CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Interacting topological magnons in a checkerboard ferromagnet

Heng Zhu(2&1H), Hongchao Shi(if i), Zhengguo Tang(/# X [E), and Bing Tang( 1)
Citation:Chin. Phys. B, 2024, 33 (3): 037503. DOI: 10.1088/1674-1056/ad01a2
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Low-temperature ferromagnetism in tensile-strained LaCoO, thin film

Yang-Yang Fan(JEVEVE), Jing Wang(F &), Feng-Xia Hu(# X #%), Bao-He Li(Z= 5 71), Ai-Cong Geng(¥k %% M), Zhuo
Yin(F% 1), Cheng Zhang(5k 7K), Hou-Bo Zhou(ff] /1), Meng-Qin Wang( %5 %), Zi-Bing Yu(# 457K), and

Bao-Gen Shen(JLf7:41)
Chin. Phys. B, 2023, 32 (8): 087504. DOI: 10.1088/1674-1056/acafdc

Strong spin frustration and magnetism in kagomé

antiferromagnets LnCu,(OH):Br, (Ln=Nd, Sm, and Eu)

Jin-Qun Zhong (4= %), Zhen-Wei Yu(£3 1% 1F), Xiao-Yu Yue(&/NTF2), Yi-Yan Wang(F X #%), Hui Liang(i££ ), Yan
Sun(f)iE), Dan-Dan Wu(5= /1), Zong-Ling Ding( T 5232), Jin Sun(Fhidk), Xue-Feng Sun(#):1%), and Qiu-Ju
Li(Z=Fk%0)

Chin. Phys. B, 2023, 32 (4): 047505.  DOI: 10.1088/1674-1056/ach9e8

Ground-state phase diagram of the dimerizedspin-1/2 two-leg ladder

Cong Fu(f# 1), Hui Zhao(i&XHE), Yu-Guang Chen([%: %), and Yong-Hong Yan(&B 7K £1.)
Chin. Phys. B, 2021, 30 (8): 087501.  DOI: 10.1088/1674-1056/abec31

Emergent O(4) symmetry at the phase transition from plaquette-singlet to

antiferromagnetic order in quasi-two-dimensional quantum magnets

Guangyu Sun(#)M%52), Nvsen Ma(Z 2 #%), Bowen Zhao(i&X 8 3C), Anders W. Sandvik, and Zi Yang Meng( i #%)
Chin. Phys. B, 2021, 30 (6): 067505.  DOI: 10.1088/1674-1056/abf3b8

Origin of itinerant ferromagnetism in two-dimensional Fe;GeTe,

Xi Chen([%:ER), Zheng-Zhe Lin(#k 1E£E), and Li-Rong Cheng(F£ TN %%)
Chin. Phys. B, 2021, 30 (4): 047502. DOI: 10.1088/1674-1056/abd164


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad01a2
https://doi.org/10.1088/1674-1056/ad01a2
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acafdc
https://doi.org/10.1088/1674-1056/acafdc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb9e8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb9e8
https://doi.org/10.1088/1674-1056/acb9e8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abec31
https://doi.org/10.1088/1674-1056/abec31
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf3b8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf3b8
https://doi.org/10.1088/1674-1056/abf3b8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd164
https://doi.org/10.1088/1674-1056/abd164

Chin. Phys. B 33, 037503 (2024)
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This work is devoted to studying the magnon—magnon interaction effect in a two-dimensional checkerboard ferro-
magnet with the Dzyaloshinskii-Moriya interaction. Using a first-order Green function method, we analyze the influence
of magnon—magnon interaction on the magnon band topology. We find that Chern numbers of two renormalized magnon
bands are different above and below the critical temperature, which means that the magnon band gap-closing phenomenon
is an indicator for one topological phase transition of the checkerboard ferromagnet. Our results show that the checkerboard
ferromagnet possesses two topological phases, and its topological phase can be controlled either via the temperature or the
applied magnetic field due to magnon—magnon interactions. Interestingly, it is found that the topological phase transition
can occur twice with the increase in the temperature, which is different from the results of the honeycomb ferromagnet.

