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Phases analogous to supersolids can be realized in spin systems. Here we have obtained, using a bond-operator
representation, a mean-field theory and a generalized spin-wave theory, the phase diagram of a frustrated dimer-
spin-% system on a square lattice and study the collective excitation spectra, focusing on the supersolid (SS) state.
In the phase diagram on a parameter space of the exchange interaction and magnetic field, we have identified not
only the SS phase, but a phase that has no counterpart in the Bose-Hubbard model and this state becomes dominant
at the region where the enhancement of SS occurs in the Bose-Hubbard model. We then investigate the excitation
spectrum and spin-spin correlation, detectable by neutron-scattering experiments. We obtain an analytic expres-
sion for the spin-wave velocity, which agrees with hydrodynamic relations. The intensity of excitation modes in
the spin-spin correlation function is calculated and their change in the supersolid and superfluid states is discussed.
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I. INTRODUCTION

A supersolid (SS) state is a phase where both off-diagonal
long-range order and diagonal long-range order coexist. After
the nonclassical rotational inertia experiment in He* suggested
an SS phase, the SS state attracted considerable interest.!
However, the interpretation of the result is still controversial,?
and efforts to find SS continue. Lattice systems are other
candidates to find SS than He*. Cold atoms on optical lattices
are one of them. It is suggested that the extended Bose-
Hubbard model with a nearest-neighbor interaction shows
SS,*#* and a technique to realize it is proposed.® Dipole-dipole
interaction is also suggested to help realize SS.%’

Another, entirely different way to find SS in lattice systems
is to consider quantum magnets. This is because certain spin
systems can be effectively regarded as Bose systems.®!0 After
a theoretical proposal of SS in a dimer-spin system,'! spin
systems are attracting much attention as a promising candidate
to find SS phases.!'~'® One example is the spin-1 Heisenberg
model with an anisotropy.'?

Another example is the spin-% dimer model with large
Ising-like exchange anisotropy.'"'>!> While the strong
anisotropy in these models are rather unrealistic, it is argued
that the model can be effectively realized in a lattice with
frustration without anisotropy. With this motivation, Refs. 16
and 17 have investigated a frustrated Spin—% spin-dimer
Heisenberg model with spin-isotropic couplings on a square
lattice (Fig. 1) and have shown that the model actually exhibits
a SS state. However, these papers are restricted to a specific
choice of parameters,'® or to a study of an effective model
from the dimer-spin model.!” Therefore, the phase diagram
in a wider parameter range has not yet been clarified, which
should be important for exploring a SS state in real magnets.
Further, dynamical properties are also important in examining
SS. For instance, in Ref. 19 studying 4He, it has been
pointed out that observation of an upper excitation branch
by neutron-scattering experiments can be used for searching
SS. However, experimentally relevant properties of the SS
phase have not been fully understood, and it is important to
reveal the excitation spectrum and observability of them with
neutron-scattering experiments.
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These have motivated us, in the present work, to investigate
the phase diagram and dynamical properties of the frustrated
spin-% dimer Heisenberg model on square lattice. Here, we
employ the bond-operator formalism, a mean-field theory,
and the generalized spin-wave theory. In the phase diagram
on a parameter space of the exchange interaction and the
external magnetic field, we have found, on top of the SS
phase, a phase that has no counterpart in the Bose-Hubbard
model. As for dynamical properties, we study the excitation
spectrum and how they can be observed in dynamical spin-spin
correlations with inelastic neutron-scattering experiments. We
have revealed the behavior of the dynamical properties in the
SS and SF phases, especially around their phase boundaries,
which can be used as a probe to detect the phase transition
experimentally. We have also obtained an analytic expression
for the spin-wave velocity, which agrees with hydrodynamic
relations. Since the present model has an analogy in cold atoms
on optical lattices, our results also give insights into SS in them.
For example, one of the correlation functions studied here can
be regarded as the dynamical structure factor, which can be
detected with Bragg spectroscopy in cold-atom systems. 2!

This paper is organized as follows. In Sec. II, we introduce
the frustrated spin-% dimer Heisenberg model and the bond-
operator formalism. We also define the variational wave func-
tion for deciding the phase diagram of this model and explain
the correspondence to the extended Bose-Hubbard model.
Section III is devoted to the phase diagram in the present
model in a wide range of parameters. Section IV describes the
excitation spectrum and the property of dynamical spin-spin
correlations, where we introduce a generalized spin-wave
theory. Section V summarizes the paper.

II. FORMALISM

The Hamiltonian of the frustrated spin—% dimer Heisenberg
model (Fig. 1) is

H=J) Si-Su+y Si-5;

(i, ))
+-12 Z Smi'Smj_g/*LBHZSiZ’ (1)
( ) i
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FIG. 1. (Color online) (a) The frustrated spin-% dimer Heisenberg
model considered here. (b) Spin configuration in a dimer is schemati-
cally shown when the magnon BEC occurs for & = gu g H exceeding
a critical value(h,.).

where i,j label the dimer’s central position, m = 1,2 labels
the sites within each dimer, and S; = S;; + S»;. Antiferro-
magnetic exchange interactions comprise intradimer (Jp) and
interdimer (Jy,J) interactions with Jy,J1,J, > 0. Frustration
is caused by the J; coupling between inequivalent sites
between adjacent dimers. Hereafter, we take Jy = 1 as a unit
of energy. In the Zeeman energy term, g is the g factor, ;g the
Bohr magneton, and H the external magnetic field.

For treating the spin system, we can adopt the bond-operator
formalism,?>2* in which the four spin states (one singlet and
three triplet) in a dimer are described by four bosonic operators,
s and ¢, as

t]Ivac) = —[1,1), s[vac) = [0,0),

()]

thvac) = 11,0y, 1l |vac) = [1,—1).

Here |0,0) and |1,«) (o = %,0) stand for singlet and triplet
states, respectively, while |vac) denotes the vacuum of s,7.

We then only consider the states that satisfy a constraint,
sts + D aeto tity = 1. We note that the bond-operator for-
malism itself is equivalent to the original expression with spin
operators. We opt for this formalism, since this facilitates
to identify a correspondence to the extended Bose-Hubbard
model, and also enables us to apply a generalized spin-wave
theory.

