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Flat-band ferromagnetism and spin waves in the Haldane-Hubbard model
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We study the flat-band ferromagnetic phase of the Haldane-Hubbard model on a honeycomb lattice within
a bosonization scheme for flat-band Chern insulators, focusing on the calculation of the spin-wave excitation
spectrum. We consider the Haldane-Hubbard model with the noninteracting lower bands in a nearly flat band
limit, previously determined for the spinless model, and at 1/4 filling of its corresponding noninteracting limit.
Within the bosonization scheme, the Haldane-Hubbard model is mapped onto an effective interacting boson
model, whose quadratic term allows us to determine the spin-wave spectrum at the harmonic approximation. We
show that the excitation spectrum has two branches with a Goldstone mode and Dirac points at center and at the
K and K’ points of the first Brillouin zone, respectively. We also consider the effects on the spin-wave spectrum
due to an energy offset in the on-site Hubbard repulsion energies and due to the presence of a staggered on-site
energy term, both quantities associated with the two triangular sublattices. In both cases, we find that an energy
gap opens at the K and K’ points. Moreover, we also find some evidence for an instability of the flat-band
ferromagnetic phase in the presence of the staggered on-site energy term. We provide some additional results for
the square lattice topological Hubbard model previously studied within the bosonization formalism and comment
on the differences between the bosonization scheme implementation for the correlated Chern insulators on both

square and honeycomb lattices.
DOLI: 10.1103/PhysRevB.104.155129

I. INTRODUCTION

The tight-binding model on a honeycomb lattice with bro-
ken time-reversal symmetry proposed by Haldane [1] is an
interesting example of a Chern band insulator [2,3]. At half
filling, it can exhibit a quantized Hall conductance in the ab-
sence of an external magnetic field. This so-called anomalous
quantum Hall effect [4] is indeed related to the fact that the
electronic band structure of Haldane’s model is topologically
nontrivial; i.e., the corresponding Chern numbers of each band
are finite [2,3]. Interestingly, the model was experimentally
implemented in a system with ultracold fermions in an optical
honeycomb lattice [5] (see also the reviews [6,7]).

A lot of effort has also been devoted to the study of
the interplay between the topological properties of elec-
tronic band structures and the electron-electron interaction
[3,8]. A particular correlated Chern insulator that has been
receiving some attention in recent years is a natural exten-
sion of Haldane’s model [1], the so-called Haldane-Hubbard
model [9-18]. Here the electronic spin is explicitly taken into
account, time-reversal symmetry is broken, and correlation
effects are described via an on-site Hubbard repulsion term
[see Eq. (1) below]. At half filling, the phase diagram of the
Haldane-Hubbard model has been determined via differ-
ent mean-field approaches [9-13] and numerical methods
[15-18]. It was shown that the model supports a Chern insula-
tor phase for weak interactions and a trivial Néel magnetic
ordered phase for strong ones. Moreover, there is evidence
for a first-order transition between these two phases [18], but
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also for the presence of a distinct phase in the intermediate-
coupling region [9,10,17]. Differently from the time-reversal
symmetric Kane-Mele Hubbard model [3], the breaking of
time-reversal symmetry in the Haldane-Hubbard model yields
the so-called fermion sign problem, limiting the use of quan-
tum Monte Carlo simulations [17,18].

Away from half filling, the study of correlation effects in
Chern band insulators has also considered the possibility of
realizing fractional quantum Hall phases in lattice models.
Indeed, the interest in fractional Chern insulators [19-21]
was motivated by the studies [22-24], which showed that a
series of tight-binding models with only short-range hoppings
can display nearly flat and topologically nontrivial electronic
bands once the model parameters are properly chosen. Due
to the similarity between flat bands with nonzero Chern num-
bers and Landau levels realized in a two-dimensional electron
gas, it was proposed that these lattice models could display
a fractional quantum Hall effect for partially filled bands if
electron-electron interaction is taking into account [22-24].
Indeed, numerical evidence for the stability of fractional
Chern insulator phases was later reported [25,26]. We should
mention that, recently, the infinite density matrix renormal-
ization group (iDMRG) technique was employed to study
the stability of fractional quantum Hall states in correlated
Hofstadter-like models [27,28].

Correlation effects in a spinful topological Hubbard model
on a square lattice with nearly flat noninteracting bands but
at a commensurate filling were also discussed [29-31]. Here
the noninteracting limit of the topological Hubbard model is
given by the -flux model, whose parameters can be adjusted
such that the band structure is given by two lower and two
higher (doubly degenerated) nearly flat bands separated by an
energy gap [22]. At 1/4 filling (half filling of the lower band),
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it was shown [29-31] that such topological Hubbard model
can realize a flat-band ferromagnetic phase [32]. In particu-
lar, one of us calculated the spin-wave excitation spectrum
of the flat-band ferromagnetic phase within a bosonization
formalism [30]. For the corresponding correlated Chern in-
sulator, it was shown that the spin-wave spectrum has one
gapped excitation branch and one gapless one, with the Gold-
stone mode at the center of the first Brillouin zone. These
analytical results qualitatively agree with the numerical ones
determined via exact diagonalization [31].

In the present paper, we study the flat-band ferromagnetic
phase of a correlated Chern insulator on a honeycomb lat-
tice described by the Haldane-Hubbard model. We consider
configurations close to the nearly flat band limit of the lower
(noninteracting) bands that was previously determined for
the (spinless) Haldane model [22]. We describe the flat-band
ferromagnetic phase of the Haldane-Hubbard model within
the bosonization formalism for flat-band correlated Chern in-
sulators proposed in Ref. [30]. Such a bosonization scheme
is based on the method proposed to study the quantum Hall
ferromagnetic phase of a two-dimensional electron gas at
filling factor v = 1 [33]. It was later employed to described
the quantum Hall ferromagnetic phases realized in graphene
at filling factors v = 0 and v = £1 [34]. We show that the
bosonization scheme allows us to map the Haldane-Hubbard
model at the nearly flat band limit of its lower band to
an effective interacting boson model. Our main finding is
the flat-band ferromagnetic phase spin-wave spectrum, which
corresponds to the dispersion relation of the bosons deter-
mined from the effective boson model within a harmonic
approximation. We find that the spin-wave excitation spec-
trum has one gapped and one gapless excitation branch, with
a Goldstone mode at the center of the first Brillouin zone and
Dirac points at the K and K’ points [see Fig. 6(a) below].
Introducing an energy offset in the on-site Hubbard repul-
sion energies associated with the (triangular) sublattices A
and B, one finds that an energy gap opens in the spin-wave
excitation spectrum at the K and K’ points. The effects on
the spin-wave spectrum due to the presence of a staggered
on-site energy term related to the sublattices A and B are also
discussed.

Our paper is organized as follows. In Sec. II, we intro-
duce the Haldane-Hubbard model on a honeycomb lattice
and discuss in detail the band structure of the noninteracting
term close to the nearly flat band limit determined in Ref. [22].
In Sec. III, we briefly review the bosonization scheme for
flat-band Chern insulators [30]. Section IV is devoted to
the description of the flat-band ferromagnetic phase of the
Haldane-Hubbard model: we quote the expression of the
effective interacting boson model derived within the bosoniza-
tion scheme and determine the spin-wave excitation spectra in
the nearly flat band limit and slightly away from this limit; the
effects of an energy offset in the on-site Hubbard repulsion
term and of a staggered on-site energy term are also discussed.
In Sec. V, we discuss our results and provide a brief summary
of our main findings. Details of the bosonization formalism
are presented in Appendices A and B while additional results
derived within the bosonization scheme for the topological
Hubbard model on a square lattice previously studied in
Ref. [30] are reported in Appendix C.

II. HALDANE-HUBBARD MODEL

Let us consider N, spin-1/2 electrons on a honeycomb
lattice described by the Haldane-Hubbard model, whose
Hamiltonian is given by [9-18].

