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Owing to their charge-free property, magnons are highly promising for achieving dissipationless transport without
Joule heating, and are thus potentially applicable to energy-efficient devices. Here, we investigate valley magnons and
associated valley modulations in a kagome ferromagnetic lattice with staggered exchange interaction and Dzyaloshinskii—
Moriya interaction. The staggered exchange interaction breaks the spatial inversion symmetry, leading to a valley magnon
Hall effect. With nonzero Dzyaloshinskii—-Moriya interaction in a staggered kagome lattice, the magnon Hall effect can be
observed from only one valley. Moreover, reversing the Dzyaloshinskii—-Moriya interaction (D — —D) and exchanging J;
and J» (J1 <> J») can also regulate the position of the unequal valleys. With increasing Dzyaloshinskii—-Moriya interaction,
a series of topological phase transitions appear when two bands come to touch and split at the valleys. The valley Hall
effect and topological phase transitions observed in kagome magnon lattices can be realized in thin films of insulating
ferromagnets such as Luy V,07, and will extend the basis for magnonics applications in the future.

Keywords: valley modulation, Dzyaloshinskii-Moriya interaction, staggered kagome ferromagnets, topolog-

ical phase transitions, magnon Hall effect

PACS: 75.30.Ds, 75.47.—m, 75.70.Ak, 85.75.—d

1. Introduction

The magnon Hall effect, due to the Dzyaloshinskii—
Moriya interaction (DMI) that plays the role of a vector poten-
tial similar to the Lorentz force,!!:? has been theoretically pre-
dicted and experimentally observed in magnetic insulators. 34!
For the magnon Hall effect in two-dimensional (2D) ferro-
magnets, the magnon bands can indeed be topologically non-
trivial with nonzero Chern numbers.3-31 However, it can also
occur in collinear antiferromagnets where the DMI does not
affect the band topology.!®”! In addition, various topologi-
cally nontrivial properties have been explored in kagome lat-
tice systems, such as topological magnon insulators,®! which
exhibit many analogous features to electronic topological
insulators.[>!°1 Due to the potential to achieve dissipation-
less transport, the topological behavior of magnons has at-

[11-15

tracted many investigations in insulating magnets. I Since

magnons can transfer and process information without dissipa-

16] previous works have proposed using mag-

tive ohmic loss, !
netic excitations as a platform for realizing analogs of other
topological systems, such as Dirac semimetals!!”-!8 and Weyl

[19,20

semimetals. | Besides, for ferromagnetically ordered sys-

tems, topological magnons have been theoretically proposed

[21.22] kagome lattices, 3121523241 py.

in honeycomb lattices,
rochlore lattices!® and skyrmion lattices.!*>! For antiferro-
magnets, topological magnons also appear in pyrochlore
lattices, " square lattices!?®! and cubic lattices.[!3!

In electronics, the finding of contrasting electronic

physics in valleys of honeycomb lattices opens a new field
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of valleytronics in condensed matter physics;[?’! the valley
degrees of freedom also have enormous potential in valley-
dependent photo-electrons and coupled spin valley physics
apart from charge and spin.?*3% Using valley degree of
freedom as an information carrier is a rising field in con-
densed matter physics. The theoretically proposed val-
ley Hall effect has been demonstrated in monolayer MoS;
transistors, *132] graphene superlattices, >3] honeycomb lat-
tices and Lieb lattices.*30 It was experimentally observed
in pyrochlore structure materials with kagome layers, such as
In,Mn,O7, Ho,V,07 and LuyV,07. B738] Furthermore, in
Crl3-based van der Waals heterostructures, magnons exhibit a
nontrivial topological band structure without DMI, leading to

t.139401 The exploration of

a topological magnon valley curren
valleytronics and topological magnons not only holds concep-
tual importance in fundamental quantum physics but also has
potential applications in advanced information technology.

