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The band spectrum of bosonic atoms in two-dimensional honeycomb optical lattices with the
graphene-type structure has been studied. The dispersion laws in the bands and the one-particle
spectral densities are calculated for the normal phase in the random phase approximation. The
temperature-dependent gapless spectrum with Dirac points located at the Brillouin zone bound-
ary is obtained for the lattice with energetically equivalent sites, with the corresponding chemi-
cal potential lying outside the allowed energy band. Different on-site energies in the sublattices
are shown to induce the appearance of a gap in the spectrum, so that the chemical potential can
be located between the subbands, which gives rise to a substantial reconstruction of the band
spectrum. The frequency dependences of the one-particle spectral density for both sublattices
are determined as functions of the chemical potential level, the spectral gap magnitude, and
the temperature.

Keywords: optical lattice, honeycomb lattice, phase transition, spectral density, hard-core

bosons, Dirac points.

1. Introduction

Within the last decade, the considerable attention has
been focused on the research and the description of
the phenomena occurring at very low temperatures in
subsystems of atoms that are located in the so-called
optical lattices. Such lattices are created under lab-
oratory conditions, using the interference of counter-
propagating coherent laser beams [1,2]. The electro-
magnetic field that arises in this case is periodic in
space, with its period being determined by the length
of light waves and the relative angle between the
beams. As a result, the potential that acts on parti-
cles (atoms) in this field is also periodic. Atoms in the
optical lattice compose a perfect quantum-mechanical
system, almost all parameters of which can be con-
trolled. This fact makes it possible to study phenom-
ena which are hard to be observed in ordinary crys-
tals. Depending on the number and the orientation of
interfering beams, one-, two-, and three-dimensional
lattices with various symmetries and structures can
be created [3].

Two important directions of modern quantum
physics were combined to research and to describe the
behavior of ultracold Bose atoms in two-dimensional
optical lattices with the honeycomb structure. On the
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one hand, in optical lattices, phase transitions associ-
ated with the Bose condensation in the bosonic sub-
system take place, and new phases of specific types
can also emerge. An additional interest in such ob-
jects is related to the fact that a number of phenom-
ena in the physics of condensed state and systems
with strong particle correlations can be reproduced
by analyzing the behavior of atoms arranged in op-
tical lattices. On the other hand, a two-dimensional
hexagonal carbon structure known as graphene be-
came the object of a special attention recently. It
has the unique physical properties resulting from the
so-called Dirac energy spectrum of conduction elec-
trons (a linear dispersion law in a vicinity of K-points
in the Brillouin zone). Therefore, the study of the
thermodynamics and the energy spectrum of Bose
atoms, as well as Fermi ones, in optical lattices of the
graphene type attracts a considerable attention. The
corresponding important problems include, in partic-
ular, the research of how the mentioned feature in the
energy spectrum affects the scenario of phase transi-
tions in the system of ultra-cold atoms. The inverse
problem concerning a modification of the spectrum
structure at the transitions from one phase to the
others is also of interest.

Quantum states in the system of bosonic atoms
and a transition into the phase with the Bose con-

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 9



Investigation of the Bosonic Spectrum

densate (the so-called superfluid (SF) phase) in an
optical lattice of the graphene type were observed in
work [4]. The revealed regions of existence of various
phases (in the case concerned, these were the Mott
insulator and the SF phases) were in a qualitative
agreement with the phase diagrams calculated in the
mean-field approximation. The specification of phase
region boundaries by making allowance for site-to-
site correlations with the help of the cluster gener-
alization of the Gutzwiller scheme was carried out
later [5]. The attention was also paid to honeycomb
lattices; here, in contrast to graphene, the states lo-
calized at the optical lattice sites are energetically
nonequivalent if those sites belong to different sub-
lattices, A and B. The cases of different on-site re-
pulsion energies (Us # Up) [6] and different poten-
tial well depths (¢4 # ep) [7, 8] were examined. In
the latter case, it was taken into consideration that,
besides s-states of atoms, the excited p, ,-states of
atoms localized in deeper wells can also participate in
the particle transfer and condensate formation pro-
cesses. This circumstance made it possible to study
mechanisms governing the formation of the so-called
orbital (multiorbital) superfluid phase.

The features in the energy spectrum of bosons in
optical lattices with the graphene-type structure were
considered in a few works. In work [9], changes in the
arrangement of Dirac points and the spectrum topol-
ogy under the influence of the interaction between
particles were considered, and the weak coupling ap-
proximation (in the framework of Bogolyubov’s ap-
proach) was applied. In works [8, 10], the issues con-
cerning the displacement and the possible disappear-
ance of Dirac points as a result of the anisotropic
(t;j # t;jv) variations of parameters for the parti-
cle transfer between the neighbor lattice sites (such a
variation can be stimulated by a mechanical shaking
[10]) were analyzed; however, a more complete anal-
ysis of the spectrum and its reconstruction at tran-
sitions from one phases to the others was not carri-
ed out.

