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INVESTIGATION OF THE BOSONIC
SPECTRUM OF TWO-DIMENSIONAL OPTICAL
GRAPHENE-TYPE LATTICES. SUPERFLUID PHASE

The energy spectrum of a system of Bose atoms in the superfluid phase in an optical lattice
of the graphene type has been studied. The dispersion laws for the energy bands and the
single particle spectral densities are calculated in the random phase approximation and in
the framework of the hard-core boson formalism, and their changes at the transition from
the normal phase to the superfluid one are described. As a result of this transformation, the
number of subbands doubles. In the case of the subband energetic equivalence, the Dirac points
in the spectrum survive, and their number becomes twice as much. When the subbands are
energetically nonequivalent, the Dirac points are absent. The shape of spectral densities is
shown to be sensitive to the changes in the temperature and the chemical potential position.
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1. Introduction

This work continues our researches dealing with the
calculation of the energy spectrum and one-particle
spectral densities for a system of Bose atoms in
a two-dimensional honeycomb optical lattice of the
graphene type. Our previous results were reported in
work [1]. Unlike the problem of the electron spectrum
in graphene, we consider particles that are described
by the non-Fermi statistics. During the last time, a
considerable attention was attracted to the study of
the thermodynamics and the energy spectrum fea-
tures of Bose particles in optical lattices. Interesting
and important is the problem concerning the spec-
trum modifications at the phase transition associated
with the Bose-Einstein condensation of particles (the
transition from the normal, NO, phase to the super-
fluid, SF, one).

The Bose-Einstein (BE) condensation of bosonic
atoms (Rb87) in the optical lattices formed as a re-
sult of the interference between counter-propagating
laser beams was observed for the first time in 2002
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[2, 3]. Since that time, this effect and the accom-
panying phenomena have been studied very inten-
sively. For optical lattices of the graphene type, the
transition to the SF phase was obtained experimen-
tally in work [4], where the regions of existence for
various phases depending on the values of chemi-
cal potential and parameters that characterize short-
range interactions and the particle dynamics were
found. The theoretical consideration in works [5-8|
concerned the construction and the analysis of phase
diagrams, proceeding from the Bose-Hubbard model
[9, 10], which is generally adopted for the descrip-
tion of a system of Bose atoms in optical lattices. The
energy spectrum of bosons in the graphene-type lat-
tices was analyzed in works [11,12]. Issues concerning
the spectrum topology and the arrangement of Dirac
points in the NO phase were considered, but the spec-
trum modifications at the transition to the SF phase
were not analyzed.

An important influence on the formation of a spec-
trum of the system of Bose atoms in the graphene-
type lattice is exerted by short-range correlations be-
tween particles, (in particular, the on-site repulsion
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interaction U). Another complication in comparison
with the case of the graphene lattice is the energetic
nonequivalence of sublattices (it can be easily con-
trolled by changing the phases of laser beams that
generate the optical lattice). As was shown in work
[1], all those factors give rise to substantial differences
between the single particle spectrum in the NO phase
and the standard spectrum of graphene. In particu-
lar, it was found that Dirac points in the spectrum do
not exist at arbitrary particle densities and, accord-
ingly, chemical potential values. In particular, they
disappear, if the chemical potential in the NO phase
is located in the gap between the energy subbands
(such a gap emerges owing to the energetic nonequiv-
alence of sublattices).

In this work, in addition to calculations carried
out in work [1], we consider the case where the sys-
tem is in the phase with the BE condensate (the SF
phase). Our description is based, as was done in work
[1], on the two-sublattice model of hard-core bosons
[13], which is a limiting case (U — o0) of the Bose—
Hubbard model and is valid for the low-population
levels (0 < n < 1) of on-site states. The gen-
eral scheme to find Green’s single particle functions
for this model in its pseudo-spin formulation is well-
known. In this work, we use the approach described
in work [14]. We aim at studying the special features
in the reconstruction of the bosonic band spectrum
and spectral densities at the transition from the NO
phase to the SF one that occurs at the variations of
the chemical potential, energetic difference between
the sublattices, and temperature.

2. Excitation
Spectrum in the Superfluid Phase

If the intersite interaction between particles is ne-
glected, the Hamiltonian of the lattice gas consisted
of hard-core bosons looks like

H=- thjbj + Z(Eo — png, (1)
(i5) @

where t is the transfer integral between the nearest
sites, g9 the on-site energy of the particle, and p
the chemical potential. Since bj‘ and b; are the Pauli
operators, Hamiltonian (1) can be rewritten in the
pseudo-spin representation with the use of the trans-
formations

1
bi+ =5,

bi = S+7 7 2

7
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In the two-sublattice case, i — (n,a), where aw = A, B
is the sublattice index. As a result,

(n,n’)

T IBASE ST A+ SZBSM} -
~ha) Sii—hpY Sig

(JAB

(n,n’)

=J0ty =t ha=ca—p).