In this paper, we investigate valley magnons and their
topological properties with staggered exchange interaction
(SEI) and DMI. Similar to DMI, SEI in neighboring trian-
gles of a kagome lattice (as shown in Fig. 1) creates gaps at
K and K’ valleys and retains valley degeneracy. Due to the
stacking structure of a pyrochlore lattice of an insulating fer-
romagnet, we can introduce a kagome AB lattice with broken
inversion symmetry. In a kagome AB lattice, when the DMI
is nonzero the energy gap at one valley will shrink while the
gap around the other valley will expand; thus a valley Hall
effect appears. Moreover, when exchanging the two nearest-
neighbor couplings of J; and Ja, the position of non-equivalent
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energy valleys in the Brillouin zone will change too. Through
a magnon waveguide one can observe a specific valley Hall
effect around the shrinking gap. The shrinking gap tends to
close and open again with increasing DMI, when a topologi-
cal phase transition appears. In addition, a series of topologi-
cal phase transitions can be observed in the large range of the
DML

2. Spin-wave Hamiltonian

The magnon Hall effect was observed in the insulat-
ing ferromagnet Lu,V,07 with a pyrochlore lattice,!38! in
which the magnetic atom vanadium has stacking of alternat-
ing kagome and triangular lattices along the [111] direction,
as shown in Fig. 1(a). To study magnon transport in a ferro-

magnetic insulator, the effective Hamiltonian can be written
ag[1:2,5.8,15,38-48]

H = Z [_J”mSm : Sﬂ +Dmn : (Sm X Sn)}

(mn)

—gugHo-)_ S,, (1)

where S, is the spin angular momentum at site n, —J,,,, de-
notes the nearest-neighbor coupling, D,,, denotes the DM
vector between sites m and n and the last term comes from
the Zeeman effect in the presence of an external magnetic
field Hy. g and up denote the g factor of electrons and the
Bohr magneton, respectively. With the magnetic field along
the [111] direction, the magnon Hall effect only comes from
the non-cancellation of different types of loops of DMI in the
unit cell of the kagome lattice,*®#°=11 as shown in Fig. 1(b).
Thus, the kagome sublattice structure plays a key role in the
presence of the magnon Hall effect in Lu,V,07. Then, us-
ing the Holstein—Primakoff transformation,>>>3 we can ob-
tain the quadratic spin wave Hamiltonian

H==Y . OhHumbn+Eo). )

Here, b’ is the bosonic creation operator corresponding to
magnons, Hy, = (Jun £1Dyn) S, Hyn = (Jum F1Dpm) S and
H,,= Z%”Zl JunS + hS and M,, is the number of nearest neigh-
bors of the site n. The ground-state energy of the system is
Ey=—§2 nN:1 %"zl Jun — NS, N is the total number of sites
and h = gugHy. We set J,;;; = J, Dy, = D and the kagome
lattice with DMI is shown in Fig. 1(a).

We know that the magnon Hall effect has been experi-
mentally observed in a pyrochlore lattice of Lu; V,07 in which
the magnetic atom vanadium has a corner-sharing tetrahedral
sublattice, as in Fig. 1(a) which shows three layers with the
middle layer being a kagome lattice. The two outermost trian-
gular lattices connect to the sublattices A and B of the kagome
lattice (as shown in Fig. 1(b)), respectively. Since all the pro-
jections of the DMI between interlayer sites are zero, we can
regard the DMI for sublattices A and B as the same; however,

the ferromagnetic exchange coupling in sublattices A and B
can be different. Generally, we can use the symbols J; and J,
to mark different ferromagnetic exchange couplings in trian-
gles A and B, satisfying J; = J; - ¥, where the parameter Y is in-
troduced to describe the anisotropy of the system. If y =1, the
two nearest-neighbor couplings of J; and J, are equal, which
means that the spatial inversion symmetry of the kagome sys-
tem is preserved. Otherwise, for ¥ # 1, the spatial inversion
symmetry is broken. A special case is a bilayer structure con-
taining one kagome layer and one triangular layer, which ex-
hibits a valley structure in quasiparticle spectra. Without loss
of generality, we use dimensionless units and set S = 1/2,
J =1 for the model calculation. Since the magnetic field de-
cides the direction of spins at the ground state, and the induced
Zeeman effect term shifts the dispersion relation, here we set
Hy = 0". Equation (2) resembles the tight-binding model, and
each unit cell has three sites, thus we can do the Fourier trans-
formation as

1 .
ﬁzeflk<R1+7‘m)bm(k)' (3)
u'g

le+"’m =

Here, N, is the number of unit cells and R; 4+, is the spatial
position of the mth site in the nth unit cell. Thus, the spin wave
Hamiltonian in momentum space can be rewritten as

Hy le(k) H13(k:)
Hsw(k)=| Hjy(k) Hy  Hyu(k) )
Hi3(k) Hy(k)  Ho

with Hy = 2(1 + y)JS, Hip(k) = —Kye ' — K\ e ',
Hi3(k) = —K_ e %2 — K e Hy(k) = —K e 1% —
K.e 1% K. =J+iD, K, = yJ+iD, ¢ = L%, — %k,
¢ = @kx + Gky and ¢3 = Jk,. Also, a is equal to twice
the site spacing.