With the bond operators, the Hamiltonian (1) is expressed

as
=——JOZS s; + < )Ztﬂtﬂ
+ ZO Zt&-tol» + <ZO + h) Zti,-tf,‘

+ /2 Hal )+ (i + 2/2) Y HyGnj).  (3)
(i, J) (i,J)
Here h = gupH, and

Ho(ij)= Y (thtjasts + thtlysisi + He), @)
a=+,0

Hu(i.j) = [tlotiolt) 14 +1_1;0) + Hael]
—[l,ol‘,o(l‘l+ j7 + t,f j+) +H.c. ]
it =)t =110, )

where @ = F,0 for « = +,0, respectively. Using this ex-
pression, we can obtain a variational ground-state wave
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function,

m&=rwmﬂ+2ym&)

icA

X l_[ <y3s + ngatm>|vac 6)

ieB

where the coefficients x, y are complex in general and
determined numerically. Here we have divided the square
lattice into checkerboard sublattices (A and B), and since the
difference between sublattices is allowed, this wave function
is capable of describing a SS state. We note that this is nothing
but a one-site (dimer) mean-field approximation, which is
known to reproduce QMC results semiquantitatively in an
anisotropic spin-dimer system.'! We also see that this approach
qualitatively reproduces the results of previous works.'%!7

A correspondence to Bose systems can be seen when the
ground state does not involve the |1,0) state (xo = 0).2> We
have numerically confirmed that this situation is, in fact,
realized in most parts of the phase diagram. In this case,
the Hamiltonian excluding |1,0) from the beginning gives the
same ground state, and the Hamiltonian reduces to

J
Ha = = D s+ sin)site + 1l sp) + Hel
(i)

(Jl+ )Z(tl+t’+ o)

+J()Z(t fiy + 1 1 )—hZ(r fiy — 1l 1;0),

T
lj_lj,)

(N

with a constraint s Sit Y0y fat,a = 1. We note that this
coincides with the amsotroplc spin-1 Heisenberg model used
in Ref. 12.

We can effectively identify this model with an extended

Bose-Hubbard model,

H=—t Z(a;(aj +H.c)—n Zni
(i) i
+VY mn;+UY min, ®)
(@.7) i

where af is the boson creation operator, (i,j) the nearest
neighbors, p the boson chemical potential, U the on-site
Hubbard interaction, and V the nearest-neighbor interaction.
To do this, we truncate the states to three states up to the
doubly occupied state in the extended Hubbard model, iden-
tify t_|vac) 10), sT|vac) = |1), t+|vac =)|2), and express
Eq. (8) in terms of ¢, s as in Ref. 20. This procedure is known
as the Schwinger-Boson approach. Then it turns out that the
spin model Eq. (7) can be regarded as the extended Hubbard
model through

/2 < —t,
Jo < UJ2,

I+ L/2+V,
9
h < §u,

where du = — % — ZV, with Z being the coordination
number. Strictly speaking, there is only slight difference in the
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TABLE I. Correspondence between the dimer-spin system and the Bose system. In the Bose system, |n) represents
a state with n bosons, and n4,np is the boson density on A, B sublattices, respectively. For the spin system the

bond-operator representation is used.

Spin-% dimer system

Bose system

States: ti|vac), st|vac), ti|vac)

In-plane magnetization: M, = (S; — S;r)/ﬁ
In-plane staggered magnetization:

ne= (% Z,(S:rl - S:rz)eiQ.ri/\/i)z

Staggered magnetization:

m; = ﬁ Zi(siz,l + S{722>€iQ'” i
Averaged magnetization: m, = ﬁ D8P+ 85

States: |0) ,|1) ,]2)

Order parameter: (a')

Condensate density:

ne =% ¥ tah)?

Staggered occupation number:

nt = (ny — ng)/2

Averaged occupation number: n = (ns +np)/2

hopping terms. In the truncated Hubbard model it is written as
—t Y L2t s+ 5]t )25ty + 1] _sj) + Hee.], where
\/Etj WSit sl.T t;_ corresponds to the creation operator a' in the
truncated space. On the other hand, in the case of the spin
model, we regard titrs,- + sl.T t;_ as the creation of a boson; see
Eq. (7).

Thus, the spin-% model is effectively a semi-hard-core
boson system in regions in the phase diagram where the |1,0)
state can be ignored.? In order to compare the phase diagrams
of the two systems, it is useful to draw the phase diagrams with
the parameter corresponding to V fixed, since phase diagrams
of the extended Bose-Hubbard model is often written in this

way.
From the above correspondence, we can naturally define the
order parameters: The in-plane magnetization My, ; = (S;; —

SH)/ V2, which denotes the difference of the magnetization in
the spins in each dimer, represents the breakdown of the U(1)
symmetry in the spin model, which corresponds to (a') in the

, @ Z(J1 + J2/2)/2 = 0.59

4.0 Mi

Bose-Hubbard model with a broken U(1) symmetry (the order
parameter in BEC). Thus, the averaged condensate density
isn, = (% S - S:rz)eiQ"[/ﬁ)z, where Q = (,7) and
N the total number of sites. Note that the factor ¢/ 2" takes
care of the fact that J, > 0 induces antiferroic ordering. In
the terminology of the Bose-Hubbard model, this is because
the hopping term is positive; see Eq. (9). The z-component
staggered magnetization, m$' = 55 3" (S7, + S%,)e' €™, rep-
resents the breaking of the Z, symmetry (the symmetry
between A,B sublattices). Another important quantity is
the uniform magnetization m, = ﬁ Zi(Sf;l + 87,), which
corresponds to the density of bosons in the Hubbard model.
The correspondence is summarized in Table I.

III. PHASE DIAGRAM

Figure 2 shows the phase diagram against # and J, obtained
by optimizing the variational wave function Eq. (6). The plot
is a counterpart in the spin system of a phase diagram for the

(b) Z(Jl +J2/2)/2 =09

"

3 0— uSFﬂ

FIG. 2. (Color online) Ground-state phase di-
agram for Z(J, + J»/2)/2 =0.59 (a) and 0.9
(b), with Z being the coordination number [i.e.,
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ZV =0.59U (a), ZV = 0.9U (b) for the boson
model]. The parameters 4 and ZJ, correspond
to the chemical potential §u and hopping pa-
rameter —t, respectively, in the boson system.
Phases are denoted by SS (supersolid), SF (su-
perfluid), MI (Mott insulator), and CO (charge-
ordered phase), while “SF” stands for a phase that
has no counterpart in the Bose system. Various
order parameters are plotted against 2 in (c)
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spectra are displayed in Fig. 3 below.
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TABLE II. Correspondence of phases between the dimer-spin
system and the Bose system. 7 is the averaged occupation number of
boson.

Spin-% dimer system Bose system

n, =0,m} =0, Mott-insulating phase (MI)

m; = 0.0 forn=1

ne=0m=0 Mott-insulating phase (MI)
m, = 0.5 forn =2

ne #0,md=0 Superfluid (SF)
ne=0,m #0 Charge-ordered state (CO)
ne #0,m #0 Supersolid (SS)

Bose-Hubbard model against the chemical potential (6¢) and
hopping parameter (—#). The two panels [(a),(b)] correspond to
different values of ZV, which is the effective nearest-neighbor
interaction V = J; + J,/2 multiplied by the coordination
number Z. Thus, panels (a) and (b) for Z(J; + J»/2)/2 =
0.59 and 0.9 correspond to those for the Bose system at
ZV = 0.59U and 0.9U, respectively. To specify the phases,
here we adopt the terminology from the Bose-Hubbard model,
see Table II. In particular, superfluid (SF) is a phase with
n. # 0 and m$' = 0, while a SS state is a phase with n. # 0
and m3' # 0 simultaneously.

