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The phase transitions in the Bose-Fermi-Hubbard model are investigated. The boson Green’s function is cal-
culated in the random phase approximation (RPA) 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, ¢) (the boson
chemical potential vs. hopping parameter) phase diagrams are built at different values of boson-fermion in-
teraction constant (in the regimes of fixed chemical potential or fixed concentration of fermions). The effect of
temperature change on this transition is analyzed and the phase diagrams in the (T, ) plane are constructed.
The role of thermal activation of the ion hopping is investigated by taking into account the temperature depen-
dence of the transfer parameter. The reconstruction of the Mott-insulator lobes due to this effect is analyzed.
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1. Introduction

There are a lot of papers devoted to the investigation of the properties of systems described
by the Bose-Fermi-Hubbard model (BFHM) [1-5], which can be considered as a generalization of
the Bose-Hubbard (BH) model [6] in the case of the presence of fermions. One of the examples is
an optical lattice. The Bose-Einstein (BE) condensation in boson-fermion mixtures (for example,
SLi- Li, SLi- 8"Rb) confined in optical lattices has attracted great attention of physicists. The
parameters of the BFHM which describes these objects can be tuned in experiments and results
of theoretical calculations can be tested in practice. Different theoretical approaches were used
to investigate the BFHM: mean field theory [2], strong coupling approach [3], density matrix
renormalization group [4], quantum Monte Carlo |5] and others.

Another example of systems which can be described by the Bose-Fermi-Hubbard-type Hamil-
tonian are intercalated crystals (for example, TiO4 intercalated by Li ions). In such systems the
impurity ions and electrons play the role of the bosons and fermions, respectively. A lattice gas type
models are also used for the description of ionic conductors [7#H9]. In [10] the pseudospin-electron
model of intercalation was formulated and thermodynamics of the model was investigated in the
mean field approximation. It was shown that due to the presence of electrons the effective inter-
action between ions is generated and the character of this interaction depends on the filling of the
electron band (when the chemical potential of the electrons is near the band edges, the first order
phase transition between uniform phases or phase separation in the regime of the fixed electron
concentration takes place; such an effect is important when constructing batteries [11]).

In this work we consider the BFHM and propose a method for calculation of correlation func-
tions and average values of boson and fermion concentrations. The method is based on the intro-
duction of Hubbard operators acting in the on-site basis of states and is similar to the composite
fermion approach used in [2] (the composite fermions are formed by a fermion and bosons or
bosonic holes) but is more general and universal. Introducing the on-site Hubbard operators we
can employ a known technique developed for the calculation of a correlation (Green’s) function
built on these operators, for example, equation of motion method [12] or diagrammatic approach
based on the corresponding Wick’s theorem [13]. In this paper we use the first of them. As a first
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step, we calculate the boson Green’s function in a particular case of immobile fermions and consider
the condition of instability of normal phase with respect to the appearance of the BE condensate.
Constructing the phase diagrams in the (temperature-chemical potential of bosons) and (hopping
parameter of bosons — chemical potential of bosons) planes, we analyse the effect of fermions on
the transition to the superfluid (SF) phase at different relations between the model parameters.
We also illustrate the ground state diagrams of the model in the cases of repulsion or attraction
between bosons and fermions.

2. The random phase approximation

Mixtures of ultracold bosons and spin-polarized fermions in optical lattices are well described
by the Bose-Fermi- Hubbard Hamiltonian [1]

H==% tibfb; = > tif fi+ %Zn?(n? D)+ U nbnk = > 0 - > ()

The first (second) term describes nearest neighbor boson (fermion) hopping with ¢ (¢') denoting
the tunneling amplitude of bosons (fermions). The third and forth terms are on-site boson-boson
and boson-fermion interactions, respectively. The last two terms involve the chemical potentials
of the bosons p and fermions p’, that are introduced to change the mean concentrations of these
particles.

The first step is to introduce the following on-site basis

(ni-’ = n;ng =0) = |n,i); (nf = n;n£ =1) =|n,1), (2)

where n? or nf is the number of the bosons or fermions on site i, respectively. Now we can introduce

the Hubbard operators X"™ = |n,i)(m,i|, X'"™ = |f,4)(m,i|, etc. As a result, the Bose- and
Fermi-operators of creation and annihilation can be written as

SVREIXT 4 S VAT,
nt = zn:nxgluZﬁXfﬁf nf=> X",
a; = Zn:Xi"’ﬁ, najZva". : (3)

n n

b;

The Hamiltonian takes in this representation the following form

H = Hy+H!+HE,

Hy = > X+ MaX
mn in
U U

An = gn(n—l) — pn, i = Sﬁ(ﬁ— 1) — pn—p' +U'n,

Hf = Ztijbjbj y H{ = Zt;jajaj . (4)
17 (%)

In this case the on-site part Hy becomes diagonal and can play the role of an unperturbed part of
the Hamiltonian, when expansion in terms of the hopping parameters in such a type of models is
used [14].

