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Lattice dynamics with molecular Berry curvature: Chiral optical phonons
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Under the Born-Oppenheimer approximation, the electronic ground state evolves adiabatically and can
accumulate geometrical phases characterized by the molecular Berry curvature. In this work, we study the
effect of the molecular Berry curvature on the lattice dynamics in a system with broken time-reversal symmetry.
The molecular Berry curvature is formulated based on the single-particle electronic Bloch states. It manifests
as a nonlocal effective magnetic field in the equations of motion of the ions that are beyond the widely
adopted Raman spin-lattice coupling model. We employ the Bogoliubov transformation to solve the quantized
equations of motion and to obtain phonon polarization vectors. We apply our formula to the Haldane model
on a honeycomb lattice and find a large molecular Berry curvature around the Brillouin zone center. As a
result, the degeneracy of the optical branches at this point is lifted intrinsically. The lifted optical phonons show
circular polarizations, possess large phonon Berry curvature, and have a nearly quantized angular momentum

that modifies the Einstein-de Haas effect.
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I. INTRODUCTION

The Born-Oppenheimer approximation assumes an adia-
batic evolution of electronic states following motion of the
ions [1]. During the evolution, the electronic ground state
can accumulate nontrivial geometrical phase in the absence
of time-reversal symmetry [2,3]. The influence of this phase
on the ion’s dynamics was discussed first by Mead and
Truhlar in molecules [2], which was later identified as an
electronic Berry phase with respect to the ion’s displacement
[3] and dubbed as a molecular Berry phase [4]. In magnetic
molecules, the molecular Berry phase can induce vibration
modes with nonzero angular momentum [5].

In a periodic lattice, the molecular Berry curvature associ-
ated with this phase can influence directly the lattice dynamics
and therefore the properties of the phonons [6—13]. In the
long-wavelength limit, this Berry curvature manifests as a
Hall viscosity [8—10] that can modify the dispersion, polariza-
tion, and transport properties of the long-wavelength phonons
[6,7,11,12]. By considering a finite overlap between electronic
wave functions on neighboring sites, a recent work studied the
molecular Berry curvature induced by a magnetic field B in a
nonmagnetic insulator in the linear order of B [14]. However,
the molecular Berry curvature in a Bloch system without a
uniform magnetic field has not been explicitly studied [15].
A Bloch-wave-function-based formula of the molecular Berry
curvature is highly desired [16].

In this work, we explore the effect of molecular Berry
curvature on the lattice dynamics in the absence of a uniform
magnetic field. In an electronic system that breaks the time-
reversal symmetry and respects the translational symmetry
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we formulate the molecular Berry curvature by using single-
particle Bloch wave functions and assuming the many-body
electronic ground state as a Slater determinant. The molecular
Berry curvature influences the lattice dynamics as an effective
magnetic field, which, however, is nonlocal. We then employ
the Bogoliubov transformation to solve the quantized equation
of motions and to obtain the spectrum and polarization vector
of the phonons.

We apply the formula to the Haldane model of a honey-
comb lattice. The molecular Berry curvature exhibits a peak
value at the Brillouin zone center. The peak value depends
strongly on the electronic band gap and the electronic band
topology. The narrow distribution of the molecular Berry cur-
vature in momentum space indicates that, in real space, one
atom can be influenced by the velocity of another atom far
away. With the molecular Berry curvature, the double degen-
eracy of the optical phonons at the Brillouin zone center is
lifted intrinsically, in contrast to the splitting induced extrinsi-
cally by the magnetic field [17-24]. The polarization vectors
become left and right handed, separately, which carry nonzero
angular momenta contributing to a nonzero zero-point angular
momentum of the lattice vibration [25]. The phonon modes
also carry nonzero phonon Berry curvature and contribute to
the phonon thermal Hall effect, which attracts much attention
in experiments recently [26-29].

II. MOLECULAR BERRY CURVATURE
AND PHONON POLARIZATION

A. Molecular Berry curvature

Under the Born-Oppenheimer approximation, electrons
stay at their instantaneous ground state |®o({R})) at a
given time with lattice configuration {R}. When the lattice
configuration evolves, the electronic ground state evolves

©2022 American Physical Society
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adiabatically and accumulates a geometrical phase, which in
turn can modify the lattice dynamics. The geometrical phase
manifests itself as a gauge field A; , in the lattice Hamiltonian
(it was originally reported by Mead and Truhlar [2] and an
alternative derivation is shown in Appendix A)

1
H; = Z M(Pl,x -

INS

hAL«({R))* + Ver({R}) (1)

where p; , = —ihV;, with V;, = 98/0R; . is the canonical
momentum of the xth atom at the /th unit cell with a co-
ordinate R;, and a mass M,. The scalar potential Vg ({R})
is contributed from the Coulomb interaction of the ions
and the electrons whereas the vector potential A; . ({R}) =
i(DPo({R}|VDPo({R})) is the molecular Berry connection
that describes the geometrical phase of the electronic ground
state. Although the molecular Berry connection is gauge de-
pendent, it can give rise to a gauge invariant molecular Berry
curvature [7,30]

@

0P P
Gify(Ry, Ry) = 21m<—°‘—°>

aRl’,K’ﬂ aRl,/(oz

where the indices «, 8 represent the Cartesian components of
the coordinates. One can proceed further under the assump-
tion that every lattice point vibrates around its equilibrium
position with (R} = (R}, +u; ., 1 =1,... . N;k =1,...,r}
where the equilibrium position R}, = R + d,. with R} being
the equilibrium position of the /th unit cell, d, being the
relative position of the «th ion, and u;, being its displace-
ment. At the equilibrium configuration, the Berry curvature
G"“‘ (R;, Ry) exhibits translational symmetry that depends on
R0 R?/ only.

