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Diverse solid and supersolid phases of bosons in a triangular lattice”
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We investigate the ground state of bosons with long-range interactions in the large U limit on a triangular lattice. By
mapping this system to the spin-1/2 XXZ model in a magnetic field, we can apply the spin wave theory to this study. We
demonstrate how to construct the phase diagrams within the spin wave theory. The phase diagrams are given in an extensive
parameter region, where, besides the superfluid phase, diverse solid and supersolid phases are shown to exist in this model.
Especially, we find that the phase diagram obtained in this method is consistent with the one obtained previously using
numerical techniques in the Ising limit. This confirms the effectiveness of our method. We analyze the stability of all
the obtained supersolids and show that they will not be ruined by the quantum fluctuations. We observe that the quantum
fluctuations in the stripe supersolid phase could be enhanced by the external field. We also discuss the relevance of our
result with the experiment that may be realized with ultracold bosonic polar molecules in a triangular optical lattice.
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1. Introduction

The investigations of cold atoms and molecules in opti-
cal lattices are interesting because we can work on the prob-
lems traditionally encountered in condensed matter physics
and solid-state physics in a new setting where a high degree
of control is possible. Due to the advances of experimental
techniques, there is even the possibility to investigate, with
appropriately designed atomic systems, intriguing phenomena
which do not exist in solid-state materials. Much progress in
both experimental and theoretical aspects has been made in
the past few decades.!!~7! Various types of optical lattices with
interesting geometric structures, such as triangular, kagome,

(8-101 could be realized by the poten-

and honeycomb lattices,
tials formed by lasers. Furthermore, the interactions between
atoms can be tuned by the Feshbach resonance.!'!! The Bose—
Hubbard model, serving as an explicit example of these quan-
tum systems, has been extensively investigated by using many
techniques. The quantum phase transition from superfluid
to Mott insulator, which is embedded in the Bose—Hubbard
model, has been observed with the aid of ultracold gas in op-
tical lattices.! )

With the significant experimental progress made in re-
cent years in the cooling and trapping of polar molecules
and atomic species having large magnetic moments,[!>~1%18]
the long-range dipole—dipole interaction has attracted more

15-171 Compared with the short-range con-

and more attention.
tact interaction, the long-range interaction could introduce
new physical effects, such as geometrical frustration, density-

density correlations, and so on. Besides the long-range dipole—
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dipole interaction, even a variable-range interaction can be
generated by applying off-resonant spin-dependent optical
dipole forces in experiments. [!°]

Motivated by the recent progress in experiments of cold
atoms and molecules, we investigate the bosons with long-
range interaction in a triangular lattice in this paper. It is well
known that the long-range interaction can produce strong frus-
tration in a triangular lattice. The previous study showed that
a stable supersolid phase can emerge in this system due to the

m.[?%-25] By considering the long-

order by disorder mechanis
range interaction, we show that diverse solid and supersolid
phases could be realized in such a system. In a lattice system,
since the position of each particle is restricted to the lattice site,
the solid order, i.e., the diagonal long-range order, is defined as
the one that breaks the translational symmetry of the original
lattice, while the superfluid order breaks the U(1) symmetry
and corresponds to an off-diagonal long-range order. If both
orders develop at the same time, then we obtain a supersolid.
The supersolid is one of the intriguing exotic phases of matter,
of which research works have been carried out in both experi-

[26-31] 'We will discuss in detail

mental and theoretical aspects.
how to construct the phase diagram by analyzing the spin wave
energy spectrum. By the analysis of the quantum fluctuations
on the spin waves, we conclude that all the phases obtained in
this system are stable. Finally, we give an experimental pro-
tocol for the observations of these phases with bosonic polar
molecules in a triangular optical lattice.

This paper is organized as follows. In Section 2, we in-

troduce the model Hamiltonian. In Section 3, we construct
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the mean field phase diagrams in the large-S limit. In Sec-
tion 4, we discuss the application of the spin wave theory and
give the analysis of quantum fluctuations, phase stability, and
excitations. In Section 5, we discuss the relevance of our re-
sults with the experiment that might be realized with ultracold
bosonic polar molecules in a triangular optical lattice. Finally,

we give a brief summary in Section 6.