In this work we restrict ourselves to the equation of motion method. To find the two-time
Green’s function Gy;(t —t') = ((b; (t)|b;r (t"))) we write the equation for Fourier transform of its

13003-2



Phase diagrams of the Bose-Fermi-Hubbard model: Hubbard operator approach

constituent part
m,m - 1 r+1,m m,m T -
(XX = B (X7 — XTI (X H X)), ()

We use the random phase approximation (which is an analogy to the Hubbard-I approximation in
the case of the fermionic Hubbard model and is a basic one for the usual Bose-Hubbard model, see
[15,116]) and perform the following decoupling:

(((ommxr st ) by X Fr) ) e (O meX L (X)),
(b X X)) . (6)

Such an approximation is valid in the case when (b;) = 0 that corresponds to the normal (so-called
Mott-insulator(MI)) phase. The commutators [X™", H| become

(X7 | = A X3 g im  1Quby — Yt X[ a Zt’. af XL (7)
J J

(XPT | = An XT3 Vi Qb + Yt X[ tha X (8)
J J

where A, = A1 — A (A = Mmp1 — A Is a distance between on-site energy levels, and @, =
(Xmem . xmAlmtly (O = (X . XxmtLm+l)) g 5 difference between the mean occupancy of
these levels.

In what follows we consider the case of localized fermions with ¢;; = 0. Using the relations (3])
we can write the equation for the Green’s function ((b;| X" *1))

(b X5 H1Y) = Z 5zp Soe N/ + 1 Qm ZQmerl Ztl] (b;| X517

ZQ:ji”* St (1) o)

m

The equation for the function ((b|X]"*')) has a similar form. We pass to k-representation and
introduce the unperturbed Green’s function

gO(w) _ Z {QZ(_WLA:@D + QZL(_ﬁLAJ;ll) ) (10)

As a result, the expression for the Green’s function Gg(w) can be obtained

1 ¢’

T SR T P

(11)

The obtained expression (1) for the bosonic Green’s function allows us to investigate the effect
of the fermions on stability of the normal phase and to establish the conditions of the appearance
of Bose-Einstein condensate in the mixed boson-fermion systems. In the next section we build the
corresponding phase diagrams.

3. Phase diagrams

First of all, we can build the diagrams of the ground state of the system in the plane (u', )
using the unperturbed Hamiltonian Hy (in this case the averages of the Hubbard operators are
given by (X™™) = Le=PAn (XM = Le=PAn where Z =3 e Frm 43 o7,

In figure [l and figure 2] we show the ground state diagrams (T' = 0) at different values of U
and U’ parameters. It is seen that in comparison with the Bose-Hubbard model (where the vertical
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lines are present only) new regions appear. The inclined lines separate the states |m) and |) with
different boson and fermion numbers. General shape of the diagrams depends on the sign of the
boson-fermion interaction constant. Such an effect was also pointed out in [2] in the framework of
the composite fermion picture.
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Figure 2. Ground state diagrams for U < U’ < 2U (a) and —2U < U’ < —U < 0 (b).

The phase transition from the Mott-insulator to SF phase is characterized by divergence of the
Green’s function Gg—o(w = 0) — oo that leads to the equation

1t0;<Qm(Z: D) +mej 1)>. (12)

This condition in the case t > 0 (considered in this paper) is fulfilled at the center k = 0 of
the Brillouin zone (an uniform SF phase case). We should note that at T — 0 the equation (2]
corresponds to that obtained in [2] in the framework of the mean field theory.

In figure B @ and figure Bl we show the (W, 1) phase diagrams (here W is a half width of the
initial bosonic energy band, —W < t; < W) in the cases of the constant fermion concentration
or fermion chemical potential. Similarly to the pure Bose-Hubbard model, the regions where the
MI phase is stable have the form of characteristic lobes, but, in general, the shape of such a phase
boundary is more complicated. In the special case % = 0,5 the twice lesser multiplicity with
respect to the % ratio is observed (see figure 3 (a)).

In figure @ and figure Bh, we give the (W, u) phase diagrams for different values of on-site

interaction between bosons and fermions U’ and average numbers of fermions nf. In the limit
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Figure 3. (W, 1) phase diagrams. a) The case of different values of temperature at U’ /U
0.5,n' = 0.5. b) The case of different values of boson-fermion interaction parameter at T/U
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Figure 4. (W, 1) phase diagram for different values of U’ and n'. a) n' = 0.2, b) nf = 0.8.
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Figure 5. (W, ) phase diagrams. a) The case of constant concentration of fermions at different
values of U’, b) The case of constant chemical potential of fermions.

T — 0 the similar phase diagrams were obtained in |2]. For comparison, the diagrams are shown,
that correspond to the cases of repulsion (U’ > 0) and attraction (U’ < 0) between bosons and
fermions. It can be seen that in the first case the BE-condensate appears in the presence of fermions
at higher values of boson tunneling constant; in the second case the opposite effect takes place.
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We do not consider in this work the appearance of a charge modulation phase, this is the task for
future investigations.