(n/,

In the phase with a Bose condensate, the order pa-
rameter is the non-zero average

z _ _z T :

Sro =0,4C080q + 0y sin¥,,
x i T z s

St =0r,costy —or  sind,, (4)
[R—7

Snoz = Opas

where the angles ¥, are determined by diagonalizing
the mean-field Hamiltonian

Hyr = =Y Eo0,. (5)
Since (¢Z,) # 0 and (oF,,) = (c¥
(SZ) = —(0Z) sinv,.

In the normal phase,

) = 0, we obtain

e )

1
E, = hq, <Jz>:§tan 5

sind, =0, o

For the SF phase, the internal fields E, and angles
¥4 can be determined from the system of equations
[14]

(05)*(05)? 7% (0) — h3hj

in2 a = )
S Ve = TR RO + (05)22(0)]
. 1 BE,
<Ua> = itanh B) 5 (7)

hg +(05)2J2(0)
Eo = (03)J(0) ;
h + (02)27%(0)

and the transition from one phase into another one
occurs when the condition

hahp = (04)(05)J%(0) = (05)(05) 9t (®)

is satisfied. Relation (8) determines the boundaries
of regions for the NO and SF phases on the phase
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plane. In Fig. 1, the corresponding phase diagrams
on the plane (T, h) [1, 14|, where h = %, are

exhibited for various values of parameter 6 = %
Green’s two-time function
((bialbig)) = ((SiL1S0s)) = G s, (9)

which can be used to obtain the bosonic spectrum,
was found in works [1, 14], by using the method of
equations of motion in the random phase approxima-
tion. In the momentum-frequency representation, its
Fourier transform looks like

(SIS = =00 PR (102 E) (122 E3) -
— 2M h?w? — 2N,EpEp + Mg} _1, (10)
where the numerator of Green’s function equals
Pf(hw) = [EA (0052 Ia + 1) + 2hw COSQ?A] X

x (h*w? — ER) — 2hwM, cos9p + O B (11)

and the following notations are introduced:
My = ®,4cosa cosp,
1
Ny = =@, (14 cos® ¥ cos® Ug),
} 2 (12)
<I>qA =&, cos® I, (1 + cos® Up),

®, = (04){(0h) T (a)-

Here,
V3a
_ 1y a 71‘1’4
J(q) =t le + 2e cos<qx 5 ) , (13)
J(0) = 3¢,

and a is the distance between the nearest neighbors
in the honeycomb lattice.

The excitation spectrum of bosons in the SF phase
consists of four, symmetric in pairs, branches,

SF 1/2
e (@) =+ (P + Q"% »
SF
S (@) =+ (P, - Q)"
where
1
q* 5 (EA+EB) +MQ7
1
|:4 B +2NqEAE]3+ (15)

1/2
M, (EX + Eé)} )
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Fig. 1. Phase diagrams in the (T, h) plane at § = 0, 0.25,
0.45, 0.5, and 0.55 [14]

In comparison with the NO phase, where [14]

e1a(@) = h /62 + (03) (05) [ (@)%

the number of branches is twice as much. The dupli-
cation of the specular reflection type with respect to
the chemical potential level takes place at the phase
transition, when the variation of model parameters
(u, 0, or T) gives rise to the situation where the edge
of either subband (16) touches the p-level. This situ-
ation is illustrated in Figs. 2 and 3 in the cases where
the chemical potential is initially (in the NO phase)
located between the subbands or under them. In the
latter case when the gap in the NO phase spectrum is
absent, i.e. at § = 0, there are the Dirac points with
a linear dispersion law on the Brillouin zone bound-
ary. They are an analog of such points in the electron
band spectrum of graphene (see, e.g., work [15]). The
number of Dirac points doubles after the transition
into the SF phase. New points of this type appear in
the region of negative energies, if the bosonic band in
the NO phase is located above the chemical potential
level, or in the region of positive energies, if below it
(see Fig. 3).