2. Model Hamiltonian

The general Bose—Hubbard Hamiltonian with long-range
interactions in a triangular lattice can be written as

= ftZa a]JrZ Un, ni—1)—un;
+Z Evijninja (1
i

where a:r (a;) creates (destroys) a boson on site i, n; = a}Lai
is the particle number operator, ¢ denotes the nearest neighbor
(NN) hopping strength, (ij) means the summation over all NN
pairs, U is the on-site repulsion and the hard-core constraint
U — oo is required in this paper, u is the chemical potential,
and V;; is the interaction strength between sites i and j. We
will only consider NN interaction V| and next nearest neighbor
(NNN) interaction V, for simplicity. By mapping the empty
and the one-particle states to the spin-up and the spin-down
states respectively,*?] Hamiltonian (1) can be formulated in a

spin S = 1/2 representation as
H = Z Jo(SiS5 4 87S)) + J.878%] + ZJ SiS5
—ShZSi, 2)

where S is the o component. Here, Jy =27 and J; =V, (J] =
V) are the transverse and the longitudinal exchange interac-
tions, respectively, Sh = 1 4 3V; 4 3V, is the strength of the
external magnetic field, and (i) means the summation over all
NNN pairs. From now on, we take the NN repulsive interac-
tion J, as the energy unit, i.e., J; = 1, and adopt the parameters
J=UJ/J.(J>0)and 6 =J./J. (0< S < 1).

3. The ground state phase diagrams

In this section, we work out the ground state phase di-
agram by comparing the energies of different phases in the
large-S limit. The analysis of quantum fluctuations, stabil-
ity, and excitations within the full spin wave theory, i.e., the
Holstein—Primakoff approach with large-S expansion, will be
presented in the next section. Here several sublattice schemes
are designed to capture all the possible interesting phases at the
classical level. The sublattice schemes with the corresponding
first Brillouin zones (1st BZ) are depicted in Fig. 1. Each clas-

sical spin with magnitude S is described by two parameters,

the polar and azimuthal angles (6, ¢). Since the system is in-
variant under the global rotation along the z axis and the cou-
plings in the x—y plane are ferromagnetic, we can set ¢ =0
without loss of generality. The expressions of the ground
state energies for sublattice schemes A, AB, ABC, ABCD are
worked out and can be found in Appendix A, from which the
phase diagram can be constructed as shown in Figs. 2 and
3. In the spin language, the supersolid order is present when
the spins have their x—y components aligned ferromagnetically
and their z components ordered at a nonzero wave vector in-
side the first Brillouin zone.

Fig. 1. (color online) The triangular lattice with lattice constant a = 1

and four types of sublattice schemes labeled with A, AB, ABC, ABCD

and their corresponding first Brillouin zones. The nearest neighbor

interactions are denoted by thick red solid lines, and the next near-

est neighbor interactions are denoted by thin dashed lines. The lat-

tice translational vectors are &§; = {1,0}, & = {—1/2,v/3/2}, and
={-1/2,-V3/2}.

3.1. The phase diagram for J, =0

Because of the particle-hole symmetry, we only need
to consider 4 > 0. For the case of J, = 0, the phase di-
agram is depicted in Fig. 2. It is also worth pointing out
that these results are consistent with those obtained by nu-
merical methods.*3 There are four types of emerging diag-
onal orders, the full occupied Mott phase (full), the stripe
solid (stripe-S), the honeycomb solid (honeycomb-S), and
the kagome solid (kagome-S), corresponding to the sublattice
schemes A, AB, ABC, and ABCD, respectively. The phase
transitions between these phases are of first order. We can eas-
ily work out analytically the phase boundaries, they are hsy =
126 (0 < 6 <0.2) between stripe-S and honeycomb-S phases,
hsk =2(1+6) (0.2 < & < 1) between stripe-S and kagome-S
phases, igg = 6 — 186 (0 < 8 < 0.2) between honeycomb-S
and kagome-S phases, and hgxm = 6(1+ ) (0 < 8 < 1) be-
tween kagome-S and Mott phases. It should be noted that the
kagome-S phase will disappear at 6 = 0, which is consistent

with the previous result.?"]
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Fig. 2. (color online) The ground state phase diagram in the 7—6 plane
at J, = 0. The inserted figures show the configurations of solid orders.
The solution of polar angle 6 on a site is denoted by a black filled circle
(6 = ) or a white one (6 = 0). All the phase boundaries are of the first
order and denoted by black solid lines.