In the following, we consider a symmetric gauge [31],
which exists near the equilibrium position as shown in
Appendix B, such that

Alya = —= Z G (R) — Ry rp. 3)
k', Bl

By taking the advantage of the translational invariance, we
express the lattice Hamiltonian in momentum space

H =Y
k.«

+ Verr({u(k)}) “)

where the momentum-space Berry connection
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We further express the momentum-space molecular Berry
curvature in a gauge invariant form by employing a set of
many-body wave function {|®,)} with the completeness re-
lation Y, |®,){®,| =1 and associated eigenenergy E,. By
using the identity (®,|Mj ca|®p) = ( dj‘l;n | D) (E, — Ey)
for n’ # n, the molecular Berry curvature reads

Z (¢0|Mk,/<a|q>n><<pn|Mfk,K’/3|q)0)
(En - E0)2

GKO( (k)
n#0
- {Mk,f(a <~ M—k.K’ﬁ} (6)

where Ej is the energy of the electronic ground state, E,, is
for the excited states, My ¢ = ﬁhﬁm_)o represents the
electron-phonon coupling with H, being the electronic Hamil-
tonian that depends on the atomic coordinates. By further
taking {|®,)} as Slater determinant, the above formula can
be expressed in terms of single-particle Bloch wave functions
as detailed in Appendix D. This expression can readily be
applied to a specific model using the first-principles approach.

B. Phonon polarization vectors

We further simplify the notation by normalizing the coordi-
nates and expressing the Hamiltonian in terms of matrices. We
first define column vectors pg = (... pea(k)/~/M, ...)T and
up = (... /Mcueo(k)...)". For the two-dimensional system
studied in this work, there are 2r elements. We also define
the matrix Gy with elements Gy (ka, k') = —A—G<% (k)

2/ MM,

(see Appendix E). By expressing the potential energy in
a quadratic form [32] V({u(k)}) = %M;Kkuk, the lattice
Hamiltonian reads

_ l Uy ' Dk GT Uy
mes) @ DG o

where Dy = K + G;Gk. It is noted that Dy here is different
from that in Ref. [7]. The corresponding canonical equations
of motion are [33]:

) 9H, ~
ue\ [ p \ _ [ Gk 1 Uy
()= (%) - (% )G) o

We then introduce the canonical transformation

uk—Z‘/ (yvb*kﬁyvbkv) )

i = Z tho(y:bik,v D) (10)
to diagonalize the Hamiltonian as
1
_ ¥
H; = kZha)k,u<bk,vbk,v + 5) (an

where bT and by, are the creation and annihilation oper-
ators of the phonon modes. These operators are constrained
by the commutation relation [by ,, k’,w] = & 1’0y, and the
Heisenberg equations of motion

bk,v = _iwk,vbk,v

by, =iw_g,b (12)
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Assisted by these identities, the phonon energy wy , and the
polarization vector ¥, = (¥,, 7»)" need to satisfy the eigen-
value equation

ok = (’%" %)xm (13)
which can be obtained by substituting Eqs. (9) and (10) into
Eq. (8). The eigenvalues show particle-hole symmetry like
property [6], i.e., w, x = —w_, _k. Only the positive branches
are physically allowed since only the wave functions for those
branches can make the commutation relation [by ,, bz, v,] =

8k xSy, valid with the normalization condition ¥ oy, = 1.

One can transform the non-Hermitian problem to a Hermi-
tian one. By multiplying Eq. (13) with o, from left, one can
find that

wk,vaxwv == lel/v (14)

with the Hermitian matrix

(& )
Q=% .
le wo

1
Multiplying Eq. (14) with €2/ o, from the left side and intro-

- 1 1
ducing a new set of eigenstates ¥, = 2/ ¥, where 2 is also
Hermitian, we come to a Hermitian eigenvalue problem as

wk,v'ﬁv - Qllc/zaxgllc/zlﬁv - Heffl/;v (15)

where the effective Hamiltonian H.¢ is Hermitian.

III. LATTICE DYNAMICS IN HALDANE MODEL

A. Electronic model and molecular Berry curvature

In this section, we present a case study on the dynamics
of the honeycomb lattice. In the harmonic approximation, the
atoms are considered connected by springs with longitudinal
and transverse spring constants K; and Ky, respectively. De-
tails of this model can be found in Appendix E.

The time-reversal symmetry is broken by the electronic
property described by the Haldane model [34] with a tight-
binding Hamiltonian

H,=— Ztajfbj +Hec.— Z te®iala;— Z e ibh;
(i) () ()

-Y

where a; (az.L) and b; (bj) are electron creation (annihilation)
operators of A and B sublattices, respectively, in the ith unit
cell. The first line represents the nearest neighbor hopping
with the hopping energy ¢ while the second line represents
the next-nearest neighbor hopping with a flux ¢;; attached to
it. We set ¢;; = £ /2 for clockwise/anticlockwise hoppings.
The lattice Hamiltonian can also be expressed in momentum
space with kernel #(q) and g running over the first Brillouin
zone. The single-particle Bloch eigenstates for the conduction
and valence bands are denoted as ¢.'” with corresponding
eigenenergies &,'". The Bloch bands are plotted in Fig. 1(a).
The phonons couple to the electronic system through the
dependence of the hopping energies ¢ and ¢’ on the lattice

b;)wq)(Zz) (16)

(@) (b)

qx q,

=0)]
S

(0qt/t)?

