated for the eigenstates on the arcs on the upper
surface. Taking the states A, B, C, and D shown in Fig. 3
as an example, which corresponds to the states with spin-
down propagating along (x,y) direction, spin-down along
(—x, —y), spin-up along (x, —y), and spin-up along (—x, y)
directions, respectively. It is found that the arc eigenstates
(A/C and B/D) at k and —k with the same spin are always
symmetric for D,, = 0 [Fig. 3(a)] but become asymmetric for
D,, > 0 and also have group velocities different from those for
D,, =0.

To visualize the transport characteristics of the magnon
surface states of the slab, we construct an initial configuration
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FIG. 3. Eigenstates of ten-layer Cu;TeOg slab (240 atoms) at
E = 17.6 & 0.002 meV in two dimensional Brillouin zone for D,, =
0 (a) and D,, = 0.25J; (b). There are eight surface arcs emanating
from the projection of Dirac point (0.5,0.5) for D,, = 0. The total
spins of a magnon on the upper (Syp,) and lower (Sjoy) surfaces are
colored according to their values. Precisely, spin-up on the upper
surface with (Syp, ~ 1, Siow A~ 0), spin-down on the upper surface
with (Sypp & —1, Siow & 0), spin-up on the lower surface (Syyp ~
0, Siow ~ 1), and spin-down on the upper surface (Sypp ~ 0, Siow ~
—1) are colored in red, blue, yellow, and cyan, respectively. The
bulk states (Sypp A 0, Siow 2 0) are colored in green. A, B, C, and
D are four characteristic surface arc states on the upper surface with
spin-up propagating along (x, y) spin-up along (—x, —y), spin-down
along (x, —y), and spin-down along (—x, y) directions when D,, = 0,
respectively. The wave-packet propagation of A/C and B/D are al-
ways symmetric for D,, = 0 due to the existence of R,(180°) * T
symmetry, while it becomes asymmetric when D,, = 0.25J; due to
symmetry breaking.

of the ground state and add wave packets of the magnon. The
magnon wave packet is the superposition of the four eigen-
states (A, B, C, D) on the four Fermi arcs on the upper surface
with £ = 17.6 meV, multiplied by the Gaussian function.
Subsequently, the dynamic evolution of the magnon wave
packets is simulated using semiclassical molecular dynamics
(MD) simulations. The result is presented in Fig. 4. The in-
tensity of spin deviation is defined as I; = |S; — S,-,0|2, where
Si.0 and S; represent the spins of the excited and ground states
of the ith Cu** ion. Intensities for spin-up and spin-down are
represented by the blue and red arrows, respectively.

As can be seen from Fig. 4, the wave packet propagates on
the surface of Cu;TeOg slab (black squares). For D,, = 0, the
topological surface state wave packages of A/C and B/D are
always symmetric [Figs. 4(a)—4(d)], with the same magnitude
and spin but opposite directions (group velocity direction)
of propagation. This is consistent with the results calculated
by LSWT. In contrast, for D,, > 0, wave packets of B/D
propagate away from their original directions over time and
are no longer symmetric with those of A/C [Figs. 4(e)—4(h)].
To be more specific, when D,, > 0, the spin-up wave packet of
B moves to the left, and the spin-down wave packet D moves
to the right with respect to the propagation direction of wave
packets for D,, = 0, thereby magnons carrying spin-up and
spin-down move in entirely different directions on a single
surface.

Furthermore, topological magnon surface states can prop-
agate coherently on the surface without decaying toward the
bulk states (see Fig. 4). This is manifested by the dynamic
evolution of the distribution of magnon in the z direction. As
can be seen from Fig. S2 in Ref. [61], within a simulation
time of 160ps, 98% of the spin excitation is distributed on
the surface (z > 8a) and does not decay with time, while only
2% spin excitation is located between the surface and the bulk
state (ba <= z <= 8a).

