Topological magnons: concepts and phenomenology

Shi Feng
Department of Physics, The Ohio State University, Columbus, OH 43210
(Dated: December 9, 2022)

Topological band structures are not restricted to fermionic systems and can also arise in bosonic
systems such as linear spin waves or magnons. In this term paper I discuss the physics of topological
magnons in the partially polarized phase of models in 2D honeycomb lattice, relevant for the physics
in the high-field limit of Kitaev type quantum spin liquids and spin-orbit coupled magnetic insulators
such as Crls. To study the phenomenology of topological aspects of magnons, I review the concepts
of Berry phase (curvature), the Holstein-Primakoff transformation, and the semiclassical theory of
thermal conductivity, followed by the linear response theory of thermal Hall coefficient x4, that
relates to the Berry curvature of magnon bands. As a concrete example, I present the derivation of
the magnon Hamiltonian from Kitaev model under high magnetic field; and from a more generic
model with Kitaev, I'; and Dzyaloshinskii-Moriya (DM) interactions relevant for Crls. In the latter
example I show the Berry curvature of magnons which can be used to readily get thermal Hall

conductivity at low temperature.
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BERRY CURVATURE AND CHERN NUMBER

Consider a Hamiltonian that depends on time only via
a set of time-dependent parameters R. A system initially
in an eigenstate [n(R(0))) will stay as an instantaneous
eigen state of the time-dependent Hamiltonian H (R(t))
throughout the adiabatic evolution. If the parameter
changes slowly in time such that adiabaticity is retained
in the whole process, the only degree of freedom we have
is the phase of the quantum state, which is responsible

for a lot of topological effects such as Berry curvature and
Chern invariant [1]. The state at time ¢ is

v(0) = exp{ - ggl;dtza<fatw>}exphvna>}vmfat»>
(1)

The reason for introducting this exp{iy} term is clear
from the Schrodinger equation The generic form of such
evolution is:

() = en(t) [n(R(2))) (2)

Plug into the Schrodinger equation we have:
i
n(R(1))) = —wen()En(t) [n(R(2)))
3)

(1) In(R(1))) hent)

t

now project onto |n(R(t))), it’s readily to get:

ent) = [ (n(R()|

therefore

@Lﬂ%—/ﬁ& R(')) |
xexp{ /dt )|dt’ n(R ())>}

compare with Eq.(2), the berry phase  is:

o0 =i [ d RE)G®RED)  ©

Since the wavefunction is time-dependent through R(¢),
we can rewrite the time derivative as:

d - d
R-

at " dR =RV



Plug into Eq.(6), the berry phase is then expressed in
term of the trajactory in parameter space:

R
vY(R) = i/o dR' (n(R")|Vr/|n(R")) (7)

which is necessarily a real number. On a closed loop in
parameter space, we can define a geometric phase change:

m(C) =i ;4 (n(R)|Veln(®R)) dR  (8)

such that

() = exp{m<c>}exp{—; / dt'En<R<t'>>} $(0)).

From Eq.(7) we see that to calculate the Berry phase
Yn, we need to specify two index: the eigen state space
index and the parameter space index. We define berry
connection A - a rank 2 tensor, to meet this need:

= i (n(R)| -2 [n(R)) (9)

A R,

n
i
which is also a real number. In this way the Berry phase

vn(C) is expressed as:
- m
c

Note that although A is not a gauge invariant, the geo-
metric phase factor is gauge invariant. To show this, we
start with the gauge transformation of ket |n):

[n)y — c'¢(R) [n) .

Vg |n) = Vre®® |n) = iVRo(R) |n) + e?®Vg |n).

therefore the Berry connection becomes A o An —
Vr¢(R), which is not gauge invariant, but «(C) remains
the same:

10(€) = 71,(C) = (A" = Vro(R) - R =3,(C).