(b)
o
o ¥ I
0

y ’ ® ® 0 © k
2
kg 72 0 —204\0\
z (ﬁ/a) 2 \w&

Fig. 1. (a) Schematic diagram of the pyrochlore crystallographic structure—
stacking of alternating kagome (the middle layer) and triangular lattices (two
outmost layers) along the [111] direction. (b) A kagome AB lattice with
DMLI; the coupling of two sites along the arrows is (Ju, + 1D)S, and in the
opposite direction corresponds to (J,,, — iD)S; triangles A and B have differ-
ent ferromagnetic exchange couplings of J; and J,, respectively. (¢) Magnon
dispersion relation of a kagome lattice with D =0.2J,J; =/, =1,5=1/2.

According to the standard method for calculating the
magnon Berry phase,!>8] we can obtain the Berry curvature
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in the momentum space as
7 OH 7 OH,
o, a;f:v P @,y 3/fvw On — (kx < ky)
(& —€))?

Ql?xky - i Z

n'#n

®)

To gain a better understanding of the topological phase transi-
tions, we further calculate the Chern numbers of three bands
as invariants of topological phase transitions. As a result, the
Chern number can be given by the integration of the Berry
curvature over the first Brillouin zone as

n 1 ' n
= / /B dkdb Q. ©)

where g, and @, are the eigenvalue and eigenvector of the nth
band, respectively.

3. Band structure and topological phase transi-
tion

Because there are three sites in each kagome unit cell (see
Fig. 1(b)), there are three energy bands separated by two en-
ergy gaps. In a uniform kagome lattice (y = 1) with DMI,
the magnon dispersion relation exhibits a threefold rotational
symmetry. When the DMI is zero, the top band is flat and
there is a degenerate point at the I" point for the top and middle
bands, as shown in Fig. 2(a) (solid lines). The Chern numbers
of the three bands are zero, which means that if D = 0 all bands
including the top flat band are topologically trivial. If DMI is
nonzero, a gap between the top and middle bands opens at the
I' point, as shown in Fig. 1(c), and the Chern numbers of the
top band and the bottom band jump to 1 and —1, respectively.
The top band is not purely flat, and its band width will enlarge
with increasing DML [4647] Tn the weak DMI regime, the band
width is not so large that the top band can be regarded as quite
flat, which is experimentally observed in a ferromagnetic ma-
terial Cu(1,3-benzenedicarboxylate).[!3]

In the kagome AB lattice (Y # 1) with nonuniform ex-
change coupling, the degeneracy of the middle and bottom
bands at Brillouin zone corners K and K’ is removed and a
gap is open, as shown in Fig. 2 (inset (a)). With the gap being
open, for the bottom and middle bands the valleys K (%) and
K' (—4%Z) have opposite Berry curvatures. As shown in the
contour plot of Berry curvature in wave vector space (Fig. 2,
inset (b)), two kinds of valleys K and K’ have very contrast-
ing opposite Berry curvatures, which is exactly the same as
for the valley Hall effects in electronic and phononic honey-

27541 The opposite Berry curvatures at K and

comb lattices.|
K’ endow the magnons with opposite anomalous velocities,
and thus induce Hall effects along different directions. Since
the energies of magnons at K and K’ in one band are degen-
erate the Hall currents from the two valleys will cancel each

other and the total Hall current will also vanish.

4 T T T

3

S 04 -
—1 3 : .
—2 o 4
-3} w W .

v —HEmmmmm 330 y
ky (m/a)
— 1 1
45 -1 0 1 2
ky (m/a)

Fig. 2. The Berry curvature of the three magnon bands for a kagome AB
lattice with ¥ = 0.8 and zero DMI. Inset (a) shows the magnon dispersion
relation for a uniform kagome lattice (y = 1, solid lines) and a kagome AB
lattice (Y = 0.8, dotted lines) while inset (b) shows a contour plot for Berry
curvature of the middle magnon band at D =0and y= 1.

