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Effect of boson on-site repulsion on the superfluidity in the boson-fermion-Hubbard model
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We analyze the finite-temperature phase diagram of the boson-fermion-Hubbard model with Feshbach
converting interaction, using the coherent-state path-integral method. We show that depending on the position of
the bosonic band, this type of interaction, even if weak, can drive the system into the resonant superfluid phase in
the strong bosonic interaction limit. It turns out that this phase can exist for an arbitrary number of fermions (i.e.,

fermionic concentration between 0 and 2), but with the bosonic particle number very close to an integer value.
We point out that the standard time-of-flight method in optical lattice experiments can be an adequate technique
to confirm the existence of this resonant phase. Moreover, in the nonresonant regime, the enhancement of the
critical temperature of the superfluid phase due to Feshbach interaction is also observed. We account for this
interesting phenomena for a hole- or particlelike pairing mechanism depending on the system density and mutual

location of the fermionic and bosonic bands.
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I. INTRODUCTION

The boson-fermion-Hubbard model (BFHM) with a reso-
nant pairing mechanism has a very long history in the context
of high-temperature superconductivity (see, e.g., [1-15], and
references therein). Recently, the interest in this model has
been extended to the ultracold-atomic systems because they
are a versatile tool for simulating many-body physics [16—18],
and the BFHM can be studied by using Feshbach resonance
experiments in which the BCS-BEC crossover is realized
[18-21].

The impact of strong bosonic interaction on the superfluid
(SF) phase in the lattice bosons system has been widely
investigated in the literature in terms of the Bose-Hubbard
model (BHM) (e.g., see [22], and reference therein). However,
the superfluidity in the regime of strong bosonic repulsion in
which Feshbach interaction is included is much less under-
stood. So far only the hard-core limit [2,3,23-25] and some
qualitative studies have been performed [26]. Therefore, in this
paper, quantitative investigation of the nonzero-temperature
BFHM phase diagram with finite bosonic repulsion interaction
is carried out, which is relevant for working out realistic
experimental conditions. The effective field theory description
of the BFHM is constructed by using the coherent-state path-
integral formalism. This analytical method seems to be a good
starting point for analysis of the BFHM because it provides a
reasonable description of the standard Fermi-Hubbard model
at weak interparticle interaction (i.e., in the BCS regime) [27]
and it also gives a correct description of the BHM [28]. In
this paper, we show that besides the standard superfluid phase
which is governed by the pure bosonic correlation mechanism
present in the BHM, there also appears a resonant superfluid
(RSF) phase due to the Feshbach resonance phenomena.
Moreover, we explain that the standard superfluid phase (not
RSF) is enhanced by the hole- or particle-pairing mechanism
of fermions. The results allow us to discuss an experimental
proposal for the possible investigation of a RSF phase in the
BFHM.
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In the following sections, we first describe the model
and apply the coherent-state path-integral method (Sec. II).
Then, in Sec. III, we use this method in the analysis of the
finite-temperature phase diagram of the BFHM and its ther-
modynamic quantities. At the end of Sec. III, we also discuss
experimental setups that could be used to prove some results of
our theory. Finally, in Sec. IV, we give a summary of our work.
Moreover, the Appendix contains additional investigations of
the BFHM model within the operator approach.

II. MODEL AND METHOD
A. Model

We consider the boson-fermion-Hubbard model (BFHM)
with converting interaction energy I, whose Hamiltonian is
given by [15,23]

H=— Z(lij + M‘Sij)cjgcja -V ZC%C}iCilCiT
i

ijo

U -
- Z(Jij + w8ijblb; + 5 Zbgb}bibi

ij

—}—]Z[C:chlbi +bjci¢CiT]a (1)

where p is the chemical potential, u* = 2u — 2Ap, and o
is a spin-% index (o € {1,{}). cis (cjg) is the fermionic
annihilation (creation) operator at site i with spin o, and b;
(bj) is the bosonic annihilation (creation) operator at site i.
The hopping energies for fermions and bosons are f;; and
Jij, respectively. Throughout this work, we restrict hopping
parameters to the nearest-neighbor sites. Moreover, U denotes
the on-site interaction energy of bosons, which will be treated
exactly during calculations, and V is the fermionic on-site
interaction strength. The bottom of the bosonic band is shifted
by the 2A g parameter, which could be tuned in ultracold-atom
experiments with the Feshbach resonance [18,19,21,29].
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Interestingly, if we assume / = 0 and independent chemical
potentials, the BFHM Hamiltonian [Eq. (1)] describes two
independent models, i.e., the fermionic and bosonic Hubbard
models. However, in the presence of finite resonant interaction
(I # 0), there is only one phase transition from the superfluid
phase, which we will show shortly.

Further, in the case of U = V = 0, the model described by
the Hamiltonian in Eq. (1) was previously investigated in the
continuum and lattice systems [15,20,23,30-32]. Moreover,
when U — oo, the hard-core bosonic limit is obtained for
which bosonic operators satisfy the Pauli spin-1/2 commu-
tations relations [2,3,9,15,23].

In the coherent-state path-integral representation, the parti-
tion function of BFHM reads

Z= /D[E,C,B,b]e*%“c"“b?b], )

where the action is given by
S[é,c,b,b] = S§ [¢,cl+SE[b,b1+S52[b,b,¢,cl+SE[b,b).
3)

The denotation is related to the perturbed and unperturbed parts
of the action, which we exploit further, i.e., the unperturbed
parts are

hp
S le.cl = / dr{chmh Cio ()
0

+ Z(—fij — Ud;j)Cio (T)Cjo(T)

ijo

-V ZaT(r)Eiur)cu(r)cm(r)}, )
_ 1B _ B _
IEDY / dr{b,-(rma—rbi(r) — WBi(0)bi(7)
A 0
u_. =
+ Ebi(r>bi<r)bi<r>bi<r>}, (5)

SEB[b,b,cc] = 1 Z/ dt[iy ()& (D)bi(T)+c.c], (6)

and the part of the action which we will treat approximately is

Z/ dt J;;bi(0)b (7). (7)

The fields ¢;(T), Cix(T) are Grassmann variables, the b;(7),
bi(t) are complex variables, / is the reduced Planck constant,
and 8 = 1/kgT, where kg and T denote the Boltzmann
constant and temperature, respectively. Throughout this work,
we denote the complex conjugation of the arbitrary x variable
by X.