Note that, if the chemical potential p is located be-
tween the subbands (in this case, it must be § # 0),
the spectrum is reconstructed, and the Dirac points
disappear. The situation where the chemical poten-
tial is located in a close vicinity of the Dirac points
or is imposed onto them is not realized in the case
of hard-core bosons (except for the regions near the
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Fig. 2. Forms of spectral branches and their correspondence to the NO (dotted curves) and SF (solid curves) phases in the
cases where the chemical potential in the NO phase is located between the bands (left panel; h = 0.6 in the NO phase and 0.7
in the SF one) and under them (right panel; h = 0.9 in the SF phase and 1.0 in the NO one). The other parameters are § = 0.8
and © = 0.05. Hereafter, the energy is reckoned in the J(0)-units from the chemical potential
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Fig. 3. Appearance of new Dirac points at § = 0, the divergency of branches at the Brillouin zone boundaries as the § parameter
grows, and a change in the behaviour of branches at the center of the Brillouin zone at the NO — SF transition (h = 0.3 in the

SF phase and 0.5 in the NO one; © = 0.2)

critical points, which are the maximum points for the
curves of phase equilibrium on the phase diagram in
Fig. 1).

In the SF phase, two central subbands always touch
each other at the point q = 0 at the chemical poten-
tial level. In a vicinity of this point, the dispersion
laws in the subbands are linear, and, in this sense,
they correspond to excitations of the Bogolyubov
type in the interacting Bose gas, which exist in the
presence of a BE condensate [16].

3. Spectral
Density po(w) in the SF Phase

The spectral density function for single particle
bosonic excitations calculated per one lattice site will
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be designated here as
2 +
Pa(w) = N Z Im ((ba |03 ) qw+ie =
q

= S I (SIS i (1)

Proceeding from formula (10) and making a decom-
position into simple fractions, the function p,(w) can
be written as follows:

4
o) = 5 o 3 ar@s (v - AY).
i=1

q
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Fig. 4. Spectral density pa(w) in the SF phase: general view (upper left panel) and scaled-up images for three intervals of the
excitation energy hw, where the spectral density differs from zero (other panels; the weights of different subbands differ by orders
of magnitude). The parameter values J(0) =1, § = 0.8, h = 0.7, and © = 0.05

where

| P (hw = £15(q))
Afa(a) = 4Qqe1.2(q) (19)
A () P (hw =e34(q))

34Q) = 4Qqe3,4(q)

The summation over the wave vectors is carried out
in accordance with the formula

T R(I@P) = 5 3B ) =
— [dap()e(eta),

where

3 3
|’Yq\2 =144cos <qza\2f> cos (qy2a> +

+4 cos? <qm (]\2/§>,

and po(z) = & > q0(@— |7q|?) is an auxiliary function
that characterizes the distribution over the squared
energy and is related to the band density of states
g(&) for the graphene lattice as follows:

polz) = %gw. (21)

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 10

The function g(&) looks like

_ 2 |g| s (Zl)
g(g)*ﬂ_g \/ZF (23 ZO ’

where
2

7, = {AIED?— 3 (€2 - 1) €] <1,
alel, 1< el'<3,

le{4|5|, 2 1/10)2 2 |
(I+1€)? = z(€P =1)%, 1< 8] <3,

and F(mw/2,y) is the complete elliptic integral of the
first kind (see works [17, 18]).

For the d-function in formula (18), the following
expression is used:

5 <w - 51';;”)) _

d -1
h2w? —a —bZ;)|

(23)

b+2(

where &;(x) = €i(a)|},, 2, and Z; is the root of the

equation hw = g;(x). We also introduced the nota-
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Fig. 5. Spectrum (left panels) and spectral density p4(w) (central and right panels) in the NO and SF phases at various energies
h. The other parameters are J(0) = 1, 6 = 0.8, and © = 0.05. The plots of p4(w) for the lowest branch in the SF phase are not

shown

tions

E? + E2
0= At PR

2 b

b= (07)(0%) cost 4 cosIpt> = mcos cosip,

d=m(Es+ Egcost?scosip) x

X (Fp + Eacost¥acosVp).

(24)

As a result, we obtain the following expression for
the spectral density that characterizes the distribu-
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tion over the energy:

4
pa(hw) =" po(i)(o7) x
i=1
K+ U -
-1 ?
“DbEE —a—bigd Y
k =[Ea(cos® 9a+ 1) + 2hw cos U | (R*w?® — ER),
I =mcos® Vs [(1+ cos®¥p)Ep — 2hw cos Ug].