The theoretical description of the condensation of
Bose particles in optical lattices in general and, in
particular, in lattices with the graphene-type struc-
ture is mainly carried out on the basis of the Bose—
Hubbard model [11,12] and in its limiting (U — o)
case, the hard-core boson model [13]. This model ade-
quately describes the thermodynamics and the energy
spectrum of a bosonic system at low population levels

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 9

(0 <n < 1). Being applied (in the simplest formula-
tion) to honeycomb lattices, it enables one to find
the boundaries of the regions, where the main phases
exist: Mott insulator (MI), superfluid (SF) and mod-
ulated (CDW) phases; the latter exists if the sublat-
tices are nonequivalent. The extension of the hard-
core boson model by allowing the particle hopping t;;,
besides the nearest, to farther lattice sites, revealed
the existence of new phases. As was shown in work
[14], a large radius of the function ¢;; gives rise to the
appearance of a specific phase in the graphene-type
lattice, the so-called Bose metal.

The hard-core boson model is known already since
the 1950s. Its first application was associated with the
liquid helium theory in the framework of the lattice
model [15]. The model was also used in the theory
of Josephson contact systems [16] and the theory of
high-temperature superconductivity (in the local-pair
approach) [17]. It was also made a basis for the cal-
culations of ionic conductivity in crystals [18]. During
last years, besides the description of the systems of
ultracold Bose particles in optical lattices, the model
was also applied to study the physical processes as-
sociated with ionic intercalation and adsorption of
quantum particles on a metal surface [19, 20].

This work continues our theoretical researches [21—-
24] dealing with the energy spectrum and the spectral
characteristics of a quantum lattice Bose gas, and, in
particular, the hard-core boson model. In the frame-
work of the pseudospin approach, by applying the
fermionization procedure in the one-dimensional case
[21] and the random phase approximation in the more
general three-dimensional one [22], modifications in
the one-particle spectral densities at the transition
from the non-ordered (NO) state into the ordered
one, in which (§%) = (b*) = (b) # 0 and which is
an analog of the phase with the lattice Bose conden-
sate (the SF phase), were studied. The spectral den-
sities and their frequency dependences obtained in
work [22] qualitatively agree with the corresponding
frequency dependences calculated on the basis of the
fermionization model and using the method of exact
diagonalization at one-dimensional clusters [23].

Our present research aimed at studying the spec-
tral characteristics of a one-particle spectrum in the
hard-core boson model in the case of a plane honey-
comb (of the graphene type) lattice with energetically
nonequivalent sites. A similar problem for a three-
dimensional lattice with a model density of states
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for the nonperturbed one-particle spectrum was con-
sidered in work [24], where some general regulari-
ties in the structure of the hard-core boson band
spectrum were elucidated. The graphene-type lattice,
however, introduces its specificity into the spectrum
structure, and this issue had to be analyzed. We ap-
plied an approach expounded in works [22, 24]. It is
based on the pseudo-spin formalism and the appli-
cation of Green’s function technique while calculat-
ing the spectral densities. At the first stage of cal-
culations, the results of which are the topic of this
paper, we found a band structure and one-particle
spectral densities for the non-ordered (normal) phase
and studied their dependences on the location level of
the chemical potential of Bose particles with respect
to the band spectrum, the difference between on-site
energies, d = (¢4 — €p)/2, and the temperature.

2. Model

In the general case, the Hamiltonian of the quantum
lattice gas is given by the expression

H=— Zt”bzb +Z )i, (1)

where t;; is the transfer integral, ¢, are the on-site
energies (¢« = A or B is the sublattice index), u is
the chemical potential, b;r (b;) is the operator of par-
ticle creation (annihilation), and n; is the number of
particles at the i-th site. The site-to-site interaction
energy is neglected.

In the case of optical lattices with deep poten-
tial wells, the energy of the on-site repulsion of Bose
atoms is high, so that the hard-core boson model, in
which the site population number is restricted (n; = 0
or 1), is a good approximation. Such bosons are de-
scribed by the Pauli operators with the commutation
relations

(b, b7 )=

AR}

[biabj]:[bj_vbj]:Q 275.77 {bu 7,} L. (2)

The model becomes equivalent to the problem with
the pseudospin S = | (S = 1) after the transforma-
tion

1

b =57, bi:S;',b:'bi:nizifo. (3)

In the spin representation, the Hamiltonian looks like

H=- ZtuS S+ Zh S? + const, (4)

0,J
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where

he = (6o — ), const = Z (€a — u)% (5)

a=A,B

Below, the constant term in the Hamiltonian is omit-
ted. The summation over ¢ implies the summation
over the cell index n and the sublattice index a.