SE[b,b] =

B. Effective action

We are interested in the influence of the fermionic degrees
of freedom on the bosonic part in the BFHM model within the
J < U limit.

In the first step, the term describing the interaction between
fermionic particles is decoupled by the Hubbard-Stratonovich
(HS) transformation in the pairing channel, which introduces
the A;(t), A;(7) fields [27]. Then, SE[é,c,] — 8L [¢,c, A, Al
where

Sf1¢,e,AA]
hp 9
= d Cio h— io
/(; T %: Cio(T) Py Cio(T)

- Z Cir(T)Ciy (T)A(T) — Z Ai(T)eiy (T)eip(t)

+ Z(_tij - /L(Sij)éia(f)cja(f)'F% Z 1A @, (8)

ijo i

and for which the HS measure D[A, A] contains the determi-
nant det [V~!]. Then, in the J <« U limit, we decouple the
term in the action from Eq. (7) which is proportional to J. It is
performed by introducing the HS transformation,

hp _ hip -
Z/O dt Jijbi(t)b;(r) — —Z/O deJ i@y, (0)
ij ij
R L
+ ¥ [ arionm+ X [ arbowm. o)

Going further, integrating out of the bosonic fields b;(t), b; (t)
is desirable. Before we do that, we have to apply some approx-
imation of these fields since, in the present form, the action
considered above is nonintegrable in b;(t), b;(t) because of
the interaction term proportional to U. Therefore, we rewrite
the partition function from Eq. (2) in the following form:

zZ=2zp det[J*l]/D[E,c,xﬁ,w,A,A]
< e’% S o ded T o 0- L8 16e AL A
x [e77 i s dell=dier e @m@b@Tec)B ()
0 9

where J is the hopping matrix J;; which results from the HS

transformation in Eq. (9), and the statistical average (~)g is

defined as (Z8)™' [ DIb.b]. .. ST BLVA with
z8 = /D[E,b]e—55[5~”1/h. (11

Because the v;(t), ¥,(7) fields have quadratic form with linear
terms, we can Inake the shift ¥;(t) — ¥i(r) + Iy (T)cip ()
and ¥;(t) — ¥;(7) + 1¢i1(v)¢; (7) and obtain

z=2zF det[J—l]/D[e,c,¢,w,A,A]
et L Jo" A d W@+ 1E (08 (OI0(D)+ ¢ (Dej (7]
x e~ 38 6e A A= F Wil Y] (12)

where we define

Wl [1/;7 W] =

Within the strong-coupling approach (J <« U), itis convenient
to expand Wi[¢¥,¥] in terms of the v;(t), ¥;(r) fields,

“hln{eh SR dh @b eeB (g3

033605-2



EFFECT OF BOSON ON-SITE REPULSION ON THE ...

PHYSICAL REVIEW A 97, 033605 (2018)

namely,
00 nB
T (=17 ’ ’
W[w,w]zg —/ drty...dt,dt...dt
: Sy Sy ST

p.Cs_t /
X E G; (‘L’l,...,‘L’p,Tl,...,Tp)

X Yi() T )Vi() - i(Ty),  (14)

where G/(7), ...
functions,

,r;,, T1,...,T,) are connected local Green

p.C/_t /
G; ('L’l,...,l'p,‘L'], cTp)

_ (=DPSCPW [, ¢]
i (e)) - S8 (T) - 8 ()

5)

Y=y=0

Then, truncating W;[v/,v] to quartic order and inserting the
results into Eq. (12), one gets the following effective action:

SMe.c. . 9.7, A]
- W
=Spiw1+ Y [ driio + 1)
ij 7O
I () + Tej (D)ej (0] + 55 16,0,A,A]
1 hp b
_Z Zf drdt'dt"dt" G (r,7',7",7")
4 J
i (Y (x W (2 (o), (16)
with
- hﬂ _
S =Y [ dede Gl @ . an
i 0

It is interesting to point out here that the pair-hopping term

naturally emerges in the effective action from Eq. (16), i.e.,
the term /2 > fohﬂ dtJi;lEiT(r)Eu(r)cN(r)ch(r), and is

induced by the resonant interaction /.

J

Further, we perform the second HS transformation in terms

-1 -
ofJij ,i.e.,

LB
=Y [ et + regwen o
ij Y0
x J,;l[lﬁj(f) + Icjy(t)cjr(T)]

hp
— Z /0 dtJ;;¢i(T)p; ()
ij

hp
- {Z /0 drdi(T)Yi(T) + Leiy (T)eir (T)] + c.c.},

(18)

where the new HS fields are ¢; (), ¢;(t). In comparison to the
fields from the first HS [Eq. (9)], the ¢; (1), ¢; () fields have the
same generating functional as the original b;(t), b;(t) fields.
Therefore, using the ¢;(t), ¢;() fields is more suitable in the
physical analysis because their correlation functions have the
same interpretation as the correlation functions for the original
bi(t), b;i(7) fields. To clarify this, in the Appendix, we add
the proof that both fields have the same generating functional.
Moreover, beyond this useful fact about ¢; (t), ¢; (t), it is worth
mentioning here that these fields, in the limit of the BHM (when
I = 0), yield properly normalized density of states in the BHM
superfluid phase [28] (properties of the SF spectrum in the full
BFHM need further study).