3.2. The phase diagram for J, # 0

By fixing 8, we worked out the phase diagrams on the
Ji—h plane as depicted in Figs. 3(a) and 3(b). First of all,
the superfluid (SF) phase emerges for nonzero J,. The SF
state breaks the global U(1) symmetry with respect to the
rotation about the z axis with a uniform polar angle 0 =
arccosh/[6(1 + J, + 8)] for all lattice sites, i.e., the SF phase
is captured by sublattice scheme A. More significantly, sev-
eral fascinating supersolid phases emerge, including stripe su-
persolid (stripe-SS), honeycomb supersolid (honeycomb-SS),
and kagome supersolid (kagome-SS) phases, due to the coex-
istence of superfluidity and the corresponding solid orders.

0 01 02 03 04 05 06
Ja

Fig. 3. (color online) The ground state phase diagrams for (a) § = 0.1
and (b) 6 = 0.4 in the J,—h plane. The first- and the second-order phase
transitions at the boundaries are indicated by dashed and solid lines,
respectively.

By fixing parameter J,, we can obtain the numerical so-
lutions of the polar angles of the sublattice sites (0y) varying
with the applied field as shown in Figs. 4(a) and 4(b). The first-

and the second-order phase transitions can be easily observed.
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Fig. 4. (color online) The solutions of polar angles 6y (o =

A, B, C, ...) as functions of applied field # with model parameters: (a)
6 =0.1and J, =0.3; (b) 6 = 0.4 and J, = 0.4. The solid and dashed
vertical lines denote the first- and the second-order phase transitions,
respectively. The appropriate sublattice scheme is AB for the stripe-S
phase, so the sublattice polar angles 6c and 6p do not appear; 6p does
not appear for scheme ABC likewise.

Let us discuss the results shown in Fig. 4(a) (i.e., 6 = 0.1
and J, = 0.3) first. The system is in the stripe-S phase with
0s = 7 and 6g = 0 when the field & is small. When h exceeds
the boundary denoted by

hy =2/ (14+8+J)(14+8—-3J,), 3)

the system will enter into the honeycomb-SS phase via a first-
order phase transition. The appropriate sublattice scheme
changes from AB to ABC. The sublattice polar angles 64, 0g,
and Oc take incommensurate values. Notice that this super-
solid phase is absent for

Ty < J' = [35 —1+4/(1-38)(1 +55)] 2. @

When £ reaches the second-order transition boundary

Jy = %(2+]x— VA1 -28)(1-25—41) - T2), ()

a honeycomb-S phase with commensurate polar angles 65 = 7
and Og = Oc = 0 develops due to the disappearance of the su-
perfluid density. If & further exceeds

hs =6(1—396), (6)

the system enters into the kagome-S phase through a first-
order phase transition. Again, the appropriate sublattice
scheme changes from ABC to ABCD. In the kagome-S phase,
we have 04 = 7 and 8g = Oc = Op = 0. The next phase bound-

ary

hy=3 (1+Jx+6+ NET YA +8+Jx)) )
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is of the first order, which separates the kagome-S phase from
the SF phase. Eventually, when & exceeds the boundary

hs =6(1+Jc+8), 8)

the system enters into in the Mott insulator phase with each
site being fully occupied by one boson.

The discussion for Fig. 4(b) (i.e., d = 0.4 and J, = 0.4)
could be carried out in the same way. In this case, the hon-
eycomb configurations do not appear at all. With % increas-
ing, the system goes through the stripe-S, stripe-SS, kagome-
SS, kagome-S, SF, and Mott phases successively, with phase
boundaries (only 7} separating the stripe and the kagome su-
persolid phases needs to be solved numerically)

By = 2/(1+8+Je)(1+8 —3J), )
My = 2(2+Jx+25\/(1+5)(1+52Jx)213), (10)

W, = 3(1+Jx+3+\/(1+5—3JX)(1+5+JX)>, (1)