Taking the aforesaid into account, in the case of
two sublattices (« = A, B), we obtain the following
expression for the Hamiltonian:

H==Y JA(SE,Stp+ 88,80 5) —
= IENSE RSt A+ SEpSY ) —

nn’
—ha) Sia—hp )Y Sip. (6)

Making a rotation by a certain angle 6 in the spin
space,

z _ _z x :

St =o0c,c080q + o sinb,
_— .

Sy, =00, co80, — 0, sinb,, (7)
Y _ Y

Sn 071&7

we obtain

H =

= (LB ()0t 40t + LB (0,0 )07 407 ) +
nn
+ Z [L?B(nv ”/)UfLAUZ/B =+ LfB(n, n,)UiACfﬁ/B] -
nn
=Y L{P(n,n)oY 40U 5 —
!/
=D hay (07a
« n

where the notations

cosf, + oy, sinb,), (8)

LAB(n,n') = (JAB + JBA) cos 04 cos O,
LB (n,n') = (JA + JBA)sinh, sin b,
LB (n,n') = (JAE 4+ JBA) cos O, sin O, (9)
LB (n,n') = (JAB + JEBA)sin 64 cos b,
(n,n’) =

JBA
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were introduced. Carrying out the Fourier transfor-
mation, we change to the wavevectors,

S (AE + S R)

= J4B(q) = J(q),
S + R R

2 7BA(q) = J(~q).

(10)

Then

LfB<Q) = J(q) cos B4 cosbp,

L{P(q) = J(q)sinf sinbp,

L?B(Q) = J(q)cosf4sinfp, (11)
L{B(q) = J(q)sinf4 cosOp,

L5 (q) = J(q).

Taking into account that the environments of sites
belonging to different sublattices are equivalent, we
may write JAB(0) = JB4(0) = J(0) = 3t, where t is
the doubled transfer integral between neighbor lattice
sites (see Appendix A). In the Hamiltonian, we single
out a part that corresponds to the mean-field (MF)
approximation,

’

’ ’ ’
Tpa0ip = (04)0np + {05004 = (04){0F),

(12)
v, V= r,y,z, <U(€> = <O’g> =0.

As a result, the mean-field Hamiltonian reads

Hyr = =Y _ Eo0},. (13)

no

The corresponding eigenvalues and the rotation an-
gles 0, are determined from the system of equations

Eo = (ea — p) cos 0o — J(0)(SF) sin b,

14
(ea — p)sin by + J(0)(SE) cos by =0, (14)
where
STy = —(0Z)sinb,, (SZ) = (02) cos by,
(Sa) = —(0d) (5a) = (9d) 1)

(0Z) = %tanhﬁgo‘, a,B=A,B, a#p.

In the non-ordered phase (for the system of bosons,
this is the so-called normal phase), 6, =0, (SZ) =0,
(SZ) = (0Z), and E, = &4. The solution 6, # 0

describes the “ordered” phase (the phase with the
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condensate of hard-core bosons), for which (S%) =
= (by) # 0 is the order parameter. The system of
equations (14), together with formulas (15), deter-
mines the behavior of the order parameter and the
average (SZ), i.e. (ny), as the temperature in the or-
dered phase varies. The temperature-induced varia-
tion of the order parameter (S*) in the case where
the crystal is not separated into sublattices [5], for
the given on-site energy, and in the mean-field ap-
proximation is the same as in the Ising model with the
transverse field acting on the spin (the role of the field
in this work is played by the quantity h, = €, —p). In
the further calculations, we will study the bosonic
band spectrum in the non-ordered (NO) phase at a
fixed temperature and its dependence on the fields
h, at various distances from the curves on the phase
diagrams (see work [24]) that correspond to the tran-
sitions into the phase with a Bose condensate (the SF
phase).

3. Green’s Functions
and the Energy Spectrum of the Model

The one-particle energy spectrum can be calculated
using the Green’s function method and the ran-
dom phase approximation. The one-particle Green’s
function on the operators ((bla|bj;ﬂ>> equals Green’s

function on the pseudospin operators <<S;;|S;B>) =
= G 22,24):

(S5 1S0s)) = ((SialSng)) — i((SialShp)) +

(S 1S540) + (SIS0 (16)
In the NO-phase (cosf, = 1, sinf, = 0),

Gl = ((0Talo%a)) — i{(ofalos)) +

Fil{otlote) + ((ohhlols))- (17)

The equation of motion for Green’s functions in the
pseudospin component representation looks like

’ h, ’ ’
hw{{op,|ots))=—/{[o1, oral)+ {0, H]lons)),
{{oialons)) =5 _(lo7a, onpl) +{lota, Hl| ﬂ>>(18)
v,V =ux,y.
Let us perform the decoupling of Green’s function of

the higher order, which corresponds to the random
phase approximation. At this decoupling, (o}, H] —
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— 0 and, as a result, [0}, , H] — 0. For Green’s func-
tions with transverse pseudospin components, we ob-
tain the system of equations

hw((ofalona)) = iBa{(or|ona)) =

—i(oZ) Y LEP (oY sl ),

Rol{oty %)) = —i (20 — iBa(oTulota) +
ioZ) Y LY ((ohglona)),
(oFlsa)) = iBs{(olslo%a)) -
—i(05) Y L5 ((0halona)),
ho((oll0%0)) = —iEs((oflota) +

