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Abstract. We have studied a system of ultracold fermionic potassium (*°K)
atoms in a three-dimensional (3D) optical lattice in the vicinity of an s-wave
Feshbach resonance. Close to resonance, the system is described by a multi-
band Bose-Fermi Hubbard Hamiltonian. We derive an effective lowest-band
Hamiltonian in which the effect of higher bands is incorporated by a self-
consistent mean-field approximation. The resulting model is solved by means of
generalized dynamical mean-field theory. In addition to the BEC-BCS crossover,
we find a phase transition to a fermionic Mott insulator at half-filling, induced
by the repulsive fermionic background scattering length. We also calculate the
critical temperature of the BEC/BCS state and find it to be minimal at resonance.
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1. Introduction

The first experimental realizations of Bose—Einstein condensates (BEC) in dilute atomic gases
of rubidium [1], lithium [2] and sodium [3] atoms initiated a new field of condensed-matter
research, providing an ideal laboratory for comparing theoretical models and experimental
results with high accuracy. In particular, the important consequences of Bose—Einstein
condensation could be investigated, which up to 1995 had remained an elusive and inaccessible
phenomenon in experiments.

Not long after the first realization of BEC, ultracold fermionic gases were studied
experimentally as well. The first important results of quantum degeneracy in trapped
Fermi gases were obtained in 1999 at JILA [4] and later on by other groups [5, 6].
A breakthrough experiment in this field was the investigation of fermionic superfluidity at the
crossover between the BEC state and the Bardeen—Cooper—Schrieffer (BCS) state [7—11]. This
was made possible by the use of Feshbach resonances, which have become an indispensable
experimental tool for ultracold atom experiments. Feshbach resonances not only allow one
to tune the interatomic interaction with high precision, but also make it possible to increase
it to a level where the critical temperature becomes high enough for the investigation of
attraction-induced superfluidity. In contrast, away from resonance the critical temperature is
usually exponentially suppressed and experimentally inaccessible. The regime of strong, even
diverging interactions, the so-called unitarity region, on the other hand, defines a new field of
research where standard mean-field methods break down and the physics has to be described in
a non-perturbative way. Moreover, this system allows for the experimental investigation of the
BEC-BCS crossover: for negative scattering lengths the system is a BCS superfluid, whereas
for positive scattering lengths, fermionic atoms with opposite spin pair up to form a bosonic
molecular bound state. More recent experimental work has focused on the study of the effect of
spin imbalance on the BCS state, i.e. the case when an unequal number of fermions occupies
the two different spin states [12—15], as well as mixtures of fermions with unequal masses, such
as %Li and K [16, 17].
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http://www.njp.org/

3 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

b

Figure 1. Schematic picture of the BEC-BCS crossover in an optical lattice. By
tuning the interaction strength between the two fermionic spin states, one obtains
a smooth crossover from a BEC regime of tightly bound bosonic molecules
(a) to a BCS regime of large Cooper pairs (c). In between these two extremes, one
encounters an intermediate crossover regime where the pair size is comparable
with the interparticle spacing (b). For the total fermionic filling one, the system
can undergo a phase transition to the Mott insulator phase (d).

Also, the effect of periodic potentials on trapped Fermi gases has been studied
experimentally [18-21]. Recently, evidence for a fermionic Mott insulator was obtained in a
system of repulsively interacting “°K fermions in an optical lattice [22, 23]. Optical lattices and
Feshbach resonances have been combined experimentally as well: the group at ETH Ziirich
reported the production of “°K molecules in three-dimensional (3D) cubic optical lattices using
s-wave Feshbach resonances in early 2006 [19], but no evidence of a superfluid state in the
lattice was found until later that year, when superfluid °Li was loaded in an optical lattice at
MIT where both a condensate and an insulating state were observed [20]. The results were
interpreted in terms of a superfluid-to-Mott insulator transition, for which a detailed theoretical
description is still lacking.

In this work, we study an ultracold mixture of fermionic atoms in two different hyperfine
states in a 3D optical lattice close to a Feshbach resonance. This system has all the
characteristics of the continuum BEC-BCS crossover described above: for magnetic field values
below the resonance, fermions with different spins form bosonic molecules (see figure 1). By
varying the magnetic field, the bosonic level is detuned relative to the fermionic one, which
changes the ratio of the densities of fermions and molecular bosons as well as the effective
interaction between the fermions. On top of this BEC-BCS crossover physics, which is familiar
from the system without lattice, new features emerge when an optical lattice is applied. The

New Journal of Physics 12 (2010) 065030 (http://www.njp.org/)


http://www.njp.org/

4 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

most prominent one is the occurrence of a fermionic Mott insulator for half-filled fermions
deep in the BCS regime, which is stabilized by the repulsive fermionic background scattering
length. As described below, we find a first-order transition between the BEC/BCS state and the
Mott insulator. For a total filling of two fermions per site, the BCS state competes against a band
insulating state [24-26].