Keywords: topological magnons, magnon—magnon interactions, topological phase transitions, checkerboard

ferromagnets
PACS: 75.10.Jm, 75.45.4+j, 75.76.+j, 24.10.Cn

1. Introduction

Over the past two decades, increasing numbers of studies
have been devoted to the topological natures of fermion en-
ergy band theory in electronic systems, such as graphene.!!-?]
Physically, these topological band structures can be detected
via the Hall effect, which is in connection with Berry curva-
tures all over the first Brillouin zone. 3! Until now, the ideas of
topological thoughts have been applied to uncharged bosonic
systems, e.g., phonons, [ polarons,®! and magnons.[®! In con-
trast to the Hall effect of electrons, this is not a result of the
Lorentz force since magnons carry no electronic charge. In-
terestingly, the temperature gradient can derive one thermal
version of the Hall effect.[”®]

The magnonic system is viewed as one ideal platform for
realizing bosonic analogs of the fermionic phase. Since mag-
netic properties are readily controlled via the applied mag-
netic field, magnonic bands can offer a unique platform to
explore the rich and still-evolving fundamentals of the en-
ergy band theory. In magnetic systems, the emergence of the
Dzyaloshinskii—-Moriya interaction (DMI) will break the in-
version symmetry of the lattice, which can cause a nonvan-
ishing Berry curvature and thermal magnon Hall effects. [*-13]
Because (electrically neutral) magnons are not subjected to the
Lorentz force, the DMI shall play the role of the effective mag-
netic field in momentum space by influencing each magnon
motion in magnets, which can cause a thermal magnon Hall
effect.
were first detected in an insulating ferromagnet Lu,; V,07 with

Experimentally, such thermal magnon Hall effects

a pyrochlore lattice structure.!'”! Soon afterwards, the ther-
mal magnon Hall effect was theoretically identified in the 2D
kagome magnet Cu(1-3, bdc).[l‘” Moreover, it has also been
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studied in ferromagnets with other lattice structures, e.g., the
honeycomb lattice,!'>16 the Lieb lattice,!!”! and the checker-
board lattice.!!3:19]

It is worth noting that, in ferromagnets or antiferromag-
nets, both the Heisenberg exchange coupling interaction and
the DMI are in fact nonlinear. Unfortunately, most theoretical
studies on topological magnons have been restricted to the lin-
ear spin-wave approximation, where magnon—-magnon inter-
action has been ignored. At the low-temperature limit, inter-
action effects can be deemed to be frozen out. As the tempera-
ture increases, the role of the magnon—magnon interaction will
become increasingly significant. Recently, the influence of the
magnon—magnon interactions on Dirac magnons in 2D hon-
eycomb ferromagnets was first studied by Pershoguba and his
coworkers.?’l They have shown that magnon-magnon inter-
action can cause the remarkable momentum-dependent renor-
malization of band structures. However, the DMI has been
ignored in their work, though it has been experimentally iden-
tified in some materials. Later, Mook er al.?! found that the
orientation of the DMI can influence the topological charac-
ter and the manner of the magnon—magnon interactions in the
two-dimensional Heisenberg honeycomb ferromagnet. Fur-
thermore, Lu et al.!*?! investigated the topological properties
of Dirac magnons in a 2D honeycomb ferromagnet by incorpo-
rating a second-nearest-neighbor DMI and magnon—magnon
interaction into the Heisenberg Hamiltonian of the honey-
comb ferromagnet. They showed that the magnon—magnon
interactions can induce a topological phase transition of Dirac
magnons, which is depicted via the sign transformation of the
thermal Hall conductivity. Very recently, Sun er al.!?*! have
shown that the honeycomb ferromagnetic spin system with a
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nontrivial DMI can reveal very interesting physics after con-
sidering the effect of magnon—magnon interaction. More im-
portantly, they have realized flat bands with nontrivial topol-
ogy, which can provide one realistic platform to investigate
those strongly correlated bosonic systems.