+io3) Y LY ((ohalona))s

+

(19)

g

Hereafter, o # . The system of equations for the
functions ((c¥ |oZ)) has a similar form. After the
Fourier transformation to the wave vectors,

ch[li (q) = Z<<O’;,a|U;’L[3>>eiq(Rla*Rnﬁ),

l—n

(20)

where L{'%(q) = L{P(q) = J(q) and Lf"(q) =
= LPA(q) = J(—q), the system of equations (19)
reads
hwGE(q) = iEa GG (a) — iJ(a)(0) Gha(a),

h

hwGoo(a) = —ig_(03) = iBaGog(a) +

+iJ(a){03)Gia(a),
hwGEE(q) = iBGly (a) — iJ (—a){0f)GYe(a),
hwGYe(q) = —iEsGEL(a) +iJ(—q)(05) Gis (q).

(21)

The system of equations for Green’s functions G¥Y (q)
and G/ (q) has a similar form (with the substitution
J(q) — J(—q) at proper places). The sought Green’s
function is

Ga (@) = ((balbd))q = Ga" (@) —iGiY(@).  (22)
Here,

Gy"(a) = ((oaloa))q +il{ohlon))a; (23)
Ga¥(a) = ((oaloh))q + i{(odlod))q- (24)

892

The equations given above have the following solu-
tions:

G (w,q) = i%(aﬁ) X
(o~ Ba)har — By) — (opli@p”

G, q) = ia-(03) x

f%.):FEg
X o~ Ea)(ho— By) — o) @lT@p 2

The ultimate expressions for one-particle Green’s
functions are

o) J
Gl twa) = Gl () (27)
Gla () = ~(03)
X fw — Es (28)

(hw = Eq)(hw — Eg) — (05){(05) | (@)

In the normal phase, the spectrum of bosonic exci-
tations determined from Eq. (28) looks like (see also
work [24])

ha+h
e1,2(q) = % +
1 2 z z 2
£ 5/ (ha = h)? + 403 07 (@I, (29)
J(q) =t (eiqya + 2e "% cos (@aqx»
(see Appendix A). Using the notations h = %

andd = %, the expression for the spectrum can
be written in the form

) = bt Lo R FOP @R (30

The regions and the boundaries of existence for the
normal (NO) phase, as well as for the phase with
the Bose condensate (the SF phase), follow from the
divergence condition for the function GI; at w — 0
and q — 0. The corresponding equation looks like
h? = 6% = (o) (0h) J*(0) = (oh){0)9t>. (31)
The relevant (T, h) phase diagram in terms of J(0)
units is plotted in Fig. 1.
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4. Spectrum of Bosonic Excitations.
One-Particle Spectral Density of States

Let us determine the spectral density of bosonic exci-
tations per one a-sublattice site (aw = A, B) for both
sublattices as the imaginary part of Green’s function

<<bia|bi+a>>w+is:
1
@) =~ 3 m (b))
a
On the basis of Eq. (28), we obtain

pale) = 5L S (Crtaps(v - )+

q

" Cz(‘l)5(w - ,(j‘)))

where the coefficients before d-functions equal

da
2¢62 5(02)(02)72(0) (@)
Here, o # 8,
5o = {5, a=A,

-0, a =B

(32)

q,w—+tie-

C’12

and €1(q) and e3(q) are the branches of spectrum
(30). This expression for the spectral density in the
NO phase formally coincides with that obtained in
work [24] for the case of a cubic lattice.

The dependence of p,(w,q) on the wave vector is
expressed through the dependence of J(q) on q. The
summation over q is carried out within the limits of
the first Brillouin zone Q. In order to calculate this
sum, we change to the integral over the variable z =
= |74/? and introduce the function po(z):

—Z(I>|J Z@t%

qeN qGQ

— [ dapo(a)(ea),
=+ Y6~ h@P).

q€eN

(35)

The transition from the summation over q to the in-
tegation within the first Brillouin zone €2 is done ac-
cording to the formula

+ > ()= oy [ ey ()
ae Q
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1/8J
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0,00
-1,0

h/J

Fig. 1. Phase diagrams in the plane (T, h) for various values
6 =0, 0.25, 0.45, 0.5, and 0.55 [24]. In this and other figures,
all energy quantities are reckoned in J(0)-units

where S is the area of the so-called main crystal re-
gion, and N is the number of cells. The sense of the
ratio S/N is the area of the elementary cell formed
by the vectors a; and as in the coordinate space:
] = faa] = a3, § = 32,

Let us consider the integration limits over ¢, and
qy. From Fig. 2, one can see that, instead of the in-
tegration over the region 2, it is possible to integrate
within the limits of the marked rectangle. Since the
integrand is an even function of the variables ¢, and
@y, for the summation over q € €2, we have

2
3\fa
/de/qu

pi Z
In terms of the variables 29 = %qma and ¢ = %qya,
this formula looks like

NZ

The final expression for po(z) in the case concerned
has the form

x):%/dﬂ/dgox
0 0

x &(x — 1 — 4cos 209 cos ¢ — 4 cos? 209).