The presence of an optical lattice allows one to utilize the powerful non-perturbative
methods that are available for lattice systems. Here we apply generalized dynamical mean-
field theory (GDMFT) [27, 28] to the system described above. However, GDMFT is a single-
band approach, whereas Feshbach-resonant interactions in an optical lattice lead to a multi-band
model [34-39]. We therefore first perform a mean-field decoupling of the higher bands, thereby
deriving an effective single-band Hamiltonian that is self-consistently coupled to the higher
bands.

The paper is organized as follows. In section 2, we introduce the microscopic model, and
in section 3, we introduce the Generalized Dynamical Mean-Field approach we used to solve
this model. In section 4, we present the result of our numerical calculations, and in section 5, we
present the concluding remarks. In the appendix, we describe in detail how the self-energy for
the resonantly interacting Bose—Fermi mixture studied here can be calculated in the dynamical
mean-field framework.

2. Microscopic model

The study of ultracold fermions close to a Feshbach resonance is a challenging problem. Due
to the fact that exactly on resonance the scattering length is infinite, the standard fermionic
Hubbard Hamiltonian cannot be defined. To solve this problem, it is necessary to formulate a
two-channel Hamiltonian by separating out the resonance state and treating it explicitly [40].
The nonresonant contributions give rise to a background scattering length. As the Feshbach
resonance occurs due to a coupling with the bosonic molecular state, the additional degrees of
freedom introduced in the two-channel theory are bosons [40].

An ultracold atomic gas of fermionic atoms and molecular bosons close to a Feshbach
resonance in the presence of an optical lattice is thus well described by a Bose—Fermi Hubbard
model [35, 41]. In our calculation, we assume the molecular bosons to be in the lowest band. For
the fermions, on the other hand, we also have to take into account the higher bands, in order to
properly incorporate the two-body physics associated with the Feshbach resonance [35, 36, 42].
Since the bandwidth is much smaller than the band gap, we approximate the higher bands to be
flat and only take into account the full band structure for the lowest band. Moreover, we neglect
the interaction between fermions in higher bands with each other and with the bosons. This is
justified because the filling in the higher bands is very small, so that interaction effects are also
small. The Hamiltonian thus has the following form:

Ho=H+Ho+Ho + Y (Hi+Hp), (1)
=1

3ho R
:_thC,goc,go"'UfZ”monz¢0 (M_T)an’o’ ()

(i) J
Hy=—t, y_blb, +—ZAb(Ab—1)—<2M 3—%70’)21%}?, 3)
(ij) i
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~ 3 ot
H :Z 2l+§ ha)—M ni,l’ (5)
,}qib =8 Z(l;j‘e‘iﬂlaii,l +h.C.), (6)

where 8;,’ , is the creation operator of a fermion with spin o for the /th band on lattice site i. b; is

f A Af A A . .
iod = Cig1Cigy and n; ;= njy ; +n; ) are the fermionic

the creation operator of a boson at site i. 71
number operators, and 7? = l;;Bl is the bosonic number operator. # and #, are the tunneling
amplitudes for fermions and bosons, respectively. Uy, Uy, and Uy, are the Fermi—Hubbard-,
Bose—Hubbard and Bose—Fermi—Hubbard interactions, respectively. These interactions arise
due to the background scattering lengths. Furthermore, u is the chemical potential, § is the

detuning of the bosonic level and w is the frequency of the harmonic oscillator associated with
an optical lattice well. Finally, g, = go,/Ll(l/ 2(0) is the Feshbach coupling to the /th band of

the lattice, where g, is the Feshbach coupling for the lowest Hubbard band and Ll(l/ 2(0) is the

generalized Laguerre polynomial. Choosing the Feshbach couplings in this way guarantees that

the two-body physics associated with the Feshbach resonance is incorporated exactly [35, 42].
The parameters of the generalized Hubbard Hamiltonian (1) are given by:

4 ol Vo Vo

tb(ﬂ ~ ﬁEr (W) exXp -2 W s (7)

8 1% 3/4

Ub(f) ~ \/;kab(gEf(ﬂ (ET?D> y (8)
4 1+ Vo

Un, ~ e kap B0 — /(Yo )T ©)

Nd (1+/my/mg)32 \ Ef

4 as AB A, 3/4

g = | U2 e (TUD) (10)

ms 2rh
§= A:u“mag(B — By). (11)

Here, Ef® = h%/2)%myq, is the recoil energy, V, is the amplitude of the optical lattice
potential and A is the laser wavelength. ag, a, and ag, are the fermion—fermion, boson—boson
and fermion—boson background scattering lengths. In our calculation, we approximate the
background boson—boson and the Bose—Fermi scattering lengths by a, = 0.6a; [43] and agp, =
1.2a¢ [44]. Furthermore, B is the magnetic field, and B, and A B are the position of the Feshbach
resonance and its width, respectively. A /iy, is the difference in the magnetic moment between
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the closed and open channels of the Feshbach resonance. Finally, m¢ and m,, are the respective
masses of the fermions and bosons.
The Hamiltonian (1) can be simplified by the following rescaling:

3hw

T )

3ho

T ’

such that the factor 3iw/2 disappears.

n=p— (12)

§=08-— (13)