=
5

Re[G(k

t'/t

FIG. 1. (a) Electronic band structure represented in the Brillouin
zone. Gap openings at the K and K’ points are due to broken time-
reversal symmetry. (b) Real part of the electronic contribution to the
molecular Berry curvature Gﬁ;’ at the k = 0 limit (I" point). (c) Real
part of the molecular Berry curvature G4 in the phonon Brillouin
zone. Largest electronic contributions come from the K and K’ points
[see Fig. 1(b)]. (d) Dependence of the peak of the Berry curvature
Gﬁ; (k = 0) on the lattice parameters 9,7, ¢, and t'.

displacement {u}. The nearest-neighbor hopping energy ¢
depends on the relative distance d between the two atoms.
When the interatomic distance changes by dd due to atomic
displacement, ¢ changes by 9,¢8d. Here we set ¢’ as a constant
for simplicity.

In this work, we consider the electronic insulating system
with the lower Bloch band being completely filled. In the
noninteracting case, the many-body ground state |®) and the
excited one |®,) can be expressed as the Slater determinant
of single-particle states. One thus can calculate the Berry
curvature shown in Eq. (6) by using the single-particle states.
We can take the Berry curvature induced by the motion of A
sublattices along x and y directions as an example, which can
be expressed as

Gﬁ;‘,(k) — ]L\]Z [(p(})TMk,Ax(p;Jrk][¢;1kM_k,Ay¢;]

2
q (8;+k - 85)
_ L Z [(b;lkM—k,Ay(i);] [¢;T,/l/lk,Ax¢;+k] (17)
N q (‘95 B 8:1)+k)

where Mg a./a, represent the electron-phonon couplings as
detailed in Appendix D that couple the electronic states with a
momentum difference of k. In Fig. 1(b), we plot the contribu-
tion from each electronic momentum ¢ to the molecular Berry
curvature G4*(k) at k = 0. This corresponds to the phonon
induced virtual direct interband transition process with the
peak contribution concentrating at K and K’ valley. The de-
pendence of Gﬁ;‘ (k) on k is plotted in Fig. 1(c) where one can
find that the Berry curvature shows a peak at the phonon Bril-
louin zone center. By using reasonably realistic parameters,
eg.,t=3eV, ' =0.02¢eV, 9;t = 1 eV/A, we find that the
peak of molecular Berry curvature corresponds to an effective
magnetic field of ~10* T. Thus, the effect of molecular Berry
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curvature can be large in materials with narrow electronic
band gap, e.g., topological materials. In the small gap limit,
we find an analytical formula for the peak value Gﬁ;{ (k=0)=

ﬁc (34t /t)* where C is the Chern number of the system
as plotted in Fig. 1(d). It is noted that the molecular Berry
curvature vanishes at K and K’ points due to the vanishing of
the matrix elements in 9, ,# between conduction and valence
bands at different valleys in this model.

The formula above can be adopted by the first principle
calculation directly, which is thus essential for exploring the
phonon Hall effect in magnetic materials. The Gﬁ;f is an anal-
ogy of the effective magnetic field in the Raman spin-lattice
coupling model [35-40]. In the Raman spin-lattice coupling
model, the motion of u; 4, can only be influenced by i 4,
on the same site. In contrast, the molecular Berry curvature
distributes sharply around the Brillouin zone center. This dis-
tribution indicates that, by Fourier transforming back to the
real space, the displacement u; 4, can be influenced by the
velocity 1y 4, that is far away.

Moreover, the G matrix also has off-diagonal blocks with
nonzero matrix element G/g’é, which reflects the correlation
between the motions of the A and the B atoms. The amplitude
of this term is comparable with G4 such that G4¥ = -Gy}
at k = 0. The off-diagonal block is thus important, which
was completely neglected in the traditional Raman spin-lattice
coupling and can lead to a gap opening of the degenerate
acoustic bands [6,7]. Therefore, the molecular Berry curvature
is a better choice to explore the influence of electronic states
on phonons in a unified way.

B. Phonon spectrum and chiral optical phonons

Once the Berry curvature is calculated for our model we
can find the phonon spectrum using Eq. (15). The result of the
numerical calculation of this equation is presented in Fig. 2.
In this figure, we can see a gap opening between the optical
branches at the I" point. This band gap is proportional to the
molecular Berry curvature. To show this relation, we employ
the perturbation method since GZGk & Kj. From Eq. (14),
one can find that

W Vo = Kivo + 2i0p., Gy (18)

The second term on the right hand side is treated as a per-
turbation. The unperturbed eigenvalues w; , and eigenstates
¥, for the optical branches at the I point can be obtained

from w7y = Kiy?. The solutions are w;, = wr and y =

@1 0 -1 0 andyf= \/%(0 1 0 -1
In the presence of the perturbation, the general eigenstate
can be expressed as a linear combination 7 = c¢1y, + c2y3
with c¢; and ¢, being some constants to be determined. By
expanding the phonon eigenvalue at the I' point to the first
order as w = wr + dw, one can find that