(37)

7r

s

/dﬁ/dgp(...).

0 0

(38)

(39)

Formula (39) directly corresponds to the expression
for the distribution function over the squared en-
ergy, g(?), for noninteracting particles in the lattice
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at /_\
1‘4 21
23 00 q,. 3a
i ]
213
NI
20
Ba

Fig. 2. First Brillouin zone 2 in the reciprocal lattice (iden-
tical figures mark translationally equivalent regions)

with the graphene-type structure [25, 26], according
to which pp(z) can be expressed by means of the com-
plete elliptic integral of the first kind, F/(3,m):

1 1 ™ Z1
= —=—F|=,4/= 40
pO(fL') 2 \/70 <2; Zo ’ ( )
where
— (1+\/.%)2—i(.1'—1>2, r <1,
-4y, 1<z <9,
r <1,

The obtained function can be used to calculate the
spectral density,

pa(w) = (03) / dzpo(z) (Cl(x)g(w 51}(:1)) N

4 Cg(x)é(w _ Ezéq))) (41)

where

0172(1‘) = 1 1+ 5a , (42)
2 \/52 + (02) {052

(o2) = 1tanh % (43)

o 2 2

For the d-functions in the expression for p,(w), we

use the formula §(f(z)) = 3, (‘sgf(_;)’l), where x; are

the roots of the equation f(z) = 0. In our case,

(hw — h)? — §°

T T e o)

894

is a root for both §-functions, with the first one giving
a nonzero contribution at fiww > h, and the second one
at fuww < h. The corresponding derivative

(0a)(05)
2(hw —h)|”

2
o)l =5

After simplifications, we obtain

palhi) = 22 S (000 4 0 (w). (aa)

h 2 \U®
Here, the spectral density per unit energy interval was
introduced:
hw — h

(0%)(a5)

hw — h + 04
hw—h

i) (w) = polxo) (45)

o,f=A B, aFp.

The quantity p&l)(w) concerns the region fiw > h, and

pg) (w) the region fiw < h.

Let us consider the limits for the energies €1 (x) and
go(x) of the band bosonic spectrum, if their argument
changes in the interval 0 < z < 9. For definiteness, let
0 be positive (6 > 0). The following cases are possible.

1) (03)(05) > 0.

This inequality is satisfied if hy > 0 and hp > 0
(h>0),or hga<0and hp <0 (h<0) (ha=h+4,
hp = h—240). The spectral density p, (fw) differs from

zero if

h— 62+ 9(03) (05} < oo < h— 6 (46)
and
Bt 6 < hw < hot 62+ 9(03) (0512 (47)

The limits of the bands are given by the maximum
and minimum values of the energies ez (x) and €1 (x),
respectively. In the case concerned,

mine; =€1(z=0) = h+9, (43)
maxeg = ez(z =0) = h— 0.
Those energy values determine the spectral gap (the
gap width Ae = 26). The system is in the normal
phase if the chemical potential u is located under the
lower edge of the band e2(x), provided that the ener-
gies h4 and hp are positive or, if the energies h 4 and
hp are negative, above the upper edge of the band
e1(x). The following conditions have to be satisfied:

mingy = ea(x = 9) = h— /62 +9(03)(05)12 > 0
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in the former case, and

maxe; =e1(x=9) = h+ \/62 +9(c3)(05)t? <0

in the latter one (in our model, the energy of bosons
is always reckoned from the chemical potential level).
2) (03){0%) < 0.
At 0 > 0, this inequality takes place if hy > 0
and hp < 0 (h > 0 or h < 0). The band edges are
determined now by the inequalities

h—6 < hw < h— /62— 9)(o3) (o5)]12 (49)
and

B+ /62— {03 ) o512 < hw < B+ 6. (50)
The spectral gap is confined by the values

mine; = e1(x =9) =

h+ /62 = 9[(o7) (o 5)[t2 > 0, 51)

maxeg = ex(x =9) =
h— /P =B < 0

and the gap width equals Ae = 2(62—9|(07)(0%)|x
X tz)l/ 2. The chemical potential is located in the gap
if the indicated inequalities are satisfied. The gap dis-
appears at 0 = +3t\/|(c%)(c%)|.