H = H, + Hy, (D
where

Hy =1 Z (¢l Citsno +H.c.)
i€A, 8,0

+ 5 Z (e7i¢cz46€i+rA(, + H.c.)

i€eA, 1,0

+6n Y (el e +He) 2

i€eB,t,0

and

Hy = Z Z UaPiat Pia), - 3)
i a=A,B
Here the operator cj'aa (cias) creates (destroys) an electron
with spin o =1, | on site i of the (triangular) sublattice
a=A, B of the honeycomb lattice. #; > 0 and fe*® with
t, > 0 are, respectively, the nearest-neighbor and next-
nearest-neighbor hoppings. One notices that the electron
acquires a +¢ (—¢) phase as it moves in the same (opposite)
direction of the arrows within the same sublattice [see dashed
lines in Fig. 1(a)]. Indeed, the complex next-nearest-neighbor
hopping ;e results in a fictitious flux pattern with zero net
flux per unit cell [see, e.g., Fig. 1(a) from Ref. [22] for de-
tails]. The index § corresponds to the nearest-neighbor vectors

[Fig. 1(a)]
d

_a)’}7

62=‘§’(~/§fc+9>, 63=—§<¢§fc—9>, )

while 7 indicates the next-nearest-neighbor vectors
T = 82 — 63 = Clx/g)AC,

=88 = —%(ﬁfc—m
T3=6 — 8 = —g(ﬁfc +39). )

In the following, we set the nearest-neighbor distance to
unit, i.e., @ = 1. Finally, the Hy term [Eq. (3)] is the on-site
Hubbard repulsion term, which represents an energy cost paid
by double occupation of site i, and

Ibiaa = Cj;w Ciac (6)

is the density operator associated with electrons with spin o
at site i of sublattice a. We consider that the on-site repulsion
energy U, > 0 can depend on the sublattice a.

A. Tight-binding term with nearly flat topological bands

In this section, we discuss in detail the noninteracting term
Hy [Eq. (2)] of the Hamiltonian (1) and show that it can dis-
play an almost flat (lower) electronic band that is topologically
nontrivial.
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(a) Ua 5 5

FIG. 1. (a) Schematic representation of the Haldane-Hubbard
model (1) on the honeycomb lattice, indicating the nearest-
neighbor #; and next-nearest-neighbor #,¢**¢ hoppings and the on-site
Hubbard repulsion energy U,. Blue and red circles indicate the
sites of the (triangular) sublattices A and B, respectively. §; and t;
are the nearest-neighbor (4) and next-nearest-neighbor (5) vectors,
respectively. (b) The first Brillouin zone and its highly sym-
metrical points: K = (47/3+/3,0), K' = (27 /3+/3,27/3), M, =
(r/~/3,7/3), and M, = (0, 277 /3). The nearest-neighbor distance
of the honeycomb lattice a = 1.

The first step to diagonalize the free-electron Hamiltonian
(2) is to perform a Fourier transform,
i 1

—ik-R; T
c = e 'C, , 7
= T 22 ¢ @

4 keBZ

where the momentum sum runs over the first Brillouin zone
(BZ) [Fig. 1(b)] associated with the underline triangular
Bravais lattice and N, = N is the number of sites of the
sublattice a. It is then easy to show that the noninteracting
Hamiltonian (2) can be written in a matrix form,

H() = Z \I/]sz\I/k, (8)
Kk
where the 4 x 4 Hy matrix reads
n0
H, =k 9
(5 0 ®

and the four-component spinor W is given by
Wy = (ckar CkBt Ckay Ckpy) - (10)
The 2 x 2 matrices hy associated with each spin sector are

such that | = b = hy, with the /y matrix given by

I — <2l2 Y cos(k-T+ ) 0y, k8 >
k = 0y, o—k0 215 cosk -7 — )

It is possible to write the A, matrix in terms of the identity
matrix 7y and the vector T = (7, T2, 73), whose components
are Pauli matrices,

hx = Boxto + Bk - T, (11)
where the By function and the components of the vector
Bk = (B]qk, BZ,k’ B3’k) are given by

By x = 2t cos(¢) Zcos(k - T),
Bix=1 Z cos(k - §),

B
By =1y sin(k-8),

s

By = —2nsin(¢) Y _sin(k - 1), (12)

with the indices § and t corresponding to the nearest-neighbor
(4) and next-nearest-neighbor (5) vectors, respectively. The
fact that the matrices hy related to each spin sector

hlz = hi = hg indicates that the noninteracting model (2)
breaks time-reversal symmetry (see, e.g., Appendix A from
Ref. [30] for details).

The Hamiltonian (8) can be diagonalized via the canonical
transformation

dys = UkCkas + VkCkbos
Cko = VCkAo — UyCkBo s 13)
where the coefficients uy and vk are given by
> = 31+ B3, [uel* = 3(1 = Bs),
uxvy = 2(Bix + iBax), (14)
with the hatted B; standing for the i component of the nor-

malized vector By = By /|Bk|. After the diagonalization, the
Hamiltonian (8) then reads

Hy = Za)f(c;idckg + wid) dio, (15)
ko

with the dispersions of the lower band ¢ (— sign) and the upper
one d (4 sign) given by

ol =Byt \[B) + B\ + B (16)

Notice that both ¢ and d free-electronic bands are doubly
degenerated with respect to the spin degree of freedom.

Figure 2(a) shows the electronic bands (16) along paths in
the first Brillouin zone [Fig. 1(b)] for two different parameter
sets. For t;, = 0.3155¢ and ¢ = 0, the spectrum is gapless
due to the presence of Dirac points at the K and K’ points;
i.e., the upper and lower bands touch at these points and the
bands disperse linearly with momentum around them. A finite
phase ¢ breaks time-reversal symmetry and opens a gap A
between the lower and upper bands at the K and K’ points,
as exemplified for the parameter choice t, = 0.3155¢, and
¢ = 0.656. Moreover, a finite phase ¢ yields free-electronic
bands topologically nontrivial, since the corresponding Chern
numbers [2,22]

1 N . N
Gl =% — f d*kBy - (9B x 3B (17)
BZ
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FIG. 2. Band structure (16) of the noninteracting hopping term (2) (in units of the nearest-neighbor hopping amplitude #,) along paths in
the first Brillouin zone [Fig. 1(b)] for different values of the next-nearest-neighbor hopping amplitude 7, and phase ¢: (a) t, = 0.3155¢,¢ =0
(green) and 1, = 0.31551¢,, ¢ = 0.656 (magenta); (b) ¢ = 0.4 (blue), ¢ = 0.5 (green), and ¢ = 0.656 (magenta), with #, given by the relation
cos(¢) = t1/(4t,); and (c) ¢ = 0.656 (magenta), ¢ = 0.75 (green), and ¢ = 0.85 (blue), with , given by the relation cos(¢) = 1, /(4t,).

are finite. One finds that C¢ = +1 and C? = —1 respectively
for the lower and the upper bands regardless of the spin. As
mentioned in the Introduction, such nonzero Chern numbers,
combined with broken time-reversal symmetry, indicates that
the gapped phase of the noninteracting model (2) at half filling
is indeed a Chern band insulator [2,3]. The phase diagram
1/t vs ¢ for the noninteracting model (2) at half filling can be
found, e.g., in Ref. [11]: in addition to a (gapped) Chern band
insulator phase with quantized Hall conductivity o,, = +e?/h
per spin, the model also displays a Chern metal phase with
nonquantized oy,.
For the parameter choice (nearly flat band limit)

t, =0.31551 and ¢ = 0.656, (18)

one also sees that the lower band ¢ is almost flat. Indeed,
such a choice obeys the relation cos(¢) = t1/(4t,) = 3/3/43
[22] which yields a large flatness ratio for the lower band
fe=A/W, =06, where A = min(wgx)— max(w.x) is the
energy gap and W, = max(wj,) — min(wy) is the width of the
lower band c. It is easy to see that the flatness ratio decreases
as one moves away from the optimal parameter choice (18).
For instance, in Fig. 2(b), we plot the band structure (16) for
¢ = 0.4, 0.5, and 0.656 with t, given by cos(¢) = t1/(4t).
One notices that as the phase ¢ decreases, the flatness ratio
/- also decreases; i.e., the energy gap at the K and K’ points
decreases while the bandwidth W, of the lower band ¢ in-
creases. The flatness ratio f. also decreases for ¢ > 0.656;
see Fig. 2(c).

In the following, we consider configurations close to the
nearly flat band limit (18) of the lower band c. It is worth
mentioning that previous studies [9,10,12,13,16,18] on the
Haldane-Hubbard model (1) focus on configurations with
¢ = /2, which yields a particle-hole symmetric noninteract-
ing band structure.

B. Staggered on-site energy term

An additional interesting term, which is also present in
Haldane’s original model [1], is a staggered on-site energy
term that breaks inversion symmetry:

Hy = MZ(C;GCL'A(T — ClpoCito)- (19)
io

For |M/t| < 34/3|sin¢|, it was shown that the electronic
bands are topologically nontrivial [1]. Later, considering

a topological Uhlmann number to characterize symmetry-
protected topological phases at finite temperatures, it was
verified that such a topological phase is stable up to some
critical temperature 7, [35].