2i ot 0 ot 0
5a)<cl) _ lwr <V1 Gy, V10TC~;kV20> <C1> (19)
)2 Gsz )

(5] wo )/20 TGk ]/10
where yl-o-}-y;’ = 52.8;; is employed. Since G} = —Gy, the
matrix on the right hand side is Hermitian. Thus the diago-
nal terms are zero. We find that, by setting ¢; = 1/+/2 and

(@) (b)

(K. /M
f >§
E W B 3

(k)

0.5

K T K K r K
FIG. 2. (a) Phonon spectrum in the presence of molecular Berry

curvature. Gap opening of the optical bands (upper two bands)
around the I' point is due to the effect of molecular Berry cur-
vature, where dw = A\/% . Here K, = 1073 eV/A? is an in-plane
longitudinal and K7 = K /4 is an in-plane transfers effective spring
constants. Inset: Two separate phonon modes corresponding to the
frequency at the I" point. The upper phonon band (red color) corre-
sponds to the circular vibrations of atoms in the clockwise direction,
and the lower band (blue color) corresponds to the circular vibration
in the counter-clockwise direction. The difference of energies of
these two modes is 6E = hdw. (b) Phonon Berry curvature of the
upper optical band with the corresponding color plot. The upper and
lower optical bands have corresponding Chern numbers of +1 and
—1, respectively. Acoustic bands have zero Chern numbers.

c; = ti/ /2, the above matrix can be diagonalized with the
phonon energy shifts v = :i:A%Re[G(k = 0)]. Therefore, the
optical phonons are split and the phonon polarizations become
right- and left-handed polarized. The splitting of the phonon
branches at the Brillouin zone center is expected to be observ-
able in optical spectral experiments.

We would like to point out that, in the absence of the
molecular Berry curvature, the dynamical matrix can be writ-
ten as a real matrix at the Brillouin zone center. As a result, the
phonons are always linearly polarized. In the presence of the
molecular Berry curvature, however, phonons at the I" point
become circularly polarized. This is different from the chiral
phonon at the Brillouin zone corner, which has a degenerate
state at the opposite momentum [41].

By using the phonon wave function, one can also define a
phonon Berry connection and phonon Berry curvature [38].
In Fig. 2(b), we plot the phonon Berry curvature along the
high-symmetric line for the higher optical branch. Peaks ap-
pear at the points where the phonon polarization changes from
circular around the T" point to linear away from that point.
The phonon Berry curvature contributes to a nonzero Chern
number 1. The Chern number for the lower optical branch is
—1 whereas the acoustic branches have zero Chern numbers.
Associated with the spectrum splitting, the Berry curvature of
optical branches can also contribute to the thermal Hall effect
[26-29].

C. Phonon angular momentum

The circular polarization of phonons also gives rise to
nonzero phonon angular momentum [25] that can be ex-
pressed as

Jph = Zula X ula- (20)

la
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FIG. 3. (a) Contribution of each phonon band to the total phonon
angular momentum, where [ represents the angular momen-
tum of each branch without the distribution, such that (Jf ph)
PRACIED I v( + f(wk.))- (b) Spectrum of total phonon an-
gular momentum J*(k) from all four branches in the limit 7 — 0 K.
(c) Phonon angular momentum of each unit cell in real space. The
angular momentum vanishes in a classical limit 7 — oo.

For a two-dimensional system, the vertical component of the

h . .
angular momentum becomes J' = ", (uf i), — u), i}, ). It
can also be written in a matrix product form

JP = ZuZLitk = Z MZL(Pk + Gru) 2D
k k

where L is a real 2r x 2r antisymmetric matrix for a system
with r atoms per unit cell. By using the second quantized
expression for the canonical variables of atoms [Egs. (9) and
(10)], we calculate the angular momentum for each phonon
branch [Fig. 3(a)]. We find that the phonon angular momen-
tum of both acoustic branches vanish whereas the circularly
polarized optical branches are nearly quantized. This is in
contrast with the phonon angular momentum obtained by us-
ing the Raman spin-lattice model which neglects the nonlocal
effective magnetic field [25,42]. In those calculations, the
acoustic phonons at the Brillouin zone center split and can
carry nonzero energy and nonzero angular momentum. The
splitting of the acoustics bands is induced by breaking the
Galilean translational symmetry due the Raman spin-lattice
coupling term that meant to serve as an analogy to a uniformly
charged lattice under a real magnetic field. This symmetry is
respected by the molecular Berry curvature.

By summing over the angular momentum of all the phonon
branches, we find a nonzero value as illustrated in Fig. 3(b).
This indicates a finite zero-point lattice angular momentum in
the zero temperature limit. At finite temperature, the thermal
averaged phonon angular momentum is

h i2hwy,, l
(/P") = }:mLm( ” >(2+f@k0) 22)

k,v

Here we used bk.vbzt,,t
{(bkuby ,) =0  and

=8u0 +bpbevs (b ,bh ) =

B kUK
<bllc,p,bk$V> = f(a)k.v)(su,v, where

flor,y) = ﬁ is the Bose-Einstein distribution. In
low temperature regime, the phonon angular momentum has
a finite value as shown in Fig. 3(c). In this limit, an analytic
expression for the phonon angular momentum at the I point

can be found by using the perturbative approximation as:

hZ
phy _
<‘Iz )F - Mowr

Re(G(k = 0)) (23)

which is consistent with the numerical calculations of
Eqg. (22). As the temperature increases, the thermal averaged
phonon angular momentum tends to go to zero. As T — oo,
Eq. (22) approximates to

B2

21](3 K
(7Ph) = —= 24
Z J/ < (O) + 6a)0k3T> ( )

where the first term vanishes because Y /Ly, =0 (see
Appendix G) and the second term decreases as 1/7.