The behavior of the functions p,(hw) at the band
edges is governed by both the distribution function
po(zo) with the frequency-dependent argument xg
and the multiplier to the right from po(z¢) on the
right-hand side of formula (45). When approaching
the band edges (including the case zy — 0, which
corresponds to the limiting transition iw — h=+
£6), the function pg(xg) tends to a finite value of
%\/g' This fact follows from formula (14), because, in

this limit, Z1(zo)/Zo(x0) — 0, \/Zo(z0) — @,and

F(r/2,0) = .
On the other hand,
b — Bt 8 1, hw — h+6a,
R R
Therefore, , 5 )
pa(h) - {gmm<‘%>mv o o,
o) {o, 5 how — b, %)
— 2 1
= B o\ rs w—h =4
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Fig. 3. Dispersion laws of bosonic excitations in the hon-
eycomb lattice (a and b) and the frequency dependence of the
one-particle spectral density of states p(w) (¢) in the case § =0
and for the one-particle energy £ = 0.5. One partial spectral
density of states was obtained for the temperatures 8 = 10, 4,
and 2 ((na) = £ —(0Z), (na)s=10 = 0.0066, (na)g—4 = 0.1192,
(na)g=2 = 0.2689)

Expanding each of the functions Zy(z), Z1(z), and
F(n/2,m) in a series in its argument, when the lat-
ter is small, it can be convinced that, if the devia-
tions from the points where p4 p = 0 are small, those
functions linearly increase with the frequency. In all
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1:£,=0.7, ¢=03

2:6,=0.55, £,=0.45
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p=5
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1 1P AR 1(A), 1(8) - 5=0.2

pB' 1©),20) 2(A), 2(B) - 6=0.05

treeccccmmanan

s

0,75 1,00

1: <n, >=0.0293, <n >=0.1824
2: <nA>:0A06, <nB>:0AO95

Fig. 4. (a) Dispersion laws €(q) in the NO phase calculated
for B = 5 and 6 = 0.005, 0.05, and 0.2. The chemical poten-
tial level (1 = 0) is located below the band spectrum (dashed
curve). (b) Frequency dependences of the one-particle spectral
density for sublattices A and B calculated for 8 = 5 and 6 = 0.2
and 0.05

other cases, the function pa(fiw) and pp(fw) be-
come equal to zero at the band edges in a jump-like
manner.

Numerical calculations according to formula (45)
and making allowance for expressions (15) for the av-
erage (%) and (0%) confirm the described topology
of spectral densities. In particular, in case (1) where
the chemical potential is located under or above both
bands, the spectral density has a jump on one side
of the gap and grows smoothly on the other side. If
the chemical potential is located in the gap, the spec-
tral density has jumps on both gap sides. The general
and well-known property of the Bose-Hubbard model
is that the spectral densities p4 and pp are negative
in the region with hw < 0 (i.e. below the chemical
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Fig. 5. Dispersion laws for the NO phase at various values
of half-difference between one-particle energies d = 0.35, 0.45,
and 0.55 (a), and one-particle spectral density of states for
sublattices A (b) and B (c¢) for the indicated £4- and ep-
values. The average population numbers of sites in the elemen-
tary cell, (na) (e = A, B), are given. The dashed curve marks
the chemical potential level (u = 0)
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Fig. 6. (a) Dispersion laws £(q) (6 = 0.5) for the temperatures 8 = 1, 10, and 100 (the critical temperature kT, = 0) in the
NO phase. (b) One-particle spectral density of states for sublattice A, p4(w). The chemical potential level is located at the gap

middle-point. (¢ and d) Scaled-up regions of panel b

potential level) and positive in the region with fuw > 0
(above p).

For a honeycomb lattice of the graphene type, the
spectrum of bosonic excitations is gapless (Ae = 0)
if the depths of potential wells are identical (e4 =
= ep). Figures 3, a and b illustrate the temperature-
induced variation of the spectral gap width: as the
temperature decreases, the band width increases and
reaches a maximum at the temperature of the phase
transition into the state with a Bose condensate. Two
spectral branches touch each other at Dirac points K
and K’ in the Brillouin zone corners.

The dispersion law of bosonic excitations for an-
other cross-section of the energy surface for the spec-
trum along the axis ¢, within the limits of the first
Brillouin zones (the component g, = 0) is shown in
Fig. 3, b. Here, two spectral branches do not coin-
cide at the Brillouin zone boundary. In the case con-
cerned (§ =0, e4 = ep = 0.5), the one-particle spec-
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tral density for various temperatures was obtained
(Fig. 3,c). In vicinities of the Dirac points, the en-
ergy spectrum changes linearly (Fig. 3, a).