The last step used the gradient theorem for line integrals.
Particularly, for a 3D parameter space, e.g. the real space
coordinate, we can define the Berry curvature:

) = //60 G,(R)-dS (10)

by Stokes’ theorem. We write @ = V X A in Enstein
notation:

Q. R)=V X A" = ~,(

Q= iy Vs (n] V4 |n)

: . (11)
= i€apy (Van|Van) +icapy (n|VsVyn)

the second term goes to zero since € is anti-symmetric
while V, Vg is symmetric. Therefore, inserting an resolu-
tion of idensity gives us

—

G, = icapy 3 (Vonlm) (m|Von) (1)

Note that only m # n terms contribute to the above
equation, i.e. m = n term must vanish since 2 must be
real. Hence

= 1€afy Z

m#n

(n|VgH|m) (m|V,H]|n)
(En — By, )2

(13)

from which it is clear that the Berry curvature is ex-
tremely large near degeneracy, where E,, — E,,. In 2D
translationally invariant systems, e.g. Bloch electrons
or magnons, it is convenient to formulate this in the
momentum space:

(k:c ~ ky)

o (1|0, H(k)|[m) (m|0, H(k)|n) —
Q% =4 Z (B — By

n

m#n

(14)

where H (k) is the Hamiltonian in the momentum space.

The Berry curvature can lead to non-zero Chern number

that is responsible for a lot of topological physics, includ-

ing magnons to be disccused in the coming section. The
Chern number is defined as:

1

- a2k Q. (k 15
o7 Jons (k) (15)

recall that the velocity with a generic Berry curvature is:

~»

7= Ve + - E-Q(k) (16)

DH@

under time-reversal transformation we have P —?, k—
—k,E — E,B — —B, so we must have Q(k) — —0(—k).
Therefore the Chern number changes by:

1 o o
C—C=—— d’k Q. (—k)
2w Jistp.L. (17)
1 o o
= K Q. (k'
2w Jistpp. ( )

where in the last step we relabelled the dummy variable
k — k'. Comparing with with Eq.(15) we conclude:

¢l (18)

If the system respects 7 then we must have C = -C =
C = 0. Therefore in order to have a non-zero Chern
number, the time-reversal symmetry must be broken.
This condition is automatically satisfied in (partially)
polarized magnets that support magnons.



THE HOLSTEIN-PRIMAKOFF
TRANSFORMATION

To arrive at an approximate solution that does not use
unwieldy spin operators, we would like to a representation
that uses creation and annihilation operators in the second
quantization. The transformation read:

SF =28 ¢(ni) ai, S =V2Sal ¢(n;), S =S —n;
(19)
where we have defined:

ng =ala;, ¢(n;)=4/1— = (20)

where a,a’ are bosonic operators. Before going to the
implemetation, let us first have a review of its historical
derivation. The building blocks of a spin Hamiltonian
are:

+ _ qQz ; - _ Qx .
S =S¢ +iSY, 87 =87 —isY,

J J

;=S -8 (21)

with n; the eigenvalue of 7;, which is called the spin
deviation of j-th site. For simplicity, let us consider the
case in which Sj, thus n;, is a good quantum number,
such that the wavefunction can be labelled by local spin
deviations:

[¥) =1In1...np...nN) (22)

Now let us apply these operators to the state. The opera-
tor Sf will raise S}, thus lower n; by 1. So we have:

SFiny...ong.onn) =clnr...omp — 1. ny) (23)

it has to satisfy normalization condition:

lc)* = (n1..ong oo | ST S g ong ) (24)

in order to work under n; basis, we rewrite the S, Sfr as:
S; S = (S —iSP)(SF +i5)
=SSP+ S)S) +1iS7S] —iS] Sy
= 82— S7S7 +ilSF, )
=S(S+1)—(S—n)?—(S—mn)
n;—1
= 2Snl - nl(nl - 1) = (QS) <1 - l2S ) ny
(25)

so that

1
c=v25,/1— ”125 S (26)

n;—1
Sitl-eomg ) = V284 /1 — l25 N IER D)

introducing the creation and annihilation operator a', a,
the above can be rewritten as:

= V28 ¢(iu) a

where I have used e to emphasize an operator. Hence we
have the first Holstein-Primakoff transformation:

S = V25 ¢(iu) ay (29)

The mapping of S;” can be derived in the same way.