3. Method

3.1. Derivation of the effective single-band Hamiltonian

The multi-band Hamiltonian derived so far is very complicated, since it involves both strong
correlations and many bands. Simply neglecting the higher bands would lead to an incorrect
description close to the Feshbach resonance, since the Feshbach parameter g is very large and
even exceeds the band gap [35]. However, the filling of fermions in the higher bands is strongly
suppressed by the band gap. This allows us to perform a mean-field decoupling in the higher
bands [35]. The lowest band is left untouched in this procedure since the fermionic filling can
be large there.
We thus perform the following decoupling for / > 0 on each site:

Qi — gl((@j)@iwéiw +b! (€1.46;,.) +h.c). (14)

This step implies that the lowest band and the higher bands are only coupled in a mean-field way.
They can thus be diagonalized separately, but are coupled by the mean-field self-consistency
relations. The full Hamiltonian is now given by

H=H)+Hp+He+ Y H, )+ Hiy . (15)
i L,i

where the following terms are added to the bosonic part of the lowest band Hamiltonian:
Hy, (i) = gi(b} (8, ) +h.c.) = —(Ab] +h.c.), (16)
1=1

where the mean-field A has been defined as A = — 3", ¢/(¢;, ,¢;, ;). For each of the higher
bands / > 0 we obtain the following Hamiltonian (here we suppress the site index i):

. &\ (20ho — [ —g(b o
’Hé: fm w MM g1(b) ] (flj) . (17)
Ciy —gi(b")  —Qlhw—u)) \1y

The system described by equations (15)—(17) needs to be solved self-consistently with respect

to the mean fields (b) and A.
To diagonalize the Hamiltonian (17), one has to perform the following Bogoliubov
transformation:

(ul —vl) (2zhw—;1 —g/(b) ) (u, —Uz)_l (—wz 0>
_ = : (18)
vy —g(b")y —Qlhw—p)) \V W 0 w
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where
oy =/ Qo — 72+ 1B 2 (19)
1 2lho— i
W=y o (20)
2 26()[
1 20ho—Qt
_ L dho—p 21
UTT T 2, 1)
AN (22)
20)[
This leads to the following expectation values:
2Uhe — i
nf =202 +2? — ) fw) =1 — % tanh (;;—’T) , (23)
]
A A wy 81 (l;> wy
= luyvr|tanh (522 ) = tanh (7). 24
|<C1¢Cz¢>| lu;v;| tan KT 2w, an KT (24)

where f(w;) is the Fermi function and T is the temperature. We use absolute values in the
equation for (¢;4¢;) because of the ambiguity of the sign, which arise from the fact that still a
divergence has to be subtracted (see below).

The total number of fermions is equal to

> 20ho — i W,
F _ _F
nt =nk+ ; (1 ~ =~ tanh (%—T)) . (25)
This is a converging sum, which can be evaluated numerically.
From equation (16) it follows that we have to evaluate the sum
3 i) =) Y £ anh (221 (26)
— — 2w, 2kT

which is divergent. This divergence always arises in the gap equation of the BCS model when
the 7 -matrix is approximated by a delta-potential [35, 42]. One way to solve this problem is by
using a pseudo-potential instead of the delta-potential [42]. Here, however, we follow [35] and
explicitly isolate the diverging contribution from the sum.

First, we note that for large I, w;, can be approximated by w; =2/hw — [ and
tanh(w,;/2kT) >~ 1. Therefore

2 00 2
LY (T B o YT ) S .
2wy 2kT wy 2kT , 2QIAw — 1)

=N+1

N il 2 00 2
= g— ﬂ _ 8 g
- (Z o (ZkT> 2 2(217’101) — " 2 2(21hal) — ﬁ)) @D

=0 =0

Here, N is a large integer (in our calculation we took N = 500).
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http://www.njp.org/

8 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

The first two terms of equation (27) are finite sums, but the last term diverges. This sum is
known from the literature [42, 45]. To separate the diverging part, we have to take the following
limit:

i g i %L (0) :hmi gL )
2Qlhw — ) 2Qlhw — 1) 04~ 2Qlho — 1)

=0 1=0 =0

2 0 — 1 —
— lim (goﬁr( M/Zhw;;ml:( p/2he —1/2) \/rﬁ+0(r)) L9

r—0

Since the diverging part /7 /r is independent of the model parameters, we can cure the
divergence by neglecting this term [35, 42]. Doing so, we obtain

= . ~ (g2 /AT (—ii/hw)) T(—i/ho —1/2)
A=—§gz(cmcz¢)=i(b) <g0ﬁ = wzézw —

N 2 N o2 a)
# 3B SBL nh (). (29)
— 2Q2lho — 1) = 2o 2kT
We now fix the sign by requiring A > 0, since this solution minimizes the (free) energy.
Summarizing, we have reduced the multi-band problem to an effective single-band

Hamiltonian:
Ho=H)+ T+ Hy +Hy,, (30)

where ?—AI,? , 7—Alb, ﬁ?b and ’}—AL,; are given by equations (2), (3), (4) and (16), respectively.
The chemical potential u has to be adjusted such that the total filling is equal to the desired
value ny:

> 2ho — fi w
20t +nf + ; (1 - == tnh <2k_T)> _—— 31)

This leads to the following self-consistency loop: we start from an initial guess of the
superfluid order parameter (l;) and calculate A using equation (29). As a result, we know
all parameters in the Hamiltonian (30), and we can find its eigenvalues and eigenvectors and
correspondingly calculate new correlation functions, including the superfluid order parameter
(l;). With this step, the self-consistency loop is closed.