The above characteristics of the surface arc state can be
understood by the fact that the R,(180°) * T symmetry is pre-
served for D,, = 0 and broken for D,,, > 0. For the R, (180°)
T symmetry, R,(180°) rotates the spin 180° around y — axis
and 7 is the time reversal operation that inverses the spin, that
is, (Sx, Sy, Sz,t) — (Sx, —Sy, Sz, —t). In the case of D,, = 0,
under the R, (180°) * T symmetry, the momentum of a single
magnon is reversed but the spin in [111] direction (S,) remains
unchanged. Thus, for a given state at k, there is always a
symmetric state at —k with the same spin (S;). So the total spin
current and energy current are always O on a single surface.
However, in the case of D,, > 0, the DMI breaks this symme-
try, resulting in the asymmetric propagation of A and C such
that summing all spin-up magnons produces a net spin-up cur-
rent (same for spin-down). We also note that for D, > 0, the
magnons on a single surface exhibit spin-dependent chirality,
with the spin-up and spin-down magnons shifting in opposite
directions. Briefly, the R,(180°) «* T symmetry enables the
magnon of the same spin on the surface to generate a current,
and the chirality of the DMI causes the currents with spin-up
and spin-down to propagate in opposite directions. Therefore,
when D,, > 0, a nonzero pure spin current exists on a single
surface.

Actually, under PT symmetry, the spin current discussed
above on a single surface is correlated with that on the other
surface. Considering an ideal case that the upper and lower
surfaces are symmetric (see Fig. S4 in Ref. [61]) and the
PT symmetry is preserved, the spatial inversion operation
transfers the spin current on the upper surface to the lower
surface and the time reversal operation reverses its spin, while
the propagation direction remains unchanged after both op-
erations. So the total spin currents generated on the upper
and lower surfaces have the same magnitude and direction but
opposite spins due to the PT symmetry, leading to the spin
Nernst effect (SNE), we discuss next.

094427-5



LIU, FANG, JIANG, LI, AND XU

PHYSICAL REVIEW B 108, 094427 (2023)

(a) t=0ps (b) t=40ps

(c) t=80ps

(d) t=120ps

V vV V

vV V

vV V v

(e) t=0ps (f) t=40ps

(g) t=80ps (h) t=120ps

V V V

vV V

vV V v

FIG. 4. Dynamic evolution of topological magnon surface wave packets composed of surface arc states A — D for D,, = 0.0 [(a)-(d)] and
D,, = 0.25J; [(e)—(h)]. The vector represents the magnitude of the spin deviation from that in the ground state, I = |S — Sy|>. Spin-up and
spin-down are colored in red and blue, respectively, and shades of color represent intensity. When D,, = 0, the wave packets of A/C and B/D
are always symmetric. However, when D,, > 0, the wave-packet propagation of A/C deviates from their original direction.

V. SPIN NERNST EFFECT

According to previous discussions, when a longitudinal
temperature gradient is applied along the z direction, magnons
on the two surfaces can be excited with different probabilities,
resulting in transverse spin currents in x and y directions
(i and jj). This indicates that Cu3TeOg has the spin Nernst
Effect (SNE). We calculate the SNE coefficient oy, and oz‘y’Z
of CusTeOg according to Eq. (3) and present the result in
Fig. 5. For D,, =0, a,; = 0 at all temperatures, that is, due
to the R,(180°) x T symmetry, the surface magnons always
have zero contribution to the spin current. The magnitude of
a,, increases monotonically as D, and T increase [Fig. 5(a)],
which can be experimentally measured conveniently. For in-
stance, for D, = 0.2J; and T =50 K, oy, ~ =5 x 10716,
corresponding to a transverse spin current of about 10! J/m?
at a temperature gradient of 20 K/mm [67,70,71]. The behav-
ior of «a,, is rather complicated, and the SNE coefficient in
the x direction is an order of magnitude smaller than in the
y direction [Fig. 5(b)].

In the bulk state, C3 symmetry (threefold rotation along
the [111] axis) guarantees that our system is invariant under
(x,y,2) > (O, 2, x) = (z, x, y) transformation. It means that
the bulk state is equivalent in the X, y, and z directions. Due
to the lack of C3 symmetry on the surface of Cu;TeOg, the
SNE coefficient behaves differently in the x and y directions.
The SNE coefficient in the x direction first decreases and later
increases, mainly due to the competition between trivial sur-
face states (at £ < 12 meV) and topological surface states (at
E > 12 meV). In contrast, the trivial surface states contribute
little to the total spin current in the y direction (because they
always tend to cancel with each other), leading to the transport
properties of the topological surface states in the y direction
being more significant (see Fig. S9 in Ref. [61]).