BOSON HAMILTONIAN

The physics of linear spin waves or magnons can be
considered in terms of bosonic Hamiltonian. Consider the
generic magnon field ¥(r) in quadratic order [2]:

1
H=3 / dr T (r)Ho(r)¥(r) (30)
where W(r) = [a1(r), - ,an(r),al(r, -+, af(r)]T, and
al(r), a;(r) are bosonic creation and annihilation opera-

tors of i-th degrees of freedom (i-th boson within a unit
cell, or a band index of spin waves) satisfying commuta-
tion [a;(r), a} (r')] = 6;j6,r. Note that the total number
of bosons may not be conserved due to the presence of
spin-orbital coupling or many bond-dependent exchange
interactions that are responsible for aza;r. or a;a;. In such
cases, as I will show later in this note, we need to trans-
form a;, az into its eigen basis and study the quasiparticle
thereof. Under the Fourier transform:

1 —ikr t 1 ik-r T
ai(r) = —= ) e " Tak, a;(r)=—=) e Tq;
s KT
(31)

where N is the number of unit cells. The Hamiltonian in
momentum space representation reads

H= %Z(a]tv a1 Hi (jk ) (32)

K -k

where ay = (a‘{ oo anx)T. The Hamiltonian is diago-
nalized by a paraunitary matrix Ti such that

1 ¥ Yx
H=1D (Mo 718 <7+_k>

k

where vy = (71 k- * - Yn k) and €,k the magnon excitation
energy of mth band. Let Ty be the matrix that diagonalize
the kth block of the bosonic Hamiltonian, that is

(h)=me(d)



and &y is given by

E €1k
Ex = TIIHka = < k Ek> , Ex =
ENk

(35)
Note that the matrix Ty can also be regarded as an
alignment of the eigenstates, i.e. Ty = (v1 ., -1 ,)10),
then according to the boson commutation relation the
following paraunitary conditions must be satisfied:

_ t_ _ (1nxn
TiosTh = TiosTy = 03, 03 = ( x 1NXN> (36)

To intuitively understand Eq.36 we can test is in 2 band
boson states by k and b k, where the paraunitary condi-
tions gives

bl b1k — bYyebase = brach]  — babh =05 (37)

which is true iff b and b' satisfy the boson commutation
relation [b, bT] = 1. For fermions, in contrast, we would
have o3 = b by — bh box # —(brb]  — baxcbly) =
—03.

THERMAL HALL CONDUCTIVITY

The thermal hall effects is one of the most salient feature
of topological magnons [3]. I first review the semiclassi-
cal picture of thermal conductivity using relaxation time
approximation, follwed by the linear response theory of
heat conduction under a temperature gradient and the
derivation of the thermal current operator from the conti-
nuity equation. The section is converged by the discussion
of the thermal Hall coefficient and its relation to Berry
curvature of magnon band structure.

Semi-classical phenomenology

In this section I review the semi-classical theory of
thermal transport based on Chapter 13 of Ashcroft and
Mermin [4]. This picture is based on the relaxation-time
approximation as fellows: (i) The distribution of electron
emerging from collisions at any time does not depend on
the non-equilibrium distribution function g(r, k, t) prior to
the collision — as is required by the Marchovian nature of
collision; and (ii) the equilibrium distribution appropriate
to a local temperature T'(r), g% (r, k) of nth band, is a fixed
point w.r.t. the collision, that is, effectively unaltered by
any possible collisions. Therefore, if in the time interval
dt a fraction of dt/7,(r, k) of the electrons in band n with
momentum k near position r suffers a collision that alters
the band index and/or momentum, the distribution of
electrons that emerge from collisions into the same band

n and momentum k during the same time interval must
precisely compenstate for this loss. This translates to the
fellowing simple relation:

dgn(ra k’ t) = 7_n(CIl‘t’k)g1g(ra k) (38)
Given this relation, now we can calculate the nonequilib-
rium distribution function under temperature gradient
and/or external fields. Consider a phase space volumn
drdk abour r, k. The number of particles therein is given
by
drdk
AN = gn(r,k, 1) (39)
This can be expressed in an alternative form whereby dN
is grouped into different patches emerging from collisions
at earlier times. The dN electrons that locate at the
aforementioned phase space volumn must have emerged
due to the last collision at ¢’ prior to ¢ within a phase space
volumn dr’'dk’ about r, ('), k,(t'). After the collision
at t' the motion of part of these electrons (those that
remain unscattered until ¢) is completely determined by
the semi-classical equation of motion whose solution gives
r,(t) = r, k,(t) = k. Eq.38 tells us that the number
of particles that are scattered out of the equilibrium
distribution around the phase space volumn dr’dk’ is the
same as the number of those emerging from collisions
at r,(t'), k,(¢') into the volumn element dr'dk’ in the
interval dt’. Therefore, the number of particles that are
scattered out of the phase space volumn dr’dk’ during dt’
around t’ is given by

dt’
Tn (rn (t/)a k, (t/))

where we used Liouville’s theorem to make the replace-
ment dr’'dk’ = drdk. Among these particles, only a frac-
tion P, (k,k,t;t") survive from t' to ¢t without suffering
any further collisions and arrive at the phase volumn drdk
around r, k driven by the equations of motion. Consider-
ing the probability P and all possible ¢’ where collisions
happen, the total number of electrons in drdk around r, k
and time ¢ can be written as