In this article, we will theoretically investigate topo-
logical magnons in the Heisenberg ferromagnet on one 2D
Inspired by the idea from Ref. [22],
the influence of magnon—-magnon interaction on magnon band

checkerboard lattice.

topology shall be analyzed by using the Green function for-
malism up to the first order in the perturbation theory. Our aim
of this work is to study the topological aspect of the checker-
board ferromagnet in the presence of the magnon—magnon in-
teraction. Our results will show that the topological phase tran-
sition in 2D checkerboard ferromagnets can be tuned either
via the temperature or an external magnetic field, and these
transitions are identified via the sign variation of the magnon
thermal Hall conductivity. These topological phase transitions
induced by the magnon—-magnon interaction are accompanied
by the gap-closing phenomenon. More details on this work
will be fully displayed in the following text.

2. Model

In this research, let us begin with the Heisenberg fer-
romagnet on the 2D checkerboard lattice.!'”?* Theoreti-
cally, the checkerboard lattice can be regarded as one 2D
projection of the 3D pyrochlore lattice. Some compounds
(such as SrpF,Se, and Na,Ti»Sb,O) can be described via the
checkerboard lattice, > and new ferromagnetic materials with
checkerboard lattice structures are expected to be synthesized
in the future. The Hamiltonian for the checkerboard ferromag-
net reads

H=-7)Y5-8-JY S-S,
(i) ((@.4))
+) Dij-(SixSj)—gusH Y S, 1)
(i) i

where S; corresponds to the localized spin operators. The first
two terms are, respectively, first-nearest-neighbor and second-
nearest-neighbor (ferromagnetic) exchange coupling interac-
tions (J > 0 and J’ > 0). The third term denotes the first-
nearest-neighbor DMI, where D;; = v;;De; is the DMI vector
between sites 7 and j. It is noted that v;; = &1 corresponds to
one orientation-dependent constant in analogy with the Kane—
Mele model. The last term signifies the coupling to the applied
magnetic field H = H,e;. For convenience, we set h = gugH,
in the following text. As displayed in Fig. 1, there are two
inequivalent lattice sites, A and B, in the present 2D checker-
board spin lattice. One can see the ferromagnetic coupling
interaction J and the DMI D between first-nearest-neighbor

magnetic ions at sites A and B. Furthermore, the ferromag-
netic exchange coupling interaction J’ is present between the
second-nearest-neighbor lattice sites A and A, and B and B.

Lattlce site AOLattlce site B k

Fig. 1. A scheme of the 2D checkerboard lattice (left panel) and its first
Brillouin zone (right panel). Both J and D stand for the first-nearest-
neighbor interactions between localized spins at lattice sites A and B.
Here, J' corresponds to the second-nearest-neighbor interactions between
lattice sites A and A, and B and B, being along those solid lines. In the
right panel, one can see that there is one path connecting the I = (0,0),
M = (7,0), and X = (7, ) three points.

For bosonization of the Hamiltonian of the present
checkerboard ferromagnet, we shall utilize the Holstein—
Primakoff (HP) transformation. Keeping terms to the lowest
order, the HP transformation can be reduced as S =S —a™a,

ST =+28a=(s7)"

nihilation (creation) operator, and ST=5"+

. Here, a (a*) is called the magnon an-
18 represents lo-
calized spin raising and lowering operators, respectively. In-
serting the lowest order HP transformation into the Hamilto-
nian (1), we have

H = WOZ (a ai+ b bi) —Jp Z (a;"bjei(p"f +H.c)
i (i.j)
—f Y, (afaj+bbj+Hc), 2)

