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The phase transitions in the Bose-Hubbard model are investigated. A single-particle Green’s function is calcu-
lated in the random phase approximation and the formalism of the Hubbard operators is used. The regions of
existence of the superfluid and Mott insulator phases are established and the (i, t) (the chemical potential —
transfer parameter) phase diagrams are built. The effect of temperature change on this transition is analyzed
and the phase diagram in the (T, ) plane is constructed. The role of thermal activation of the ion hopping is
investigated by taking into account the temperature dependence of the transfer parameter. The reconstruction
of the Mott-insulator lobes due to this effect is analyzed.
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1. Introduction

The Bose-Hubbard model (BHM) has been intensively investigated in the last 15 years. This
model is of great interest due to the experimental realization of Bose-Einstein condensation of
ultra-cold atoms in optical lattices (see, for example, [1]). Various theoretical methods were used
to study the model: mean-field theory [2], random phase approximation [3,4], strong coupling
approach [5], quantum Monte-Carlo method [6], bosonic version of dynamical mean field theory
[7]. The Hamiltonian of the model includes two terms. One is connected with the on-site energy
U, which describes repulsion of bosons at a lattice site; another one describes the nearest-neighbor
hopping with tunneling parameter ¢:
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1 is the chemical potential. The competition between the kinetic and on-site repulsion terms defines
the equilibrium state of the system. The existence of the superfluid and Mott-insulator phases is a
characteristic feature of this model. When the kinetic energy dominates (¢/U >> 1) the ground state
of the system is superfluid (SF). In the opposite case the ground state is a Mott insulator (MI).

In the limit U — oo this model reduces to the hard-core boson model. Models of a lattice gas
type with Pauli statistics of particles are often used for the description of ionic conductors and
calculation of their conductivity starting from the works of Mahan [8] and others [9,10]. Recently
the one-particle spectrum has been investigated in the one-dimensional limit [10]. As noted above,
the Bose-Hubbard model can be directly applied to the description of optical lattices. Besides, the
model of Bose-Hubbard type can be also useful not only for investigation of ionic conductivity in
crystalline ionic conductors, but it can also be applied to description of the intercalation in crystals
[11] and kinetics of ionic adsorption on the crystal surfaces [12].

In this work we consider the case of the finite value of the on-site interaction U and study phase
transitions in the BHM at finite temperatures. Most of the previous investigations by the Bose-
Hubbard model were restricted to the case of zero temperature. Recently only the low-temperature
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case (T < U) has been investigated [3,13]. A special attention will be paid here to the investigation
of the effect of thermal activation of the ion hopping on the shape of phase diagrams (we take into
account the temperature dependence of the transfer parameter). The effect of thermal activation
can be important in the case of ionic conductors. It was not studied in the framework of the BHM;
such an investigation has been performed only in the hard-core boson limit [14] so far.

2. The random phase approximation

We introduce the on-site basis |n(; (n is a number of bosons on a site 7) and use the Hubbard
operators X" = |n);(m/|;. The Bose-operators of creation and annihilation can be expressed in
terms of the X-operators:

b; :Z\/nJrlXi"’"H, n; :ZnXi"”. (2)

Then the Hamiltonian (1) can be written as follows:

H = HO + Hlv
Hy = An X An = gn(n —1) — un,
- 2
Hy = =) tiyblb;. (3)
ij

To find the Green’s function ((b|b*)) we employ the equation of motion technique:
. 1 i .
w <<le,m+1|X;+1,r>> _ %(hpémr <le7 _ Xlr+1,m+1> + ()\m+1 _ )\m) <<le,m+1|Xlr+1,7 >>
= Y gV L (X X by X))
j
— S by <<bj (\/mxfm+2 - \/EXZ”‘L’”“) |X;+”>> . @)
j

We use the random phase approximation (which is an analogy to the Hubbard-I approximation
for the case of the fermionic Hubbard model) and perform the following decoupling:

(o = XprimEh X)) s (X XL (| X))
<<ij[”’m+2|X;+1"“>> ~ 0. (5)

It should be noted that here we consider the Mott-insulator phase, where (b;) = 0. If we want to
investigate the superfluid phase we should take into account that in this phase (b;) # 0 (this case
is considered below).