First, the SS phase in the present spin model appears
adjacent to, and mainly in the lower half of, the CO phase.
We note that this feature is also seen in the phase diagram
of the extended Bose-Hubbard model.* At the boundary
of MI the excitation gap closes, and the boundary can be
given analytically, where the lower density branch is i =
V1 — ZJ,, while the higher one is 1 + ZJ; + Z J,, within our
approximation. Figure 2(c) shows the 4 dependence [on a cross
section indicated in (a)] of relevant order parameters for ZJ; =
0.84 and ZJ, = 0.68. As can be seen, within the mean-field
analysis, the transition between MI/SF, SF/SS, and SS/CO are
of second order, while that between SF/CO is of first order. It
turns out that the results agree qualitatively well with those
obtained with the infinite time-evolving block decimation
(ATEBD) combined with the tensor renormalization group
(TRG) approach'® and the self-consistent cluster mean-field
analysis of an effective model.'” This supports the validity of
our method for this model.

Curiously, we find regions where we cannot neglect the
existence of t(]; , which we call “SF”, while in other regions
we can. This phase has not been recognized in the previous
works on this model.!®!7 In the “SF” regions [red regions in
Figs. 2(a) and 2(b)], the coefficient of st in Eq. (6) vanishes.
The wave function takes a form,

1GS) = [ oty +xotly +x-11)
icA
s [[(=xstly +xotly — x_tf lvac),  (10)
ieB

where x,,’s are real. Note that this state breaks a U(1) symmetry
(i.e., the symmetry around Z axis). The character of this state
becomes clearer when we project the original Hamiltonian
[Eq. (1)] into the space consisting only of triplets on each
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dimer to have

H = +0/2)) 8:i-8;+h)y_ S (11)

()] i

which is nothing but the simplest isotropic spin-1 Heisenberg
model in an external magnetic field 4. Here S’ denotes the

spin-1 spin operator, e.g., §'* = tihr —'7_inbond operators.
Then we can regard the “SF” state as a canted antiferromagnet
in the Heisenberg model. Comparing Figs. 2(a) and 2(b), we
notice that the SS region becomes wider as the repulsion
V becomes stronger. The “SF” region also expands, where
SS and “SF” phases compete with each other. Figure 2(d)
plots relevant order parameters against 4 [on a cross section
indicated in (b)] for ZJ; = 1.44 and ZJ, = 0.72. For this set
of parameters, phase transitions occur six times as the external
field is increased. Specifically, the transition from SF to “SF”
is seen to be discontinuous.

Let us compare the present result with that for the extended
Bose-Hubbard model. In the latter, the SS region becomes
wider when the nearest-neighbor repulsion V is increased.
Moreover, when ZV > U, there is no MI and all insulating
phases are CO, while the SS region becomes even wider.”
These behaviors are contrasted with the present phase diagram
for the spin model for ZV > U, where, contrary to a naive
expectation, it turns out that SS does not expand, but gives
way to “SF” for a fixed V, and that the SS region is completely
suppressed by “SF” for large-enough V' (not shown). Thus, we
do have differences between the spin and the Bose models. To
sum up, our analysis indicates that competition between SS and
“SF” phases should be taken into account in examining SS in
this system, besides the instability for domain wall formation
discussed in Ref. 17.

IV. DYNAMICAL PROPERTIES

We now reveal dynamical properties such as excitation
spectrum and dynamical spin-spin correlations around SS
in the magnetic system Eq. (1), which can be regarded as
an effective semi-hard-core Bose system. To this end, we
employ a generalized spin-wave theory. The similar type of
analysis has been applied to a bilayer Heisenberg model*” and
an anisotropic spin-1 Heisenberg model>*? for investigating
SF?%26 and MI?22?%?7 in our terminology. We also note that this
type of analysis works well in investigating real materials.?*
We mainly focus on the behavior around SS, which has not
been clarified.

A. Excitations

Let us move on to the study of excitation spectra. Here we
employ a generalized spin-wave theory which is applicable
except for the “SF” phase.”> We convert the Hamiltonian
Eq. (3) into an effective one by introducing boson operators
{b} with a canonical transformation,

by = ussi + va(filsi + 8al=i),
bhi = —visi + u(fulyi + &utio), (12)

A A
byo; = t0is b2, = —gatiy + fati—.

224404-4



SUPERSOLID STATES IN A SPIN SYSTEM: PHASE ...

Here L = A or B and u, v, f, and g (with u? 4+ 1?2 =1 and
f? + g% = 1) arereal and defined in such a way that the ground

state is ([ [;c4 BT jeB by jT)lvac). After this transformation,
the constraint is converted to b) b, + 3", b, b}, = 1, where
6 = +£,00. Then we deal with the constraint in terms of the
Holstein-Primakoff (HP) transformation,

172
%:@:G—z@),
0

where A% . = b)lb? ..

If we blug this into the Hamiltonian and neglect the terms
with more than two boson operators (which amounts to the
linear spin-wave approximation), the effective Hamiltonian
takes a form, Heyr = Hegry + Hefro, Where Hegry 1S composed
of bl and Hcgo is composed of bgo. The form of Hegy is, up
to a constant,

13)

1 A
Here =5 ) ¥iHenrs (¥, (14)

keBZ/2

where ¥ = (bl bbb b0 DY BT T T T
and H.py is an 8 x 8 matrix, whose components are shown
in an appendix. The folded Brillouin zone BZ/2 denotes the
first Brillouin zone when the symmetry between A and B
sublattices is broken; see Fig. 3(f). We can diagonalize the
effective Hamiltonian as

Hee= Y e®BL Pur (15)

keBZ/2,t
with the band index 7 = 1-4. Here we have applied
a Bogoliubov transformation U: ¢, = Uy, where
U is an 8x8 matrix satisfying UXUT =%,
with ¥ =diag(1,1,1,1,—-1,—1,—1,—1) and ¥, =
(Br.1:Br2s B3 Bras Bl 1Bk o Bl s Bl )T (Ref. 20).

,BILT creates a spin wave. The ground state with the spin-wave
correction included is the vacuum of spin waves and denoted
as |¢p) in the following. Note that the above is applicable to
SF and MI phases. There, the excitation spectrum appears to
have four bands since we treat them in the folded Brillouin
zone BZ /2. When we unfold the Brillouin zone into the full
BZ, it has two bands. Note that the main difference between
the results in SS and those in SF within this method is that
there are no degenerated modes at the boundary of BZ/2 in
SS. We also note that one can evaluate the expectation value
of physical quantities in this approximation as follows. An
operator representing a quantity is first transformed with b.

Then the HP transformation is applied to bé,bST, and the

expansion is made up to the order needed. When b’\,béT
appear in the form of n;, this can be dealt with using the
constraint directly. Finally, we take the expectation value for
the transformed operator.