The presence of more than one Mott-insulator lobe in the region n < u/U < n+1is a
characteristic feature of the Bose-Fermi-Hubbard model in comparison with the Bose-Hubbard
model (in the latter case only one Mott-insulator lobe is present in the mentioned region). The
positions of the additional lobes depend on the strength of the boson-fermion interaction only and
are consisted with the location of vertical lines on the ground state diagrams (figures [ and [2I),
where the instability with respect to the appearance of BE-condensate at T = 0 takes place. The
heights of these lobes depend on the fermion concentration.

In the regime of a constant chemical potential of fermions (see figure Eb) the reconstruction
of the MI lobe takes place in the region of chemical potential p values, which corresponds to
intersection of ,ul = const line with inclined boundary lines separating the ground state regions
with the different on-site boson and fermion occupation (see figures[[land [2). On the left hand side
of this intersection the BE-condensate appears in the limit T'— 0 at u ~ U', U +U’,2U +U’, ...
while on the right hand side it appears at p = 0,U, 2U, ...

U'=0.5U, n'=0.5 / 004 (b) W/U=0.07
W (@ a I A=0
0124 —— W/U=0.05 0.06

rrrrrrrrr W/U=0.07 4 (M)

- W/U=0.09 0.05 1
0.08 / 0.04 -

0.03 4
0.04 4 0.02 4
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Figure 6. (T, 1) phase diagrams at U’ = 0.5U,n' = 0.5. a) A =0, b) A = 0.01U.

The (T, 1) phase diagram is shown in figure [fl In comparison with pure Bose-Hubbard model
(see e.g. |16]) the critical temperatures of transition into SF phase at the presence of fermions
are lower (besides that, new regions with SF phase appear; at U’/U=0,5 they are located around
half-integer values of the /U ratio). We also depicted the (7', i) diagram for the case of thermal
activation of boson hopping. Such a possibility was considered in [16], having in mind the applica-
tion of BH-model to the ionic conductors. We have rewritten the parameter of the bosonic (ionic
in the case of ionic conductors) hopping in the form: ¢ = ¢gexp(—SA) that can be obtained as
a result of renormalization due to the interaction with phonons. Thermal activation leads to the
increase of the Mott-insulator phase region. At the increase of the activation energy the region
of the existence of the SF phase narrows and then this phase disappears. At the fixed value of
the boson chemical potential (and fixed value of the fermion concentration) there are two critical
temperatures at which the phase transition from the Mott insulator to the SF phase takes place.
A similar effect is also present in the case of the Bose-Hubbard model; as was supposed in [16] the
lower critical temperature can be related to the transition to the superionic state in the superionic
crystals.

4. Conclusions

In this work we have investigated phase transitions in the BEHM at finite temperature using the
on-site Hubbard operators formalism. We have restricted ourselves to the consideration of the case
of localized fermions (¢ = 0) and obtained the expression for boson Green’s function in the RPA.
The instability of normal phase with respect to the transition into the superfluid state at different
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values of the fermion concentrations and boson-fermion interaction constant is investigated. We
have also considered the effect of the temperature change on this phase transition. The ground
state diagrams in the plane (chemical potential of electrons - chemical potential of bosons) are
built and regions of stability of the fermion composite type states are separated. Subsequently we
plan to take into account the fermionic hopping and study its effect on the transition into SF phase
in the framework of the developed scheme.
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da3osi giarpamu mopgeni bosze-Pepmi-raboappa:
mMeTopn onepartopiB MAO0O6Gapaa

[.B. Cractok, T.C. Mucakosuy, B.O. KpacHoB

IHCTUTYT di3ukn KoHaeHcoBaHux cuctem HAH Ykpainum, 79011 JibBiB, Byn. CBEHUjLbKOIO, 1

JocnipxeHo da3osi nepexoan B Mmoaeni bose-Pepwmi-rabb6apaa. 6osoHHa dyHkuis piHa po3paxoBaHa B
HabnMXeHHi xaoTu4HMX a3z 3 BUKopucTaHHsMm popmaniamy onepatopis la6b6apaa. BctaHoBneHo obnacTi
iCHYBaHHsi HaaNMHHOI dasu Ta ¢pa3m MoTTiBCbKOro aienekTpuka i nodynosaHo ¢asoBsi giarpamu B mio-
WWHI (p, t) (XiMiYHWIA NOTeHLian 6030HIB-NapameTp Nepeckoky) NPy Pi3HMX 3HAYEHHSX KOHCTaHTV OO30H-
depmioHHOT B3aemogii (y pexunmax dikcoBaHOro XiMiHHOro NOTEHLjany 4v KoHueHTpauii depmioHis). MNMpo-
aHani3oBaHoO BMJIMB 3MiHM TeMnepaTypu Ha ¢a30Bi nepexoau Ta nodynoBaHo $asoBi giarpamu B MIOLLMHI
(T, ). DocnioxeHo posb TEPMIYHOI akTUBALLii MePeCcKOKY HaCTUHOK NPV BpaxyBaHHi TeMnepaTypHOi 3ane-
XHOCTI napameTpa nepeckoky. NpoaHanizoBaHo nepebynoBy $Gas3oBUX Aiarpam y LibOMY BUMAOKY.

KniouoBi cnoBa: mogesns 6o3e-Pepmi-fabbapaa, pa3osi nepexonm, TepMmidHa akTmBaLis
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