Hs = 6(1+J,+96). (12)
4. Spin wave theory: the Holstein—Primakoff
approach

Now we apply the full spin wave theory (SWT) to the
problem by emphasizing the quantum fluctuations and exci-
tations. Without loss of generality, we suppose that the whole
lattice is divided into M sublattices denoted by v=1,2,... M.
Just as we have done in the previous section, we can work out
the mean-field ground state that is characterized by the polar
angle 6, for the v-th sublattice. Then we perform a local ro-
tation so that the direction of the local spin points to the local
quantization z axis. Since all spins are assumed to lie in the
x—z plane, we can do this by a rotation about the y axis. By
labeling the local frame with a tilde, we obtain the transforma-
tion

Ry = cos6,8k , +sin GVS’ZRN,
Sﬁ%,v = Sﬁ%!,v7
Sky = —sin6,8k, +cos 6,5, ,, (13)
where the subscript R labels a Bravais lattice site.

We introduce M bosonic annihilation operators, dy (Vv =

1,2,...,M), and their corresponding creation operators. By

means of the Holstein—Primakoff transformation, we can rep-
resent the spins on sublattice v as follows:

Sky = dry /25 —nRry = V2Sdp , +O(572),
SI%,V = deAv = de7v +0(S72),
Sﬁ%y = 8- d-ll-%,vdR,V =S—nRy, (14)

=

=

where R € v sublattice, ngy = d;;{,vdRy is the particle
number operator, and Sﬁv = 5’1‘{7‘/ + iS~§{7v. By substituting

Egs. (13) and (14) in Hamiltonian (2) and performing the
Fourier transformation, we can write the Hamiltonian in the
form

H=Ho+H,+0(5%), (15)

where H is the classical mean-field ground state energy (just
as the ones listed in Appendix A, Egs. (A1)-(A3)) that is pro-
portional to S2. The H, is the leading-order quantum fluctua-
tion proportional to S with the explicit form

= 5SE ('t ) (V) (£0)) +Eh
(16)
where A'(k) = (le(k:),dZ(k), e 7dL(k:)) A is the trans-
pose of A, from which we can define the spinor D (k) =
(A%(k),A(k)), M and N are M x M matrices (see Appendix
B), and El(:)L is a constant in S order. The #; can be diagonal-
ized by using the extended Bogoliubov transformation, which
amounts to finding a rank 2M x 2M matrix U satisfying

U'AU = A, (17)
U'H,U = 02, (18)

with

A= <(1) _01), - (wgk) wﬁk))’ (19)

where 1 is an identity matrix of size M, and w(k) is a di-
agonal matrix, i.e., w(k) = diag(w; (k), a(k),...,on(k)).
Equation (17) is a condition that ensures the statistics of the
system, i.e., the system will remain bosonic natured after the
transformation. Equation (18) ensures the diagonalization of
the Hamiltonian, which is just a mathematical requirement.
The transformation matrix U and energy spectrum matrix 2
can be obtained by solving the following matrix equation:

AH\ U =UAS2, (20)

which can be inferred from Eqs. (17) and (18).

We introduce another set of bosonic operators o, (k)
(v =1,2,...,M) and spinor D' (k) = (A'(k), A(—k)) with
A'(k) = (af(k),a;(k)7...,a;,1(k)). We suppose that H;
is diagonal in terms of these new bosons (i.e., D(k) =
U-'D(k)),

H1=SY ov(k)af(k)ay(k)+1/2]+Ep. (21
v,k

So the total spin-wave correction to the ground-state energy
reads

AE = 1SZ wy (k) +EY . (22)
2 v,k
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4.1. Revisit the ground state phase diagram with spin

waves

In Section 3, we have presented the ground state phase di-
agram in the classical large-S limit. Now we discuss how those
sublattice schemes can be reproduced from the spin wave anal-
ysis and whether the phases are stable or not when quantum
fluctuations are included. We can easily work out the ground
states of the system in two limiting cases. One is when £ is
large enough, the system is in the full occupied Mott insula-
tor phase. This case is trivial for our discussion. The other is
when J, is large enough, the system is in the superfluid phase.
In the SF regime, we can work out the energy spectrum with
sublattice scheme A (see Fig. 1) and obtain the analytical re-