In Figs. 3(a)-3(d), we show the excitation spectrum in
the phases MI, SF, SS, and CO, respectively, for which the
positions on the phase diagram are indicated in Fig. 2(a).
While some of the natures of MI and SF have already been
well investigated,’>?*?” we display the results in order to
compare them with the results for SS or CO, and to show a

PHYSICAL REVIEW B 88, 224404 (2013)

(a) h=0.2 (M)

(c) h=1.09 (SS)

>

(b) h=1.08 (SF) (d) 7=1.32(CO)
2.5 2.5
32.0_/_\ 32.0
5 1.5 E 1.5/\
~1o
S —
0.5
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0.4 ® Eq.(19)
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203 p
S M MI Z oo
202
o1 5 )
° f ° (=m,—m) (7, —m)
00 . ° *
0.5 1.0 1.5 20 25 30

FIG. 3. (Color online) Excitation spectra against k, = k, = k for
a Mottinsulatorath = 0.2 (a), SFath = 1.08 (b), SSath = 1.09 (¢),
and charge order at h = 1.32 (d), with ZJ; = 0.84 and ZJ, = 0.68.
They correspond to four red dots in Fig. 2(a). Dotted lines in (b) and
(c) represent the velocity of a NG mode. In (b) a dash-dotted line
represents the first excitation band away from the SS/SF boundary,
where an arrow indicates how the dispersion dips into the origin.
(e) The velocity of Nambu-Goldstone mode against /. Blue dots are
derived directly from the excitation spectra, while red dots represent
Eq. (19). (f) The original Brillouin zone (BZ; large square) for the
phases without Z, breaking symmetry, and the folded Brillouin zone
(BZ/2; blue area) for phases with the broken symmetry are indicated.
The dotted line shows the k, = k, = k direction.

precursor of SS or CO in SF. The spectrum is drawn along the
(1,1) direction (k, = k). Here we only show the excitations
composed of b, since only these modes have the counterparts
in the Bose-Hubbard model. In MI and SF, there are two
excitation bands. On the other hand, in SS and CO, there
are four bands because the symmetry between A,B sublattices
is broken. There is a gap in MI (n = 1), and the two (three if
to is included) modes are degenerate at &z = (. As & increases,
the degeneracy is lifted due to the Zeeman splitting [Fig. 3(a)].
The dispersion relation is given by

e(k) =/ Jg +2Joay (k) £ h,

where y (k) = Zzzl cos(k,) with a labeling the axes.?>260:27
When the gap closes, a quantum phase transition between SF
and MI occurs. In the SF phase, there is one gapless mode
[a Nambu-Goldstone (NG) mode; recently, the problem of NG

(16)
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mode has attracted renewed interest?32°], which arises from the
U(1) symmetry breaking. In particular, the velocity of the NG
mode vanishes along the boundary except at h = 0,ZJ, = Jy
(Refs. 22 and 26), where the universality class of the phase
transition changes from the rest (field induced phase transition
to SF). The other band is a massive mode. As & becomes closer
to the SF/SS boundary, a dip (i.e., softening) appears in the
mode around k = (0,0), and we observe that the gap closes
at the boundary [Fig. 3(b)]. This mode can be thought of as a
roton mode, which represents a softening into CO or SS. Note
that the roton is located at the zone center rather than a zone
boundary, since the hopping parameter is positive in our model.
If we turn to the excitation spectrum of SS state in Fig. 3(c),
there is one NG mode with a linear dispersion. The roton mode
in SF near SS and the NG mode with a linear dispersion have
been observed in SS in hard-core boson systems**3! or in an
extended Bose-Hubbard model (a soft-core system).3 Here we
have revealed that the semi-hard-core Bose system also shares
these behaviors. At the boundary of SS and CO, the velocity of
the NG mode becomes 0. In the CO phase, there is an energy
gap, which is closed at the boundary between CO and SS, and
the highest mode is flat with e(k) = 2A [Fig. 3(d)]. In this
mode up-spin triplet flips into a down-spin triplet. The rest of
the excitation spectrum can be obtained by solving an equation
cubic in x for each k,

0=[x+h—Jy— Z(J + J2/2))(x + h — Jy)
X[x+h+Jo—Z(J + /)1 + 2013y k> (17)

Strictly speaking, the actual excitation corresponds to
the absolute value of the solution. From the structure
of the equation and straightforward manipulation, we notice
that the dispersion does not change against %, and the energy
of one of the bands decreases as & increases. Therefore, there
occurs a band crossing at some £ in CO. In addition, one can
show analytically that a band never has linear dispersion at the
point where the gap in CO spectrum is closed. This contrasts
with the case of MI (n = 1), where, ath = Oand ZJ, = Jy, the
gap is closed but the band has a linear dispersion; see Eq. (16).
It is numerically confirmed that, at the SF/CO boundary, the
gap in the CO phase does not close, nor does the roton mode.
(Near the CO/SF boundary, a roton mode appears again.) The
velocity of the NG mode approaches zero toward the boundary
of SF and MI (n = 2). In the latter phase, the upper band is
flat [e(k) = 2h — 2Z(J; + J»/2)]. The analytic expression26
for the other band is

ekK)y=—-Jo+h— Z(J1 + %) + Ly (K). (18)

To gain further understanding of the excitations, we show
an analytic expression for the spin-wave velocity (with the
derivation given in an Appendix),

J 12

2

Cs = (_|Mxy,AMxy,B|> s (19)
2k

where « = dm_/oh denotes the spin susceptibility, and
M., 4,M,, p the magnetization of each sublattice. Note that
M,, and m, here do not include spin-wave corrections,
though it is not negligible in two dimensions. This mi-
croscopic expression is consistent with the relation derived
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from phenomenological discussions (hydrostatically or with
an effective Lagrangian) for spin systems®> and for Bose
systems,*3* which is C? = p,/x. Here p; is the spin stiffness
or the SF density and y is the spin susceptibility or the
compressibility. This relation has been expected to be satisfied
in this method, where the consistency has been pointed out in
Ref. 22. What we have done here is to concretely derive the
analytic expression for C; in the generalized spin-wave method
including SS. We also note that the Gutzwiller approximation
for the Bose-Hubbard model gives a similar expression for
SF (Ref. 21). We can also show that the above expression
holds in SS when the Gutzwiller approximation is used for the
extended Bose-Hubbard model. The velocity plotted against &
from Eq. (19) is displayed in Fig. 3(e) along with the numerical
result, and we can see that the two sets of results exactly
coincide with each other. Then, a jump in the velocity at
the SF/SS boundary can be attributed to a jump in the spin
susceptibility. The velocity vanishes at MI/SF and SS/CO
boundaries, since M,, becomes 0.