After applying the second HS [Eq. (18)] to Eq. (16), the
corresponding effective action is

SME,c,f,0,A,A]

hp _
== [ arsyoo
ij 70

LB
+ {I 2/ dtgi(t)ciy (T)eip(T) + c.c.}
—Jo

+881¢,¢, A, A1+ Walg, ], (19)

with denotation

- _Lx hB g X 15 hB 1 4! e G2C Pl NG (e INTe (TN oL (o N B, eff
Wald,¢] = —hln <e i o ATVttt 3 fy drdr'dedr Gt T T i (Y (T (x )wl(r)>0 ’ (20)

and where the statistical average (~)g’eﬂk is defined as (2(1;3)_1 [ DIy, y]... e3¢/ with ZE=/ DY, ]e%/". And, once again,
by truncating W>[¢,¢] to the quartic order and retaining only the terms which are not “anomalous™ [28,33-35], we obtained the
final form of statistical sum Z°" with effective action S (in which the fermionic degrees of freedom were integrated out), i.e.,

Feif _ /D[d—b’d)’A’A]e—%Seff[(ﬁ,tﬁ«A,A], 1)

ST, A, Al = ~TrIn [-G'G, j, D] +

1 " -
V§j|A,-(r)|2—§/0 dtJ;j$i(0)¢;(7)
i ij

L
—Z/ dtdr’[Gil’C(t,T’)]_lq_ﬁi(f/)@(f)
—~ Jo

1 he , _ i}
+7 > / drdt'dt"dt" T (z,7',1" 7" )i (x" )i ()i (T )pi (T), (22)
] 0
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where we introduced the matrix fermionic Green function,

—Fli—i- 8,"+l," Ai(T —1,'1'
67\, oy = | T PR A = 16 23)
Ai(r)—1gi(r) (=R —w)sy — 1
and effective interaction between bosons,
. sYWslg,
F?’L(T,‘L’/,T//,‘L'W): _ — /2[¢ ¢] . (24)
8¢i(11)8¢i(13)8¢i(11)8¢i(12) [5_4—

In the following, to analyze the phase diagrams of the BFHM, we focus on the saddle-point approximation for the effective
action from Eq. (22). Moreover, we point out that this effective action could also be used as a starting point for more general
considerations which include the fluctuations around saddle-point approximation. Formally, it can be performed by expanding
G;'(i, J, T) in terms of the A;(t) — I¢;(7) fields.

C. Saddle-point approximation of the effective action

To investigate the phase diagram which is described by the BFHM effective action from Eq. (22), we apply the mean-field-type
approximations.

At first, we rewrite Eq. (22) in the Matsubara frequencies (w,,, v,) and wave-vector (K, q, p) representation, which results
in ¢;(t) = ckm, Pi(T) = Pgn, Ai(t) = Ag,. The Matsubara frequencies are defined as w,, = 2m + 1)z /B and v, = 2nm /B,
where m, n € Z. Then, applying the Bogoliubov-like substitution to the ¢gp and Agy components, i.e., ¢po9 — /NPy and
Ago — /NHB Ao, and omitting the fluctuating bosonic parts Ag, and ¢g,, the mean-field effective action is obtained, i.e.,

Svie = {€0 — ALG"“(iv, = O)] T }NRBIgol* + (Nflﬁ)2|¢ol4 '3 —— Ao = Trin [-NBG ' (iwp, k)], (25)
where
-1 . _ lha)m é:k AQ — 1¢0
GF (k,le)— [A0_1¢0 lha)m"‘%‘k B (26)
with € = —2J Za COSqy, &k = tx — W, and fy = —2¢ Za cos k, (symbol @ € {x, y, z} denotes Cartesian coordinates). More-

over, in further calculations, we also define coordinate number z = 6, which is related to the €4 by expression g = —Jz. Here,
we restrict our consideration to the simple cublc lattices. The explicit form of G'“(iv,) is given in the Appendix. Moreover, in
Eq. (25), we use static approximation to the F * function and denote this limit by 2g (here we do not use the explicit form of g,
but it could be found in Ref. [28]).

To describe the ordered phase in terms of ¢y and A, we calculate the saddle point of the above effective action,

0

— S =0, 27
aby M @7
isg;; =0. (28)
04
This results in the following coupled equations:
. _ I (on — I¢o) p
1e _ I 2. 12 __ s
{€0 — B[G " ((ve = 0)]" " }¢o + gNTiBldpol "o = _Nhﬁ Grk, ihwy,) = N Zk: tanh 2Ek ,
1 on 1 ¢>0) p
=— G‘2 K, ifhw,) = anh ( = Ex |, 29
Xo =+ 52 k, ihwy,) = ; 5 Ex (29)
[
where Vxo = Ap and Moreover, it is interesting to point out here that the above
equation correctly recovers the limiting cases of noninteracting
Ey = \/51% T I — Vol (30) (U = 0) and hard-core (U — o0) bosons (in which fermionic

interaction can be finite, i.e., V #£ 0). For U = 0, the term

. ) o —1 B
From Egs. (29), one immediately sees that xq and ¢ are with g disappears and one has A[G"“(iv, = 0)] = p*, and
nonlinearly coupled to each other, i.e., therefore,

—1
{eo — RIG"“(iv, = 0)] "} + gNHiBlgol*po = —Ix0, (31) o= —"F——F—%0, (32)

€0 — (2u —2Ap)

which suggests that there is only one phase transition from the
superfluid phase to the normal phase.

which corresponds to the well-known result without a lattice
[30]. For U — oo, two Fock states are taken in Eq. (Al), i.e.,
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no = 0, 1, which gives R[G (v, = O)]71 = u*/(1 —2npH)
with npgo = ef* /(1 4 eP*"). Therefore, for the hard-core
bosons case, one gets

1 —2npy

$o = Uxo + €0¢0)2

U 2A, (33)

where we neglect the contribution from the g term by assuming
a limit of small order parameter ¢y. This result [Eq. (33)]
recovers the previous one from Ref. [2].

We have also confirmed that Egs. (29), in the limit of small
amplitude of ¢y (in which the term proportional to g could be
neglected), can be recovered from the mean-field and linear
response considerations; see the Appendix. Therefore, both of
these approaches lead to the same equation for the critical line
considered in the rest of the paper.

At the end of this section, it is worth pointing out that the
results, obtained in Secs. II B and II C, are quite general and
can be used for further analytical and numerical considerations
in which 7, U, and V interactions are finite quantities. These
results are interesting in their own right and can be applied to
the study of, e.g., superfluidity or critical phenomena. In our
further analysis, we focus on the specific physical regime of
the derived theory in which the BHM is set as our reference
point.