The experimental measurement of the SNE coefficient is
usually done by converting the spin current into a charge
current through the inverse spin Hall effect (ISHE), that is,
attaching a strong spin-orbit coupled metal layer to the anti-
ferromagnetic material. As a result of the spin-orbit coupling,

electrons with opposite spins move in opposite directions
as the spin current enters the metal layer, creating a volt-
age that can be measured. It is reported that the transverse
spin current is the order of 107°J/m? at a temperature
gradient of 20 K/mm in typical three-dimensional systems
[67,70,71]. Compared with that of other substances [67,68],

o, (107°J/mK)

“4{—— Dn=0.15
—— Dm=0.2
—— Dm=0.25
0 10 20 30 40 50
T (K)

0.2

a,, (107'%J/mK)

FIG. 5. Spin Nernst coefficient/conductivity in three dimensions
Cu;TeOg slab along (a) y and (b) x directions as a function of temper-
ature for different DMI intensity D,,. The temperature range is below
the Neel temperature (61 K).
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the SNE effect of CuszTeOg is not very significant. This is
because the topological surface states are distributed in the
high energy region (E > 12 meV), which requires higher
temperatures to be excited. An alternative way to enhance the
SNE coefficient in Cu3TeOg is to increase the chemical po-
tential to excite more topological surface states in high energy
regions.

It is important to note that the contribution of the lateral
spin current is almost from the surface states, whereas the
overall contribution of magnons in bulk is nearly zero due to
the PT symmetry. Given these characteristics, CusTeOg can
be used to fabricate spintronic devices. For example, if the
sample is thick enough that the lower surface is no longer
important, then a “thermal diode” or “thermal check valve”
can be fabricated from the upper surface [72-74].

We further note that magnons in Cus TeOg barely contribute
to the thermal Hall effect, a phenomenon that produces a
lateral heat current when a longitudinal temperature gradient
is applied to the system. This is because the total spin-up and
spin-down currents in CuzTeOg coexist but move in opposite
directions. Therefore the contributions of magnons with dif-
ferent spins to the heat flow cancel out, leading to no magnon
thermal Hall effect. Our analysis is also consistent with recent
experiments in which the magnon contribution to thermal hall
conductivity was excluded in Cu;TeOg [75].

VI. SUMMARY

To summarize, using linear spin wave theory and molecular
dynamic simulation, we investigate the topological magnon
surface states in CuzTeOg with the Dzyaloshinskii-Moriya
interaction intensity D,, varying from 0 to 0.30J;. It is found
that for all the ranges of D,, investigated, the topologi-
cal surface states propagate coherently without attenuation
into the bulk state. However, the way of propagation is
different with or without the Dzyaloshinskii-Moriya inter-

action. When D, =0, due to the R,(180°) * T symmetry,
symmetric topological surface states with the same spin and
opposite propagation direction exist on a single surface, so the
total spin current of the system is 0. In contrast, when D,,, > 0,
the Dzyaloshinskii-Moriya interaction breaks the R, (180°) x
T symmetry, causing the magnons with opposite spins to
move in opposite directions. Such asymmetric propagation of
the magnons results in the emergence of a net spin current on
a single surface. Furthermore, due to the PT symmetry, the
net spin current generated on the upper and lower surfaces
has the same direction but carries opposite spins. Thus, when
a longitudinal temperature gradient is applied, the magnons
on the upper and lower surfaces can be excited with different
probability and a transverse spin current emerges, known as
the magnon spin Nernst effect. Our study clearly demon-
strates the collective behavior of topological surface states
on large scales through molecular dynamic simulation and
shows the effect of chiral Dzyaloshinskii-Moriya interaction
on magnons. In addition, this work clearly elucidates the sur-
face transport properties of CuzTeOg, which provide helpful
information for future studies in Cu3TeOg and its application
in spintronic device fabrications.
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