Adding the staggered on-site energy term (19) to the tight-
binding model (2), one easily finds that the new Hamiltonian
Hy + H)s also assumes the form (8) with the By and the
Bix (i =1,2,3) functions given by Eq. (12) apart from the
replacement

B3,k — B3,k + M. (20)

In Fig. 3, we plot the band structure (16) for the parameters
(18) and M =0, 0.1, 0.2, and 0.3¢;. We notice that, for a
finite on-site energy M > 0 (M < 0), the energy gap is located
at the K’ (K) point. Moreover, as the parameter M increases,
the energy gap decreases, the difference (w%, — w%) increases,
and the flatness ratio of the lower band c decreases. Indeed, the
increasing of the parameter M can induce a gap closure that
destroys the topological phase; see Fig. 2 from Ref. [1].

In Sec. IV C below, we consider a finite staggered on-site
energy M as a source of departure of the lower band ¢ from
the nearly flat band limit (18).

FIG. 3. Band structure (16) of the noninteracting hopping term
(2) with the additional staggered on-site energy term (19) (in units
of the nearest-neighbor hopping amplitude #;) along paths in the
first Brillouin zone for the next-nearest-neighbor hopping ampli-
tude #, = 0.31551, phase ¢ = 0.656, and staggered on-site energy
M = 0 (magenta), 0.1 (green), 0.2 (blue), and 0.3 ¢, (orange).
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C. Hubbard term in momentum space

The expression of the on-site Hubbard interaction (2) easily
follows from the Fourier transform of the electron density
operator (6), which is given by

A 1 4R, A
Pias = 5 D ¢ par (@) @1
qeBZ

Substituting Eq. (21) into the Hamiltonian (2), one finds

1
Hy == 37 ) Udbar(—)Da (@) (22)

a=A,B q

It is also useful to determine the expansion of the density
operator p,, (k) in terms of the fermion operators cg,,. With
the aid of Egs. (6), (7), and (21), one shows that

Pas (@) =€ quoCpao- (23)
P

The canonical transformation (13) allows us to express (23) in
terms of the fermion operators ¢k, and dx. In particular, the
density operator (23) projected into the lower noninteracting
band c reads [30]

Pao (@) =Y _ Galp. Q) _q0Cpo- (24)
P

with the G,(p, q) function given by Eq. (A3).

Once the expression of the projected density operator (24)
is known, we can determine the projection Hy of the on-
site Hubbard term (22) into the noninteracting lower bands
c. Indeed, Hy assumes the form (22) with the replacement

Pac (@) = Pas(q), ie.,

_ 1
Hy == 3 D Usbor(—@)ia (@) (25)

a=A,B q

III. BOSONIZATION FORMALISM FOR FLAT-BAND
CHERN INSULATORS

In this section, we briefly summarize the bosonization
scheme for a Chern insulator introduced in Ref. [30] for the
description of the flat-band ferromagnetic phase of a corre-
lated Chern insulator on a square lattice.

Let us consider a spinful Chern insulator on a bipartite
lattice whose Hamiltonian assumes the form (8). We choose
the model parameters such that (at least) the lower band ¢
is (nearly) flat and consider that the number of electrons
N, = Ny = Np = N, where Ny and Np are, respectively, the
number of sites of the sublattices A and B. Such a choice
corresponds to a 1/4 filling, i.e., the lower (nearly flat) band
c is half filled. In particular, let us assume that the lower
band ¢ 1 is completely occupied, as illustrated in Fig. 4(a).
In this case, the ground state of the noninteracting system
(the reference state) is completely spin polarized and it can
be written as a product of single-particle states,

|FM) = ]_[ ciy 10). (26)
keBZ

Since the lower flat bands ¢ are separated from the upper
bands d by an energy gap, the lowest-energy neutral excita-
tions above the ground state (26) are given by particle-hole

FIG. 4. Schematic representation of (a) the ground state (26) of
the noninteracting term (2) in the nearly flat limit (18) of the lower
band c at 1/4 filling and (b) the particle-hole pair excitation above
the ground state (26). Although the free bands ¢ and d are doubly
degenerated with respect to the spin degree of freedom, an offset
between the 0 =4 and |, bands are introduced for clarity.

pairs within the lower bands c; i.e., they are spin-flips that can
be written as [see Fig. 4(b)]

W) o Sic [FM). 27)

It is possible to show that such particle-hole pair excitations
can be treated approximated as bosons. Indeed, one can define
the boson operators

St 1
ba,q = - = E ga(P, —Q)CT Cpl»
Faaq Foo q P prat

S 1
b;q = qu = F E 8u (P, q)C:;_(NCpT, (28)
aa,q aa,q

with o =0, 1, that satisfy the canonical commutation
relations

[bax> by ] = 8a. Skcqs
[bak» bp.ql = [b}, 4, by o1 =0, (29)

and whose vacuum state is given by the (reference) spin-
polarized state (26), i.e.,

baq[FM) = 0. (30)

Here the operators S'ffa are linear combinations of projected
spin operators associated with sublattices A and B,

Sea =Sqa+ (1S5 (31)
witha = 0, 1 and S, = 8} , + iS 4. The operator S} ,, with
A =2x,y,z, is the A component of the spin operator Sé,a
projected onto the lower bands ¢ with S(’;,a being the Fourier
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transform of the spin operator S, at site i of the sublattice
a. Indeed, the projected operator Sx is determined from Sk
following the same procedure outhned in Sec. IIC for the
density operator (24). Finally, the F,g ¢ function is given by

Frpq= Z 8« (P, Q)g5(P. Q). (32)

with the g, (p, q) function belng related to the coefficients (14)
of the canonical transformation (13),

8a(P, @) = vp_qvp + (=D)*uy_qup. (33)

Any operator expanded in terms of the fermion operators
c;:m and ck, can, in principle, be rewritten in terms of the
bosons (28). In particular, the density operator (24) projected
into the lower bands c assumes the form

Pao (k) = —Nsmaszz Gapao (K, OB} 1 1 beq:
af q
(34)

where the gaﬂw (k, q) function is given by Eq. (A2). Impor-
tantly, both Fa 5.q and Gy .0 (K, q) functions can be explicitly
written in terms of the coefficients (12); see Eqs. (Al) and

(A4), respectively.

IV. FLAT-BAND FERROMAGNETISM IN THE
HALDANE-HUBBARD MODEL

In the completely flat band limit (bandwidth W, = 0) of
the lower noninteracting bands ¢, Hund’s rule yields that the
ground state of the Haldane-Hubbard model is ferromagnetic,
once such bands are half filled [36]. As the amplitude #, of
the next-nearest-neighbor hopping is modified and the non-
interacting bands ¢ get more dispersive, the ferromagnetic
phase might be stable up to a critical bandwidth W, e,
for fixed on-site repulsion energies U, [37]. Indeed, recent
exact diagonalization calculations [38] indicate the stability
of the flat-band ferromagnetic phase for the Haldane-Hubbard
model in the vicinity of the nearly flat band limit (18); see
discussion below.

In this section, we study the flat-band ferromagnet phase
of the Haldane-Hubbard model (1) within the bosonization
formalism [30] for flat-band Chern insulators. In particular,
we concentrate on the determination of the dispersion relation
of the elementary (neutral) particle-hole pair excitations; i.e.,
we calculate the spectrum of the spin-wave excitations above
the (flat-band) ferromagnetic ground state (26). We show that
the spin-wave spectrum has a Goldstone mode at momentum
q = 0, a feature that indicates the stability of the flat-band
ferromagnetic ground state.

A. Effective interacting boson model

Let us consider the Haldane-Hubbard model (1) on a
honeycomb lattice with the noninteracting lower bands ¢ in
the nearly flat band limit (18) and at 1/4 filling of its corre-
sponding noninteracting limit; i.e., we assume that the number
of electrons N, = Ny = Ny = N, with Ny and Ny being the
number of sites of the (triangular) sublattices A and B, respec-
tively. In this case, the bosonization scheme [30] allows us to

map the Hamiltonian (1) onto an effective interacting boson
model.