(@)
with @y = 4JS+2J'S+h, Jp = VJ2+D2S, and f, = 1J'S.
The phase ¢;; = v;j¢ = v;;arctan (D/J) denotes one fictitious
magnetic flux on each underlying grid of the 2D checkerboard
lattice. In principle, topological characteristics of the magnon
band structure can be easily captured in the momentum space.
Let Y = (Clk,bk)T
space, where ag, and by, stand for (magnon) annihilation opera-

be the basis vector in the momentum

tors of the sublattices A and B, respectively. Then, the Hamil-
tonian in linear approximation reads as Ho = ¥, y;' Ho (k) Wk,
k

where
. wy —2J'Sp. —4JSY, —41DSmy,
Ho (k) = ( —4J8Y, +41DSmy, Wy — ZJ'Sp;c &)
with
1 ik-6, 1 ¢ eikdn
Z Z, e' ) Z Z, ! )
n=1 n=1
1 ik-¢ / 1 eikC
Pk =73 e, pPp=5 " “4)
2n 1,3 2 n=24

Here, 8, is the vector connection of the nearest neighbors, ¢,
is the vector connection of the second-nearest neighbors, and
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v;j is absorbed in (—1)". The matrix Hy (k) can also be recast
into the following form:

Hy (k) =80 (k) 0o+ &x (k) Ox + 8y (k) Oy +&; (k) o, (9
with
go(k)=wy—J'S(Pr+pk), 8&(k)=—4JVk,
gy (k) =4DSmy, g.(k)=J'S(py—pr), (6)

where 0y is the unit matrix and 0; (j = x,y,z) is called the
Pauli matrix. The dispersion relations for the upper and lower
magnon energy bands are given by

€) (k) =go (k) +g(k), (7)

where g(k) = /g3 (k) + g3 (k) + g2 (k).

From Eq. (7), we note that the magnon energy spectrums
of the present checkerboard ferromagnet contain two differ-
ent bands, i.e., the optical “up” (upper) and acoustic “down”
(lower) bands. In Fig. 2(a), we plot the magnon energy disper-
sion curve of the 2D checkerboard ferromagnet. In the absence
of the DMI, i.e., D = 0, the “up” and “down” bands touch at
the X point. Physically, the DM interaction can destroy the in-
version symmetry of the 2D checkerboard ferromagnetic lat-
tice, opening a magnon band gap Ae = 8DS at the X point.
Figure 2(b) displays the density of states per unit cell as one
function of energy for two energy bands in Eq. (7). The inter-
esting properties of the present system are manifested near the
X points. When the magnon band gap opens, the energy band
structure is topologically nontrivial and the Chern numbers of
two magnon energy bands are nonzero. Until now, both the
spin Nernst effect and the magnon thermal Hall effect of the
checkerboard ferromagnet have been systematically studied in
Refs. [18,19].

J® ®) D=0
0.3 —D=0.1J
£ 02 {
4
&
»n 0.1
o
[a]
0O 1 2 3 4

e/J

Fig. 2. (a) Magnonic band structures of the checkerboard ferromagnet
along the path I'-X-M-I". (b) The density of states per unit cell of the
ferromagnet on the checkerboard lattice. The parameters are chosen as
J'=0.1J,h=0.1J,and S = 1/2.

3. Interacting topological magnons

3.1. The renormalization of the magnon energy band

By substituting the higher-order expansion of the HP
transformation into the original Hamiltonian (1), we can de-
rive the magnon—magnon interacting term Hj,¢, which is given

by

J
Hine = 4 Z <b;Lb;rb]az +b7dl+bjbj —&-afai*aibj
(i.J)

+al-+bjaia,- — 4ai+bfaibj)

iD
+17 Z Vij (b;rb;bja,’ — b;ra;rbjbj
(i)

+ oo Rt
—a; a;j aibj+a; bj a,a,)

J/
i <<'Z>> [a7a7“/“f+“7ai+ajaj
LJ

i

—|—al-+a+aiaj + afa;raiai — 4al-+ajaiaj}
J +1+ +1+
3 ¥ [bj b bbi+bl bbb,
(.7

By considering the Fourier transformation of the above
interaction Hamiltonian in real space, one can obtain an inter-
acting Hamiltonian in momentum space, which reads