IV. SUMMARY

We formulated the molecular Berry curvature by using
the single-particle Bloch wave functions in the absence of
a uniform magnetic field. We studied its effect on the lat-
tice dynamics and thus phonons. The quantized equations
of motion of the lattice are solved by using the Bogoliubov
transformation. We applied our theory to the Haldane model
of a honeycomb lattice. For this model, the molecular Berry
curvature is narrowly distributed around the Brillouin zone
center, which indicates that, in real space, the motion of an
ion can be influenced by the velocity of another atom that
is far away. This is different from the Lorentz force on the
nuclei induced by a magnetic field as well as the widely
adopted Raman spin-lattice coupling model. The molecular
Berry curvature lifts the degeneracy of optical phonons at the
I" point forming chiral phonons with left- and right-handed
polarizations. These modes carry nonzero angular momen-
tum and contribute to a nonzero total angular momentum
in the low temperature limit and thus modify the Einstein-
de Haas effect. These optical branches also carry nonzero
phonon Berry curvature that can contribute to the thermal Hall
effect.
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APPENDIX

1. Effective lattice Hamiltonian from the time-dependent
variational principle

The state of electrons is governed by the time-dependent
Schrodinger equation. By assuming a normalized condition, it
can be derived from the time-dependent variational principle
with Lagrangian £, = (®y|ihid, — H.|®Py) by minimizing the
action with respect to any variation of (@] in the bra space.
Under the Born-Oppenheimer approximation, the electronic
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state lies at the instantaneous ground state of the Hamilto-
nian H, that depends on the lattice configuration {R}. With
known instantaneous ground state, one can integrate out the
electronic degree of freedom to get the effective Lagrangian
of lattice that reads

£= Z
—Z SR+
—Z

where R;, labels the position of the xth atom in the [-th
unit cell with mass M. A; , = (Pg|iVg, | Po) is the the Berry
connection. Vg ({R}) is the total energy of the electrons and
ions at the configuration {R} that forms the potential landscape
of the ion. In the equilibrium configuration {RO}, Vegr takes its
minimum. From the Lagrangian, one can reveal the Hamilto-
nian Eq. (1) by Legendre transformation, which agrees with
that derived by Mead and Truhlar [2].

+ (Polihd; — H,| Do)

+ (Polihd,|Po) — Verr ({R})

R1K+hA1K R — Ver({R}) (AD)

2. The existence of a symmetric gauge near
the equilibrium configuration

We consider a lattice where each atom vibrates around
its equilibrium position with a displacement u; where, in
this paragraph, we use shorthand notation for these in-
dices as {l/,ka} — [ and {I',k’'B} — I’. In the small {u;}
limit, we can expand the Berry connection A; = (®¢|id;| Do)
to the linear order of {u;} as A; = A? + 0pA;upy where
the coefficients d;A; are taken in the limit of {u;} — O
and thus are independent of {u;}. It is noted that the
Berry connection A; is expressed in a parameter space of
high dimension. It is questionable whether there exists a
gauge transform such that A=A — ax =-—1/2 Zl, G/ Uy
with gauge invariant G;; = 3;A; — 9yA; = 3;A; — 9yA;. The
answer is yes. One can ﬁrst define 8A; = Al A By defini-
tion, §A; = A +i Zl’ uy (5 3] |0, Do) + 5 (81¢0|31/¢0) +
(Do |0y 0; D). It can be venﬁed that 9;6A, — BI/SAI = 0. Ac-
cording to Poincaré’s Lemma, there always exists locally a
scalar function x such that §A; = 9;x. One can thus perform
such a gauge transformation ¢ |®) to obtain the Berry con-
nection in the symmetric form.

We can now express the Berry connection (gauge field) in
a symmetric gauge. The gauge invariant Berry curvature can

J

be written as

Gﬁ;g (R? —R?,) _ |:8Al’,/<’ﬂ . 04/ ko j|
0y eo Oy g
. RLON RLON RLON RLON
- l[< Uy o | OUp g > - <aul’,l(’ﬂ Uy ko H

(A2)

Near the equilibrium position, the Berry connection in the
symmetric gauge is

1 Ko
Aw(RY) = -3 Z;}G < (R) — R) ) uep(RY) (A3)
and in momentum space:
Acall) == ZG“* ()it (k). (A4)
k.8

3. Symmetry constraints on the molecular Berry curvature

In the presence of time reversal symmetry, the Berry cur-
vature G (R) — R))) = 0 as shown below. We consider the
electronic ground state that preserves time reversal invari-
ance and is nondegenerate. Therefore, under time reversal
operation ®, the ground state |®g) becomes |®,) = |ODy) =
e'®|®,) with a possible phase difference. Therefore, the Berry
connection obtained from |®,) is Al’m =Alxa + 01xa®-
AltemaﬁVelya Al,/ca = i<®q)e|8l,:(a|®q>e> = i(<¢8|al,lm|¢6))*
by the definition of the time reversal operator ® with *
being the complex conjugate. Thus, A; o = —A/ . As a
result, A; o = 0;4o®/2. The corresponding Berry curvature
GKO[ (RO R?,) = al,KaAl’,K’ﬂ - 81’,K’ﬁAl,K(x =0.