In the case of different potential well depths (¢4 #
# ep), the gap mentioned above emerges at the Bril-
louin zone boundary. The gap width is determined
by the difference between the on-site energies. Figu-
re 4, o illustrates the energy spectrum of bosonic ex-
citations at the inverse temperature § = 5. Small dif-
ferences between the on-site energies § = 0.005, 0.05,
and 0.2 (e4 # ep > 0) were considered. The spec-
tral gap magnitude Ae = 2§, and the gap limits are
hwi o = h £ 4. For the spectrum of bosonic excita-
tions located above the chemical potential level p, the
calculated spectral densities are positive (Figs. 3, b
and 4, b), and, in the case where the bands are lo-
cated under the p-level, they are negative. The limit-
ing frequency values that confine the interval, where
pa(hw) # 0, equal hws 4 = h=£ /82 + (07){c%)J>(0).
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In the case where the chemical potential level lies
between the bands (see Fig. 5, a corresponding to
the same inverse temperature 5 = 5), the behavior
of the energy spectrum of bosonic excitations is es-
sentially different. The extrema of spectral branches
at q = 0 are oriented toward the chemical potential
level u. The negative values of one-particle spectral
density (p(fiw) < 0) correspond to the lower band lo-
cated under the chemical potential level u, and the
positive ones to the upper band (Figs. 5, b and ¢).

From the (7,h) phase diagram (Fig. 1), one can
see that the point of the phase transition between
the NO and SF phases, where the SF phase becomes
separated into two regions, corresponds to the criti-
cal gap value in the spectrum of bosonic excitations,
A(kT,;) = 26, = 1 (in J(0)-units). Figure 6, a (the
corresponding 6 = 0.5) illustrates the behavior of
the energy spectrum of bosonic excitations at various
temperatures in the case where the chemical potential
level is located at the band midpoint. At the inverse
temperature S = 100 (practically, this is the absolute
zero temperature), two spectral branches practically
touch each other at the zone center (at q = 0); this
situation corresponds to the point of the phase transi-
tion NO — SF for d = 0.5 and . — oo. The average
population number for Bose particles at a site in the
sublattice A, (n4) = 0, whereas in the sublattice B,
(np) = 1. The figure also demonstrates the forms of
the one-particle spectral density of states at the A-
site for the values § = 1 and 10, and near the critical
point at 8 = 100 (kT. = 0) (panels b to d).

The character of changes in the frequency depen-
dence of the one-particle spectral density of states,
which depends on the location of the chemical po-
tential level, qualitatively agrees with the results of
calculations obtained in the framework of the ex-
act diagonalization technique for the one-dimensional
chain model [23]. In the cited work, the hoppings of
hard-core bosons onto neighbor sites were considered,
and negative values were obtained for the one-particle
spectral densities at energies located below the chem-
ical potential level.

5. Conclusions

On the basis of the hard-core boson model, the energy
spectrum of bosonic excitations and the one-particle
spectral densities were calculated for a plane honey-
comb lattice of the graphene type. The features in the
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band spectrum structure and the spectral density in
the normal (NO) phase, as well as their dependences
on the location of the chemical potential level, the
difference between the local energies of particles in
the sublattices, and the temperature, are considered.

Conditions for the appearance of a gap in the band
spectrum are analyzed. It is found that, in the case
of hard-core bosons when particles are described by
the Pauli statistics, there emerges a temperature-
dependent gap (in contrast to electrons in graphene-
type lattices). The spectral gap Ae exists:

— at the edge of the Brillouin zone, if the chemical
potential level is located below (above) the energy
bands; in this case, Ae = 26;

— at q = 0, if the chemical potential level lies be-
tween the energy bands; in this case, Ae =
= 2./0% — [(07)(07)[J2(0).

In the former case, the gap disappears at § = 0. As
a result, there appear the Dirac points with a linear
dispersion law at points K and K’ of the Brillouin
zone. In the latter case, the gap becomes zero at kT =
=0,h=0,and § = £J(0) (6§ = & in J(0)-units). A

J(0)

linear spectrum of the Dirac type, eq ~ 2va also

emerges in this case

The profiles of the calculated spectral densities cor-
respond to general criteria: the densities are negative
in the interval w < 0 and positive at w > 0. The
specificity of the honeycomb lattice structure mani-
fests itself in the available logarithmic singularities in
the curves p,(hw) for each band and in a jump-like
zeroing at the spectrum edges (except for the points
hw = h—{,, where the density tends to zero linearly).

The results of our research can serve as a basis
for the description of the thermodynamics of Bose
atoms in hexagonal optical lattices and the further
study of their dynamics (experimental means that
allow the features in the energy spectrum and the
spectral densities of ultracold atoms in the systems
of this type to be revealed directly include the inter-
band and momentum-resolved Bragg spectroscopies
[27,28]). For the ultimate solution of the problem to
be obtained, it is necessary to consider the case of the
SF phase (with a Bose condensate). Unlike the nor-
mal phase, the chemical potential in the SF phase is
located in either of the energy bands. As a result,
a considerable reconstruction of the bosonic spec-
trum associated with the appearance of additional
subbands occurs [24, 29, 30]. The corresponding cal-
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Fig. 8. First Brillouin zone. b; and by are the translation
vectors

culations of the dispersion laws in the bands and the
spectral densities for a lattice of the graphene type
will be the subject of our separate consideration.