¢ drdk [t dt'gd(t")Pu(t,t")
dN = dn(t')P(t,t') = n U
/700 n( ) ( ’ ) 47T3 »/700 Tn(t/)

drdk
473

dn(t') =

gn (e (1) Kn (1)) (40)

(41)
where we have suppressed the notation r(¢') and k(t'),
etc. Comparing this equation to Eq.39 we have

! dt’ (e !
t) = t)P(t,t 42
w = [ TEdwpes) @)
It still remains to compute the specific form of P(¢,t').
Noting that the fraction that survive from t’ to ¢ is less
than the fration that survive from ¢ + dt’ to t by the
factor (1 —dt'/7(t')), i.e. the fraction of electrons that do



not suffer from collision at a time interval dt’. Hence we
readily have

P(t,t') = P(t,t' +dt") (1 — dtl) (43)

T(t)

by having dt’ — 0 we immediatel have the following
differential equation

9 P(L,)
o) = 26

st.P(tt)=1  (44)

such that Eq.42 becomes g, () = fjoo dt'gd(t) 2 P(t,t).
Integral by parts gives us

gn( _gn

where we have set H = 0, ¢ = A = 1; and used the
following equivalence:

o o (e, Uy
or Oe T )7 ou Oe

(50)

as can be readily checked in the Fermi-Dirac distribution.

Eq.49 is of central importance in all kinds of semiclassical
theories of conductivity. For the interest of this paper,
I will focus on the thermal transport relevant for the
thermal Hall effects of topological magnons.

The thermal current is intimately related to entropy
current by d@Q) = T'dS. In a fixed volumn element, changes
in entropy reduces to the change of internal energy and
particle number:

TdS = dU — pdN (51)

that is, the total thermal transport can be decomposed
into the energy current and the particle current density
ie. j9=Tj° =j° — uj", respectively given by

=3 [ a9, (52)
F=Y [ Getov®e 63

Note that the time evolution of the position and momen-
tum are determined by the equations of motion:

P = v (k) = %6651({1‘) + Vano (k) (46)
hk = —e |E(r,t) + %vn(k) x H(r,t) (47)

with vano(k) the anormalous velocity potentially induced
by Berry curvature and external field H. The second equa-
tion due to the Lorentzian force and E the electric field.
This allows us to relate the distribution function to the
Berry curvature and external field. At equilibrium, g2 be-
comes the Fermi distribution function f(e(k)), and is time
dependent only through e(k, (¢')), T(r,(t")), pu(rn(t)).
Therefore the time derivative of g2 above becomes

dgp(t') _Ogy Oe dk,  9gp OT dry,
I T 9~ Al / /
dt Oe, Ok dt oT or dt (48)
990 0u dk,,
rm ok dt’

which can be expanded according to Eq.46 and Eq.47.
Therefore, Eq.45 becomes

Wl (o]

therefore the total thermal current density is
dk
g k) —
j }n:/ T (enll)) — 1)

Under static field and temperature gradient, the only
time-dependent piece is P(t,t'). Here we assume the
energy-dependent relaxation time, that is, 7 depends
on momentum only through e(k), thus 7 is no longer
dependent on ¢’ and P = e~ (t=1)/7 (). and the integral
in dt’ acts only on P(t,t¢'). This gives us the distribution

function:
09 = 5800708 (51 ) v (G + =2 ) ]
(59

where we used fioo P(t, t)dt' = ffoo e~ (t=/Tqt = 7,
Vu = %Vﬂ and assumed E,H = 0 for convenience.
Therefore Eq.54 can be written as

Vi (K)gn (k) (54)

vT 1
j9=Li-VT 4Ly~ =Ly VT~ Ly (VT>T (56)

where Ly and Ly are tensors (dyadics). This expression de-
scribes the thermal current along different directions w.r.t
the temperature gradient. The thermal hall measurement



is intersted in the thermal current in transverse directions.
Hence it is convenient to write the total phenomenological
thermal current in the form

1
Ji=1L,, <TVVT - VUT) (57)

where the semiclassical coefficient can be read from Eq.54
and Eq.55.