In order to derive such an effective boson model, the
first step is to project the Hamiltonian (1) into the lower
noninteracting bands c. Such a restriction is appropriated
as long as the on-site repulsion energies U, < A, where
A = min(wg k) — max(w.x) is the energy gap of the free-
electronic bands (see Fig. 2): in particular, one finds that
A = 1.751; for the nearly flat band limit (18). One shows that
(see Eq. (28) from Ref. [30] for details)

Here the projected noninteracting term Hy follows from
Eq. (15),

Ho =)ty Co (36)
ko

while the projected on-site Hubbard term Hy is given by
Eq. (25). The expression of the noninteracting (kinetic) term
Hy in terms of the bosons (28) is given by (see Appendix B
from Ref. [30] for details)

Hop=Eo+ ) ) @b} bua: (37)
aff qeBZ

where Ey = ), wj is a constant associated with the action of
H, into the reference state (26) and
1 : .
Wi = ——— (0 — @) (P, QLh(P. ). (38)
Fao,aFpp.a P

with the Fyg  and the g, (p, q) functions given by Egs. (32)
and (33), respectively. The bosonic representation of the pro-
jected on-site Hubbard term Hy follows from Egs. (25) and
(34): After normal-ordering the expression resulting from the
substitution of Eq. (34) into (25), one shows that [30]

Ay = A+ A, (39)
where the quadratic and quartic boson terms read
A =2 25y aboa: (40)
F4) _ aBd'B 1 +
v.B = ﬁ Z > Wap bhpsibhgwbeabap @D
k.q.p apo’p’

with the coefficient

1
= z Z Uagaﬁal (0» (1)

1
+ 2 UaGwpar (K K+ Qewa (k@) (42)

a,a’ Kk

and the boson-boson interaction given by
% 1
Viay =7 2 UaGepar (K, @Gurpay (K, p). - (43)

The effective interacting boson model that describes the flat-
band ferromagnetic phase of the Haldane-Hubbard model (1)
then assumes the form

Ay = Hop+H}y +H'y (44)
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FIG. 5. The real (solid magenta line) and imaginary (dashed green line) parts of (a) the coefficient @°' [Eq. (38)] and (b) the coefficient eg'

q

[Eq. (42)] along paths in the first Brillouin zone [Fig. 1(b)] for the Haldane-Hubbard model (1) in the nearly flat band limit (18) of the lower

noninteracting band c.

B. Spin-wave spectrum in the nearly flat band limit

In this section, we consider the effective boson model (44)
in the lowest-order (harmonic) approximation, which consists
of keeping only terms up to quadratic order in the boson
operators (28) of the Hamiltonian (44); i.e., we consider

Hy ~ Hyp + HY). (45)
In principle, the Hamiltonian (45) can be diagonalized via a
canonical transformation yielding the spectrum of elementary
excitations (spin waves) in terms of &)g‘s [Eq. (38)] and eg’s
[Eq. (42)]. However, before proceeding, we would like to
discuss both contributions in detail.

The coefficient &)3’3 [Eq. (38)] represents the (kinetic) con-
tribution to the energy of the elementary excitations explicitly
related to the dispersion of the noninteracting (lower) bands
c. One can see that, if the free band ¢ is completely flat
(wg = constant), this coefficient vanishes while, in the nearly
flat band limit, it can be finite. For the noninteracting term (2)
on the honeycomb lattice in the nearly flat band limit (18),
we find that &)g"‘ = 0 while c‘ugl = c?)(llo are finite but rather
small in units of the nearest-neighbor hopping energy #, [see
Fig. 5(a)]. Such a result is distinct from the square lattice
m-flux model, where symmetry considerations yield &)g’s =0
[30]. We believe that the finite values of the coefficients (I)gl

and @, for the Haldane model might be related not only to
the symmetries of the noninteracting Hamiltonian (2) but also
to the fact that the condition

Faﬂ,q = Sa,ﬁFaa,q (46)

is not fulfilled for the Haldane model, an important feature dis-
tinct from the square lattice -flux model. We refer the reader
to Appendix B for a detailed discussion about the implications
of the condition (46) for the approximations involved in the
bosonization scheme. Due to the smallness of &)gl and 5)(110,

in the following, we assume that d)gﬁ ~ 0; i.e., we neglected
the (explicit) kinetic contribution (38) to the energy of the
elementary excitations.

Concerning the coefficients (42), which are related to the
on-site Hubbard term (3), we find that 63‘“ are real quantities
while €)' = —€,0 = €! = —€% are complex ones, implying
that the Hamiltonian (40) is non-Hermitian. Such a feature

is also in contrast with the square lattice -flux model [30]

for which egl = 6(110 =0 (see also Ref. [39]). In particular,

for the nearly flat band limit (18), one finds that €_' is quite
pronounced around the M; and M, points and it is also
finite close to the K and K’ points of the first Brillouin zone
[see Fig. 5(b)]. Again, we believe that the non-Hermiticity of
the Hamiltonian Hl(]%g might be an artifact of the bosonization
scheme related to the fact that the condition (46) is not fulfilled
for the Haldane model (see Appendix B for details). Since
such an issue is not completely understood at the moment,
in the following, we determine the spin-wave spectrum both
in the presence and in the absence of the off-diagonal terms
(o, B) = (0, 1) and (1,0) of the Hamiltonian (40).

The Hamiltonian (45) with @ = 0 can be diagonalized
via a canonical transformation similar to Eq. (13),

—
bo.q = Uy@+.q + Vgd- g,

biq=viasq— Uga_gq, A7)
where the coefficients uq and vy are now given by
1 1
2 2 00 _ 11
lugl”, lvg]”™ = 5 + deq (€ =€)
o1 €lo
vi=-1 put =L, 48
UqVq deq UM Jeq (48)
with
1
€= 5\/(630 - 6&1)2 + 4edlell. (49)

It is then easy to show that the Hamiltonian (45) assumes

the form
HB =FEy+ Z Z Qﬂ,qalﬁqau’q,
n==xqeBZ

(50)

where the constant Ey = Y, wf = (—1.691,)N for the nearly
flat band limit (18) and the dispersion relation of the bosons
a4 reads

Qiq=3(e +e') L eq. (51)
with €4 given by Eq. (49) (see also Ref. [40]). Assuming that

631 = 6&0 = 0, the dispersion relation (51) reduces to
Q=€ and Qi q=¢ (52)
- 00 _ 11
since €’ < €}
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One notices that the ground state of the Hamiltonian (50)
is the vacuum (reference) state for both bosons by ; and a,
which corresponds to the spin-polarized ferromagnet state
|[FM) [see Egs. (26) and (30)]. Such a result is a first indication
of the stability of a flat-band ferromagnetic phase for the
Haldane-Hubbard model (1). Indeed, one expects that the fer-
romagnetic ground state might be stable only if U > U, ().
Unfortunately, due to limitations of our bosonization scheme,
at the moment, it is not possible to determine such critical
U.: recall that (see Sec. IV B) the kinetic coefficients (38)
related with the dispersion of the noninteracting bands ¢ are
not included in the effective boson model (44) due to the
fact that the condition (46) is not fulfilled for the Haldane
model. We refer the reader to Sec. V below for a more detailed
discussion about the stability of the flat-band ferromagnetic
phase.

The dispersion relations (51) and (52) of the bosons a4,
which indeed correspond to the spin-wave spectrum above
the flat-band ferromagnetic ground state (26), for the nearly
flat band limit (18) and Uy = Ug = U are shown in Fig. 6(a).
Due to the absence of the kinetic coefficients (38) associated
with the dispersion of the noninteracting bands c, one sees
that the energy scale of the spin-wave spectrum is determined
by the on-site repulsion energy U. Both spin-wave spectra
(51) and (52) have two branches: the acoustic (lower) branch
Q2_ 4 is gapless, with a Goldstone mode at the Brillouin zone
center (I" point), and the characteristic quadratic dispersion
of ferromagnetic spin waves near the I" point; the optical
(upper) one 2, 4 is gapped, with the lowest energy excitation
at the K and K’ points. The presence of the Goldstone mode
indicates the stability of the flat-band ferromagnetic phase.
Interestingly, for the dispersion relation (52), one finds a quite
small energy gap at the K and K’ points (A®) =Q, x —
Q_ g =2.01 x 1073 U) while the excitation spectrum (51)
displays Dirac points at the K and K’ points. Indeed, the

presence of the Dirac points is related to the fact that egl and

eéo are finite at the K and K’ points; see Fig. 5(b). Moreover,

the fact that 631 = —¢!0 yields a very small decay rate (the
imaginary part of Q4 ¢) for the spin-wave excitations (51) at
the border of the first Brillouin zone [see the dashed line in
Fig. 6(a) and note the multiplicative factor 50].

In addition to a configuration with homogeneous on-site
Hubbard energy Uy = Ug = U, we also consider the Haldane-
Hubbard model with a sublattice-dependent on-site Hubbard
energy. The spin-wave spectra (51) and (52) for the nearly
flat band limit (18) and with Ug = 0.8U4 = 0.8U and Up =
0.6 U4 = 0.6 U are shown in Figs. 6(b) and 6(c), respectively.
One notices that both spin-wave spectra (51) and (52) have a
Goldstone mode at the I" point, the energies of the excitations
decrease as the difference AU = U, — Up increases, and the
difference between the energies at the K and K’ points (e.g.,
Q_ x — Q_ k) also increases with AU . For Up > Uy, we find
similar features, but the energy at the K point is lower than the
one at the K’ point. Importantly, the dispersion relation (52)
has a small gap at the K and K’ points, similar to the homoge-
neous case Uy = Ug: A®) =1.81x 103U (AU =0.20)
and 1.61 x 1073 U (AU = 0.4 U). On the other hand, for the
dispersion relation (51), a finite energy gap opens at the K and
K’ points in contrast with the homogeneous case AU = 0.
One finds that A®) =318 x 102U (AU =0.2U) and

r K M K T M,
q

FIG. 6. The elementary excitation (spin-wave) energies of the
effective boson model (44) in the harmonic approximation for the
nearly flat band limit (18): dispersion relations (51) (real part, solid
green line) and (52) (solid magenta line) along paths in the first
Brillouin zone [Fig. 1(b)]. The dashed blue line indicates the imagi-
nary part of Q, ¢ = —Q_ ¢ [see Eq. (51)], which is multiplied by a
factor of 50 for clarity. On-site repulsion energies: (a) Uy = Ug = U;
b)Up=08Uy =0.8U;and (c) Up =0.6U4 =0.6U.