J .
Hine = N Z (7k4bzlbzzbk3ak4+7k2bzlazzbk3bk4
{ki}

+ o+ + o+
+Yies Ok, A, Aoy Doy + Viey g, D, Ay A
+ ot
_4Yk4*k2ak1bk2ak3bk4)

.D
R Z (mzz;bz]bzzbk}a’w _mkzbzlazzbk3bk4
{ki}

+ .+ * o+ 1+
_mk4aklak2ak3bk4 +mk2aklbk2ak3ak4)

J/ * * *
+-— Y (P, + Prs + Piey + Py — 4Py k)
anN {ki}
Xa;l azzak3ak4
J/ /% / / 1% 4 1%
+— Z (Pk4 + Diy T Piey + Py, — Pkrkz)
anN {ki}
szl l’)zzb]%bk47 (9)

where {k;} = (ki,k2,k3,ks4) and N corresponds to the to-
tal number of sublattice sites. It should be noted that, in all
terms of the above interacting Hamiltonian, the momentum
is conserved via the relationship %Zi ei(kitha—ks—ka)mi
Ok, +k,,ks+k,- In principle, the interacting Hamiltonian in mo-
mentum space can be recast into one more compact expres-
sion, i.e., Hint = Lk} V,Z 1,’:42 Vi Wi, Wks Wi, » where the sum-
mation runs over all (kj, k2, k3, k4) combinations in the first
Brillouin zone.

To properly consider the role of the magnon—-magnon in-
teraction, we employ the perturbation technique developed by
Sun et al.'?! to obtain the form of the first-order (Hartree-
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type) self-energy that will yield a renormalized magnon en-

[22] pbtained

ergy spectrum. Using a similar approach, Lu et al.
the renormalized energy bands of honeycomb ferromagnets.
Here, we first write the first-order Dyson equation for interact-

ing magnons,?3! which reads

Gr (k. k;0) = G (k,K;0) +GY (k,K; 0)

<) (k)GY) (kK @), (10)

where Ggr (k,k’ ;) stands for an interacting Green function,

0 Op 1!
Gy (k, k'3 0) = Ty

Green’s function, and Zgjl(k:) is called the first-order self-

corresponds to a single magnon

energy.
Next, by expanding [Wg, Hin], we find that the Hartree-
type self-energy can be expressed as
(1) oy (211 212
s = (5 52) i

with
2J 20— + -
X = NZ PqCosPgr/ 1 —pang —YoMg —Yozpq”q
q q
D . -
+W quSIH‘Pq I—Pgnq
q

J _
+NZ(Pq + Pk —Pk—q—P0) (Mg —PqNyg ) »

X = *72(}% qc'®

2Dm
kZ Mg

1 7pqnq Ykn;)

X = —NZ (Yq—k e 0, /1 —Pgn; - Yk‘n;)

N LT

2Dm k

2J - -
Y = NZ <chos¢q 1-pin, —}’OTI;‘FYOZPqnq)
m q

+2WDqusinq)q 1—pang
q
J/ / / / / —
+3 L (Pg TPk = g = P0) (g +Pang ), (12)
q
where
ng =£( (@) +£ (£} (q),
Ng =/ (2 (@) — £ (€} () (13)

is known as the
1/(ksT), ¢q =
8x(q) +igy(q)]. and pg = g:(q)/g(q).

Here, f(el(q)) = [eﬁgi(‘”—lr
Bose-Einstein distribution function, 8 =

arg[—

Thus, we can obtain a first-order renormalized Hamilto-
nian for our system, which has the following form:

Hy (k) = Ho (k) +Zj) (k)
= g0 (k) 0o+ g, (k) ox + g, (k) 0, + gL (k) o, (14)

with
g0 (k) =wy+vo— (J'S— Q%) pr— (J'S— Qo) px,
g (k) =—(4JS— M) Y, &, (k)= (4DS—M,)my,
8- (k) =20+ (J'S =) Pl — ('S —co) P, (15)
where
2J _
vo = 5 X (tacos day/1-png —0m; )
q
2D . _
+W2mqsmd)q 1fpénq
q
J _
~on L (Pa=Pa) Pamly
J/
on L (patpg=2m0) g
T . .
Qo = N . (l_pq) (nq _pqnq)’
/ J
QO = ﬁ - ( _pq) (nq +Pq77q)
2 + 2n—
Mx: NZ('}nq —J'quOS(bq l_pqnq>’
q
2 . _
M, = N;(Dn;meqsm(])q lfpgnq),
7 . o -
20 = 7ﬁ2(pq+pq*2p0>pqnq + 5 2 (Pa =) Mg
q
2]
}/Ozpqnq7
]/
co = ﬁ (1 _pq) (n;—Pqn;),
/ J' + -
o = 2N (1 _pq) (nq +PqMq ) (16)

By dlrectly diagonalizing the renormalized Hamilto-
nian (14), one can get the renormalized energy bands caused
by the many-body effect, which are given by

ex (k) =gy (k)¢ (k),

where ¢/ (k) = | /g2 (k) + g (k) + g2 (k).
In the low-temperature approximation,

A7)

the magnon—
magnon interaction can be neglected and, at the same time,
the self-energy term vanishes. Specifically, the interaction ef-
fect is deemed to be frozen out in this approximation. But, as
the temperature increases, the effect of the magnon—magnon

interaction will become increasingly significant. However,
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as the temperature increases, the magnon—magnon interaction
cannot be abandoned, and then we need to consider the self-

energy. To our knowledge, there are some well-established

26.27] jpelas-

29-31]

approaches, such as inelastic neutron scattering, !

[28 to

tic x-ray scattering,!?®! and Brillouin light scattering,|
experimentally detect the renormalized magnon energy band.
Figure 3 displays the renormalized magnon band struc-
tures of the checkerboard ferromagnet for different values of
the temperature 7. One can clearly see that, with the increase
in the temperature, the renormalized magnon band gap de-
creases, and the spectrum becomes gapless at the point X de-
creases and will close at T =~ 2.18J for a certain value of A.
Once one further increases the value of T, the gap will re-
open and its width increases with the temperature. Moreover,
when T =~ 2.69J, the gap-closing phenomenon also appears at
the point M for this particular 4. To understand the influence
of the magnetic field intensity on the width of the band gap,
we plot band gaps at the points X and M as one function of
temperature corresponding to different values of 4, which are
shown in Fig. 4. One can clearly see that the critical tempera-
ture (Tx . for the point X, and Ty . for the point M) for the gap
closing increases as the value of & increases. For the same 4,

Ty ¢ is greater than Ty ..

NSNS
TR

W o

Fig. 3. The renormalized magnon band structures for four different tem-
peratures along the path [—-X-M-I". The parameters are set to J' = 0.1J,
D=0.1J,h=0.1J,and S=1/2.

0.4 —h=0.05J 0.2 —h=0.05J
3 . =0.2.
0.3
~ ~
= =
= 0.2 1 % 0.1
4 <
0.1
0 (a) 0 (b)
0 05 1.0 1.5 2.0 25 3.0 0 05 1.0 1.5 20 2.5 3.0
T/J T/J

Fig. 4. The gaps as a function of temperature (a) at the point X; (b) at the
point M. The parameters are chosen as J' = 0.1J, D =0.1J, and § = 1/2.

3.2. Topological properties of interacting magnons

In magnetic systems, the existence of the DMI breaks
the inversion symmetry of the lattice, which can give rise to
the nontrivial band topology. Physically, this nontrivial band
topology is described via a nonvanishing Berry curvature. In

the present 2D magnon systems, the Berry curvature has the

I dg' (k) 9g'(k)
Qi(k)—$mg ( )( ok, x oy )’ (18)
g'(k) = (s (k).g) (k) g (K)).
/82 (k) + g2 (k) + 2 (k).