Thermal current operator and pseudo-gravitational
potential

In the standard linear response theory where parti-
cles are coupled to external fields, the field should enter
the Hamiltonian as a perturbation and can be treated
by usual time-dependent perturbation theory. However,
the temperature gradient affects transport in a different
way: temperature does not affect the Hamiltonian, but af-
fects the Boltzmann factor exp(—SH). This problem was
first overcame by Luttinger who introduced a fictitious
gravitational field.

The temperature gradiate can be written in terms of
the deviation from one end to the other:

T(r) = To(1 = x(r)) (58)

where Ty is a constant and x(r) is a weak spacial pertura-
tion to the uniform temperature. The key insight is that
this x(r) can be regarded as a space-dependent prefactor
to the original Hamiltonian. To the leading order, this is

e~ M/kBT — —H/[kpTo(1=x(r))] o o= (1+x(r))H/kpTo (59)

where we used (1 —x)™! = 1+ x + O(x?) with the
assumption x < 1. Thereofre x(r)H can be regarded as a
perturbation to the Hamiltonian due to the temperature
gradient. In the dimensionless measure this gradient is

v (g) - V() (60)

such grandient causes a change in effective Hamiltonian
that is propotional to the energy 0H(r) = Hea(r) — H ~
X(r)H, where H is considered uniform in a translationally
invariant system. Hence

oH = /dr[Vx(r)]H _ f/dr {v (;;ﬂ H o (61)

compare with the usual setup of perturbation theory
H=Ho+H, 6 H = /f(r)B(r)dr (62)

where in magnets B usually takes the form B = (H - S)7.

We can then interpret Vx(r), thus V (Tlo),

force due to the pseudogravitational potential x(r) or

as a fictitious

T(r))/Tp; and that such a force is proportional to the
particle energy encoded in H in analogy to that spins
density are coupled to local magnetic field.

The total Hamltonian that incorporates such field is

Hr=H+F (63)

where F is the contribution from temperature gradient
(in a symmetrized form):

Fo i / et (r) (Hox + xHo)U(r)  (64)

According to the semiclassical picture, we are interested
in the thermal transport coefficient as a linear response
to the gradient of the pseudo-gravitational potential,

1
(J1) = Ly (TV,,T — V,,X) (65)
The thermal hall conductivity ,, is then defined as

kv = Ly /T (66)

Let us now calculate the thermal current density operator
in the presence of y. The total Hamiltonian defined
previously can be rewritten as

My = %/dr (1 + g) Ot (r)Ho (1 + g) (r)  (67)

the form of current density operator can be derived from
the continuity equation

hr +V - ji(r) =0 (68)

where hy = 2(1+ X)UT(r)(14 X)¥(r) is the local energy
density. Here without delving into details, which can be

found in Ref.[2], the thermal hall conductivity reads

N

2 7r2
ooy =~ 55 Leloteatin] - 5} 209 (69)

k n=1

where g is the Bose distribution 1/[exp(e/kpT)—1], Q, (k)
the Berry curvature of nth band, and ¢, is defined as

ea(z) = /0 "t (m 1:’5)2 (70)

POLARIZED KITAEV MAGNET

In this section I discuss the linear spin waves in the
polarized phase of Kitaev model under a polarizing out-
of-plane magnetic field along es, as shown in Fig.2. The
[111] direction corresponds to the es direction in the lab
coordinate. The lab coordinate is related to the intrinsic
coordinate defined by the ligands (See Fig.2(b)) according
to the relation between the orthogonal (e1,es,e3) basis



and the intrinsic basis shown in Fig. 2(a,b), where unit

vectors are related through: é; = %(—i‘ —§+22), é =

%(5& —9), é3 = %(i@ + 9 + 2), hence the projection of
spins:
so= st _srras) =Lt as) ()
7 _\/6 1 [ 7 _2 i A
e 1 x Yy 1 + —
2 _—_(§T _G¥) = —(SF—S: 2
S5t = (57 =S = 5 (SF = 5) (72
1
Si* = —(Sf + 57 +57) (73)

&

where we defined S* = S{' +iS7>. We can write the
intrinsic spin operator in terms of the lab frame operators

1

SF = —(0S +0*S; + V25 74
\/6( i i i) (74)
1
S¥ = ——=(0"S; +0S; + V25 75
K3 \/6( K2 1 K2 ) ( )
1
S7 = —=(S} + 5, +v258) (76)