6.40 x 1072 U (AU = 0.4U). Such a finite energy gap might
be related to the fact that a Hubbard term with U £ Up breaks
inversion symmetry. Similar to the homogeneous configura-
tion, the spin-wave excitations (51) at the first Brillouin zone
border have a finite decay rate.

Gu and collaborators [38] performed exact diagonaliza-
tion calculations and determined the spin-wave spectrum for
the Haldane-Hubbard model (1) in the nearly flat band limit
(18) neglecting the dispersion of the noninteracting electronic
bands, which corresponds to the approximation d)zﬂ = 0 con-
sidered above. For homogeneous on-site Hubbard energies
U, = Up, it was found that the spin-wave spectrum has Dirac
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points at the K and K’ points (see Fig. 2(a;) from Ref. [38])
while, for a finite AU, the energies of the excitations de-
crease with AU and energy gaps open at the K and K’ points
(see Figs. 2(b;) and 2(c;) from Ref. [38]). Remarkably, the
spin-wave spectrum (51) determined within the bosonization
scheme qualitatively agrees with the numerical one, apart
from the fact that the numerical results do not indicate a finite
decay rate.

One should mention that the presence of Dirac points
at the K and K’ points is not only a feature of the spin-
wave spectrum of the flat-band ferromagnetic phase of the
Haldane-Hubbard model. Indeed, recent exact diagonaliza-
tion calculations [41] for a topological Hubbard model on a
kagome lattice also indicate such a feature in the excitation
spectrum of the corresponding flat-band ferromagnetic phase
when the dispersion of the (lower) noninteracting electronic
band is neglected.

As mentioned above, although the non-Hermiticity of the
Hamiltonian (40) (and consequently finite decay rates) might
be an artifact of the bosonization scheme, the off-diagonal
terms €)' and €,° of the quadratic Hamiltonian (40) should
be considered in order to properly describe the spin-wave
spectrum at the border of the first Brillouin zone. Therefore,
in the following, we determine the spin-wave spectrum away
from the nearly flat band limit (18) with the aid of Eq. (51).

C. Spin-wave spectrum away from the nearly flat band limit

Although the main focus of our discussion is the descrip-
tion of the flat-band ferromagnetic phase of the Haldane-
Hubbard model in the nearly flat band limit (18), we also con-
sider configurations such that the noninteracting band c¢ has
smaller flatness ratio f. < 6. In particular, we consider the ef-
fects on the spin-wave spectrum (51) related to the increasing
of the bandwidth W, (decreasing of the flatness ratio f,) of
the noninteracting band ¢ due to (i) the decrease/increase
of the phase ¢ [see Figs. 2(b) and 2(c)] and (ii) the presence of
a staggered on-site energy term (19) in the total Hamiltonian
(see Fig. 3). These perturbations furnish some clues about the
stability of the flat-band ferromagnetic phase.

In Fig. 7(a), we show the spin-wave spectrum (51) for
¢ = 0.4,0.5, and 0.656, the hopping amplitude ¢, given by the
relation cos(¢) = t1/(4t,), and the on-site repulsion energy
Uy = Up = U. One sees that the spin-wave spectrum (in units
of the on-site repulsion energy U) for ¢ = 0.4 and 0.5 is quite
similar to the one derived for the nearly flat band limit (18).
As the flux parameter ¢ decreases, the excitation energies near
the border of the Brillouin zone (the K-M;-K’ line) decrease,
while the energies of the optical branch in the vicinity of the I'
point increase. The fact that the spin-wave spectrum displays
a Goldstone mode at the I" point, regardless of the value of the
phase ¢, indicates the stability of the flat-band ferromagnetic
phase with respect to the simultaneous variations of the phase
¢ and the next-nearest-neighbor hopping amplitude #,. Finite
decay rates are still found at the border of the first Brillouin
zone. The flat-band ferromagnetic phase seems also to be
stable for ¢ > 0.656; see Fig. 7(b). Here, however, as the flux
parameter ¢ increases, the excitation energies near the border
of the Brillouin zone increase and the energies of the upper
branch in the vicinity of the I" point decrease.

Qaq/U

r K M K r Mo

FIG. 7. The real part of the dispersion relation (51) (solid line)
along paths in the first Brillouin zone [Fig. 1(b)] for on-site repulsion
energy Uy = Ug = U and 1, given by the relation cos(¢) = t,/(4t,).
(a) ¢ = 0.4 (blue), ¢ = 0.5 (green), ¢ = 0.656 (magenta) and (b)
¢ = 0.656 (magenta), ¢ = 0.75 (green), ¢ = 0.85 (blue). The corre-
sponding dashed line indicates the imaginary part of Q, ¢ = —Q_ 4
[see Eq. (51)], which is multiplied by a factor of 50 for clarity.

The effect on the spin-wave spectrum of a finite staggered
on-site energy M [Eq. (19)] is quite distinct. In Fig. 8(a), we
plot the spin-wave spectrum (51) for the optimal parameters
(18), M = 0.1 and 0.27;, and the on-site Hubbard energy
Uy = Upg = U =t;. Comparing with the homogeneous on-
site energy M = O configuration [Fig. 6(a)], one sees that the
whole spin-wave spectrum shifts downward in energy as M
increases and energy gaps open at the K and K’ points. The
latter is indeed related to the fact that the staggered on-site
energy term (19) breaks inversion symmetry. Most impor-
tantly, the energies of the acoustic branch are negative in the
vicinity of the I' point, indicating an instability of the flat-band
ferromagnetic phase for finite values of the staggered on-site
energy M. Such features are also found for the square lattice
m-flux model [30]; see Fig. 10 in Appendix C.

A finite staggered on-site energy M also modifies the
(kinetic) coefficients (38) directly related to the dispersion of
the noninteracting band c. In particular, we find that ®2* no
longer vanishes for a finite M [see Fig. 5(a) for M = 0]. Such
an effect can be easily included in the spin-wave spectrum
(51) with the replacement

€Y — %% 4 €2¢. (53)

155129-9



LEONARDO S. G. LEITE AND R. L. DORETTO

PHYSICAL REVIEW B 104, 155129 (2021)

M K A

(b) 04 —— — T

Quq/t

M, K r
a

My

FIG. 8. The real part of the dispersion relation (51) (solid line) along paths in the first Brillouin zone [Fig. 1(b)] for the optimal parameters
(18), on-site Hubbard energy Uy = Ug = U = t,, and staggered on-site energy M = 0.1 (magenta) and 0.2#, (green). (b) Similar results for
the spin-wave spectrum (51), but with the replacement (53). The corresponding dashed line indicates the imaginary part of Q2 ¢ = —Q_ 4 [see

Eq. (51)], which is multiplied by a factor of 50 for clarity.

Figure 8(b) shows the spin-wave spectrum (51) with the
replacement (53) (in units of the nearest-neighbor hopping
amplitude ¢#;) for the optimal parameters (18), M = 0.1 and
0.2¢, and the on-site Hubbard energy Uy = Up = U =1;.
One notices that @g” does not modify the excitation energies
in the vicinity of the I" point, but only changes the excitation
energies near the border K-M,-K’ of the first Brillouin zone.
Such an effect resembles the one found when distinct on-site
repulsion energies Uy # Up are considered; see Figs. 6(b)

and 6(c).

V. SUMMARY AND DISCUSSION

The effective boson model (44) is not only restricted to
the Haldane-Hubbard model (1) on a honeycomb lattice, but,
in principle, it can also be employed to study the flat-band
ferromagnetic phase of a correlated Chern insulator described
by a topological Hubbard model on a bipartite lattice whose
noninteracting (kinetic) term breaks time-reversal symmetry
and assumes the form (8): Notice that a tight-binding model
of the form (8) is completely defined by the By and Bk
(i =1,2,3) functions (12); the Fyg 4 function, which is im-
portant in the definition of the boson operators (28), can be
written in terms of the normalized B,-,k = B; x/|Bi k| functions
[see Eq. (A1)]; finally, the coefficients (38) and (42) and the
boson-boson interaction (43), which completely characterize
the effective boson model (44), can also be expressed in terms
of the normalized B,;k functions (see Appendix A).