In principle, the Chern number of each renormalized

following form:

where and g (k) =

magnon band can be calculated by integrating the correspond-
ing Berry curvature over the first Brillouin zone (BZ)

1
Ci= E/d%szi (k). (19)
BZ

It is not hard to find C; = —C_.
topological phase transition in the upper band from Cy =1 to
Ci=—l(orCy=—-1toCy=-1).

Figure 5 displays the Chern number of the renormal-

Here, we will achieve the

ized magnon band as one function of temperature 7. It is
clearly seen that the system can reveal two topological phases,
namely, (C;,C_)=(—1,1) and (C;,C_)=(1,—1). Based on
the previous results, we realize that the renormalized magnon
gap can close and reopen at the critical temperatures Ty . and
Ty, which signifies that two topological phase transitions
may exist at Ty . and Ty ¢, respectively.

() (b)

Chern number
=)

Chern number
o

1 _ e —

0 05 1.0 15 20 25 3.0 0O 05 1.0 1.5 20 25 3.0

T/J T/J
Fig. 5. The Chern number for the renormalized magnon band versus the
temperature 7: (a) the upper band, (b) the lower band. The relevant pa-
rameters are fixed as J' =0.1J, D =0.1J, h=0.1J,and S = 1/2.

In these two-dimensional ferromagnets, the longitudinal
temperature gradient can cause one transverse heat current
via the Berry curvature. Theoretically, such formation of
the transverse heat current is called the magnon thermal Hall

¢ 1732

effec ! The magnon thermal Hall conductivity can be de-

fined via

KT
Ky = _(%I;W;/ d*key (ny) Q4 (k). (20)

1
corresponds to

Here, n. = f(ex(k)) = {eﬁgi(k)—l}_
the well-known Bose-Einstein distribution function, f =
1/(kaT), e2(z) = (1+2) (In142)? — (Inz)> - 2Lix(~z), and
Li(z) stands for the dilogarithm function.

In the linear limit, namely, ignoring magnon—magnon
interactions, K, is always greater than zero, as shown in
Ref. [19]. When the magnon—magnon interaction is consid-
ered, the topological phase transition will occur. In Fig. 6, we

show the dependence of x, on the temperature 7. We can
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clearly see that Kk, changes continuously as the temperature
increases, and is positive for 7' € [0, Tx ¢) U (Tjp,c, o) while it
is negative for T € (TX@? Ty ). Evidently, the magnon thermal
hall conductivity and Chern number of the upper band possess
the same signs as the increasing temperature. In principle, the
sign reversal of the thermal Hall conductivity is one vital in-
dicator of the topological phase transition. In Fig. 6, one can
clearly see that the topological phase transition occurs twice
as the temperature increases. This result is very interesting.
Moreover, it is clearly seen that the critical temperature for
the occurrence of one topological phase transition rises as the
magnetic field strength increases.

0.04 T T T T

0.03}
0.02}

£
~
a8 0.01f
\
=~
B
2

0 0.5 1.0 1.5 2.0 2.5 3.0
T/

Fig. 6. The thermal Hall conductivity versus temperature for various val-
ues of 4. The other parameters are set to J' =0.1J,D=0.1J,and S = 1/2.

4. Conclusion

To conclude, after adding the first-order (Hartree-type)
self-energy linked to the magnon—magnon interaction into the
single-magnon Hamiltonian, the system will have two differ-
ent topological phases: (C+,C_) = (1,—1) and (C4+,C_) =
(—=1,1). It has been shown that the topological phase can
be controlled either via the temperature or the applied mag-
netic field due to magnon—magnon interactions. In particular,
we have found that the topological phase transition can occur
twice with the increase in the temperature, which is a new find-
ing. In addition, our results have shown that the magnon ther-
mal hall conductivity and the Chern number of the upper band
possess the same signs as the increasing temperature. Thus the
sign reversal of the magnon thermal Hall conductivity can be
viewed as a vital indicator of a topological phase transition of
the checkerboard ferromagnet.
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