6

where 6§ = —1(1 +1/3i) = e %", Note 00* = 1, > = 0,
0+ 6* +1=0and (%)% = 0. For the partially polarized
state along [111] we define the boson as fluctuation againt
the e3 direction:

S

5% =S —ala;, (77)
fo
S~ V28 (1 - ai?) a;, (78)

.
S7 ~ V254! <1 - ‘l‘;) (79)

Then the spin operators can be approximated by

57 = = VS(00 +0%a]) ~alai+ 5] (s0)

Y = L *a; al) — alay
SY = \/g[\/E(a i+ 0a]) —ala; + 9] (81)
St = 2 [V/S(ai +al) — ala; + 5] (82)

4 %
up to the quadratic order. So the Kitaev exchange can be

written as quadratic boson operators shown in Appendix.;
and the magnetic field per unit cell is

— WP (S + S7%) &~ —h$* (25 — ala; — bb;)  (83)
Then the non-interacting part of Kitaev Hamiltonian
under [111] field is

1
My =5 > [(352 — 6Sh?) — 3(S — h**)ala;
i€EA
— (S — 3h%)bib; — Sbl, ,\ biin,
+ S(G*aibi_‘_m + Qaibi_,_nz, + aibi
+ab! + h.c.)]

- sz-‘rng bi+n2

+ &ibT

1+no

+ ClibJr

1+ny

(84)

350/ 1\
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FIG. 1. Linear spin wave bands in the bulk of the polarized
Kitaev magnet with h®3 /K = 4. (a) The first Brillouin zone
(b) cuts of linear spin wave bands along K —I' - M — K.

where we have restricted the bond-dependent interactions
to be identical in strength (K, = K, = K, = 1) such
that linear bosonic operators cancel due to 8 +6* +1 = 0.
In momentum space we have:

N
HY :5(52 —2Sh*) — (S — b)) (alax + blb)
k
S T 0
+ g Z [Akakbk + Akakb,k + h.c.}
k
(85)
where we defined
A= (14e 7k m 4 etkome) (86)
Af = (L4074 geiom2) (87)

By diagonalizing this bosonic Hamiltonian we get the
magnon band structure of the polarized Kitaev magnet
along e3 direction, as is shown in Fig.1.

TOPOLOGICAL MAGNONS IN J-K-T'

In this section I discuss the topological magnons in the
J — K —T" model relevant for the quasi-2D magnetic ma-
terial Crlg [5], which includes energy contribution from (i)
Kitaev exchange, (ii) Heisenberg exchange, (iii) DM inter-
action, (iv) off-diagonal or I" exchange, (v) on-site single
ion anisotropy and (iv) other next-to-nearest-neighbor
interactions which are of minor importence in the context.
I will present the linear spin wave theories on (i) - (v)
and their resultant magnon band with non-trivial Berry
curvature responsible for thermal Hall effects. The energy
scale for these interactions are reported in Ref.[5] using
density functional theory.

Heisenberg Exchange

By the same token used in the previous section, the
Heisenberg exchange can be written in the boson language



as
Y Sia-Sip=) SEuSiy+ (ST,AS;B + SZAS;TB)
i€EA €A
~ Y S(ad + alb; — afa; — blb))
ieA
+ 4(4a aleb —a) aTalbj
_ aiaiaib; — alb;rb;rbj — ajb;bjbj) + 52
(88)

where j € {i, i + n;, i + ny}. The quadratic part of
Heisenberg exchange is

HO :ﬂsQ

55038 zk:(a]tak+bltbk)+s zk:(AkakbL—l—h.c.)

(89)

I' exchange

The T' exchange, i.e. the off-diagonal exchange is al-
lowed by symmetry of Crlz. Its contribution to Hamilto-
nian is

Hr =T Z Siﬁ 53)

(ig)€aB(7)

a b
(S8 + (90)

where the notation (ij) € a5(7y) stands for bonds (4, j =
i+ 9d,) with v # «, . The I' exchange in terms of linear
spin waves is shown in Appendix.. The quadratic part

reads
Hp =NS> - 225 (3ala; + bb; + bl 4 bitn,
1€A
1
+ bL_nZ bi+n2) + g Z S(29*aibi+nl + 20aibi+n2
icA
b il T Al
+ 2a;b; — a;bj, . — aibi,,, —ab; +h.c.)