An important requirement for the application of the
bosonization scheme [30] to a topological Hubbard model is
that the condition (46) is fulfilled by the noninteracting term of
the model. Once the validity of such a condition is verified, the
two sets of independent boson operators (28) can be defined
and the bosonic representation of an operator written in terms
of the original fermions, such as the projected density operator
(24), is well defined. This is indeed the case for the square
lattice topological Hubbard model whose noninteracting limit
is giving by the m-flux model [30]. As mentioned above, the
spin-wave spectrum [31] determined via exact diagonaliza-
tion calculations for the flat-band ferromagnetic phase of the
square lattice 7 -flux model in the (completely) flat-band limit

qualitatively agrees with the harmonic one calculated within
the bosonization formalism. Additional results for the square
lattice -flux model derived within the bosonization scheme
are presented in Appendix C.

For the Haldane-Hubbard model on a honeycomb lat-
tice in the nearly flat band limit (18) of the noninteracting
(lower) band ¢ (the second application of the bosonization
formalism), the condition (46) is not fulfilled for all momenta
q [see Fig. 9(b)], which implies that additional considera-
tions are needed in order to apply the bosonization scheme.
As discussed in Appendix B, in order to preserve the form
of the original effective boson model (44), one should as-
sume that the two sets of boson operators by defined by
Eq. (28) are independent and that the bosonic expression (34)
for the projected electron density operator p,, (k) holds for
the Haldane model. Moreover, although the non-Hermiticity
of the quadratic Hamiltonian (40) might be related to the
fact that the condition (46) is not completely valid for the

Haldane model, one should keep the off-diagonal terms 62'

and 6(110 [see Eq. (42)] in order to properly describe the spin-
wave excitations at the border of the first Brillouin zone (see
Fig. 6) as indicated by the comparison between the disper-
sion relations (51) and (52) and the numerical results [38].
Importantly, it is not clear at the moment whether the finite
decay rates found for high-energy spin-wave excitations are
an artifact of the bosonization scheme. Even considering these
additional approximations, the qualitative agreement between
the real part of the dispersion relation (51) and the numerical
spin-wave spectrum [38] indicates that the effective boson
model (44) provides an appropriate description for the flat-
band ferromagnetic phase of the Haldane-Hubbard model.

In addition to the nearly flat band limit (18), we also study
the flat-band ferromagnetic phase of the Haldane-Hubbard
model when the noninteracting lower band ¢ gets more dis-
persive. While the ferromagnetic phase seems to be less
sensible to the increase of the bandwidth W, of the nonin-
teracting band ¢ due to variations of the phase ¢ and the
next-nearest-neighbor amplitude #, (Fig. 7), an instability
of the ferromagnetic ground state is found when a stag-
gered on-site energy (19) is included [Figs. 8(a) and 8(b)].

Interestingly, for the latter, one notices that the Faza, q function
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and Im Fj; | = Im Fy , are not affected by a finite staggered
on-site energy M, while Re Fy; , = Re Fyj, , acquires a con-
stant value proportional to the staggered on-site energy M
[see Figs. 9(b) and 9(c)]: indeed, it is easy to see that the
replacement (20) modifies the second term of the integrand
(A1), yielding an additional term proportional to the parame-
ter M. Notice that the instability of a flat-band ferromagnetic
phase due to a finite M is also related to a stronger violation
of the condition (46). At the moment, it is not clear whether
such an instability is an artifact of the bosonization scheme
related to some difficulties in including kinetic effects; see the
discussion below. Interestingly, such kind of instability is also
found for the square lattice r-flux model; see Appendix C for
details.

The stability of a flat-band ferromagnetic phase was
studied by Kusakabe and Aoki via exact diagonalization cal-
culations performed for the two-dimensional Mielke model
[42] and Mielke and Tasaki models [43]. A parameter y
was introduced in the original models, such that y =0
corresponds to (lower) noninteracting bands completely flat
(flat-band limit). It was found that, for y = 0, a ferromagnetic
phase is stable regardless the value of the on-site repulsion
energy U. For finite values of the parameter y (system away
from the flat-band limit), a ferromagnetic ground state is sta-
ble only if U > U.(y) (see Figs. 1 and 2 from Ref. [43]).
Such a scenario agrees with more recently numerical results
for the square lattice 7 -flux model in the nearly flat band limit
[31], which indicates that a ferromagnetic phase sets in only if
U > U.(t,), with 1, being the next-nearest-neighbor hopping
amplitude. Miiller er al. studied one- and two-dimensional
Hubbard models with nearly flat bands that are not in the
class of Mielke and Tasaki flat-band models, since they do
not obey some connectivity conditions [44]. They found that
small and moderate noninteracting band dispersion may stabi-
lize a ferromagnetic phase for U > U,; i.e., the ferromagnetic
phase is driven by the kinetic energy. In particular, for a
two-dimensional bilayer model, U.(;) is a nonmonotonic
function of the parameter §; that controls the width of the band
(see Fig. 7 from [44]); i.e., the ferromagnetic phase sets in
only for a finite band dispersion. For rigorous results about
the stability of a ferromagnetic phase on Hubbard models
with nearly flat bands, we refer the reader to the review by
Tasaki [45].

The fact that a ferromagnetic phase is stable in Hubbard
models with nearly flat (noninteracting) bands only for U >
U, is related to the competition between the kinetic energy
(dispersion of the noninteracting bands) and the (short-range)
Coulomb interaction U [45]. The bosonization formalism
[30] partially takes into account such a competition: although
the explicitly contribution (38) of the dispersion of the non-
interacting bands c¢ is not included in the effective boson
model (44), such kinetic effects are partially considered by
the bosonization scheme, since the coefficients (42) and the
boson-boson interaction (43) depend on the E,;,q functions
(12) that completely determine the free-band structure (16).
At the moment, it is not clear how to properly include in
the effective boson model (44) the main effects related to the
noninteracting band dispersion. Due to this limitation, we ex-
pected that the results derived within the bosonization scheme
for flat-band Chern insulators get more accurate as the (lower)

noninteracting bands get less dispersive. One should recall
that the bosonization scheme [30] is based on the formalism
[33] that was proposed to describe the quantum Hall ferro-
magnet realized in a two-dimensional electron gas at filling
factor v = 1: here, the noninteracting bands correspond to
(completely flat) Landau levels.

Concerning the topological properties of the spin-wave
excitations, one would expect that the nontrivial topologi-
cal properties of the noninteracting electronic bands of the
Haldane-Hubbard model may yield a flat-band ferromag-
netic phase with topologically nontrivial spin-wave excitation
bands. Indeed, topological magnons in Heisenberg ferromag-
nets [46-51] and, in particular, magnets on a honeycomb
lattice [48-51] have been studied. An important ingredient
for such topological magnon insulators is the Dzyaloshinskii-
Moriya interaction that may open energy gaps in the magnon
spectrum and yields magnon bands with nonzero Chern num-
bers. We calculate the Chern numbers of the spin-wave bands
for configurations of the Haldane-Hubbard model whose spin-
wave spectrum displays an energy gap at the K and K’ points
[Figs. 6(b) and 6(c)]: we expand the Hamiltonian (45) in
terms of Pauli matrices as done in Eq. (11), determine the
corresponding B; ¢ coefficients assuming that €)' = (¢,°)*,
and calculate the Chern numbers using Eq. (17). In agree-
ment with exact diagonalization calculations (see Figs. 2(b;)
and 2(c;) from [38]) for the Haldane-Hubbard model in the
nearly flat band limit (18) and neglecting the dispersion of the
noninteracting electronic bands (similar to the approximation
d)ﬁl"g = 0 considered in Sec. IV B), we find that the Chern
numbers of the spin-wave bands vanish. Such a result is in-
deed a feature of the completely flat band limit: the exact
diagonalization calculations [38] indicate that the spin-wave
excitation bands have nonzero Chern numbers only when the
dispersion of the noninteracting electronic bands is explicitly
taken into account (see Figs. 2(ay) and 2(d) from [38]); as dis-
cussed in the previous paragraph, at the moment, it is not clear
how to include in the effective boson model (44) the main
effects associated with the dispersion of the noninteracting
electronic lower bands c.