D. Phase diagram

In this work, we are interested in the phase diagram of
the strongly correlated bosonic regime (J < U). Therefore,
at the phase boundary where xo — 0, ¢9 — 0 in Egs. (29),
the critical line is obtained from

_ thl(' =0)= ﬂ (34)
€ =V =T 2vney
where
_ 1 3 1 i
I(7,) = N T tanh (2k3 Tc) (35)

k

It is interesting to notice here that in the case of I = 0, Eq. (34)
and the equation in the second line of (29) get the forms which
are known in the phase diagram analysis of the BHM and BCS
systems, respectively.

However, in our further analysis, we limit considerations
to the case of V =0 for simplicity. Therefore we focus on
the pairing mechanism of fermions which comes from the
converting interaction /. Then, by direct substitution of V = 0
to Eq. (34), the phase boundary in the BFHM is obtained from
the equation

€0 — hG '(iv, = 0) = I’TI(T,). (36)

In further discussion, we set i=1 and kz=1 for simplicity.

E. Average particle number

During the analysis of the boson-fermion mixture phase
diagram in the following sections, the additional considerations
of the average particle number per site n are made; n is
calculated within the unperturbed part of the action from
Eq. (3) at the phase boundary (it is consistent with the mean-

field calculation of average particle number per site at the
phase boundary within the operator approach method; see the
Appendix). This means that the zeroth-order partition function
has the form Zy = Z['Zf, where Z[ = fD[E,c]e’S(f[C_’C]/h
and Zg is defined in Eq. (11). Therefore, n is calculated by
usingn = —dIn Zy/0u and we get

n=nr+2ng, 37

where np is the average particle number of fermions for both
spin components,

1
ng = 22}(: T T (38)

and np is an average particle number of bosons,

© —BE,
2 ng=o o€ "0

S e Ry

n0=0

where on-site bosonic energy E,, is defined in Eq. (A2). There
is also a possibility to obtain Egs. (37)-(39) directly by taking
into account Gaussian fluctuations over a saddle-point action
S&i from Eq. (25) at the phase boundary.

It is also worth adding here that an improved approach,
which includes the effect of resonant interaction /, bosonic
hopping J, and fermionic interaction V, in the normal phase,
can be achieved by using the self-consistent 7-matrix theory
[15,23].

II1I. RESULTS AND DISCUSSION
A. Phase diagram of the BHM

In order to clarify further discussion, we briefly review
the finite-temperature phase diagram of the standard BHM in
terms of reduced critical temperature T,/zJ versus average
concentration of bosons per site 7.

Using previously defined bosonic annihilation and creation
operators b; and bj, the BHM Hamiltonian has the form
Hein = — Yy (Jij + 18;))blb; + U Y, bl bl b;b;. The phase
diagram comprising the SF, bosonic Mott insulator (BMI),
and normal (N) phases is well known [36-38] and, in the
mean-field approximation, the critical line is given by €y —
[GLC(iv, = 0)]_l = 0. In Fig. 1, we plot the critical temper-
ature 7, /zJ dependence on the average density of bosons per
site ng for the critical boundary in the BHM. The BMI for
different integer values of np is located only between lobes
at zero temperatures, which are indicated in Fig. 1 by black
arrows (at finite temperatures, there is no true insulating state
[39]). Here and in the following section, we choose U/ Jz = 20
to analyze the strong interaction limit of bosonic particles.

B. Density phase diagram of the BFHM model

We are interested in the density phase diagram of the BFHM
in the limit J/ < U and V = 0 (as was mentioned in Sec. II D).
The critical boundary line at finite temperatures is obtained
from Eq. (36). In the following Secs. IIIC, IIID, and IIIE,
the phase diagram of the BFHM is analyzed in three different
regimes, respectively, of parameter Ap which controls the
mutual position of the fermionic and bosonic band, namely, (a)
Ap/zt =0, (b) Ap/zt > 0, and (c) Ap/zt < 0. In particular,
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U/zd=20

T/zJ

FIG. 1. (a) Mean-field phase diagram of the BHM (temperature
T/J z vs average particle number per site n). (b) Chemical potential
/U vs np calculated along the critical line from (a). For clarity, the
circles are added on the numerical data points in (b).

the value of parameter Ap is directly related to the position
of the bottom of the bosonic band with respect to that of
the fermionic one. It is clear from considering the BFHM
Hamiltonian from Eq. (1) and from relation J = ¢/2, which
corresponds to the assumption that one molecule is made of two
fermionic particles. The bottom of the boson band is located
at the center of the fermion band at Ag/zt = 0.25 and it starts
to appear below the fermionic band for Ag/zt < —0.75 and
above for Ag/zt > 1.25.

C. Zero detuning (Ap = 0)

In Fig. 2, we show the finite-temperature phase diagram
for the BFHM with zero detuning Ag/zt = 0, finite bosonic
interaction strength U/zJ = 20, and converting interaction
I/zt = 1. These results explicitly show that if the Ag/zt =0
parameter is close to the Ag/zt = 0.25 value (i.e., the bottom
of the bosonic band is close to the middle of the fermionic
one), then the critical line assumes a regular lobe structure,
similar to the phase diagram of the standard BHM (see Fig. 1).
However, in the BFHM case, the lowest lobe is relatively wider
than the others [i.e., n € (0,4) instead of width 2 in » units in

U/zJ=20, I/zt=1

o5l — ezt=0] (@) A
| N
20F e
IR FE S SR WA
-~ ' 1 '
= | | |
1.0F - o mmg oo e fonneees
050/ T —_———,—,
SF SF SF
0.0 *
0 2 4 6 8

U/zJ=20, I/zt=1

200 pgizt=0]| (by:— = Beizt=0 (¢) i
\ =0) 3 e 3
15[
SR SER G — QT 2
0.5/ rrrrr L e 1
o. 0
0 2 4 6 8 0 2 4 6 8
n n
U/zJ=20, I/zt=1 U/zJ=20, l/zt=1
15¢( ) : 57 - T :
%l agzt=0 (d) e ngz=0 (6) : -
7, IS S S 4 I TS E——
] R S R N
3 = A ~ 4
5 555 ' 17 Mr
J | B .
L il I 5
0 2 4 6 8 0 1 2 3 4