It is worth noting that the effective single-band Hamiltonian we have derived here is
different from the effective single-band model in terms of the dressed particles derived in
other approaches [36, 39]: the bosons and fermions in our Hamiltonian correspond to the bare
particles in the lowest band.

3.2. GDMFT

To analyze the Hamiltonian (30), we use GDMFT that is explained in detail in [27, 28]. Here we
only mention that within GDMFT one considers a single site that is self-consistently coupled
to a dynamical fermionic bath corresponding to DMFT [29, 30] and a static bosonic mean-field
corresponding to bosonic Gutzwiller [31-33]. These are the leading order contributions in a
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1/z-expansion of the effective action (z being the lattice coordination number). Hence GMDFT
is exact in infinite dimensions and is expected to be a good approximation for the cubic lattice
considered here, for which z = 6. The typical accuracy for low-temperature expectation values
is around 20%.

In the specific case considered here, the system is described by a generalized single-
impurity Anderson model (GSIAM) with the following Anderson Hamiltonian:

And And  77And  77And
HA ’H“+’H"+’H“,

HEM = —[(ztg +A)b*+hc]+— PHY — 1) — (22 — §)A®
HA“d Upi'n® +g0(b cTc¢+hc) (32)

T = — i+ UnSal + > {erd,dy, + Vi@l ay, +he))+ Y Wil@y,af, +h.c),
k,o k

where 7 is the lattice coordination number and ¢ = (b) is the superfluid order parameter. k
labels the noninteracting orbitals of the effective bath, V, are the corresponding fermionic
hybridization matrix elements, W) describes the superfluid properties of the bath and azg is
the creation operator of a fermion in the kth orbital of the bath with spin o. fig, = 6‘2 ¢, 1s the
fermionic number operator and i1 = figy + i,

To solve the Anderson Hamiltonian, we use exact diagonalization as the impurity
solver [46—49]. In this algorithm, the infinite number of orbitals in Hamiltonian (32) is truncated
and only a finite number of ng orbitals is considered. The resulting finite-size problem is
fundamentally different from the finite-size problem of a finite number of lattice sites of the
original Hubbard model, and the truncation procedure can be viewed using a finite number
of parameters (energy scales) to describe the local dynamics encoded in the Weiss Green’s
function:

1w, +&

1 (w,) = n) = 1w, + L+ = 3 33

gAnd(lw ) aAnd(lw ) iw M 121: lo 2+a)2 + W2 ( )
T V W,

And(lw”) = Z 2 + o+ W2 (34)

where S is the inverse temperature and w, = (2n + 1)/ are the Matsubara frequencies.
To close the self-consistency loop by using the lattice Dyson equation, we calculate the
normal and superfluid Green’s functions, which can be written as follows [46]:

) _ ) B o0 é—* —¢&

G(w,) = G, (iw,) = f_oo ng(e)—M PSR (35)
. ) o0 1

F(iw,) = —Xsc(iw,) /_OO dé‘D(fE)m, (36)

where ¢ =iw,+ 1 — X (iw,) and D(e) is the noninteracting density of states of the cubic
lattice. X (iw,) and Xgc(iw,) are the normal and superfluid self-energies, which as shown in
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the appendix can be expressed via a set of higher-order Green’s functions:
(Us Qsio (i) + Upp Qoo (i) + 08 Q5. (1)) G5 (i)
G, (w,)G:(w,) + F(oiw,) F*(oiw,)
(0 U Qtr,06 (10y) + 0 Up, Qoo (1) + 8§ Qs (100,)) F* (01w, )

X (iw,) = Xy (iw,) =

. . . — , (37)
G, (w,)G:(iw,) + F(oiw,) F*(0iw,)
. (Ut Qiiy (iw,) + Up Ooy (10,) + 8 O 4 (1)) F (1)
Ysc(iw,) = . oy . .
G¢(1a),,)G¢(1wn) + F(iw,) F*(—iw,)
B (Ut Qs 1y (iwp) + U, Qor (wy,) + gQ;¢(iwn))GT(iwn) (38)

Gy (iw,) G (iw,) + F (iw,) F*(—iw,)

Here, G(iw,) = <(cg’o,c;0))w and F(iw,) = <<CT,O’CL,O>>(U are the normal and superfluid
single-particle Green’s functions. In addition, we have also defined the following additional

interacting GreeAn’ﬁ flm(A:tions: Oty (iw,) = ((f ji Ag, AfA;))w, Otivs (ilwy,) = ((fafg f&, f5)>w,
bea(ia)n) = ((f,gbjbv Afl))wa be(f&(ia)n) = (( bTb, f&))a» an(iwn) = <<f0b'f’ f;))w and
an&(iwn) = <<fng’ f&))w- Here,

iy
fs

1 ~ e_/sEn + e_ﬁEm

<<A7B>>w:_§ Z<”|A|m)<m|3|”)m (39)

and

7 — Z e PEx (40)
is the partition function.
The relation between the Weiss field and the Green’s function is given by the local Dyson
equation:

G (iw,) = S(iw,) + G (iw,), (41)
where
A G(iw,) F(iw,)
(@) (F(la)n) —G*(la)n)> (42)
is the matrix of interacting Green’s functions,
A Y(w,)  Xsc(iwy)
Y (iw,) = ; ) 43
(i) <Esc<1wn) —E*(lwn)> )
is the self-energy matrix and
A Gex(iw,)  Fex(iw,)
ex\1Wy ) = . . 44
Gexllion) (]:ex(lwn) -Gl (iw,) )

is the matrix of Weiss Green’s functions.
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To determine new parameters for the Anderson Hamiltonian, we fit the Weiss functions
calculated from (33) and (34) to the ones calculated from the eigenstates of the Anderson
Hamiltonian via the local Dyson equation (41). We use a steepest descent method with the
following norm:

Nmax

B 1 1 (
" 2(Nmax+1) &~ 2n+1

n

X |G ana (0n) — G () | + | F g (i) — Fo i) ) (45)

Il
=}

where N,y 1s the number of Matsubara frequencies taken into account.

The minimization procedure works as follows. We start from an initial guess of the GSIAM
parameters (€;,, V), and W,), and then, knowing the local Green’s functions calculated from
equation (39) and the self-energies calculated from (37) and (38), we calculate the lattice
Green’s function according to equations (35) and (36). Subsequently, using the Dyson equation
(41) we can calculate the Weiss Green’s functions G éx(ia),,) and F° ;x (iw,). The next step is
to fit this result by the parameterization in equations (33) and (34) and thus to find a new set
of parameters for the GSIAM. These new parameters serve as input for the next iteration. This
procedure is repeated until convergence is reached.

3.3. Calculation of the critical temperature

The combination of the mean-field approximation in the higher bands and GDMFT explained
so far, however, leads to a problem. Both approximations involve the superfluid order parameter

(b;). The mean-field approximation for the higher bands implies that the local correlator
(b Ciy4C;y ) 1s approximated by (b )(Ci1.Ciy.1)- The GDMFT scheme, on the other hand,

]

involves the approximation to replace the nonlocal correlator <13§13 i) by <13§><13 ;). This means

A

that (b) both measures the local phase coherence between bosons and fermions and the nonlocal
bosonic long-range order. However, these are two very different quantities that generally cannot
be described by a single mean-field order parameter. At zero temperature, this problem is not
very severe, because in this case one expects both long-range order and on-site boson—fermion
coherence, so that (l;> is large for both reasons. At finite temperature, however, this becomes
a real problem, because the bosonic long range order is expected to vanish at temperatures of
the order of the bosonic hopping #,. The local boson—fermion coherence, on the other hand,
persists for much higher temperatures, since the coupling g is orders of magnitude larger than
ty. Indeed, we find that, in the approximation outlined above, the full GDMFT calculations are
in good agreement with a single-site approximation. In the single-site approach, the impurity
site couples neither to the fermionic nor to the bosonic bath and long-range order cannot be
inferred. The critical temperature obtained from this calculation can be identified with the pair
breaking temperature T}, Which is much higher than the relevant temperature in experiments.

The scheme explained in the previous subsection cannot therefore be used to infer the
critical temperature for superfluid long-range order. In order to do so, we have to modify the
approximation and remove the ambiguous nature of the order parameter (13). This is made
possible by the observation that the term Ab' in the Hamiltonian merely renormalizes the self-
energy of the bosons: in the BEC regime the bosons are in a coherent state and this term is
equivalent to a shift of the bosonic chemical potential. This is also clear from the treatment
in [35], where terms from higher bands enter the bosonic self-energy. To make this more explicit,
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we write
N ; aonn) = +(b) (géﬁw—u/hw;l i(—u/hw ~1/2)
+ ZN: & XN: 8 tann (ﬂ)> = (h)A'. (46)
—2Qho—p) = 2w, 2kT

We can therefore replace the term

—(AbT+h.c) = —(A'(BYb" +h.c.) (47)
in the Hamiltonian by

—Abb, (48)

such that terms from the higher bands only renormalize the chemical potential. We remark
here that this might look like an additional approximation. However, one has to keep in mind
that the term connecting A to the bosonic creation operator originated from the mean-field
approximation in the higher bands. By treating the contribution of higher bands within the
bosonic self-energy, we are therefore restoring part of the mean-field approximation made in
the previous step. Indeed, by using second-order perturbation theory in the couplings to higher
bands (which is justified if the band energy exceeds the Feshbach coupling), we can also
obtain this correction directly as part of the bosonic self-energy, without invoking a mean-field
decoupling.

This improved approximation for treating higher bands gives for 7 = 0 similar results
as before; in particular the position of the transition to the Mott insulator is in good
approximation the same. The superfluid order parameter is smaller, as expected. However,
for nonzero temperatures, this improved approximation scheme allows for a calculation of the
critical temperature for superfluid long-range order, which was not possible in the previous
approximation.