In summary, in this paper we studied the flat-band fer-
romagnetic phase of a correlated Chern insulator on a
honeycomb lattice described by the Haldane-Hubbard model.
We considered the system at 1/4 filling of the noninteracting
bands and in the nearly flat band limit of the noninteracting
lower bands. We determined the spin-wave excitation spec-
trum within a bosonization scheme for flat-band correlated
Chern insulators and found that it has a Goldstone mode
at the first Brillouin zone center and Dirac points at the K
and K’ points. We also studied how the spin-wave excitation
spectrum changes as an offset in the on-site Hubbard energies
associated with the sublattices A and B is introduced and as
the width of the lower noninteracting bands increases due to
variations of the kinetic term parameters and the presence of a
staggered on-site energy term. In particular, we found that the
flat-band ferromagnetic phase might be unstable when a finite
staggered on-site energy term is included in the kinetic term
of the Haldane-Hubbard model.

The bosonization scheme for flat-band correlated Chern
insulators provides an effective interacting boson model for
the description of the flat-band ferromagnetic phase of a
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topological Hubbard model. In the near future, we intend
to study the effects of the boson-boson interaction not only
in the Haldane-Hubbard model, but also in the square lat-
tice r-flux model previously studied in Ref. [30]. Motivated
by the similarities with the quantum Hall ferromagnetic
phase realized in a two-dimensional electron gas at filling
factor v=1 [33], we would like to check whether
the boson-boson interaction may yield two-boson bound
states.

We also intend to investigate how the bosonization scheme
can be modified in order to properly include the main ef-
fects associated with the dispersion of the noninteracting
electronic bands that are encoded in the kinetic coefficients
G)gﬂ [Eq. (38)]. Recall that, for the square lattice topological
Hubbard model previously studied [30], symmetry considera-
tions yield &)gﬂ = 0, while, for the Haldane model, a (small)

finite d)fl’ﬁ might be related to the fact that the condition (46) is
not fulfilled for the Haldane model. Once this is done, we will
be able to properly describe flat-band ferromagnetic phases
of the Haldane-Hubbard model with topologically nontrivial
spin-wave excitation bands. Moreover, we could identify pos-
sible instabilities of the ferromagnetic ground state associated
with a softening of the spin-wave excitation spectrum at finite
momentum q. Indeed, such a feature was observed in exact
diagonalization calculations for a square lattice topological
Hubbard model when the effects of the dispersion of the non-
interacting electronic bands are explicitly taken into account
(see Fig. 5 from Ref. [31]). A softening of the spin-wave bands
at finite momentum q indicates that the Haldane-Hubbard
model at 1/4 filling may display other magnetic ordered
phases, such as a chiral tetrahedron ordered state that was
discussed in a previous mean-field analysis of the Hubbard
model on a honeycomb lattice [52]. Importantly, in principle,
the bosonization scheme could not be employed to study
such distinct magnetic ordered phases, since the definition

J

of the bosons operators (28) is based on the ferromagnetic
(reference) state (26).

It would be interesting to see whether the bosonization
formalism [30], eventually combined with the approxima-
tions discussed in this paper, can also be employed to study
twisted bilayer graphene near a magic angle [53—62]. Here the
resulting moiré pattern induces an effective superlattice and a
set of flat minibands in the moiré Brillouin zone. In addition to
a superconducting phase [53,54], evidence for a ferromagnetic
phase at 3 /4 filling of the conduction miniband are also found
[55]. In principle, a possible flat-band ferromagnetic phase of
the effective lattice model introduced in Ref. [59] for twisted
bilayer graphene could be studied within the bosonization
scheme. It would be interesting to compare such results with
recent numerical ones obtained within exact diagonalization
[60,61].

Finally, we should mention that a similar study reported
in this paper for a correlated flat-band Z, topological in-
sulator on a honeycomb lattice, described by a topological
Hubbard model similar to Eq. (1) but that preserves time-
reversal symmetry, is currently in progress and will be
published elsewhere. For ¢ = 7 /2, such a model corresponds
to the Kane-Mele-Hubbard model; see Ref. [3] for details.
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APPENDIX A: EXPRESSIONS OF THE F, 3  AND
Gupas(k, ) FUNCTIONS

In this Appendix, we quote the expansions of the Fyg q and
Gapao (K, q) functions in terms of the coefficients (12) that
were derived in Ref. [30].

The F,g 4 function (32) is defined in terms of the g, (p, q) function (33), which is written in terms of the coefficients uy and
vk of the canonical transformation (13). With the aid of Eq. (14), one shows that

1 Aoa A o
Flyg= 7 D+ (=PI + By yBspq) = [1 = (=1)*P1(Bs p + B3 pp)
p

+ [(=1)* + (=1)P1B1 pB1 p-q + BapBrp—q) +il(=1)* — (=1P1(B1 pBrp—q — B2pBi p-q).

withar, 8 =0, 1 and B;x = B, x/|Bx|.

(AD)

The Gupa0(k, q) function, which determines the bosonic expression (34) of the projected density operator pu,(K), is

defined as
Ga(pv k)
Gapar (K, @) = — ) ——————g,(p — K, Q)gi(p. k + q),
- Xp: Faa.qFppx+q ’
Gu(p—q.k)
ara Xp: Faa,qFﬁﬁ,k+q ¢ P
where
Ga(pv Q) = Sa,AU;_qu + (Sa,Bu;_qupa (A?’)
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with uy and vy being the coefficients of the canonical transformation (13). It is then possible to show that

1

1
Gupar (K, Q) = — <[44 + 84.5(—1)*1F]
8 Fa,qFﬁ,Hq

X Z 1= 3(=1)"Bsp + B3 p—qBs.p+x + B3 p—qBsp + B3 prBsp — (—1)"B3 p_q B3 pB3 pix

P

+ (_l)a[él,p—qgl,p + BZ,p—qEZ,p + i(_l)a(él,p—qélp - BZ,p—qBI,p)][l - (_1)a§3,p+k]

+ (=1P[B p—qB1 pik + Bap—aBrpik — i(—=1)(B1 p-qBapix — B2p—qB1 pri)l[1 — (—=1)Bs p]

+ (=D*PB pixcBi p + BapixBap + i(=1) B pixBap — BapiacBi p)I[1 + (=1)'B3 p .

(A4)

The expansion of the Gyp,, (K, q) function easily follows from Eq. (A4), since Gupqy (K, q) = —Q;ﬂﬁ(—k, —q).

APPENDIX B: DETAILS ABOUT THE
BOSONIZATION SCHEME

In this Appendix, we provide some details about the defi-
nition of the boson operators (28) and discuss the differences
between the application of the bosonization formalism for
the Haldane model and the square lattice -flux model [30].
Indeed, the application of the bosonization scheme [30] for
the Haldane model on a honeycomb lattice requires further
approximations as compared to the case of the square lattice
m-flux model.

As mentioned in Sec. III, the boson operators (28) are
defined in terms of projected spin operators in momentum
space:

boq xS, and bl oS,

In terms of the fermion operators c; » and ¢, (associated with

the lower noninteracting band ¢), the commutator between the

. . + o—
projected spin operators S* , and S, reads

4 Sq.p1 =D 2P — 4, s, 4)c) oy 1Cpt
p

— 2P V2P — 4, 4)c) 4 o cpi], (B

with the g, (p, q) function giving by Eq. (33). One sees that
Eq. (B1) is different from the canonical commutation relation
(29) for boson operators. However, as long as we are close to
the ferromagnetic state (26), i.e., the number of particle-hole

(

pair excitations is small, one can assume that
i ~ ¥ _
Cp—qiCpt ™ (FM|cp_chM|FM) = 84,0,

g cp1 ~ (FMIc)_, cp [FM) =0, (B2)

P—ql
and therefore, the commutator (B1) now reads

[S¢ e Sq.p1 % 8a—aFip g (B3)

where the Fg 4 function is defined by Eq. (32). The com-
mutator (B3) indicates that the particle-hole pair excitations
(27) can be treated approximated as bosons. The bosonization
formalism for flat-band Chern insulators [30] is indeed based
on the assumption (B2).

For the square lattice w-flux model [30], it was found that
the condition (46) holds, and therefore, Eq. (B3) allows us
to define two sets of independent boson operators by and b; as
done in Eq. (28). On the other hand, for the Haldane model (2)
on the honeycomb lattice, the condition (46) is not fulfilled, as
exemplified in Figs. 9(a) and 9(b) for the nearly flat band limit
(18). Since Fofa’q are real quantities, the imaginary parts of
Fi o and Fi , are finite only in the vicinity of the M and M,
points, and |Fg; |, [Fj | < |Fp 4|; We assume that, for the
Haldane model, bosons operators by and b can still be defined
by Eq. (28) and that they constitute two sets of independent
boson operators.