(25)

(26)

An expression for pg(fiw) can be obtained from for-
mulas (25) and (26) by swopping the indices: A = B.
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h. The other parameters are J(0) =1 and © = 0.2

Formula (25) was used in the numerical calcula-
tions of the curves p4(fiw) describing the frequency
dependence of the spectral density for sublattice A. In
Figs. 4 to 6, the results obtained for various values
of parameters h and § and various temperatures are
shown. As was done earlier, the energetic quantities
are reckoned in the J(0)-units.

A common feature of those plots is the sign change
by the function p4(w) when crossing the point w = 0.
At w < 0 (below the chemical potential level), the
spectral density is negative, and, at w > 0 (above the
p-level), it is positive. The additional subbands that
arise in the SF phase possess a much smaller weight at
first, and their spectral densities can differ from the

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 10

pa-values for the subbands in the NO phase even by
several orders of magnitude (see Fig. 4). As the chem-
ical potential goes deeper into the subband, where it
is located (this process corresponds to the variation
of the parameter h (see Fig. 5)), the intensity redis-
tribution between the positive and negative branches
of the function p 4 takes place. The dispersion curves
e;(q) change insignificantly at that.

Figure 6 illustrates the reconstruction of the spec-
tral density function p(fw), when the chemical po-
tential moves within the band in the case where
0 = 0. In this case, the band is not split (the gap is ab-
sent), and there are Dirac points in the spectrum. In
the SF phase, their number doubles in comparison

999



1.V. Stasyuk, O.V. Velychko, I.R. Dulepa

with the normal one. This fact manifests itself in the
appearance of additional intermediate points in the
spectral density pa, where pa(fw) = 0 (in a vicinity
of those points, the frequency dependence of p4 can
be approximated by a linear function).

4. Conclusions

Our calculations of the dispersion laws €;(q) and the
spectral densities p, (hw) reveal main features in the
band spectrum structure of hard-core bosons in a two-
dimensional lattice of the graphene type. The changes
in their spectral characteristics at the transition from
the NO to SF phase are described. It is shown that
the form of the functions p,(fuw) (o = A, B) is much
more sensitive to the values of energetic parameters of
the system, including the position of the chemical po-
tential of bosons, than the dispersion laws €;(q) in the
bosonic bands. For this reason, the functions p,, (fuw)
can be considered as the basic characteristics of the
band spectrum. The form of the dependences ¢;(q)
alone does not provide its exhaustive description.

It is found that, in the case of a lattice with ener-
getically equivalent sublattices (at § = 0), the Dirac
points in the spectrum survive at the transition to the
SF phase, and their number doubles. In the general
case, the chemical potential of bosons remains out-
side a vicinity of the Dirac points, and it cannot be
imposed onto them.

The results obtained can form a basis for the fur-
ther researches of thermodynamic properties of the
system of Bose particles in a honeycomb lattice with
the graphene-type structure.
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Translated from Ukrainian by O.I. Voitenko
1.B. Cmacrwox, O.B. Beauuxo, I.P. /Tysena

JOCJILIXKEHHSA BO3OHHOI'O
CIIEKTPA JBOBUMIPHUX OIITUYHUX
TPATOK 31 CTPYKTYPOIO TUITY
T'PA®EHY. HAAIIJINHHA ©®A3A

Pezmowme

Jloc/iizKeHO eHepreTUYHUN CIEeKTP CUCTeMU 003e-aTOMIB y
HaIUIMHHINA (a3l B onTuuHUX rparkax Tuiy rpadeny. Pos-
PaxyHOK 3aKOHIB jJucrepcil y 30HaxX Ta OJHOYACTUHKOBUX CIIe-
KTPaJIbHUX I'YCTUH IIPOBENEHO y HAOJIMKEHHI XaOTHIHUX (a3
y pamMKax ¢dopMaii3Mmy KopcTkux 603omiB. Onucano ix 3minn
Ipu [epexo/ii BiJ HOpMaJIbHOI J10 HaamIuHHOI pas3u. [lig gac
TaKol mmepedy1oBU 30LIbIIYETbCS BJIBIYl 4MCIO MiA30H. Y BU-
MaJIKy €HEePreTHYHOI eKBIBaJIEHTHOCTI MiArpaTok JgipakiBChbKi
TOYKH y CIEKTPi 36epiraioTbesi, a IX KiJIbKICTH IOJBOIOETHCS.
Ilpu enepreruuwniii BigMinHOCTI MiXK miarparkamMu Touku Jli-
paka Biacyrui. [lokazano, mo ¢opma CHEKTPaJIbHUX IYyCTHH
4yTJIMBa A0 3MiHH TeMIEpaTypHU Ta PO3TAILYyBAaHHS XiMi4HOIO
[MOTEHIiaTy.
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