FIG. 2. (a) Finite-temperature mean-field phase diagram of the
BFHM vs total particle number per site n = 2n g + np for zero detun-
ing of parameter A p. (b)—(d) Plots of np, np, and u/zt, respectively,
vs n [the obtained data are evaluated along the critical line from (a)].
(e) An enlargement of the vicinity of zero chemical potential from
(d). Plots are made assuming that U/zJ =20, I/zt =1, J =1t/2.
For clarity, the circles are added on the numerical data points in (d)
and (e).

comparison to the pure BHM case; see Fig. 1]. This widening
is related to the gradual filling up of the fermionic band with
increasing value of total particles n [see Fig. 2(b)]. Indeed,
the chemical potential gradually crosses the fermionic band,
which is clearly visible in Figs. 2(d) and 2(e), i.e., ;t/zt appear
at the bottom of the fermionic band (u = —z¢) at n = 0 and
end at the top of the fermionic band (i = zt) for n = 4.

It is interesting to notice here that in comparison to the
BHM case (Fig. 1), there is an enhancement of the superfluid
critical temperature when I # 0. Starting from the second
lobe, this enhancement can be simply accounted for by the
pairing mechanism of fermionic holes. This is confirmed by
the slight deviations of fermionic density from a band insulator
regime (np = 2) forn > 4 [see Fig. 2(b) and its corresponding
enlargement in Fig. 3].

The above picture is dramatically changed when detuning
starts to deviate from zero value. It will be discussed below.
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FIG. 3. Dependence of fermionic density n on the total particle
density n. This figure is an enlargement of the n € (4,8) region
from Fig. 2(b).

D. Positive detuning (A > 0)

With increasing value of the A 5 /z¢ parameter, the bottom of
the bosonic band is above the fermionic one for Ag/zt > 1.25.
This should result in increasing the fermionic density at the
expense of the bosonic one at low n, which indeed is clearly
visible in Figs. 4(a)-4(c). In particular, with increasing A g /zt,
the lower part of the first lobe gradually diminishes and the
first lobelike structure appears for n € (2,4) (see Fig. 4 with
Ap/zt = 1.5). Such a situation is also confirmed by analysis
of the chemical potential 1 /z¢ [see Figs. 4(d) and 4(e)], which
shows that its value starts to appear only in the region of
the fermionic band for n € (0,2) and for higher values of
Ap/zt for which the bosonic density is very low [it should
be compared to the situation with Ag/zt = 0 in which u €
(—zt, zt) for n € (0, 4); see Figs. 4(d) and 4(e)].

E. Negative detuning (A < 0)

The situation is even more interesting for negative detuning
for which the bottom of the bosonic band is below the fermionic
one for Ap/zt < —0.75. Intuitively, when the number of
particles 7 is increased, at first the bosonic band should start to
fill up. This intuition fully agrees with our simulation presented
in Fig. 5 for ng and ny versus n, and is clearly observed in the
regime of relatively high negative values of Ap/zt = —2.5.
However, in comparison to the reference case at Ag/zt = 0,
the situation here is more complex, and the critical line at
Ap/zt = —2.5 for the n € (0, 4) range decays into two lobes
[see Fig. 5(a)]. The first lobe at n € (0, 2) contains the SF
phase with gradually increasing average number of bosonic
particles np [Fig. 5(c)] and the second lobe at n € (2, 4) is
characterized by the almost integer bosonic density np (here
close to one), i.e., it has the BMI character for bosonic particles
(the bosonic density deviates from the integer number with
order less than 107°) [see Fig. 5(c)]. Moreover, the fermionic
partforn € (2, 4) gradually changes its density fromny = 0to
nr = 2 with increasing value of n. We also clearly see that the
phase is characterized by the location of the chemical potential
inside the fermionic band, pointing out that the system is at
the Feshbach resonance [see Figs. 5(d) and 5(e)]. Further, we
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20m) 4 ; i — dgizt=0 |(0) s
— Dglzt=0 1 e B R 3
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& S &% @ 2 Aglztet 5| A 2
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Y/ A . — i Tpo 1
0.5/
. 0
0% 2 4 6 8 0 2 4 6 8
n n
U/zJ=20, I/zt=1 U/zJ=20, l/zt=1
150[= Bglzt=0 |{d): q 6 Agizt=0 e} — b
o Aot | ‘ 4= Dplzt=1 ‘
§ |le Agatets) § o tonets)
5l ‘
00—
-
-2
0 2 4 6 8 0 1 2 3 4

FIG. 4. (a) Finite-temperature mean-field phase diagram of the
BFHM vs total particle number per site n = 2np + np for different
strengths of detuning Ajp (see legend). (b)—(d) Plots of ng, ng,
and u/zt, respectively, vs n [the obtained data are evaluated along
the critical line from (a)]. (¢) An enlargement of the vicinity of
zero chemical potential from (d). Plots are made assuming that
U/zJ =20,1/zt =1,J = t/2. For comparison, we plot Ag/zt =0
from Fig. 2. For clarity, the circles are added on the numerical data
points in (d) and (e). The meaning of the A, B, and C points is given
in Sec. lII F.

argue that this superfluid phase with number of bosons close to
integer value arises purely from the resonant mechanism and,
for simplicity, we denote it as the resonant superfluid (RSF)
phase.

To show the resonant character of the RSF, we check
the sensitivity of this phase by tuning the amplitude of the
converting interaction in S§® from Eq. (3). Namely, in Fig. 6,
we plot the phase diagram for different values of 7/zt. This
phase diagram shows that the RSF phase is highly suppressed
at finite temperatures and it almost disappears for I /zt = 0.5.
Therefore, one can conclude that the RSF phase originates from
the Feshbach-like correlations.

Moreover, it is worth adding here that fermionic ny and
bosonic np densities are almost intact with respect to the
change of 7/zt in the RSF phase [see Figs. 6(b), 6(c) and 7].
However, as expected, we observe that there is a slight change
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FIG. 5. (a) Finite-temperature mean-field phase diagram of the
BFHM vs total particle number per site n = 2npg + np for different
strengths of detuning parameter Ap (see legend). (b)—(d) Plots of
ng, np, and w/zt, respectively, vs n [the obtained data are evaluated
along the critical line from (a)]. () An enlargement of the vicinity
of zero chemical potential from (d). Plots are made assuming that
U/zJ =20,1/zt =1,J = t/2. For comparison, we plot Ag/zt =0
from Fig. 2. For clarity, the circles are added on the numerical data
points in (d) and (e).

of these densities not visible in the presented density plots (the
order of this change is less than 107°).