4. Results

We study a mixture of potassium atoms (*°K) and Feshbach molecules in a 3D optical
lattice. The on-site harmonic oscillator frequency is chosen to be w = 2w x 58275 Hz, which
corresponds to a lattice with wavelength A =806 nm and a Rabi frequency of Qg =27 x
1.43 GHz. The Feshbach resonance considered here is at B =202.1 G and the width of the
resonance is 7.8 G [50]. The difference between the magnetic moments of the closed and open
channels of the Feshbach resonance is Apu = 16/9ug, where g is the Bohr magneton. The
total filling per lattice site in our calculation is ny = 1.

4.1. Zero temperature

First, we consider the case of zero temperature. Our calculations for the ground state are
summarized in figure 2. Deep in the BEC regime only bosonic molecules are present. When
the magnetic field is increased, close to resonance the number of fermions is increasing and the
number of bosons decreasing. Above the resonance we mainly have fermions and the number of
bosons is small. Both fermions and bosons are superfluid. We remark again that here we describe
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Figure 2. Bosonic and fermionic filling (a) and superfluid order parameters
(b) as a function of magnetic field B for T = 0. The dotted line corresponds to the
Feshbach resonance, whereas the dashed line indicates the phase transition from
the superfluid phase to the Mott insulator phase. The magnetic field is measured
in units of Gauss.

the physics in terms of bare bosons and fermions: in terms of dressed particles as in [35], these
are still molecular bosons and the BEC-BCS crossover takes place when the bosonic self-energy
crosses twice the Fermi energy [35]. However, in the case of half-filled fermions, this crossover
is intercepted by a first-order phase transition to a fermionic Mott insulator state, which happens
at a critical value of the magnetic field of B = 249 G. Calculations that include only the lowest
band of the Bose—Fermi—Hubbard model (as well as with one and two excited bands) yield this
transition to the Mott insulator phase already close to the Feshbach resonance at B >~ 205G
(results not shown). This implies that, to capture the superfluid region 205T < B <249T,
higher bands that renormalize the bosonic self-energy are crucial.

Another point worth noting is the first-order nature of the transition to the Mott insulating
state. In contrast, if one integrates out the bosonic degree of freedom and describes the Feshbach
resonance in terms of an effective, attractive interaction between the fermions within a single-
channel model for the lowest band, one finds a different scenario. In this case, the induced
attractive interaction dominates, until it is cancelled by the repulsive background interaction.
This means that within the single-channel approximation, one finds a regime with a normal
Fermi-liquid phase in between the BEC/BCS phase and the Mott insulator, which is absent in
our phase diagram. This directly indicates that the effect of higher bands is crucial to capture
the first-order transition between the superfluid and insulator phases.

4.2. Nonzero temperature

Having clarified the ground state phase diagram, we now consider finite temperature. In
particular, we investigate the critical temperature for the transition to the normal state.
Deep in the BEC regime, the critical temperature is constant (7. & 0.21¢#;) and completely
determined by the properties of the bosons: the bosonic hopping parameter #,, the interbosonic
background scattering length a, and the bosonic density. Only very close to resonance the
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Figure 3. Finite temperature results. In (a) we plot the fermionic superfluid order
parameter as a function of temperature 7" for different magnetic fields above the
resonance. In (b) we show the phase diagram. The blue solid line separates the
superfluid phase from the normal phase. Here temperature is measured in units
of the fermionic hopping t;.

critical temperature suddenly drops (see figure 3). This coincides with the magnetic field value
for which fermions enter the system. On the BCS side of the resonance, the critical temperature
depends on the magnetic field and increases with B (see figure 3). This implies that at resonance
the critical temperature is minimal. This is in sharp contrast to the situation where no lattice is
present, in which case the critical temperature is maximal close to resonance.

This surprising fact can be understood from the behavior of the critical temperature in the
single-band attractive Hubbard model [51, 52]. In this model, the critical temperature is low for
both very large and very small attraction and has a maximum in between. The reason for the low
critical temperature at small attraction is the conventional exponential suppression of 7, in the
BCS regime. For strong attraction the critical temperature decreases again because the fermions
start forming bound pairs with a greatly enhanced effective mass. Identifying the resonance
position with the case of very large attraction, this explains the low critical temperature at this
point. When moving away from resonance, the effective attraction induced by the Feshbach
resonance becomes weaker and hence the critical temperature increases again. Far away from
resonance one would therefore expect to find a maximum of the critical temperature, after
which it decreases again because the BCS regime of weak attraction is entered. However, due
to the transition into the Mott insulator phase for the unit filling considered here, we cannot
see the maximum of the critical temperature. Estimating the induced attractive interaction at the
transition point to the Mott insulator by assuming it to be equal to the repulsive background
interaction, this indeed gives a value for the induced attractive interaction that is larger (in
absolute value) than the position of the maximum in the single-band attractive Hubbard
model [51, 52].

Our calculation also shows that, on both sides of the resonance, the ratio (cyc;)/(b") as a
function of the temperature for fixed values of the magnetic field is constant. This means that
the on-site Bose—Fermi coherence is not affected by the temperature for the low temperatures
considered here.
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5. Summary

We have studied ultracold fermionic “°K atoms in a 3D optical lattice close to a Feshbach
resonance. We derived an effective description in terms of a Bose—Fermi—Hubbard model,
in which the molecular degree of freedom is explicitly present. Our calculations show, in
agreement with [35], that the effect of higher bands is crucial for a correct description of
the Feshbach physics. We therefore take into account the fermionic occupation of higher
bands.