As a result, the following expression for the Green’s function is obtained:

<<le,m+1|X;'+1,r>> _ i(slpémrw Qm _ Qmm /m+ 1Ztlj <<bj|X;'+1,r>> , (6)
J

27 —-A, w-A
Am = Amt1 — A, <Xmm - Xm+1’m+1> =Qm . (7)

We pass to k-representation and the Green’s function Gg(w) = ((b|b™))kw can be written as

_ 1 4
Gk(w) - %1+gotk7
m 1
Py = Y Ll ®

540



Phase diagrams of the Bose-Hubbard model at finite temperature

We should note that in the independent subband approximation (this approximation is valid in
the case U >> t and in the regions of the integer value of ;1/U) the Green’s function takes the form

1 (m+1)@m

G = 5_ )
k 2m w—Ap +te(m+1)Qm

9)

and the subband energy is equal to A, = Ay — (M + 1)@ tke-
In order to study the phase with the Bose-Einstein condensate we can also apply the decoupling
of the (5) type, which in this case is more complicated:

((Emm =X e X))~ Qu (bl XG )
(o) ({2 = XY X)) (10)

The function <<(lem — le+1’m+1)bj|X;+1’7'>> satisfies the following equation:

) 1
w <<le,m - Xl’rn+1,m+1|X;+1,r>> _ Eélp(<Xm7m_1> Smrst + <Xm+2,m+1> Soms 1

—2(XY S =Y (\/E <<X{”vm—1bj - bjxf“—lv“ﬂx;‘“"“»
J
V2 (X b X ) )

—ovm 11 <<X;““vmbj - ijﬁvm+1|X;+1ﬂ“>> ) (11)

Using decoupling (10) in the independent subband approximation (which is equivalent to taking
into consideration the transition between |m) and |m+ 1) levels only) the equation takes a simpler
form

X 1
w <<le7m _ le+1,m+1|X;+1,r>> _ _;6lp5m7'(<Xm+17m>

+2(m+1) Z t; (<X;n,m+1> <<le+1,m|X;+1,7'>> B <le,m+1> <<X;@+1,m|X;+1,7->>)
—2(m+1) Zt“ (<X]m+1,m> <<le,m+1|X;+1,7->> B <le+1,m> <<X;1,m+1|X;+1,7->>) .
(12)

In a similar way, we can obtain equations for the Green’s functions <<le+1’m|X;'+1”“>> and

<<leam+1|X;«+1,7'>>:

@+ ) ((XPHXHTY) = (m+ 1) Y Qo (X)X )
S () (37X,

(= Am) <<Xf“’m“|X;+“>]> = e @ — 1+ 1) Y 11, @un (X7 x5 )
e () ) s

The levels |m), |m+1) form a two-state subspace where we can introduce pseudospin formalism:

1
mAl _ o +1m _ g+
X =S, X =S,

lm >

(X = 57 (15)
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The mean value Q,, = —2(S?%,) is connected with the longitudinal component of the pseudospin,
while the order parameter (b;) in the condensate phase is proportional to the transverse component
(b)) ~ Vi F1(S;,) = vim + 1(S2).

The set of equations (12), (13), and (14) can be rewritten using pseudospin Green’s functions.
The equations are analogous to those obtained in the RPA for the XXZ model. Their solution can
be written in the form given in [14]

1 Ep(cos® 0, + 1) + 2w cos 0., — 4(0Z,) Ty m cos? Oy,

(S 1Sm)) 5 (Tm) —— (Em — 2(02,)Jgm)(Em — 2002, ) Jq.m) COS2 Ory, (16)

In the mean field approximation the angle 6,, and parameter (o7,) are defined by the following
equations:

Apysin O, — 2(m + 1)to(Sy,) cos b, = 0, (17)
1 E

(02) = 3 tanh ﬁTm , E, = \/AQm +4(m + 1)2t3(S%)2,
to = tg=0, Jom = (m+ 1)tg, (Sz) = —(oZ,)sinby, . (18)
The solution sin 6, = 0 ((SZ,) =0) Corresponds to the normal (nonsuperfluid) phase; in the phase
with condensate cosf,,, = fW and (o?,) is given by the solution of the following equation

z 1 z

(67) = 3 tanh (B(m + 1)to{c7,)) - (19)

The transition to the phase with condensate takes place at temperature

—1
14 fpo
Ty = A | In ——x . (20)
1 Ba
0,m
This temperature reaches its maximum value TS, = Jo,m/2 at A,,, = mU — p = 0.

The case of pair of the states |0),|1) corresponds to the hard core boson model; the peculiarities
of the spectrum and density of states were investigated in [14]. The thermodynamics of the model
was also studied in [14] in the case of the thermal activated hopping.

3. Results

The phase transition from the Mott-insulator to superfluid phase is characterized by divergence
of the Green’s function Gg=o(w = 0) — oo. This condition can be obtained using the following
reasoning. Let us find the expression for the commutator [X;" ’mH,H] in the Hubbard-I type
approximation:

X H) 2 A X 2N T Vm o T = X (21)
J

The mean value of this commutator should be equal to zero (because the average (X™™*1) does
not depend on time in a stationary state). After decoulping we get:

1
(bre) 14,@2&@% —0. (22)

Thus, we can see that the nonzero solution (bg) # 0 appears in the point of divergence of the
Green’s function Gg(w = 0) — oo (8). The condition (22) in the case t > 0 (considered in this
paper) is fulfilled at the center of the Brillouin zone when k = 0 (an uniform phase case) and
Gr—o(w = 0) — oo in the phase transition point. In the case ¢t < 0 this condition is satisfied at the
Brillouin zone edge when k = (, 7, ...) (a modulation phase case).
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In our numerical calculations we used the diagonal Hamiltonian Hy to calculate the averages
(X™™). In this case the condition (22) coincides with that obtained in [13] in the framework of
the diagrammatic hopping expansion at the calculation of temperature Green’s functions (the first
order in the self-energy in the notations used in [13]).

Let us consider the effect of thermal activation. We rewrite the parameter of the ion hopping
in the following form: ¢t = tgexp(—BA). Such an approximation was used in [8,14] to take into
account the presence (in ionic conductors) of a static barrier over which a particle should hop. Tt
can also be obtained as a result of renormalization due to the interaction with phonons.
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Figure 1. The (W, 1) phase diagram at A =0 (a) and A # 0 (b).

In figure 1 the (W, u) phase diagram is shown (W is a half width of the initial energy band,
—W < t < W). The system can pass from the MI to SF phase at the change of the chemical
potential as well as at the change of the transfer parameter. The effect of thermal activation on
phase transitions is illustrated in figure 1b. Thermal activation leads to the expansion of the region
of the Mott-insulator phase.
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Figure 2. The (7T, ) phase diagram at

1
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A =0 (a) and A # 0, W = 0.07U (b).
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The (T, 1) phase diagrams are given in figure 2. The effect of thermal activation is illustrated
in figure 2b for the case of the one SF lobe (/U & 1). At the increase of the activation energy this
region narrows and then the superfluid phase disappears (there is a critical value A.;). It should
be noted that at the fixed value of the chemical potential there are two critical temperatures
T., and T., at which the phase transitions between the MI and superfluid phase occur (it takes
place at A # 0). One can think that the lower critical temperature T¢, can be connected with
the temperature of the transition to the superionic state in the case of superionic crystals. The
simple estimate, based on the typical values of ¢ and A parameters for proton conductors (A ~
0.1...04eV;t~0.2...0.5 eV) shows that T;, can be of the order of several hundreds of Kelvins,
which corresponds to temperatures observed in the known family M3sH(XOy4)s (M=NHy, Rb, Cs;
X=8,Se) of hydrogen-bonded superionic crystals [15].
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Figure 3. The (U, ) phase diagram at A =0 (a) and A # 0, T = 0.5W (b).