sult

walk) = /Ma (k)2 ~ Na(k)2, 23)
where M (k) and Na(k) are given by Egs. (B1) and
Eq. (B2), respectively, in Appendix B. In the SF phase, the
spectrum exhibits a gapless mode at I (0, 0) point in the 1st
BZ (see sublattice scheme A in Fig. 1). We now show that the
emergent phases with stripe and honeycomb solid orders (i.e.,
the sublattice schemes AB and ABC are needed accordingly)
are actually embedded in the spectrum given by Eq. (23).
This can be inferred from the gapless behavior of the spec-
trum, because the Bose condensation occurs for the Holstein—
Primakoff bosons and leads to the particular solid order. Nu-
merical solutions of the spectrum are shown in Fig. 5 for sev-
eral selected parameters. We analyze the behavior of the spec-
trum when J, reduces away from the superfluid regime. In the
1st BZ, a minimum (usually called a “roton”) at M (0, 27/+/3)
or X (2m/3, 2m/+/3) point develops as J, decreases. At the
transition value J¢2, the minimum becomes a gapless Gold-
stone mode (i.e., the roton is totally softened). If the softened
mode occurs at the M point, then the stripe order with sublat-
tice scheme AB appears; while if the softened mode occurs at
the X point, then the honeycomb order with sublattice scheme
ABC appears. This is in agreement with the phase diagrams,
Figs. 2 and 3, established in the previous section.

We notice that the phases with sublattice scheme ABCD
are not embedded in the spectrum given by Eq. (23). This is
not hard to understand since the kagome order cannot be rep-
resented by a faithful single mode in the 1st BZ of sublattice
scheme A. So we resort to sublattice scheme AB. Since there
are two sublattices, we have two branches of spectra labeled
by wa (k) and wp(k). They can be numerically solved from
Eq. (20). The result is shown in Fig. 6. We see that the soft-
ened roton develops at the M (m, 7/+/3) point (see the 1st
BZ of sublattice scheme AB in Fig. 1 for both spectra). When

gaplessness occurs at the M point, the Bose condensation of

Holstein—Primakoff bosons leads to kagome orders with sub-

lattice scheme ABCD eventually.
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Fig. 5. (color online) The energy spectrum obtained with Eq. (23). The
selected parameters are (a) 6 =0.1 and = 0.1; (b) 6 = 0.1 and h = 6;
(¢) 6 =0.4and h=0.1; (d) 6 = 0.4 and h = 4. From the roton mode at
the M or X point, we can infer the formation of the stripe or honeycomb
order.

2.5 T T T T

10 B / \

0.5 A

Fig. 6. (color online) The numerical solution of energy spectrum for
sublattice scheme AB (see Fig. 1) with parameters K, = 0.4, h =4, and
Jr = 0.38365. We observe a softened roton at the M point. When it
becomes gapless, a kagome order will develop.

Next, we discuss the properties of excitations in different
phases. In Fig. 7(a), we show the energy spectra in the SF
phase with different parameters. We find that the excitation is
always gapless and linear in k at the long wavelength limit (at
the I point), which is consistent with the Goldstone theorem.
In Figs. 7(b)-7(d), we show the spectra for sublattice schemes
AB, ABC, and ABCD respectively, which display clear transi-
tions from the stripe-, honeycomb-, and kagome-SS phases to
the stripe-, honeycomb-, and kagome-S phases, respectively.
At the supersolid—solid transition point, the gapless spectra
change their behaviors from linear (>~ k) to quadratic (~ k).
While in the solid phases, the spectra are gapped. The total en-
ergies (including spin-wave corrections) in the solid phases are
independent of &, which demonstrates their incompressibility

due to the solid order.
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Fig. 7. (color online) The energy spectra for different sublattice schemes and the number of branches: (a) scheme A for SF phase, 1
branch; (b) scheme AB for stripe-SS and stripe-S phases, 2 branches; (c) scheme ABC for honeycomb-SS and honeycomb-S phases,
3 branches; (d) scheme ABCD for kagome-SS and kagome-S phases, 4 branches. The black solid lines are for the supersolid phases.
The red dashed lines are for the supersolid—solid transitions. The blue dash-dotted lines are for the solid phases.