Slnce the Berry curvature in real space is real number and

Gy (R) — R)) = —GL(R) — RY), it can be shown by defini-
tion that G&% (k) = —Gsf(—k) = —GLf (k)*. Thus, G(k) =
—G(k)'.

Considering the translational symmetry, one can find
that when all the displacement vectors wu;, change
by the same small amount Su, the Berry connections
do not change, i.e., Aj.o({u}+du)=A;e({u}). Thus,
8uY " o5 O wpAlca= 0. Therefore, Y, .o <% (R)— R}) =
2Im Zl’,l{’ﬁ Bp,,(rﬁAl’m =0.

4. Molecular Berry curvature in noninteracting
electronic system

The molecular Berry curvature can be expressed in general
by the many-body wave function {®,}, where n = 0 stands
for the ground state and the n > 0 are excited states

GKO( k) = Z Z GKK RO R?)e_,‘k(R?_R?,)
BION RION o (RO_p0
=5 Z |:< n><q>n —> - (ul,Ka <~ ul’,K’,B)i| e k(R —Ry)
NG n£0 1 ko dur g u—0
—ik-R) _8H, ik-RY,
= L Z CDO| Zl Bll, l : |CD CD | Zl 314[! 'p l ! |q)0>
N (E, — Eo)?
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0H, _ik-R", 0H, ,—ik-RY
(@o] 3oy gt R @, (@] 3 gt e K| )

Up ko

(En - EO )2

_ L Z <¢O|Mk,lca|q>n)(q>n|-/\/l7k,/<’ﬁ|CDO> - <¢O|Mfk,/<’/3|q)n)(q>n|Mk,/<oz|cD0>

n#0

. 0 .
where My o =D, e o—ikR) — /N e in the u; — 0

Gu,ym 8”—1{,»{&
limit. In this limit, the My, involves only single electron

scattering process.

In the noninteracting system, the ground state is a product
state composed of single-particle states below the chemical
potential u with |®g) =TI, <uc}, ,10) and ¢}, , being the
creation operator of the state at the momentum ¢ of the mth
band. The excited states can be expressed |, ) is the many
body states with one occupied excited state and a hole. One
can then express the Berry curvature in single particle wave
function as

. T T
o 1 ¢m,qu,Ka¢m/,q+k¢mf'q+kM—k,K’ﬁ¢m,q
GAOEEDIDY
q

Em<ph (Emg = Em.g+k)?
S >

¢’,Tn’q+kM —k,k'B d)m/,q(br;/l”qu,Ka ¢m,q+k

(Emg+k — gm’,q)z

(A6)

In the following, we focus on the Haldane model to calcu-
late the molecular Berry curvature explicitly. We take Gf,;‘ (k)
as an example by setting u; o = u; ax and uy g = up ay. For
this particular case, we have:

J0H, )
Mk,Ax — Z _‘-’e—lk.R?

/ 8Ml,A)c

at; )
= Z _< : blT,—Rl-az + H.C.)e_'k'R?,
1i

a Ul Ax

where #; with i = 1-3 represents the hopping from site A
in the unit cell RY to site B in the unit cell of RY —R;
with R, = (a/2,av/3/2), R, = (a,0), R3 = (0, 0) as shown

. . o /3 o _
in Fig. 4. Here, we have P 0, T = 3 oyt =

? Qupax

FIG. 4. Honeycomb model to describe the effective spring con-
stant of a unit cell. In plane longitudinal and transverse spring
constants are K; and K7, respectively.

(E, — Eo)? (A9
(
— ‘/75 d4t which are independent of / and 9,7 represents the gra-

dient of the hopping energy between two adjacent sites alccmg
the bond between them, which we take to be 9, = 1 eV/A.

By using the Fourier transformation a; = \/LN > q aqei‘l‘R?,
we find that

V33,1 . ‘ .
Miax = > d Z bl‘laq_l_k(etq-Rz _ ks
q
30,4t ) ) '
+ \/_2 d Z a;bq+k(efl(q+k)'Rz _ et(q+k).R3)
q
— T + Ag+k
= Z(aq bq)axH <bq+k) (A7)
q

where 0, H is a 2x?2 matrix with only off diagonal elements:

3 4 _
(OH)12 = éadt(e’(‘”k)'Rz _ iaHhIRs

3 , .
(0:H)o = \/7_8‘12‘(6"”{2 — e—”I'Rz)'

. an_ 3ty __ dat 3t __ Bat
Similarly, we have Burm = o4t, Burn = 2 Buy = 2
We thus can obtain
0H, . po
Mfk,Ay — § e’k'Rl
7 3141,,4);
at; 0 ot . 2 p0
= E — ajb,+5ie’k'R1 — —bl‘H,ale’k'Rl
E 8u,,Ay 8Ml,Ay !
gt . . .
= 7 a;:_'_qbq(ze iqRy _ iRy _ ellI'Rz)

q
dat ; i ‘ '

q)-Ry __ i(k+q)-Ry _ ,—i(k+q)-R;

+ > Eq bk+qaq(2e e e )

(A8)

+ a,
= Xq: (g bj1+k)8.VH (bz>
with:

gt . . )
(ByH)lz = %(ze_ZQ'RI — ¢ iR _ elq~R3)

Ol pilkra) R _ jiletarRe _ p-iletarRa )

(3yH)21 —e —e

This is an expression in terms of single particle wave func-
tions and eigenstates. Since only the relative motion of atoms
generate the Berry curvature u,) = u; — uy = du; = —du,,
where u; and u, are displacements of two different atoms,

all 16 different combinations of atoms will generate only four
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independent values of Berry curvature:
Gyi(k) = -G (k) = G5 (k) = =Gy (k) = G (k)
Girtk) = =G (k) = G (k) = — Gy (k) = Gy (k)
Giik) = —Gpi(k) = G5 (k) = =G (k) = G (k)
Gh(k) = Ggi(k) = Gi(k) = G (k) = 0.