A second important distinction between the Haldane and
square lattice m-flux models is associated with the determina-
tion of the bosonic representation of operators written in terms
of the fermion operators c¢q., such as the projected electron
density operator p,, (K) [Eq. (34)]. As discussed in Sec. III B

(a) ! . _ (b) o1 . ; . , (c) o1 ; ! . ,
0.75 | 0.05 | ] 0.05 | ==
/ U
= 05| z s of--- | o --- -
oS : .- 0 o N
\
: \ H 1
0.25 | : g \ ! —0.05 : g
: —0.05 | \ / i Vi
H N
0 —- . - i . * 01 L f N
L i i 1 i —0.1 1 i 1 1 i 1 i
r K M K r M, r K K’ r M, r K M K r M,
q q q

FIG. 9. The real (solid line) and imaginary (dashed line) parts of the Faz,s,q function [Eq. (32)] for the Haldane model (2) in the nearly flat

band limit (18): (a) Fyq , and Fjj

I,q

, (b) FOZLq and F1%,q for staggered on-site energy M = 0; (c) Fozl_q for staggered on-site energy M = 0.21,.
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from Ref. [30], such a procedure is based on the fact that one
can define the product of fermion operators Cl;*q | Cp# In terms
of the boson operators by, i.e.,

C;fq ot = Z hs (P, q)bj‘f,q'
B

(B4)

For the square lattice w-flux model, where the condition (46)
holds, it is easy to see that the hg(p, q) function is given by

1

Fpp.a
since the substitution of Egs. (B4) and (B5) into (28) yields

1 .
bj;z,q = F Z |:Z hﬂ(p’ q)ga(pv (I):|b};,q

“d p | p
1 8u.pF, .
_ o, B dﬂsqbgq zb:x,q; (B6)
Faa g B Fp.q '

see also Eq. (32). For the Haldane model on the honeycomb
lattice, the choice (B5) for the hg(p, q) function seems to be
not appropriate, since the condition (46) is no longer valid.
Due to the involved expansion of the g,(p,q) function in
terms of the coefficients (12) (not shown here), it is diffi-
cult to determine an hg(p, q) function such that the identity
(B6) is satisfied. Therefore, based on the same assumptions
considered in the definition of the boson operators b, and
discussed in the previous paragraph, we also assume that
Eq. (BS) [and consequently Eq. (34)] holds for the Haldane
model.

As discussed in Sec. IV B, one important consequence of
the fact that the condition (46) is not fulfilled for the Haldane
model is that the coefficients d)gl and 5)(110 [Eq. (38)] are

finite and the coefficients (42) obey the relation €)' = —¢g°
yielding a non-Hermitian quadratic boson Hamiltonian (40). It
is indeed easy to understand the relation between these results
once we compare the integrand of Eq. (32) with the ones of
Eqgs. (38) and (A2): Notice that all of them depend on the
product gq(x, y)gj(x', y'); for o # B, additional terms might
be included in the Gy pao (K, q) function, yielding €)' = —¢g°.
In principle, the condition 631 = (e(io)* could be restored,
once an appropriated choice for the Ag(p, q) function were
done such that the identity (B6) is now verified.

bl

APPENDIX C: SQUARE LATTICE =-FLUX MODEL

In this Appendix, we present additional results derived
within the bosonization formalism for the flat-band ferromag-
netic phase of the topological Hubbard model on a square
lattice, whose noninteracting limit is given by the m-flux
model, previously studied in Ref. [30]. We follow the lines
of Secs. IVB and IV C and find that the spin-wave spectra
of both square lattice w-flux and Haldane models display the
same features.

Figure 10(a) shows the spin-wave spectrum (51) for the
nearly flat band limit of the square lattice m-flux model
(which corresponds to the configuration with the next-
nearest-neighbor hopping amplitude 7, = #;/+/2) and on-site
repulsion energies Ug = 0.8Uy = 0.8U and Uy = 0.6 Uy =
0.6U. A comparison with the spin-wave spectrum obtained
for the homogeneous case Ugp = Uy = U [see Fig. 4 from
Ref. [30] and Fig. 10(b)] indicates that the energies of the
excitations decrease with AU and an energy gap opens at the
border of the first Brillouin zone (the X-M line). Such features
were also found for the Haldane-Hubbard model; see Fig. 6.
Importantly, for the square lattice 7-flux model, the decay
rates of the spin-wave excitations vanish.

The effects of a decreasing of the flatness ratio of the
noninteracting bands due to the variation of the next-nearest-
neighbor hopping amplitude #, (see Fig. 3 from Ref. [30]
for details) are shown in Fig. 10(b). Apart from a renormal-
ization of the excitation energies, the spin-wave spectrum
(51) displays the same features of the nearly flat band limit,
similar to the behavior found for the Haldane-Hubbard model;
see Fig. 7.

Finally, the effects of a finite staggered on-site energy M
are presented in Fig. 10(c). Since the kinetic contribution
@g* is quite small it is not considered. In addition to open-
ing an energy gap at the first Brillouin zone border, a finite
M also decreases the lower branch energies in the vicinity
of the I point, which indicates an instability of the flat-band
ferromagnetic phase; see also Fig. 8(a).

As discussed in Sec. V, the instability of the flat-band
ferromagnetic phase in the presence of a finite staggered
on-site energy M might be an artifact of the bosonization
formalism related to the kinetic contribution (38). Although
it is not clear yet how to properly include in the effective
boson model (44) the explicit effects of the dispersion of

(a)o3 (b) 04 ! (c) 03
03k ]
02 / il 02 .
E S o2} ]
c a S 01 J
0.1 4 ta = 0.3t
Up = 0.6U, C_
it p— 01 p nCupE — ] Vo —
0 oo
0 0
r X M r r X M r r X M r
k k k

FIG. 10. Spin-wave excitation spectra (51) for the flat-band ferromagnetic phase of the square lattice w-flux model (see Ref. [30] for
details): (a) Next-nearest-neighbor hopping amplitudes #, = 1/+/2 and on-site repulsion energy U = 0.8U, = 0.8U (magenta) and Uy =
0.6U4y = 0.6U (green); (b) Uy = Ug = U andt, = l/ﬁ (magenta), 0.4 (green), and 0.3 ¢, (blue); (c) , = l/ﬁ, U, = Up = U, and staggered
on-site energy M = 0.1 (magenta) and 0.2¢, (green).
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FIG. 11. (a) The energy of the Goldstone mode for the square lattice 7-flux model with on-site staggered energy M = 0.2¢, in terms of
An = n — /4 determined with the dispersion relations (51) (solid green line) and (52) (solid magenta line). (b) Dispersion relation (52) for

An = 0 (dashed blue line) and An = 0.258 (solid magenta line).

the noninteracting bands, we check weather a modification
of the boson operators (28) definition could restore the Gold-
stone mode. In the following, we briefly summarize such a
possible procedure and apply it for the square lattice 7-flux
model.

The definition of the boson operators (28) is based on the
linear combination (31) of the projected spin operators Sq 4/5.
Since a finite M introduces an offset in the energies of the sites
associated with the sublattices A and B, instead of Eq. (31),
one should consider the generalized form

>

S«fo = T[COS(U)S;:,A + sin(n)SiB],

_ V2. _
Sk = 7[s.m(r;)Sil'fA - cos(n)Sjl'fB],

q (C1)

where the linear combination (31) can be obtained by choosing the parameter n = 7 /4. In this case, the expansion of the Fazﬂ’ q
function (32) in terms of the coefficients (12) now reads

cos(2n)
4

[BikBik—q + BoxBo_ql,

N N o SIN(2n)
[B3k + B3k—ql + (—=1) 1

1 A
Fo,za,q =7 Z[l + B3kB3k—q] — (—1)*
k

sin(2n) A N cos(2n) A A A ol s o A A
Ff,g,q = Z i 1 [B3k + B3k—ql — 2 1 [BikBik—q + BaBak—ql — (1) Z[BZkBlqu — BixBok—ql, (C2)
K
with o # B, and the g, (p, q) function (33) is now given by
8a(P, @) = Ga(p, @)lcos(n)(1 — &) + asin(n)] + G(p, Q)[sin(n)(1 — ) — acos(n)], (C3)

with the G,(p, q) function defined by Eq. (A3). Equations (C2) and (C3) implies that the expansion (A4) of the Gupas (K, q)
function in terms of the coefficients (12) is also modified. Importantly, the modified Fazﬁyq function (C2) with n # 7 /4 implies
that the condition (46) is no longer valid for the square lattice -flux model.

Figure 11(a) shows the energy of the Goldstone mode in terms of An = 1 — /4 determined with both dispersion relations
(51) and (52) for on-site staggered energy M = 0.2¢,. One notices that it is possible to find a parameter n such that the
Goldstone mode is restored only if the coefficients 631 and e(;o [Eq. (42)] are neglected. The spin-wave spectrum (52) for optimal
An = 0.258 is display in Fig. 11(b).
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