We also checked the vicinity of the RSF region by analyzing
the normal phase above the critical temperature in terms of
np and np densities at a constant n (see Fig. 8). These
densities correspond to the I/zt =0 regime at this level
of approximation (see Sec. IIE and Egs. (37)-(39). From
Fig. 8, we observe that in the T — 0 limit, np is pinned to
the integer value equal to one, while ny gradually increases
for the corresponding total particle density n = 2, 3, 4. This
observation is consistent with the conclusion about the RSF
phase drawn in the previous paragraph.

It is also worth adding here that the above picture of the
BFHM phase diagram is also consistent with the work in
Ref. [40], which considered the hard-core limit of bosonic
particles without bosonic hopping (J = 0). It should not be
surprising because our theory properly recovers this limit at
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FIG. 6. (a) Finite-temperature mean-field phase diagram of the
BFHM vs total particle number per site n = 2np + np for different
strengths of converting interaction 1 /zt (see legend). (b)—(d) Plots of
nr, ng, and p/zt, respectively, vs n [the obtained data are evaluated
along the critical line from (a)]. () An enlargement of the vicinity
of zero chemical potential from (d). Plots are made assuming that
U/zJ =20, Ap/zt = —2.5, J =1t/2. For clarity, the circles are
added on the numerical data points in (d) and (e). The meaning of
the A, B, and C points is given in Sec. Il F.

the mean-field level [see Eq. (33)]. However, the RSF phase
with the number of bosons close to one is a different behavior
which appears beyond the hard-core limit.

Moreover, when the system is beyond the Feshbach reso-
nance for Ag/zt = —2.5 (i.e., the chemical potential is below
or above the fermionic band), there is another interesting
feature, observed in Fig. 6. Namely, the SF phase is favored for
n € (0,2)andn > 4,butitisimportant to point out here that the
mechanism behind it is quite different. In the n € (0, 2) range,
the SF is enhanced through paring of fermionic particles (BCS-
like character), but in the n > 4 range, the pairing mechanism
is through fermionic holes. It is indicated by the corresponding
low-magnitude enhancement [for n € (0, 2)] or reduction (for
n > 4) of the fermionic density part in numerical data.

At the end of this section, we would like to also add that for
higher values of negative detuning A g /z¢, the general behavior
of the phase boundary is similar to that discussed above.
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FIG. 7. (a), (b) Enlargements of the relevant parts of Figs. 6(b)
and 6(c), respectively.

Namely, higher negative values of Ap/zt shift the chemical
potential also to higher negative values, causing the Feshbach
resonance region around p/zt € (—1, 1) to appear for higher
densities. Then, depending on the Ap/zt value, a situation
like that in the former cases appears, i.e., (1) the widening of
one of the lobes such as for Ag/zt = 0 (see Fig. 4) or (2)
the emergence of RSF mixture such as for Ag/zt = —2.5 (see
Fig.5). Inparticular, upto Ag/zt = —10 with the same BFHM
Hamiltonian parameters as before, we numerically check that
the first situation (1) appears for Ag/zt = —5 and Apg/zt =
—10 and the second one (2) appears for Ag/zt = —7.5 [here,
the RSF phase emerge for n € (4, 6)].

It would also be interesting in further investigations, beyond
the mean-field approximation, to include the effects of pairing
fluctuations into theory which should imply lowering of the
superfluid critical temperature. Then the temperature obtained
in this work will correspond to the appearance of the pseudogap
regime for fermionic particles [9,15,23].

F. RSF phase in the time-of-flight-type experiment

Time-of-flight (TOF)-type spectroscopy is one of the most
powerful methods of measurements in the state-of-the-art

U/zd=20, 1/zt=0, Ay/zt=-2.5
2.0 ‘ ‘ ‘

1.5p e e R -

ne

1.0

o

10 15 2.0
T/zd
U/zJ=20, I/zt=0, Ay/zt=-2.5

® A o

1.3[7

1.1

FIG. 8. (a) Fermionic ny and (b) bosonic ny average particle
density per site with fixed total number of particles n = ng + 2ng
[see Eqgs. (37)-(39)]. The other parameters are U /zJ = 20, J =t/2.

current experimental setups in ultracold atoms. Within the
optical lattice systems, it has been widely used for, e.g., bosons
[41-45], fermions [46,47], or boson-fermion mixtures [48,49].
In particular, it is relatively simple to probe coherence via
momentum distribution encoded in a freely expanding cloud.
As an example, it has been previously used to detect the
SF-BMI quantum phase transition in the bosonic Rb atoms
[45] or resonant superfluidity in the fermionic Li atoms [47].
In a realistic experiment, the enhancement of coherence is
observed as the appearance of peaks in the time-of-flight
pattern [41,44,45,47].

We suggest that the footprint of the RSF phase can be
tested by preparing an ultracold fermionic gas at the Feshbach
resonance with negative detuning of the Apg parameter. The
detuning should be about two-and-a-half-times greater than the
width of the fermionic band. Then, by repeating the experiment
with increasing number of fermions which simulate the BFHM
(which is close to the ground state), one should observe a
lowering of coherence atn € (2, 4) densities. It can be deduced
from the phase diagram in Fig. 6 where, in the range n € (0, 2)
and n > 4, the SF phase has a higher critical temperature than
in the n € (2, 4) region.
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For instance, let us assume that the atomic gas is prepared
at similar temperatures for different particle numbers which
are represented by points A, B, and C in Figs. 4(a) and 6(a).
Furthermore, let us assume that in each of these phases repre-
sented by points A, B, and C, a TOF experiment is performed.
Then, it can be concluded that for the situation with positive
detuning, as in Fig. 4(a), the coherence of bosonic particles
should be an increasing function of n at corresponding points
A, B, and C because of the deeper penetration of the system
into the SF phase for A, B, and C, respectively. However,
this situation should be quite different for negative detuning
of Ap/zt. As shown in Fig. 6(a), point B in comparison
to points A and C is located beyond the SF phase, which
means that the TOF pattern does not exhibit the behavior
characteristic of the SF phase [37]. Therefore, for negative
detuning, one should observe nonmonotonous behavior of the
coherence peaks, which can be read off from the TOF patterns
for the corresponding points A, B, and C. Moreover, increasing
the strength of Feshbach interaction 7/zt should result in
the gradual disappearance of this nonmonotonous behavior
at point B [see Fig. 6(a)]. Consequently, such coherence
dependence, which can be observed in experiment, could be
accounted for by the appearance of the RSF phase in the
investigated system.