4.2. Quantum fluctuations

Finally, we turn to the quantum fluctuations that might
destroy the orders of the mean-field ground states. The mag-
netization in sublattice v (v = 1,2,...,M) is defined as the
average of the spin component along its quantization axis

5= L0 =5 -a%, @)
where S is the classical value of the spin, and N is the num-
ber of v sublattice sites. The second term AS?, is the reduction
from the classical value of the spin due to the quantum fluctu-
ations. The (Q) is the expectation value of operator Q in the
ground state. Here Ab:{-, can be calculated from the Bogoliubov
transformation matrix U (k)

~ 1 + 1 +
AS,, = N;@ di) = N§,<dkdk>
1 2M )
= 3L L [nk), (25)
k [=M+1

where U (k) is obtained by solving Eq. (20). Particularly, we
can work it out analytically for sublattice scheme A as follows:

Un() = 00 ol

@] 8],
0.12F I BN 4
o | £
Q o i Q
. 0.08} & >4 9 i
' el =l 9) ful
4 R 1
0.04f R, | .
rmm o3
0 1
0
0.12F % ]
[ |
g
" 0.08 X fuly
0 <
4 4
0.04 .
0 o,

Fig. 8. (color online) The quantum fluctuations to the magnetization,
AS?, as a function of external field &, where the parameters in panels (a)
and (b) are the same as those in Figs. 4(a) and 4(b), respectively.

For other sublattice schemes, the fluctuations can be
calculated in the same way. In this paper, we use AS® =
(1/M) ¥, AS;, to measure the strength of the quantum fluctu-
ation for abbreviation. The results of AS® are shown in Fig. 8.
We can see that the quantum fluctuation is not strong enough
to destroy the orders in the solid and the supersolid phases.
Especially, AS® is always a small constant in the solid phases.
In the superfluid phase, the fluctuations can grow up slightly,
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however it is still not very strong. It is noteworthy that all
types of supersolids are stable. This conclusion is consistent

with the one given by others. 1]

We observe an interesting
phenomenon, betraying one’s intuition, that the external field
can somehow enhance rather than suppress the quantum fluc-
tuations in the stripe-SS phase (Fig. 8(b)). This could be rea-
sonably attributed to the frustration induced by the triangular

geometry. 34

5. Experimental protocol

The long-range interaction in some parameter regions
considered here can be realized using bosonic polar molecules
in triangular optical lattices. We can consider heteronuclear
molecules, such as SrO with a permanent dipole moment of
d ~ 89 D or LiCs with a dipole moment of d =~ 6.3 D,
which are relevant in the present experiments, >8] prepared
in their electronic and vibrational ground states. The polar
molecules are trapped in the xy plane by a standing wave laser,
which is formed by two counter-propagating laser beams with
®, ~9.42 x 10* Hz. The triangular optical lattices can be
set up by three laser beams of A ~ 940 nm for LiCs in the xy
plane with a 277/3 angle between each other.**! To obtain an
isotropic dipole—dipole interaction, a strong DC electric field
should be employed along the z direction, which induces the
dipole moment along this direction. Integrating over the z di-
rection, eventually, we obtain a long range dipole—dipole inter-
action as V2P ~ D/r3. For more details, we refer to Refs. [40]
and [41]. To identify those phases in the experiment, the stan-
dard time-of-flight image technology can be applied as a use-
ful tool.[*! In the superfluid phase, a strong peak will appear
at k = 0 due to the algebraic decay of the Green function. Dif-
ferent solids and supersolids can be distinguished by different
peak structures and different peak strengths in the first Bril-
louin zone.

6. Summary

Motivated by the realization of cold atoms with long-
range dipole interactions, we have investigated the hard-core
boson model with long-range interactions on a triangular lat-
tice. By mapping it to the spin-1/2 XXZ model, we applied
the spin wave theory in this study. We have constructed the
mean field phase diagram, analyzed the low lying excitations,
and discussed the phase transitions. We have also considered
the quantum fluctuations that may destroy the solid and the su-
persolid phases and concluded that all the phases found here
are stable. Finally, we gave an experimental protocol to real-
ize the phases in some parameter regions. On the other hand,
due to the equivalence of the hard-cord boson model and the
spin-1/2 XXZ model, the results disclosed here might also be
detected in spin systems with long-range diagonal exchange
interactions in future experiments.