Next, we discuss the properties of collective excitation
modes. We focus on all four modes for small k along the
(1,1) direction in the folded Brillouin zone BZ/2. (For SF,
a NG mode, a roton mode, a massive mode and the rest
are investigated.) To reveal the character of each excitation

(ﬂllr), we construct a coherent state (| xk .)) to calculate the
spatial variation of m_; (=(S;, + S;,)) and M,,;. In the
boson language the former corresponds to spatial density
modulations, while the latter corresponds to modulations of
the order parameter ((a')). The coherent state is expressed
as

xr) = exp(—|xicr12/2) exp(ak L ) bo). (20)

Here we choose yx - to be small, which amounts to assuming
that there are not too many spin waves. In SF, it turns out
that, except for the third excitation mode [a massive mode
in Fig. 3(b) near k & m], excitation modes are accompanied
by both a modulation of the order parameter (i.e., condensate
density) and the density. On the other hand, the massive mode
does not exhibit modulation in the density but shows a local
imbalance between condensate and noncodensate amplitudes,
as seen in Fig. 4(a). This agrees with the result for cold atoms.*°
In the SS phase, by contrast, such a mode disappears, as seen
in Fig. 4(b). All the four modes in SS are accompanied by
modulations of density and order parameter. Figures 4(c) and
4(d) display the spatial variation of the phase [Arg(M,,)] of
M,y 4, =My, g (=A0) for the second excitation mode (the
roton mode) at & = 1.08 (SF) and 1 = 1.09 (SS), respectively.
Note that the minus sign in —M,, p again comes from the
antiferromagneic coupling J,. We can see that the relation of
the phase modulation between A and B sublattice is different
between SF and SS. In SF, the roton mode may be thought of
as a Leggett mode if we regard one cell as composed of two
neighboring sites (one belongs to A sublattice, and the other to
B), since the phase of the order parameter out phase between A
and B sublattices. On the other hand, this interpretation cannot
be applied to SS, where the phase modulation is in phase
between them. We have to note that this property of the second
excitation in the SS phase changes for large enough V and
away form the SS/SF boundary. Then the phase modulation
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FIG. 4. (Color online) Spatial variation of physical quantities for
excitation modes for small k& in BZ/2. We have chosen parameters
ZJ, = 0.84 and ZJ, = 0.68. Panels (a) and (b) show the modulation
of the density from the equilibrium value (Am;) in A sublattice ath =
1.08 (SF) and & = 1.09 (SS), respectively. The red line represents the
first excited mode (a NG mode), the black line the second excitation
(roton) mode, the blue line the third excitation (massive) mode, and
the green line the fourth mode. Panels (¢) and (d) show the spatial
variation of the phase of M., 4 and —M,, p for the second excitation
mode for A = 1.08 (¢c) or h = 1.09 (d).

becomes out of phase between A and B sublattices (as in SF).
As for the NG mode, the spatial modulation of the phase of
the order parameter (not shown) is in phase between A and B
sublattices in both of the states.

B. Spin-spin correlation

Analysis of spin-spin correlations is important from the
experimental viewpoint, since inelastic neutron scattering can
detect it. Here we focus on two kinds of spin-spin correlations
that have counterparts in Bose systems. The first one is

Cik,w) = / " dre T ($: (1), 0)

[e¢]

=" |nlS5lg0) 8@ — €. @D)

where Sf =S}, +S;5; = titJr —tlr, |po) denotes the
ground state and |n) denotes an excited state with an energy
€,. The correlation function corresponds to the dynamical
structure factor in cold-atom systems, which can be detected
with Bragg spectroscopy and which has been theoretically in-
vestigated in this context.?%>! The second correlation function

18

Ct (ko) = / h dre' " (M.y (1M, _,(0))

—00

=D 1nlML, L lpo) P8 — ). (22)

Here Mxy,i = (Sfi — S;T,)/«/z = thi +s:t,-_, which is an
operator form of M,,; introduced before. This correlation
function corresponds to the lesser Green’s function G =, (w) =
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—i ffooo drel®t (aik(r)a,k(O)), where a is a bosonic annihi-
lation operator. We note that, with in the linear spin-wave
theorem, these correlations do not have contribution from the
spin wave consisting of to,t(')r . There are n-spin wave states
defined as (87)"|vac) in the spin-wave theory. In the following,
we focus on the intensity of the single spin-wave peak by taking
k,7) = ,Bl Ivac) as |n), where :3:1 . 18 defined in Eq. (15).
Within the ’spin—wave theory, one can evaluate the coefficient
of the § function [§(w — €,) in Egs. (21) and (22)] as

(t,—KkolSZy1¢0)
N .
V32 Z {vxu;\(ff - g%)el(’Al"‘[N(x,Jr)r(ko) + Pi 4y (ko)]
n

— 20,85 f." ST [N 2ye (Ko) + P —ye (Ko)1} (23)

and

(T, — Kol M, _I¢o)

N :
) YN (g — vifi) No.e (ko)
A

+ (“%f/\ - U,%g/\) Po.+),-(Ko) + ) frNo.,—),- (Ko)
— ;8. Pg. -, (Ko)]. (24)

where 1, is an arbitrary site in the sublattice A, G is (%,
=+ ) or (0,0) chosen so that ky be in BZ/2, and k = ky + G.
P (k) and N(k) are the elements of the matrix used for the
Bogoliubov transformation [Eq. (15)],

UKk) = Nk) - Pk) 25
0= Pk) Nk /' )

where the elements of 4 x4 N,P are denoted as
No.o).c» Poo),-- The intensity of a single spin-wave mode
is expressed as |(t7, — k0|SZ_k|¢>0)|2 for C*(k,w) and |(7, —
koM, _|¢0)|? for C*~ (K, ).

Figure 5 shows the intensity plot of C*(k,w) [panels (a) and
(b)] and the intensity of each peak (i.e., [(7, — Ko|S* |0} |2/N;
see panels (c)—(f)] along (ky,k,) = (k,k). First, we have to
note for CO and MI that there is no contribution from the one
spin-wave excitation modes, i.e., (t, — Ko|S*,|¢o) = 0. For
SF, two excitation bands contribute to the spin-spin correlation
as seen in Figs. 5(a) and 5(c), since there is no band folding.
Around k = (0,0), the excitations consist of a NG mode
(whose intensity grows linearly with k), and a massive mode
(whose intensity grows as k%), and we also find a roton mode
around (7r,77). Such behaviors match those of the dynamical
structure factor in the boson systems.”>?! As can be seen
in Fig. 5(f), which shows the intensity of peak against & at
the zone boundary Q = (ir,7), the intensity rapidly increases
toward the SF/SS or SF/CO boundaries. This can be regarded
as a hallmark for the phase transition for SS or CO.