IV. SUMMARY

In this work, we investigated the limit of strongly corre-
lated Feshbach molecules at finite temperatures in a three-
dimensional lattice. We show that for negative detuning A g /zt
and at least for weak strength of converting interaction / /zt, a
resonant superfluid phase (RSF) appears which is characterized
by an arbitrary number of fermions per site (i.e., fermionic
concentration between 0 and 2) and an integer number of
bosonic atoms. This happens when fermions are in the Fes-
hbach resonance. We show that this resonant character of the
RSF phase is unstable toward weakening converting interaction
1 /zt. In the situation when the fermions are beyond resonance,
the superfluid phase is strengthened. We explain that this
enhancement is caused by a hole-pairing mechanism for higher
densities, while for lower densities, it is a standard fermionic
particle pairing mechanism, which corresponds to that known
in the BCS theory.

Zly.yl= / DIe.c.b,bleXifo delshi by @)=S{10cl=SFb.b1=SP b+ 3, ) del(bi(o)+ec]

Moreover, we have also discussed the experimental protocol
in which the footprint of the RSF phase can appear in a
TOF-type experiment. Namely, the footprint of the RSF phase
could be simply observed as a nonmonotonous behavior of
coherence peaks from the time-of-flight pattern when the
number of fermions is increased.

In future investigations, it will also be interesting to study
the system’s behavior from the point of view of tuning the
parameter A p at fixed total n. An especially interesting analysis
would be for the total density equal to two (n = 2) in which
two different peculiar regimes should appear depending on
the Ap and U amplitude. Namely, tuning the system from a
positive Ap > 0to anegative Ap < 0 value should result in a
transition from a fermionic band insulator (np = 2,ng = 0) to
a SF phase, and from a SF to bosonic Mott insulator (ny = 0,
ng = 1). We leave this problem for future studies in which
careful analysis of the BFHM ground state is also required.
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APPENDIX
1. Local Green function

The on-site single-particle Green function, defined as
FG(r = 1) = —(Wi(D)Yi(x))g . is given by

LG, = — s e — e
— (1 ) = — + ’
5 (iv Z Z(Ho )Eno-H " E, —ihv, (AD
Ilo:O
where
E,, = —u*ng + Uno(no — 1)/2, (A2)
o0
Zy = Z e PEn (A3)

no=0

2. Generating functional in the BFHM

The generating function of the statistical sum from Eq. (2)
has the form

(A4)

where y;(7), 7;(7) are external sources. It can be rewritten to the form

Zly,yl = /D[E c.b b]ez,»,- fonﬂ dvJ;;bi()bj(0)—SE[e,c1-SE[D,b]1-3"; fnﬁ dT{[_‘]/i(T)'FIEM(T)Ew(f)_?i(T)]bi(f)"rC.Q}.

(AS5)

After the first HS of bosonic fields b; (), b;(t) [see also Eq. (9)], one has

ZIy.y] = 28 detlJ ) / DIe,er, e Si I ey T, =} 5 37 dell=Fir 16 O ©-7i b e

o= STIECcl=SE1B.b1-SPI5.b.C.c]

(A6)
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Next, shifting ¥; (1) — ¥ (t) — yi(r) + Ic;y (T)cip(T), Ui(r) = Vi(r) — 7i(t) + 1¢;4(7)C;y (T), we obtain

Z = ZF det[J'] / DIe,c, P et Tk 405 W@+ 18 @6, (ORI O+ e @i (O= (@I Wily. ] o= S el (A7)

Finally, taking the second HS [see also Eq. (18)],

hp hp
=Y [ e+t - RN ) + e @en - el > 3 [ b
ij 70 ij vo

np
- {Zfo dri(O[Yi(t) 4 Teiy (T)eir(t) — yi(D)] + c.c.}, (A8)

we have

Zly.yl = Z& det[J "1 det[-J] / DIG,c, ¥, ¥, pleZu o dTlsb @i+, i deidowirrvec)

xe h

From Egs. (A4) and (A9), we see that the b;(t), b;(r) and
¢i (1), $; (1) fields have the same generating functional Z[y,y].
The above considerations about generating the functional
correspond to those in Appendix A of Ref. [28].

3. Mean-field equations for order parameters:
The operator approach

Equations (29) were derived by using a coherent-state path
integral within a double Hubbard-Stratonovich transformation
within the bosonic part of the action. Now, we show that these
equations can also be recovered by using a standard operator
approach, at least in the small-¢y limit. In order to get the
equations for order parameters ¢ and xo, we start from the
mean-field approximation applied to the BFHM Hamiltonian
defined in Eq. (1), i.e., for the bosonic hopping term,

— " Jiblb; ~ Nod|gol* — 2o Y bl —2J oY bi.

ij i
(A10)

for the fermionic interaction term (BCS-type approximation in
the pairing channel),

Pt ~V P
|4 Z CiyCi CilCit A v ch’chk’LC—lekT
i Kk’
N -
a _V|A0|2 + Y Aocxicxg
Kk

+ > eyl Ao, (Al1)
k/
and for resonant interaction term,

1 Z(C,TTC,lei + b;rCuCiT) ~ I Z(CIT(TCT_N% + Poc_k| Ckr)
i k
1 -
+1— Y (Agb; + Agb!
v Xi:( 0 ob;)

1 _ _
—1y Xi:(Aofﬁo + Aodo) -

(A12)

WIS e A AIY, [ de(dioyi e (A9)

(

Then, the thermodynamic potential can be written in the form
1
tTpn (A13)
B
with
Z="Tr e_ﬂ(HeferH;?ﬁHgg)’

and where

Hy = ngcltackl’ - Z(AO — Ido)cx ks
K

ko
ot N o
= D cyeli (Ao — 190+ A0l (A14)
k
1 .
B __ 2 |
Hey = NzJ|¢ol +<IVAO_ZJ¢O>Zbi
1 _
I—RAg—2zJ b; — *bib;
+< T ¢O>Xi: ZM j
+U Y blblbib (A15)
(A16)

FB N - -
Hyy = —Iv(Aofﬁo + Aoo).