5. Phonon modes of a honeycomb lattice
a. Hamiltonian for the lattice dynamics

A semiclassical Hamiltonian of the lattice in the adiabatic
approximation can be written in a matrix form as [Eq. (1)]:

1 - -
Hy =5 (pr = RAD' (pr = BAD +V ({ur})
1
1 ~ -
=2 5 (e = 1A (e — i) +V ({aa})
k

1 L . -
= Xk: E(Pk + Grur)' (pr + Grug) + Zk: EukKkuk (A9)

where the first term is a kinetic energy of atomic vibrations
and the latter is the effective interaction of the atoms mediated
by the dynamics of electrons. Here the masses have been
absorbed into the definition of momentum and displacement
vectors. For a lattice with two atoms per unit cell, such as a
honeycomb lattice, the momentum and displacement vectors
can be expressed as:

Pk,Ax
~Maug ax

})/ATA
k,Ay
M, My Uk Ay
Pk = | prs |> U =
VMg ~/ My gy
Pk.By
NI ~Mpuy, py
and a gauge field matrix as:
Gi(k) Gy(k) 0 G (k)
My My MaMp
i =G ()" =Gi(k) —Gs3(k) 0
G == My My MM
k=73 0 Gk Gk Gk
M Mg Mg Mg
=G (k)" 0 =Gy (k) =G (k)"
MAMB MB ME

which is a skew-Hermitian matrix by definition. Here Kj is
a force constant matrix (in units of eV/(uA?), u-atomic mass
unit) defined as [25]:

Ko +Kp+Ko3
MaMp

Ki = M
k= _ Kp+Koe*®1 +Kpze* Rz Ko +Kop+Ko3
MAMB MR

_ Kop+Kore *R1 4 Kpye *R2 )

where kR = k.a/2 + ﬁkya/Z and k- R, = ka, with
a being a distance between two neighboring unit cells
with unit vectors (a,0) and (a/2,av/3/2). Here Ky =
U /2)K,U(—71/2), Kp = U /6)K, U (—m /6), and Koz =
U(—m/6)K.U (7 /6) where K, = (lg ,?T) is a spring con-
stant matrix constructed from longitudinal and transverse

spring constants K; and K7, and U(0) = (5 g _Cgisnf) is a

two-dimensional rotation operator in the x-y plane. Combin-
ing all these we obtain the lattice Hamiltonian as in Eq. (A9).

Considering all these the lattice Hamiltonian can be written
as:

H, = . D G H A10
L 2[pkpk+uk v + (P, Grue +Hee)]l  (A10)
k

where D, = K}, + G;Gk. We then can get a pair of canonical
equations of motion

. oH -
Dk = — = Gipr — Drug (A11)
8u_k
. oH -
U = = pr + Grit. (A12)
Pk

b. Second quantization with Bogoliubov transformation
After introducing the second quantization of displacement
and momentum as [33] ux = %(aik +ar) =,/ 2%05{,( and

pr =1 h%(aik —ag) =,/ '%ﬁk, where aik and gy repre-
sent column vectors of creation and annihilation operators, the
canonical equations of motion can be combined into a matrix

form:
l;{k . Gk 1500 Uy
) \=2 G )\ii)

N
]l. L .)(a*k) we can obtain:
1i —1i ag

-1 0\(ad',
0 1iJ\ &
& —_ I].a)()

1 (2 + 1wy — 2iGy " at,
B gg 0 g—g + 1wy + Zle Ak

(A13)

Now replacing (e
Pk

2

~F
= Q* a_k

where Q,’; is an 8x8 positive semidefinite Hermitian matrix.
The notation Qz was chosen for the convenience that will be
clear shortly. Now we introduce the Bogoliubov transforma-
tion as [43]:

(Al4)

ax =Y (avbiy + BT, ) (A15)

aly =y (@b, + Bubry) (A16)
v

where the tilde represents the transpose of the vector and
the summation is over all the branches. Here by, (bT_k,v)
are single valued Bogoliubov operators corresponding to each
branch and «, and B, are column vectors of 4 elements cor-
responding to each degree of freedom. We require that each
Bogoliubov operators represent the eigenstates with a spe-
cific frequency wy ., such that by, = —iwg ,bx,, and bik’v =

iw_k,vbik ,- Using this transformation we can obtain the fol-
lowing equations:
W0z X = QkX (A17)

w_k oot = QX" (A18)
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where x = (2:) and Qj is the same as was defined in
Eq. (A17). Now, if we introduce a new eigenstate as ¥ =
Q}(/ ?x, we can obtain a new eigenvalue equation as

¥ = 0. * % = Henr (A19)
where H.g is an effective Hamiltonian which is an 8 x8 Her-
mitian matrix and can be solved to find the wy .