Appendix A: the mean-field ground state ener-
gies

The mean-field ground state energies per site correspond-
ing to those sublattice schemes (see Fig. 1) are

1 . h

EAB/S2 = a;}B — E(JX+ o+ l)sm2 0y — 5 cos 04
+ 2[(14 &) cos 4 cos O — Jy sin O sin Op]
+ (14 9), (AD)

Eapc/S? = Z [6 cos? By — (h/3)cos By
a=AB,C
+ Z [cos B cos B — J,sin O sin O],  (A2)
(a.B)
Eapcp/S? = Z [0 cos B, cos B — Jy sin O sin 6g /2]

(a.B)
- Y (h/4)cosbq, (A3)

a=A,B,C,D

where (@, ) means summation over all the possible pairs of
sublattice labels, e.g., (A,B), (B,C), and so on. The parame-
ters 6, are determined by minimization of the mean-field en-
ergies.

Appendix B: matrices M and \/
The elements of M and A in sublattice scheme A are
Ma(k) =hcos8 +6J, 4+ 6(J, 48 + 1) cos* 0

+ [(1+Jy)sin” 6 — 27,y (k)

+ 8 (k)sin’ 0,

(1+J,)sin” 0y (k) + 8 sin? Oy (k),

(BI)

Na(k) = (B2)

with cos® = h/(1+J,+ 0),7 (k) = 2131

Ya(k) = Yoy cos[k - (8
duce the following notations:

_icos(k - 8y), and
— O¢—1)]- For simplicity, we intro-

X‘fv, = cos Oy cosB; —Jysinbysin6,;,

X&v, = Scosbycosb,,,

FVIV, = 3 (sm Oy sin @, —Jycos By cos 6, — Jx) ,
szv, = % (8sin6ysinb, /),

GLV, = % (sm Oy sin 6, —Jycos Oy cos B,/ + Jx) ,
G%,V, = % (6sin By sin OV/) ,

_ | e —iksC,
hy = hcosbyy, :Ze w
o

o 1k:AG
_;e

where ng, and Agv, are the translational vectors connecting

sublattices v and V' along direction ¢ for nearest neighbors
and next nearest neighbors, respectively. The matrices M and
N for sublattice schemes AB, ABC, and ABCD are

Tag(A)  YuFip%p

M=y e Tem) | ®Y

056701-7
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Nap = Ly G%A’J//'L:A Yy G%B as (B4) G/?Ayfo GAB ?’AB G,ixc A
YuGhg V/L\LB Y. Ggg VIL;B Nagc = GBAVBA GBB YBB GBCYBC ;. (BO)
with GiaYen Ges¥s GecYec
Iis(p) = hp — Z(vava + ZFppyupv
Vi with
FAFC(]A) FABY}%B F%c%%c
Manc = | Fialin Tanc(B) - FacTic B3 Iasc(P) = hp + FopTop = L 2pvXpv,
FeaYea  Fep¥es  Tanc(C) o
|
FABCD(A) YuFipvas  Xu F/i;c%‘ic Yy F/%DKD
YuF Insep(B) Yo F Y. F
Magep = | &+ ufBcYBC u"BpYBD | (B7)
Yy c“AVgA Yo Fp¥en FABCIP(C) YuFénten
Zu DAVSA Zu DBY‘I;B F C}’HC I ABCD(D)
0 y zuG ABYAB Z,L Acﬂ Yu ngn‘in
G Y.G Y.G
Nagcp = ZH EA BA u “BC/BC u ED BD ’ (BS)
Yy GEA Ya XuG (e CBYCB 8 YuGep ¥p
Yy Gpatha Y. Gpp YoB Y1 Gpc Yoo 0
\
with [16] Yamamoto D, Danshita I and S4 de Melo C A R 2012 Phys. Rev. A 85
Tasen (p) 021601

u
hp - ZZpVXpV5
v

respectively, with p(v) = 1,2 representing the interactions of

nearest neighbors and next nearest neighbors, and z,,/ is the

number of sublattice v connecting with a given site of sublat-
. /
tice v .
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