Next, the ¢p and A amplitudes can be obtained from the
conditions

02 02
— =V, — = 0, (A17)
8A0 8¢0
which give
N N U
0= =780 +190+ > fecwyenr) — v > i),
k i

N
0=-1 Z<c_k¢ck7> - NZJ¢0 +zJ Z(b,) + IvA()
k i

(A18)
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This leads to

(A19)

1
X0 = v ;“*icﬂ%

(A20)

where in this section the statistical average is defined as (-) =
Tr...e PHGHHE+HG ™) /7 and we introduce xo = A/V,
which is the same as in Sec. II C.

Now we focus on the first equation, i.e., Eq. (A19). The
expectation value (c_ick4) for a given wave vector k can be
calculated by diagonalizing the HX' Hamiltonian using the
standard Bogoliubov transformation,

Ckt = Wkt + Ty (A21)
Cky, = UkYk| — ﬁkVikT ) (A22)
with
2 sk
14+ = A23
lug|” = 2( + Ek) (A23)
1 &k
2
=—(1—=). A24
[vk| 3 ( Ek) (A24)
Then we obtain
Vxo — I¢o B
_ = ————tanh | = Eg ), A25
(c_kCkt) 2Ex an (2 k) (A25)

with a quasiparticle fermionic energy Ex defined as before in
Eq. (30).

For the next equation, i.e., Eq. (A20), we calculate by
using the linear response theory. Assuming that the ¢y and
Xxo amplitudes are small, one can expand (b;) in terms of these
parameters which gives
N Z

1
; ~——zJ¢0G1 (v, =0)+ — IxOG“(w =0).

(A26)

Finally, combining Eqgs. (A19), (A20), (A25), and (A26), one
gets

{eo — A[G"“(iv, = 0)] ' }¢o

I Vxo—1
—_ xO—Fd)O tanh éEk ,
N 2E] 2

1 Vxo — Iy B
= S 2T e (B E),
o NZ 26, 0 <2 K

which recovers the result from the coherent-state path integral,
i.e., Egs. (29) in the limit of small ¢y, in which the term
gNEB|¢ol>po can be neglected (i.e., on the phase boundary).

Moreover, it is also worth adding that the above derivation
of equations for order parameters x and ¢y [i.e., Eq. (A27)] can
also be handled by using an explicit form of the thermodynamic
potential,

(A27)

Q=Qp+Qpp +Qp, (A28)

where

_ l _ 2 _ i —BEx
Qrp/N = Nij@k Ex) + Vx| ﬁNijlna + ¢ PEx),
(A29)

Qrg/N = —1(Xo¢o + xo¢o). (A30)

Qp/N

L Tre P11+ xo 2 do)bl 50—z ool +Ubl bl b

(A31)

Then extremizing €2 in terms of X, and @ yields general mean-
field equations for the order parameters

1 Vxo — Iy B
= — ———tanh | = Ex ),
=52 2E, M\ gtk

k

(A32)

b0 = %Z(bm@,

i

(A33)

where (-} = Tr...e PHi /7, Z = Tre PHe | and should be
compared to Eqgs. (A27) or (29), which were evolved close to
the phase boundary. Moreover, from Eqs. (A28)—(A31), it is
easy to notice that the thermodynamic potential €2 consists of
a standard BCS-like part Q,, BHM-like part Q25, and part
Qfer—bos, Which is proportional to Feshbach interaction energy
1. Equations (A28)—-(A33) also make a clear framework for
further analysis of the thermodynamic properties of the BFHM.
As an example, the free energy F is now simply given by
F/N = Q/N + pn in which

1909

n:—Na——nF—i—ZnB, (A34)
=—Z[1——tanh (’; )} (A35)
p= Z(b}b»B (A36)

These mean-field results should also be compared with
Egs. (37)-(39) in which the zeroth-order approximation was
imposed on the statistical sum. Interestingly, the form of
Qp and ¢y given in Egs. (A31) and (A33) can be cal-
culated exactly for limiting cases of hard-core bosonic in-
teraction (U — oo) and for the case where U vanishes
(U =0). For example, within the hard-core limit, the on-
site bosonic density basis is restricted to two occupation
numbers (i.e., to 0 or 1 boson per site) and then one gets
Qpos/N = zJ |¢po|> — u* —In [2cosh (BE,)]/B, where E, =

\/ (u*)* 4 |Ixo — zJ ¢o|*, and for order parameter ¢y, one finds
$o = —(Ixo — zJ¢o) tanh (BE,)/2E, [2]

At the end of this section, we would like to also add that
going beyond the critical line toward the SF phase, it is worth
mentioning that the functional integral approach presented in
Sec. IT and the operator approach discussed here give different
descriptions. Indeed, evaluation of the expansion in Eq. (A26)
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to the third order in the ¢y and xy amplitudes generates
coefficients with a four-point local bosonic correlation func-
tion, denoted by Gl.z’c(t’l, 73, T1, Tp) [see Eq. (15)], while the
path-integral method gives Ff’c(r,r’,r”,r”’) [see Eq. (24)].
This higher-order term in the path-integral formulation is
denoted by g in Eq. (29), which is proportional to Fl.z’” in

the static limit. Therefore, on the grounds of the previous
considerations within the BHM in Ref. [28], we would like
to point out that our path-integral formulation should be more
relevant than the operator ones because its gives a better
description of the Gaussian fluctuation in the BHM limit with
the SF phase.
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