To solve the strongly interacting multi-band problem, we decouple the higher bands from
the lowest one via a mean-field decoupling and reduce the Hamiltonian to an effective single-
band Bose—Fermi—Hubbard model, which is self-consistently coupled to the higher bands. To
solve this resulting model we use GDMFT.

The low-temperature physics close to the Feshbach resonance is very rich. Upon changing
the magnetic field, the ratio of fermionic and bosonic densities changes. Below the resonance the
system is mainly occupied by molecular bosons forming a condensate. Close to resonance the
number of bosons decreases, whereas the number of fermions increases. The fermions are in
the superfluid phase. This resembles the BEC-BCS crossover close to a Feshbach resonance
without an optical lattice. In addition, for the unit total filling considered here, we found a
transition into the fermionic Mott insulator phase when the magnetic field is increased even
further. The Mott insulator phase is stabilized by the repulsive fermionic background scattering,
which at large magnetic fields overcomes the attractive interaction induced by the Feshbach
resonance. The phase transition into the Mott insulator is found to be of first order. We found
that higher bands are crucial for a quantitatively correct prediction of the transition point.

We also calculated the critical temperature of the BEC/BCS superfluid phase across the
resonance. Below resonance the critical temperature is independent of the magnetic field, until
it sharply drops close to resonance. Above the resonance the critical temperature increases again,
leading to the remarkable result of a minimal critical temperature at resonance.
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Appendix. Derivation of the self-energy for the Bose—Fermi mixture

In this appendix, we evaluate the self-energy via correlation functions. For this purpose, we use
the equation of motion, which in general has the following form:

A

i (A, B)),,+ ([T, Al_, B)),, = ([A, Bl,). (A1)
Here, w, are the Matsubara frequencies and ((A, B))w is the general form of the Green’s

function, with the usual notation [A, B]l. = AB + BA; the plus sign applies when both
operators are fermionic; otherwise the minus sign is used.
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For the resonantly interacting Bose—Fermi mixture, the generalized single-impurity
Anderson Hamiltonian has the following form:

'yAnd Af Af Af AfAb AR 'yAnd
HAM = =3 " ol + Uity + Unh'2" + g (f | f1b+h.c.) + Hp"
o
Y Vie(Filey +he) + Y eroll, by + Y Wi(@f,éf, +hec), (A.2)
ko ko k

where f I and GZJ are the fermionic creation operators on the ‘impurity site’ and in the band,
respectively. b' is the bosonic creation operator on the impurity site. 2" =7} +7| =", fi f,,
#® = b'h and Hp™ is the bosonic part of the Hamiltonian.

To calculate the self-energy, we first evaluate the following commutator relations:

[HA 7] = Mfafa —Ufofifo—Unf b'b+ogflb— Z Vio Cio s (A.3)
k
(A, P = =y fE+ U fS L F .+ Un fIBTD—0g f b+ Z VioCry (A.4)
k
7And A _ A rFo_ Al

[H™, Chol- = —€k6Cho — Vi f & o Wicis, (A-5)
[ﬁAndv é\.ljc-a]* = Skana + Vko fA; +0Wk€k5’ (A6)
where 0 = —o'.

Now we use the equation of motion (A.1) for the case when A= f , and B = f I In
combination with the commutation relation (A.3), we obtain

(i + 1 1) ((Fos Fiddo = Uel(fo FiFor Fillo — Un((F 0D, FiNw+og((fib, i)

A

= Vio (G Fi0 =1. (A7)
k

To calculate ({(Ct,, f l))w, we again use the equation of motion (A.1), but in this case with
A = ¢, and B = f. With equation (A.5), we obtain the following relation:
At

(i0n — &x0) (Cros FiNo = Vio (F s FiNe — o Wiliels, fi)w =0. (A.8)

A

Finally, to calculate ((GZ(}, FI))e, we use equation (A.1) with A= 8;5 and B = ff, which
results in

(o +615) (&g, FIN o+ Vi ({20 FiNw = o Wil (6, Fi))0 =0. (A9)
From equations (A.8) and (A.9), we derive

A Vio (i, + €45) Ao

{Cror FiNw = (for [iD)o

(lwn - 8ko*)(ia)n + gké) - sz

O'VgW A A~
- e S fas P (A.10)

(iw, — &ko ) (i, + &45) — Wi,
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Now we combine equation (A.10) with (A.7) and obtain
(iwn + Mfo — Ao (ia)n))GU (lwn) - ASC(O—ia)n)F*(_O'iwn) - UfofU (lwn)
—Un Qoo (i) — 08 Q5 (i) = 1. (A.11)

Note that ((fg, f;))w = G, (iw,) is the normal Green’s function and ((ﬂ, fl))w = F(w) the
superfluid Green’s function. We also define

As (la)n) = A: (_iwn)

_ sz 1w, + &5 (A.12)
T (ke — i) (1 i) + W '