With nonzero DMI in the kagome AB lattice, the degen-
eracy of valleys K and K’ in each band is removed, and thus
the gaps between the middle and bottom bands at K and K’
are different, as shown in Fig. 3(a). The nonzero DMI makes
the middle and top bands topologically nontrivial, while the
bottom band is topologically trivial with zero Chern number,
as can be seen from Fig. 3(f). As shown in Fig. 3(b), at the K
point, the middle and bottom bands have opposite contrasting
Berry curvatures. In this system, the direct band gap appears
at the wave vector of K; thus, by using a magnon waveguide
to only allow magnons with energy around the band gap to
transmit through the system one can observe nonzero magnon
valley Hall current from valley K due to the its contrasting
Berry curvature. At valley K, the magnons in the bottom and
middle bands have Hall currents with opposite directions. If
the DMI changes sign one can observe an opposite valley Hall
current at K’ from the magnons near the band gap.

For a kagome AB lattice with a larger DMI, the gap at
K becomes smaller while the gap at K’ increases. When the
DMI is increased to about D = 0.175J at y = 0.8, the gap at
K closes and then opens again, as shown Fig. 3(e). The Berry
curvature at K reverses when the gap closes and opens again
(see Figs. 3(b) and 3(d)); thus, the band topology changes,
i.e., the Chern numbers of the middle and bottom bands ex-
change at DMI around D = 0.175J. In other words, a topolog-
ical phase transition of magnons appears in the kagome AB
lattice, as shown in Fig. 3(f). Furthermore, if the sign of DMI
reverses, the energy gap between the middle and bottom bands
will be close and open around D = —0.175J. A topological
phase transition appears too and the band Chern numbers are
odd functions of the DMI. Thus, we only discuss the positive
DMI later.
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Fig. 3. The dispersion relations ((a) and (c)) and the corresponding
Berry curvatures ((b) and (d)) for a kagome AB lattice with different
DMIs (D = 0.05J and D = 0.3J). (e) The energy gap between the mid-
dle band and the lower one at the K point (k, = 0; ky = (%)). (f) The
Chern numbers of the three magnon bands versus the strength of the
DMLI. Here y = 0.8 for in parts (a)—(f).

Unlike the uniform kagome lattice where topological
phase transition appears at D = +/3/3/ in addition to one at
D =0, for a kagome AB lattice with y = 0.8, in addition to
the topological phase transition around D = 0.175J we can
also find another three topological phase transitions within
the range of D < 2J. Each topological phase transition cor-
responds to two bands touching and splitting with exchange
of their Chern numbers, as shown in Fig. 3(f). Except for the
topological phase transition around D = 1.56J, where the mid-
dle and bottom bands touch around the I'" point, all the others
correspond to touching and splitting at valleys K and K'. For
the two bands touching at valleys K and K', their Chern num-
bers have a difference of 1 (that is, one is 0 another is £1),
and the integral of Berry curvatures around the valley before
touching is 0.5, which changes sign after touching and split-
ting; thus, the Chern numbers have a change of F1 and the
two bands exchange their Chern numbers.

With breakage of the spatial inversion symmetry, (k)
becomes nonvanishing and has opposite extrema with the
same magnitude at the K and K’ valleys for the middle
band. The Chern number, as the integral quantity of Q(k),
is thus zero, as shown in Fig. 4. Although the magnon band
is topologically trivial, opposite Q2 (k) and Q(—k) endow val-
ley magnons with opposite anomalous velocities, and conse-
quently induce transverse Hall heat currents along opposite di-
rections (this is a magnon version of the valley Hall effect). In
addition, if the DMI is nonzero and the two nearest-neighbor
coupling of J; and J; are different, as shown in Fig. 4(a), the
Chern numbers of top and bottom bands are topologically non-
trivial, the magnon energies and band gaps at K and K’ be-
come unequal and the valley splitting offers an energy window
for realizing valley-selective magnon excitation by a magnon
waveguide.

3.0 | T | | f I
I [ I [
2.0 (a) 0 O
| | | |
W
1.0
L | PNt |
0 ] ] 1 ]
M K’ r K MM K r K M
3.0 | T | | 1 |
—+ +
| |
90 (o)l 5 | (d) 5
| | | I
W
1.0
N\l I I \—1 I
0 1 1 1

I
M K' r K MM K r K M

Fig. 4. The dispersion relations of periodic kagome strip lattices with
DMI and nearest-neighbor couplings of J; and J,. The parameters
are () D=0.1, J; = 1.0, , = 0.9, (b) D= 0.1, J; = 0.9, J, = 1.0,
(¢)D=0.1,J; =1.0,J,=09and (d) D=0.1,J; =0.9,J, = 1.0. The
Chern numbers of three bonds are indicated by 0, &1, respectively.