As Eq. (A19) suggests, we will obtain eight different
phonon branches but only four of them should have physical
meaning as we have only four physical degrees of freedom. In
the following discussion we will show how to pick those four
physical branches. Using Eq. (A17) we can get a relation:

e [
o y(afa, — BIB) = (af  BDIS% (ﬂ”>- (A20)
v
This expression will help us to identify the four branches we
are looking for. For that, we first need to put constraints on the
Bogoliubov transformation. Initial bosonic operators had the
commutation relations as

[k 4y 4] = SaeSaa (A21)

lak.a, ay o1 = lag 4 @y, ,1=0. (A22)

After the transformation we require that the new operators
should obey similar bosonic commutation relations. For that
we write

(B by, ) = BBy (A23)

(bkvs b ) = by by ] = 0. (A24)

From these two conditions it is easy to show the following
relations:

> (abay® — B BY) = baa

v

3 (el el — BYBY) = B

d

(A25)

(A26)

where the first one can be defined as the completeness re-
lation and the second one as orthonormal condition. From
this we can see that for the Bogoliubov transformations to
preserve the bosonic commutation relations we should have
ala, — BIB, = +1, i.e., it should be a positive number, and
this appears on the left-hand side of Eq. (A26). It can also be
shown that € is a positive semidefinite matrix and we con-
clude that only positive solutions of wy_, should be considered
as physical.

Alternatively, if we switch to a new basis as y, = %(av +

B,)and y, = %(av — Bv) Eq. (A20) can be rewritten as

wof7)=(8 8)()
A\ 7 2 —iG )\

with the normalization condition resulted from Eq. (A20):

(A27)

Vj?v + )_’jyv =1 (A28)

From this we can construct a more compact eigenvalue prob-
lem: multiplying both sides of Eq. (A33) by o, we obtain

Dy ot
Oy = (w G )wv — v (A29)

k
iGy, wo

where ¥, = (Z) Here Q is again a semidefinite positive
matrix and for that we can introduce a new eigenstate as
U, = Q}c/ 24, and obtain:

oo = 0., = Herhy (A30)

where the effective Hamiltonian Hg introduced above is Her-
mitian and can be solved to find the eigenvalues wy ,. The

result of numerical calculation of this equation is the same as
the one obtained from Eq. (A22).

6. Determinant of the eigenvalues and related

The effective Hamiltonian can be written as Heg =
Q,lc/ z(ax ®Id)§2,1{/ 2 where 1, is the identity matrix with the
dimension d being that of the K matrix. Thus the deter-
minant det Hus = det Q - (deto,)?. From the definition of
the 2, we can find that det 2 = det(wply) - det(D/wy —
iG(woly)~'iG) = det(D + G?) = det(D — GG") = det K.

By the definition of €, one can find that Q_; = UTQ;U
with U = o,. Thus, He(—k) = (UTQU)?0,(UTQ;U)'2.
By noting that (UQ;U)"? = UTQ;'/*U, one can find that
Hest(—k) = —U " Hegr (k)*U .

7. Phonon angular momentum

A classical angular momentum phonons is defined as:

ph _ X -V oy ox
JZ _z :(ulkul/( MZKMZK)

1,k
_Z AN AR
IRrACRAC AT

K,X T - K, X
u’ 0 1\ /[
- Z ( ﬁ.y) < ><-£,y>. (A31)
o\ -1 0/ \4u,
For a system with n = 2 atoms per unit cell, such as hon-

eycomb lattice, the total phonon angular momentum can be
written as:

X T X
uy 0 1 0 o\/[&
- 1o 0 offa”
Jeh — Z Uy - Uy
¢ p u,’f * 0 0 0 1 uf'x
u,f" 0O 0 -1 0 uf#
=Y ufLivc =Y i L(pi + Grug). (A32)
k k
We replace the canonical variables with iy =

Yo b, vbiy) and pr =Y, ivFwg(77b, | —
vbk.v) using which we can get the expression for the phonon
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angular momentum as:

1 *
P = Z Fl(l)/ﬂ Ly + _OVMTLGva)b—k,Mka,V

k,u,v

2

1
h(_lV,LLVu + —VMLGva>b br.v
kv

1
—+ Z fl(—l)/u L)/U _OVIZ-LkaV>bk’“bk’V

kv

1 |
+Zh<zyMLyv —yMLkaU>bT by, (A33)

kv

We can calculate the thermal average of this expression. Since
bewby = 8uu + by bev  and (B} i) = S ru
(b,'( ublt’ ) = (br,uby ) =0, where f(a)k y) = W is the
Bose-Einstein distribution, we can write:

1
() = Z’i(m LPS + oW LGm)(l b f(orn))

L
+ Z Fl(—l)/v'L)/u + aTOJ/jLGva>f(wk,v)

k,v

1 . S
= h(w_oyv}—LkaU - l)/JL]/U>(1 + 2f(wk,v))

+ (G .
= hVJL<w_I;VU - lyv)(l + 2f(a)k,v))

k,v
iha)k_
=->y Lyv( - )(1 +2f (). (A34)
0
k,v
Here we show that }_, /Ly, = 0.
D oviln =Try Ly
= Try ' P han S P
=Try QLo
=Tr,* ¥y Lo,
=Trlo, =0 (A35)

where wy ), is the eigenenergy, which is a diagonal matrix, and
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