(91)

Now we move to the momentum space by a Fourier trans-
form of boson operators. This gives:

H) =NS? - 28 " (afax + blb)
k

S 0 T (92)
+ g %:(2Akakb,k — Akakbk)

DM exchange

We now turn to D-M interaction. From previous texts
it is readily to see that the real space Hamiltonian up to

2nd order reads
HY = 5V3 Z (iaia; + h.c.)
(i)
= SﬁZ(iaiaI_m + iaiaLM + iaia:-r+n1_n2 + h.c.)

i€A
+SVBY (ibib],y,, +ibibl_y, +ibbl ) + hec)
i€EB
(93)

where v/3 comes from 6* — 6; and note that i, j belong to
the same sublattice. In momentum space we have

HY = S\/§Z {Z (eik'nl 4 e~tkmz e_ik'(“l_“Z)) aLak + h.c.]
k

- Sﬁzk: [1 (ef“““l +etlemz 4 e“"““*“ﬁ) bibi + h.c.}

= 2v35 Y (Sxafa + = bl
k
(94)
where we defined

Zx = —sin(k - ny) +sin(k - ny) + sinfk - (n; — ny)] (95)

Single-ion anisotropy

Finally, the single-ion anisotropy, to the leader order, is

MY = NS* 28 (afax + bby) (96)
Therefore, the full LSW Hamiltonian is
HUSW = HG + HE + HE +HY + HY — Hey
= Z [dkaLak + d—kbLbk (97)
k
+ (pkakbL + qraxb_k + h.c.) +C
where
de = —S(3J + K +2I' + 24 — 2V/3DZ,) + h®s  (98)
K T
=S|(J+——-—-]A 99
Px ( + 3 3> k (99)
K 2r
@ =9 (3 ) AY (100)
By symmetrizing the momentum we have
1
HESW 25 Z [dkalak + d,kaika,k + dfkbLbk
k
(101)

+ dka_kb—k + (pkakblt + p_ka_kbt_k

+ qraxb_xk + g—xa_xbx + h.c.)}
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FIG. 2. (a) A 2D plane of Crls on honeycomb lattice, with the crystal cooridnate defined by ligands shown in panel (b).
(¢) Magnon band structure with respect to the [111] i.e. the e3 direction, the data is obtained by including the in-plane
next-to-nearest neighbor coupling according to Ref.[5]. (d) the Berry curvature of the aforementioned magnon band.

Now we diagonalize this Hamiltonian. In the matrix form
we have

1
\Ijk = (ak7 bkya‘t_ka bT_k)T, HLSW = 5 E \IJIT(Hk\I/k
k

(102)
where

de P 0 g
Pk d—x q° O
Hy = 103
K 0 g-x d_x pP—x (103)
a 0 piy dy

Diagonalizing the Hamiltonian in k space gives the band
structure of linear spin waves around e3 axis, as is shown
in Fig.2(c). Then by using Eq.14 we know the Berry
curvature 2. Then we can use it to derive the thermal hall
coefficient in finite temperature (assuming anharmonic

Spin exchanges relevant for Kitaev interaction:

terms and higher order effects are negligible) by Eq.69,
which will be discussed in future investigation that relates
to experiments.
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APPENDIX

In this appendix I show the spin-spin exchange in terms
of Holstein-Primakoff bosons. They are then kept upto
the quardatic order to get the band structure. Note that
the linear terms are cancelled with each other due to
0+6*+1=0.

ST AST = % [S(@*ain_HI +abl o+ hee) = S(ala; + b1, bivm) + 52 (00 + 0biin, + hc.) + 52} (104)
SYASY v = % [S(Qaimm +abl,,, +hee) — S(ala; +bly bing) + S (0% a; + 0" by, + hoc.) + 52} (105)
S ASi, = % [S(asbi+ aib] + h.c) — Salas +bibi) + 5% (ai + by + hc) + 52 (106)

The T" exchange reads (will leave out A, B. Assume i € A and j € B):
SESY = % {S(aibi 0 bl + hoe) — S(ala; + bib;) + S3/2(0a; + 0%b; + h.c.) + 52] (107)
SYSE = % {S(@*aibj +0%ab! + hc.) — S(ala; +blby) + S¥2(0%a; + b + hee.) + 52} (108)
S7ST = % {S(Gaibj +0% bl + he) — S(ala; +blb;) + 5% (a; + 0b; + hec.) + 52} (109)
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