Agc(iow,) = A (—iw,)

— Vir Vi Wi (A.13)
B (ekT — ia)n)(SH +ia)n) + sz ’

which are the normal and the superfluid hybridization functions, respectively, and the fol-
lowing correlation functions: Qo (i) = (o 5 f 5+ fiD)wr Qiios (@) = (fo f5 5+ F5 e
Qo (i) = ((f,b'B, f1))os Croos (o) = ((F, b0, f))on Quolin) = ((f,b7, f1))o and
Qyos (i) = ((f,07, f5))o-

To obtain the self-energy we need to derive one more equation. For this purpose, we again

use the equation of motion (A.1) and take A= f 7 and B= f f, Based on equation (A.4), we
obtain

(i, — ) (FL FiN 0+ UL FL foy FiNo+ Un((FiDTD, Fi))0—0gl(fsb', Fi))u
+) Vio (s fi))o=0. (A.14)
k

We now replace ((8,10, f M using equation (A.10) and obtain:

_G(ia)n — Mot A: (lwn))F*(len) + GASC(_Giwn)G6 (ia)n) - UfQFf,ga (la)n)
Ut Ot (iwn) — 08 Qg5 (i) = 0. (A.15)

We proceed to write our results in matrix form. For o = 1, we use equation (A.11) and the
complex conjugate of equation (A.15), whereas for 0 = —1, we take equation (A.15) and the
complex conjugate of equation (A.11):

(iw, + 4 — Ay (10,)) G4 (iw,) — Agc(iw,) F* (—iw,) — U Qgpy (iwy)
—Up Qmr (iwn) — 8 Q4 4 (iwn) = 1,

— (iwn — gy + A (—iwy)) G (iwn) — Asc(iw,) F(iw,) — Ur Qf, (i,)
—Un Qpy (iwn) + 8 Q1) (iwy) = 1,

(iwn + My — AT(iwn)) F(iw,) + Asc(i0,) G| (iw,) — Ur Qsr 4 | (i0)
—Up Oy (iwn) — ngi(iwn) =0,

New Journal of Physics 12 (2010) 065030 (http://www.njp.org/)


http://www.njp.org/

13 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

(iw, — gy + A (i) F* (i0,) — Asc (i) Gy (ion) — Ur Q|4 (iwy)
—Up Oy 1 (iwn) + 8 Q1 (i) = 0.
The last four equations can be rewritten in matrix form as follows:
(1 0) _ (iwn + ey — Ay (iwy) —Asc(iwy) ) ( Gy(iw,)  F(iw,) )
0 1 —Asc(iw,) iw, — pry + A (—iw,) ) \F*(—iw,) —G(iw,)

B ( UrQiiy (10,) + Uy Qpor (1wy) + 8 Q4 (1) Ur Qi gy (iwy) + Uy Oy (iw,) + 8 O (iwn)>
UfQ?f’J/T(iwn) + Up, Q>fkb¢¢ (iw,) — gQgT(iwn) Ulefu (iw,) + Upy Qﬂf<b¢ (iw,) — gQgN(iwn) .

(A.16)
Now we compare equation (A.16) with the Dyson equation, which has the matrix form:
G () = Bliw) = G (i), (A.17)
where
Al G (iw,) F(iw,)
G = A.18
() (F*(—iwn) —Gj(iwn)> (A.18)
is the matrix interacting Green’s function,
. . . -1
o 1w, + — A, (lw, —Agscliw,
Q(ia)):(w iy = Aplon) sclion) ) (A.19)
_ASC(lwn) 1w, — [t} + A¢(_1a)n)

is the matrix Weiss Green’s function and 3 (w) is the matrix self-energy. From this comparison
it follows directly that

(ET(ia)n) ZSC(ia)n))
Silio) — (o)

_ UrQiry (iwy) + Upy Qpop (i) + 8 Q4 (1wn)  Ur Qi gy (10,) + Upy Oy () + 8 Q| (i)
UrQf 1 (1wn) + U Qfy 4 (i0n) — 8 Oy (1w,)  UrQf) (1wy) + Upy Q| (i) — 8 Qg (i)

(GT(iwn) F(iw,) )‘1
X .

) ) (A.20)
F*(—iw,) —G(w,)
From here we obtain the final result:
5. (i) = (Ut Qtiz (iwp) + Upy, Q1o (100,) + 08 Q5. (10,)) G5 (1)
o Mn) = G, (i0n) G (i) + F (i) F*(Gicoy)
N (0 Ut Qi 06 (1wy) + 0 Upy Qo (lwy) + 8 Qs (10,)) F* (G 1w,) (A21)
G, (iw,)G%(iw,) + F (0iw,) F*(Giw,) ’ ’
. (Ut Qiiy (1w,) + Up Ooy (10,) + 8 O 4 (1)) F (1)
2:SC(la)n) = . . N .
G¢(1a)n)G’j(1a)n) + F(iw,) F*(—iw,)
B (Ui Qrr,1 ) (1wy) + Up Qo) (i) + 8 Q| (10,)) G4 (1wy,) . (A22)

Gy (iw,) G| (iw,) + F (iw,) F*(—iw,)
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