If we turn to the SS state in Figs. 5(b), 5(d), and 5(e),
there are four single-particle excitations that contribute to the
spin-spin correlation. Since the Z, symmetry is broken in SS,
the selection rule for the matrix elements appearing in Egs. (21)
and (22) is the same for (ky,k,) as for (k, + m,ky, + 7), so
that the NG mode in Fig. 5(b) appears around both (0,0)
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FIG. 5. (Color online) (a),(b) Color-coded intensity of C*(k,w)
againstk, = k, = k fora SFphase with 2 = 0.7 (a) and for a SS phase
with 7 = 1.15 (b), with ZJ; = 0.84 and ZJ, = 0.68. A Gaussian
of width § = 0.03J; is used to smooth the § functions in C*(k,w).
(c)—(f) The intensity of peaks of C*(k,w) against k, = k, =k for
single spin-wave states for 4~ = 0.7 (c), h = 1.15 (d), and & = 1.09
(e), with ZJ; = 0.84 and ZJ, = 0.68. For the homogeneous states,
the first (second) band is represented by black (blue) lines. For the
state with broken Z, symmetry, blue, red, green, and black lines
represent the first, second, third, and fourth excitations, respectively.
(f) The intensity against £ at (k,,k,) = (;r,). Note the difference in
the scale of the vertical axis between panels (c)—(f).

and (r,7). It turns out that the intensity of the fourth band
in the SS phase rapidly decreases toward the boundary to
CO. The intensity of this band is much weaker than those
for the other bands in the SS region. At long wavelengths
(k ~ 0), the intensity also starts from O in most part of the
SS state. Only the NG mode has an intensity increasing
linearly with k, while the other three modes increase like
k*. Just after the transition to the SS state in Fig. 5(e), the
dominant excitations are the lowest two modes. Away from
the phase boundary in Fig. 5(d), the intensities of the lowest
three modes become comparable with each other. The fact
that the massive mode [the third excitation mode around (0,0)
€ BZ/2)] has a significant intensity for the C* correlation
function reflects the property of the mode that it becomes
coupled with the density modulation in SS. We also find that
the intensity of the NG mode vanishes at the zone boundary in
SS. This reflects the fact that zero-energy excitation is only
coupled with the phase oscillation of the order parameter.
Another characteristic property is that the intensity is stronger
around (m,7) than around (0,0) when we compare (k,k,)
€ BZ/2 and (k, + m,ky + 7)¢BZ/2. Therefore, the bands
can be observed more clearly around (m,7), as seen in
Fig. 5(b).
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FIG. 6. (Color online) The intensity of peaks againstk, = k, =k
for single spin-wave states in the C*~(Kk,w) correlation with ZJ; =
0.84 and ZJ, = 0.68. Panel (a) is for 0 < h < 0.566 (ML, n = 1),
(b) h =1.08 (SF), (¢) h =1.11 (SS), and (d) 1.232 < h < 2.063
(CO). For the homogeneous states, the first and the second bands
are represented by black and blue lines, respectively. For the state
with Z, symmetry broken, the blue, red, green, and black lines mean
the first, second, third, and fourth excitations, respectively. Panel (e)
shows the intensity against £ at (k,,k,) = (0,0), and (f) shows that at
(ky,ky) = (T, m).

Finally we discuss the behavior of the correlation C*~.
Figure 6 shows the intensity (|(z, — k0|M;y,—k|¢0)|2/N) for
C*~ along (ky,ky) = (k,k). As seen in Eq. (24), single spin-
wave states contribute to the matrix element in the insulating
phases (MI, CO). It turns out that in MI (n = 1) in Fig. 6(a),
only the second excitation band has a significant intensity,
which does not depend on 4 within the present approximation.
In the CO state in Fig. 6(d), we can see two bands in the
spectrum, i.e., the first band (the second at higher /) and
the third band [Fig. 6(d)]. Namely, as & increases in CO, the
two bands change their orders; hence, the nature of the first
and second bands changes. This can be seen in Figs. 6(e)
and 6(f), where the intensity of the first band is finite at
lower & in CO, while the intensity of the second band is
finite at higher 4. In MI (n = 2), only the first band is
observed, whose intensity is |(z, — k0|1l;1iV ko) P/N =1
throughout (not shown). In the SF phase,'Both bands have
contributions to C*~. An interesting observation is that the
intensity to the NG mode diverges like 1/|(ky — ,k, — )|
toward (7). Therefore, the NG mode is expected to be
observed clearly. As for the roton mode, its intensity increases
near the boundary of SF/SS or SF/CO; see Figs. 6(b) and
6(e). This increase is a precursor to the breakdown of Z;
symmetry. In the SS phase in Fig. 6(c), the NG mode becomes
intense toward k = (0,0),(;r, ). More concretely, the intensity
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of the first band diverges like 1/|(k,,ky)| at k = (0,0) and like
1/|(ky — m,ky, — m)| at k = (;r,7). On the other hand, it turns
out that the intensities of the second to fourth bands in the SS
phase strongly depend on (J}, J>,h). Given the correspondence
between the Bose-Hubbard model and the spin system, these
characteristic behaviors in SS revealed here can be expected
in cold atoms in optical lattice as well.

V. CONCLUSION

In this paper we have studied the frustrated spin-dimer
model with the bond operator and the generalized spin-wave
theory. First we have obtained the mean-field phase diagram,
which can be directly compared with that of the extended
Bose-Hubbard model. We have revealed how the SS state
emerges in this model, and found that there is a phase (“SF”)
which involves |1,0) state and hence has no counterpart in
the Bose-Hubbard model. In addition, we point out that the
enlarged SS region for large V (=ZU) in the Bose-Hubbard
model does not occur in the spin model, because the “SF”
phase takes over instead.

Second, we have obtained the excitation modes, especially
the excitation spectra around the SS regions. We have found
that the dip corresponding to a roton mode completely
softens at the boundary of SS, and that a NG mode has
a linear dispersion even in the SS state. We have also
microscopically derived within the generalized linear spin-
wave theory an analytical relation between the velocity of
the NG mode, order parameter and spin susceptibility, which
agrees with the relation derived from hydrostatic treatments.
As for the properties of the excitation modes, it turns out
that, in the SF state, the massive mode does not couple
with density modulations, while in the SS state there is a
coupling.

Third, we have calculated the spin-spin correlations C* and
C*~. C? corresponds in the Bose system to the dynamical
structure factor, while C*~ corresponds to the lesser Green’s
function. In the SF state, the behavior of C? is similar to its
counterpart for cold atoms. The resonance of the intensity of
the roton mode is thought to be a precursor to the breaking of
Z, symmetry (phase transition to CO or SS). In the SS state,
the intensity of the NG (sound) mode peak vanishes at the
boundary of the first Brillouin zone, while the third excitation
band becomes significant, which reflects the property of the
difference in the excitation between SS and SF mentioned
above. As for C*~, the spin-wave theory predicts that some of
the bands have significant intensities in the insulating phases
(MLCO). On the other hand, the NG mode is expected to
be clearly observed in the spin-spin correlation, while the
intensity of the roton mode can be regard as an evidence
for the phase transition to CO or SS. The properties of SS
revealed here for the spin model should be applicable to
the SS phase in Bose systems. Hence, the results should
be important probes in searching SS in a wide range of
systems.
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APPENDIX A