From the (U, i) phase diagrams shown in figure 3 we can see that the effect of thermal activation
on the phase diagrams is similar to the effect of temperature change in the case A = 0.

In figure 4 the (T, p) phase diagram calculated in the independent subband approximation
using the equation (20) (where Jo,, = (m + 1)t exp(—F7*A)) is shown (dashed line). Solid line
is the line shown in figure 2a in the case W = 0.07U. We can see that the independent subband
approximation is applicable at small values of m. In this region the expression (20) adequately
describes the nearly linear growth of 77 with the increase of the number m.

4. Conclusions

The phase transitions in the Bose-Hubbard model at finite temperature are investigated. Models
of such type can be applied to the description of optical lattices, ionic conductivity, intercalation
in crystals, and kinetics of ionic adsorption on the crystal surfaces.

A single-particle Green’s function is calculated in the random phase approximation (which is
an analogy to the Hubbard-I approximation in the case of the fermionic Hubbard model) and
the formalism of the Hubbard operators is used. This Green’s function is obtained for the Mott-
insulator and superfluid phases (in the last case we use the independent subband approximation,
which is appropriate for the case of the noninteger (intermediate) mean number of the particle
concentration per lattice site).

The regions of the occurrence of the superfluid and Mott insulator phases are established and
the phase diagrams in the plane (u,t) (the chemical potential — transfer parameter) are built. The
effect of temperature change on this transition is analysed and the phase diagram in the (T, u)
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Figure 4. Dashed line denotes the phase transition line obtained in the independent subband
approximation using (20). Solid line denotes the phase transition line obtained using (22). W =
0.07U, A = 0.

plane is constructed. The role of thermal activation of the ion hopping is investigated by taking
into account the temperature dependence of the transfer parameter (¢ = to exp(—FA)). It is shown
that thermal activation leads to the reconstruction of the Mott-insulator lobes (in particular, to
the narrowing of the SF phase region). It is revealed that due to thermal activation of the ion
hopping, there are two critical temperatures at which the MI-SF phase transition takes place (at
the fixed value of the chemical potential). A simple estimation shows that the lower temperature
can be quite high in proton conductors and can correspond to the temperature of the superionic
phase transition in such compounds.
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daszoBi giarpamn mopeni boze-Xabbapaa npu CKiHYEHHINn
Temneparypi

I.B. Ctactok, T.C. Mucakosuy

IHCTUTYT di3ukun koHaeHcoBaHux cnctem HAH Ykpainum, 79011 JIbBiB, Byn. CBEHUILbKOIO, 1

Otpumano 8 nunHa 2009 p.

LocniopxeHo dasosi nepexoan B mogeni bose-Xabb6apaoa. OgHovacTuHkoBa ¢yHKLUIA [piHa po3paxosa-
Ha B HabnMXeHHi xaoTn4HuXx das i3 BMKOpUCTaHHAM dopmaniamy onepartopis Xabbappaa. BctaHoBneHo
obnacTi icHyBaHHS HagnMIMHHOI da3u Ta ¢Gas3m MOTTIBCbKOrO AienekTpuka i nodymosaHo ¢asoBi giarpa-
MU B MAOWMHI (p,t). MpoaHanisoBaHo BMAIMB 3MiHM TemnepaTypu Ha pasosi nepexoan Ta nobynoBaHoO
daszosi giarpamu B nnowwHi (77, 1). JocnigxeHo BUNagok TepMiYHOI akTuBaLii Nepeckoky 4acTUHOK Ta
npoaxanisoBaHo nepebynosy ¢has3oBux gjiarpam y LbOMY BUNALAKY.

KniouoBi cnoea: mogesbs 603e-Xabbapga, pasosi nepexoam
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