APPENDIX A
Graphene-Type Honeycomb Lattice

The two-dimensional graphene-type honeycomb optical lattice
is obtained as a result of the interference of three coherent
laser beams [8] oriented at an angle of 27/3 with respect to
each other and with the sum of their wave vectors being equal
to zero, k1 + ko 4+ k3 = 0. This lattice include two triangu-
lar sublattices A and B shifted with respect to each other by
the vector w The elementary cell of the lattice contains
two sites, one per each sublattice. For this lattice (Fig. 7), the
translation vectors are

a; = (a\/g,()), ag = <a\/§, 3 )

A honeycomb lattice has a hexagonal Brillouin zone in the in-

(A1)

verse space of wave vectors. This is a regular hexagon with
two nonequivalent points K and K’ at the zone corners
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(Fig. 8). The corresponding translation vectors are

1 1 2
b = b b b = 07 k)
. (\/ga 3a) 2 ( Ba)

where |b1| = |bz2| = %, and a is the distance between the
neighbor sites in the direct lattice. The distance from the Bril-
louin zone center to points K and K’ equals 34%,

While considering the energy spectrum of quantum parti-
cles (bosons) arranged in the optical lattice, the strong cou-
pling approach can be used. It is based on the consideration
of particle hoppings between the neighbor sites describing by
the parameter ¢, which is connected with the overlapping of
the wave functions of Bose particles that are localized at those
sites. The coordination number of every atom z = 3:

aVv3 a aVv3 a
Ri=[——2 2] Ry = ——,—1|, Rg = (0,—a).
1 (272>7 2 < 2,2>, 3 =(0,—a)

The Fourier transforms of the nearest-neighbor hopping en-
ergy calculated in two cases — A = B (J4B(q)) and B = A
(JBA(q)) — differ by the sign before the vectors R, (Fig. 7):

3 3
JAB(q) —¢ Z ez‘ch7 JBA(q) —¢ Zefich.

(A2)

(A3)

(A4)
c=1 c=1
Hence, we obtain
JAB (@)=t (efiq"u“ + 2 cos (?qza) e’ qga) = J(aq),
TP a) = J(~a) (A5)

and, in the general case, the dimensionless parameter associ-
ated with the transfer A = B between the nearest sites looks
like

) \/|JAB<qt> TFA(Q)] _

= \/1+4 cos (@qﬂl) cos (%qya) 44 cos? (@qza).

Note that v(q) = 0 at points K and K’ of the Brillouin zone.
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1.B. Cmacwx, I.P. /Iysena, O.B. Beauwko

JOCILAXKEHHA BOSOHHOT'O
CIIEKTPA IBOBMMIPHUX OIITNYHUX
T'PATOK 3I CTPYKTYPOIO TUITY
I'PA®EHY. HOPMAJIbHA ®A3A

Peszmowme

HocanimzkeHo 30HHUN crekTp 603€-aTOMIB y JBOBHUMIDHUX Ie-
KCaroHaJIbHUX ONTHYHUX I'DATKaX i3 CTPYKTYPOIO THUILYy rpade-
Hy. Y HaOJIM>KeHH]I XaoTUIHUX (a3 PO3PAXOBAHO JjIsi HOPMAJIb-
HOl a3y 3aKOHM Juciepcii B 30HaX Ta OJHOYACTUHKOBI cIie-
KTpaJjbHi rycrunu. sl rpaTku 3 eHepreTuyHO eKBiBaJIeHTHU-
MH By3JIaMH OTPHUMAHO TEMIIEPATYPHO 3aJI€KHUI Oe3IIIIMHHUN
criekTp 3 Toukamu Jlipaka Ha Kpato 30HM Dpimmoena. Ximi-
YHUM TOTEHIial PO3TAIIOBAHUN y I[bOMY BUIIAKY 1033 JI03BO-
JIEHOIO €EHEPreTUIHOIO 30HOI0. [Ipu BiMiHHOCTI MiXK eHeprigaMu
YaCTHHOK Ha BY3JIaX PI3HUX IiII'PATOK, KOJIM BUHUKAE IIIJINHA
y cmekTpi, xiMiuHui moTeHIjaa MoxKe nepebyBaTu MiXk Iig30-
Hamu. Y TaKOMy pa3i mae Mmicre 3HadHa rnepedygoBa 30HHOI'O
criekTpa. BuzHaueHO YaCTOTHI 3aJI€2KHOCTI OJHOYACTUHKOBUX
CIIEKTPAJIbHUX TYCTUH JJjIs OOMIBOX IiJAI'PATOK 3aJI€XKHO BiJL
poO3MilieHHs PiBHA XiMIYHOTO HOTEHIAJIy, BEJIMYNHY IIIJIUHA Y
30HHOMY CIIEKTDPI Ta TE€MIIEPATyPU.
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