Letus here display an 8 x 8 matrix H.¢ (k) explicitly, whose
form is

[E4 EYf C. C. 0 0 Dy Dy
E{Y EA C. C. 0 0 D, D
C. C. E®! E® D, D, 0O O
c, Cc. E E® D, D. 0 O
0 0 Dy Dy EY E{f Cy C)
0 0 D, D. E{ E* Ci C-
D, D, 0 0 C. Cy EB EE
D. D 0 0 C,. C- EB EB]
(AD)

He(k) =

Expressions for the elements are
B = (o=l f = vif7) + (o + W33 — vig3)
— hZvvsuup(fi + 87 + 87)

J
# (4 2 )22~ 07 - D+ Eeon,
(A2)
E* = (Jo — h)(g; — vi f) + (Jo + I)(f — vig})
J
(94 2) (52 - )5 - ) + Eeon,
(A3)
J
E} = 2hgu; f, — 2<J1 + ?z)vau)\f,\gx(ff - &)

J
+ ?zZv;v,\u;(f;gx —gifi — fifi + 880, (A4

J
Cy = 2y(k)[§(viv§ +uiup)(fafs + gagn)

J
- E( Aup + vgun)(fags + f584)

J
+ (J1 + f)mvBMAuB(fj — &) (2 - g%)i|, (A5)
C_ =yK)usup(gagp + fafp)
J
+8y(k>(11 + f)gAngAvaAvB, (A6)
Ci =y Dh[usuy(fags — fe84) + viua(gags — fafp)]
J 2 2
—47/(k)<11 + ?)UAUBMBgAfA(fB - 83)> (AT)
Cl = y(K)L[upui(fsga — fags) + viups(gags — fafs)]

J.
—4V(k)<J1 + f)vaAuAgsz(ff —-g),  (A3)

J
D, = 2y<k)[—3(viu§ + i) (fafs + 8ags)

J
+ ?(vivé +uiug) (85 fa + 84 f5)
J
+ <J1 + é)vAvBuAuB(fi — gi)(fé —g%)]’

(A9)
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D_ = —yK)ousup(gafe+ gpfa)
J
~|—8)/(k)<J| + f)UAUBgAngAfL% (A10)
Di = y(K)L[viup(fags — 84 fp) + upui(fafs — ga8s)]

J
—4V(k)(-/1 + EZ)UBUAuAngB(f,Z —-g3), (Al

and

D} = V(k)Jz[U%uA(fBgA —gpfa) +uauy(fafs — gagn)

J
—4y<k><11 + ;)vAvBuBgAfA(fé —g3)-  (Al12)

Here Z is th_e coordination number, y (k) = ZZ=1 cos(k,),
A = A, B, and A denotes the sublattices other than A. Ecoy in
Egs. (A2) and (A3) is

Econ = —ZJuaupvavp(fa + ga)(fp + &)
J
-7 (11 + ?2) vAvAvaB(fj — gi)(fé — gé).

(A13)

APPENDIX B: DERIVATION OF EQ. (19)

We show how we can derive an analytic expression,
Eq. (19). The idea is that, if we are only interested in the
velocity, we can make use of the equations governing the
coefficients for bosons (¢7,s7) in the ground state. A similar
idea is used in the context of Gutzwiller approximation for
boson models.?! The proof consists of three steps. In the first
step, we introduce another way to derive the excitation. In the
second step, we show that the resultant excitation spectrum is
the same as that in the main text. In the third step, we prove
Eq. (19) within the approach introduced in the first step. We
start from Eq. (7), which neglects the existence of |1,0), and
uses the language of Bose systems [Eq. (9)] to characterize
parameters in the Hamiltonian. Note that, in the following, we

also change s* — tg and y — xq to simplify the notation.

1. First step

The original assumption is that the form of the ground
state is HieA(qultiT-q— + )CA,()l‘iTO + qu_ltiT_) HieB(valtiT-&- +
xB,oth + xB,,ltiT7)|vac), whose norm is 1. We extend this to
assume that the dynamics is confined to this type of states and
that when we consider the dynamics of site g the effect of the
surrounding state can be regarded as a mean field (which is an
idea similar to the Gutzwiller approach for the Bose-Hubbard
model?"). In other words, to consider the dynamics of the state
on site g at time 7, we use the local Hamiltonian,

Ho(1) = —1 Y [t} 10 + thote )i, (1) + Hec']
ié’
F VDt ter — 11, )8m; (7)
U . ,
+ 3(t1,l'+tg+ + t;—tg—) - h(t;-ktg-&- - th—tg—)’
(B1)
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where i, stands for the nearest neighbors of g,
$i(T) = {tpfir +1]_tio) = x70()xi,1 (1) + X7 ()xi0(7) and
Sni(r) = (] tiy — 1l 1) = xF [ (Oxi1(0) — xF_ (D)x: 10,
Then the equation of motion for the coefficient is

.dxgo(7) .
! Zi =—t Z[¢g+059,9'+1 + by 080.011%5.0(T)
0,0’
U,
+ 38 —0h+0V Z3ng+a Xg,0(T),

(B2)

where 6 = £1,0. In the ground state, the local Hamiltonian
can be different between A, B sublattices, which we express
as Hy,Hp. We can express the variational ground state

as [1,(X, %! )Ivac)(i € 1), where d% is the optimized
parameter. Then the state on sublattice A (3, dg)\t@T )|vac)) is
an eigenstate of H, with an eigenvalue w;. We derive the
excitation spectrum by considering the stationary solutions
around the ground state. In order to do this, we consider
xpg(0) = [dg,ko +d}y(v)]exp(—iw, ), where we have de-
fined dge(r), which is assumed to be small. The equation of

motion is linearized with respect to d Qe (t), where we consider
the stationary solutions with a form

(1) = ujy expli(k -1 — w1)] + vig exp[—i(k -1 — ax7)].

(B3)
The resultant equation is
u’ Waa  Was 0 Va,B u’
uB W a Wpa VB.a 0 u?
Okl pa | T 0 —Vap —Waa —Wap pA
vB —VB.a 0 —Wpa —Wapl| B
(B4)
Here W, ,,V,, are 3 x3 matrices with u =

(uﬁ’l,u.ﬁ,o,uﬁ__l)T and v* = (vl’}’l,vl’}’o,vé,_l)? In the
following let us denote the 12 x 12 matrix as Y(k). The
elements of this matrix are

U
Wi 0.0 = (392 — h — w; + evzan2>59,e/

— Zt§) (80,041 + S0.0—1),

Wi z.0,0(K) = _tV(k)(dgildg'X—l + dé)ildg&l)
+V60'y (K)dYdY,

Vi go.0K) = —tyR)(de* dor, + dYsdo )
+V00'y (K)dSdY,

(BS)

where 6nY and ¢? denote, respectively, n and ¢ on sublattice
X in the ground state. Note that, to derive Eqgs. (B2) and (B4),
Do lxe |> = 1 is assumed. Therefore, the solutions of Eq. (B4)
which satisfy Y, |xg|> = 1 are physical. This is why the 12 x
12 matrix in Eq. (B4) and the 8 x 8 matrix, ﬁeff(k), give the
same results.
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2. Second step