Indeed, experimental strategies for controlling the DMI
direction can be applied in a synergistic manner to achieve pre-
cise control over this interaction, which is crucial for the de-
velopment of advanced spintronic devices and magnetic mem-
ory technologies. Such as the interface engineering, chemical
doping, strain engineering, electric field control, temperature
control, magnetic field application or micromagnetic simula-
tions. By combining these strategies, researchers can achieve
a high level of control over the DMI, which is vital for the de-
velopment of magnetic devices with tailored properties. Mod-
ification of the layer thickness, introducing interfacial rough-
ness or adding buffer layers can also change the sign of the
DMI. When exchanging J; and J, (J; <+ J>) or reversing the
DMI (i.e., D — —D), which is equivalent to the time rever-
sal transformation in this case, it is observed that the mag-
nitudes of the band gaps are interchanged between two val-
leys. Comparison of Fig. 4(a), when only J; and J, are ex-
changed, which is equivalent to a spatial inversion operation,
with Fig. 4(b) shows that although the position of the en-
ergy valley has changed the Chern numbers of top and bottom
bands are unchanged.

If only the DMI is reversed, as shown in Fig. 4(c), the
position of the energy valley and the Chern number of the en-
ergy bands are both changed. When exchange of J; and J, and
reversal of DMI are executed, as shown in Fig. 4(d), the mag-
nitudes of the band gaps are unchanged at the two valleys. The
above operation is a combination of spatial and time reversal
symmetries. Naturally, the Chern numbers will exhibit a sign
change. From this, it is clear that the valley physics is fully
determined by the sign of the DMI strength and the relative
magnitude of the SEL For a positive D(J; — J,), the large and
small gaps are localized at the K and K’ valleys, respectively.
The Dirac point of the edge modes is closer to the valley with
the smaller gap. For a negative sign, the relative gap sizes are
interchanged. Therefore, the location of the Dirac point is de-
termined by the sign of D(J; — J2).
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Fig. 5. The phase diagram of the Chern numbers of the three magnon bands versus D and y. Red, white and blue correspond to Chern numbers
of 1, 0 and —1, respectively, and (a), (b) and (c) correspond to the bottom, middle and top bands, respectively. There are some errors near the
topological phase transitions due to the divergence of Berry curvature at the critical points.

For a kagome AB lattice, with changing DMI and 7, a few
topological phase transitions can be observed. The topologi-
cal phase diagrams of Chern numbers as functions of D and y
are shown in Fig. 5, which shows a few lines of critical points
where two bands will touch and split and topological phase
transitions appear. For the strengths of D and 7, the Chern
numbers of three magnon bands have a discrete value of +1
or 0 and a boundary between the regions with different Chern
numbers corresponds to a vanishing band gap. When moving
through the boundary, there is a topological phase transition
with an exchange of the band ordering, as shown in Fig. 3. In
this process, decrease, closure and reopening of the band gap
occur in turn. For the lower two bands, band exchange appears
at the K and K’ valleys. In contrast, it appears at the I" point
for the upper bands. For the isolated lowest band it is easy to
find phase transitions from two limits. As D and Y increase,
band switching occurs at K, resulting in varied Chern num-
bers, while in the absence of band switching the gap at K’
always increases. Therefore, the Chern number is determined
by the relative magnitudes of D and y.

4. Conclusion and perspectives

In conclusion, we have studied valley magnons and their
topological properties in a kagome lattice. Valley degeneracy
and band topology are tunable by DMI and SEI. We show that
with nonzero DMI in a kagome AB lattice the magnon Hall
effect can be observed from only one valley. Furthermore,
we have demonstrated that reversing the DMI and exchange
of J; and J> can also regulate the position of the unequal val-
leys; more strikingly, the jump of the Chern number of the
magnon band to +1 and —1 only occurs when the direction of
DMI changes. With increasing D and 7, a series of topological
phase transitions appear when two bands come to touch and
split at valleys. The magnon valley Hall effect and topologi-
cal phase transitions provide new opportunities for designing
energy-efficient spintronic and valleytronic devices.
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