The idea for deriving above equation of motion does not
depend on the choice of the basis employed. Let us define
another local Hamiltonian for site g

Hy = —t Z [(Z;Jr’gO + tgotg*)(tlotiﬁ + tit—tigo) +H.e]
iﬁ

VY (e —

lg

i i i
tg,tg,)(tiy+tig+ - tig_t,-g,)

+%(¢§+tg+ Ftlte ) = h(t] 1y — 1l _t,0),  (B6)
where we have picked up the par[ of the Hamiltonian Eq. (7)
that involves site g. Then let {b' } be a set of bosonic creation
operators transformed from{t g)s1e. bl 0= Uéié,tﬁe, with
U an arbitrary site—dependent unitary matrix, and express
a state as |y (7)) =[[,(O, Xi,g(t)bﬁe)|vac), where x;q is
a complex coefficient. As far as [ (7)) is normalized the

equation of motion introduced in the first step is expressed
as

. d -
] — T) =
dtng’e

(vac|b/g’0 1_[ |:Z X:e)r(l)bl/',ef:| H’

i#g L o
<[] [inﬁ/(t)bﬁg,}vacx (B7)
i [%

with b'" = . However, the evolution of the state with Eq. (B7)
does not depend on the choice of {bgg }. As is explained in the
following, it turns out that, if we take "' = b, the equation
for the stationary solution around the ground state leads to the
same form as the equation for the excitation spectrum within
the spin-wave theory; see Eq (14). Therefore, the excitation
spectrum derived from the method in the first step is same as
that from the spin-wave theory in the main part of this article.
Let us take " equal to b defined in Eq. (12). In this case

IL b ivac) is the variational ground state, |GS). Let
Xi,o(t) = Cip(t) exp(—iwi),
(B8)
l+ciy 0=0,
i, Q(I) -
Cig 0 #0,
where i € A. Linearizing the equation, we obtain
l—Cg o(T) = Z ay g,cg o (T)
0'£0
+ Z [B.0¢io(T) + v gciy(@], (BY)
i#g,0'#0
where
o g = (GSIB! )by o(H, — w;)b! b, 0|GS),
By = (GSIb] obgs(H, — )bl o biolGS),  (B10)

Vior = (GSIb] gy bl obier(H, — w3)IGS),

with g € A. Strictly speaking, the form of this equation is
a bit different from the equation of motion obtained by
linearizing Eq. (B2), but it turns out that Eq. (B9) and the
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equation linearized from Eq. (B2) give the same solutions as
far as both of the solutions satisfy the normalization condition
Yoy lxel> =3, Ixel> =1; ie., d°-d’ is purely imaginary,
where d°,d’ are defined below Eq. (B2).

When we look at Eq. (B9), we notice that the evolution
of the coefficients does not depend on the 6 = 0 component.
Therefore, when we consider the stationary solution around
the ground state, we only have to deal with an eigenvalue
problem for the & = 4+ components, and then we can decide
the evolution of the & = 0 component. As in the first step, we
try to find the solution with the form

¢y = ug exp(ik - r; — ioxt) + v

exp(—ik - r; +iwg?).
(B11)

Then the eigenvalue problem for the & = &+ components reads

u Wia Wig 0 Vi
o ”'j _ Wi a Wi s VI;,A 0
v 0 _VA,B _WA,A _W/,A,B
'8 —Vga 0 —Wpa —Wgp
uh
/B
et (B12)
v
where W' and V' are 2x2, u'kz(u{él,u;é_l)T,
(vk l,vk D7, and

Wi s00® =yK)B;,,
N (B13)
Viiee & = vKyg,.
By directly evaluating o, 3, andAy, one can see that the matrix
in Eq. (B12) is nothing but Y Heg(k). Therefore, the method

introduced in the first step gives the same excitation spectrum
as in the spin-wave theory introduced in the main part of this

paper.

A
WA,A,B,G/ =0Uyg>

3. Third step

We can then move on to show the relationship between the
velocity of the NG mode, the order parameters, and the spin
susceptibility in the way introduced in the first step. First, one
can derive an important identity,

U -
<592 —hb — w; + evzano*)dgk

— 21" (8,041 + S.0-1)dyl =0,

o

(B14)

from the fact that x}(r) = dJ* exp(—iw;) is a stationary
solution of Eq. (B2). Then the first derivative of this equation
with respect to & is

0w\ ox ady
0 d W '
( + 3h> 0 Z 0.0 oy
ady

+ Z Wi z0.0(0)+ Vi, xeer(o)]—-
9/

(B15)
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This is the key equation. We can readily find three solutions
of Eq. (B4) atk = 0 as

A — pg0n s 2

Uy = 0dy”, vy =—uy, wy=0,

A _ ;04 B i 2

ugg=dy-, uge =0, vg=-—ug, wy=0, (Bl6)
B _ 0B A A i

Upg = d,”, Ugy = 0, vy=—uy; wy=0.

The first one is independent of the other two as far as the U(1)
symmetry is broken. What we do next is to expand the equation
around k & 0 to find the lowest-energy solution. In order to do
this, we expand as

A 0)x

(D @

Ugg =Ug Tty Ty +-,
0 1 2
Vf},e = vé P + Ul;é)\ + vl((_z)'\ cee B17)

ok =0 + o’ + 0,
and
Tk =TYo+ YP%k) +---. (B18)

In the expansion for Y (k), there is no first-order component
of k [TV(Kk)], because the k dependence arises through y (K).
We start with

ad
uh, = (9 + %)dm, vg =—up, wp=0. (B19)
The first-order equation is
o[ u® ud
Wy »© =To » s (BZO)
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where u® = [(@ONHT (BT and v® =
[(wONT (wOB)TIT  With the identity Eq. (B15), the
first-order solution is

. _nddy”
ko =D T
We note here that (3dV/dh,dd)*/dh,ad%| /dh,dd%® /ah,
ddyB /oh,dd"8 /ah) is perpendicular to (dV4,dJ*,d"4,0,0,0)
and (0,0,0,dV2,d)8,d%%). These relations [Eqs. (B19)-
(B21) and the orthogonality] justify starting from
Eq. (B19).
The second-order equation is

o) ) 2 )
m| o # u CIPN
w +w =Ty + T*(K) .
k [ p( } k [ »© } [ e »©

(B22)

(B21)

Y
vy = Ug.

If we multiply [(@©@)", — w@)T] and make use of some
property of W,V then we obtain

(1)\2 88”A 38”13 2
= 4k°t
(") [ T on $ats

| 2t 12
=>w§()=<;¢A¢B> k. (B23)

Here « = (332*‘ + 8‘;23 )/2 is the spin susceptibility,
which corresponds to the compressibility in Bose
language.
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