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Enhanced visibility of the Fulde-Ferrell-Larkin-Ovchinnikov state in one-dimensional
Bose-Fermi mixtures near the immiscibility point
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Based on the matrix product states method, we investigate numerically the ground-state properties of
one-dimensional mixtures of repulsive bosons and spin-imbalanced attractive fermions, the latter being in the
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state, where Cooper pairs condense at a finite momentum k = kFFLO.
We find that the visibility of such a state is dramatically enhanced as the repulsive Bose-Fermi mixture is
brought close to the phase-separation point. In particular, large-amplitude self-induced oscillations with wave
vector 2kFFLO appear in both the fermion total density and the boson density profiles, leaving sharp fingerprints
in the corresponding static structure factors. We show that these features remain quite visible in cold-atom
systems trapped longitudinally by a smooth flat-bottom potential. Hence bosons can be used to directly reveal
the modulated Fermi superfluid in experiments.
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I. INTRODUCTION

According to the Bardeen-Cooper-Schrieffer (BCS) theory
of superconductivity, electrons with opposite spin bind into
bosonic pairs, which then condense in the state of zero center-
of-mass momentum, leading to macroscopic phase coherence
and vanishing electrical resistance. An intriguing question
is the possible coexistence of superconductivity with a spin
imbalance, which destabilizes the BCS mechanism. Several
exotic superfluid states have been proposed theoretically, in-
cluding the breached pair or Sarma state [1–3], states with
deformed Fermi surfaces [4,5], and the Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state [6,7], to name a few.

The FFLO state is characterized by the condensation of
Cooper pairs at finite momentum kFFLO, corresponding in
real space to a spatially modulated order parameter. As a
consequence, excess fermions, which are detrimental to su-
perconductivity, are stored preferentially at the nodes of the
pairing field, leading to an oscillation in the spin density
with wave vector 2kFFLO (corresponding to two nodes per
wavelength). The FFLO state is currently being investigated
in a variety of physical systems, including layered organic
[8], heavy-fermion [9], and iron-based [10] superconductors,
hybrid superconducting-ferromagnetic structures [11], and
quark-gluon plasma [12]. To date, its experimental evidence
relies mostly on thermodynamic measurements, although re-
cent NMR spectra of organic superconductors are consistent
with a periodic modulation of the spin density [8].
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Spin-imbalanced atomic Fermi gases [13,14] provide an
alternative route to investigate the FFLO state, especially
in one-dimensional (1D) geometries, where the exact Bethe
ansatz solution of the microscopic model allows us to derive
[15,16] the grand-canonical phase diagrams for both homoge-
neous and trapped systems. For a nonzero attractive contact
interaction, the ground state of the spin-imbalanced system
is FFLO-like, as confirmed by several numerical [17–22]
and analytical [23–26] studies (for a review see [27,28]).
1D systems with combined spin and mass imbalances have
also been shown to exhibit the modulated superfluid phase
[29–36].

While the predicted two-shell structure of the density pro-
files was soon confirmed [37] experimentally, no evidence of
the periodic modulation of the spin density was found. Several
detection schemes have been put forward since then (for a
review see [38]), which are based on the analysis of collective
oscillations [39], the sudden expansion of the gas [40–42],
interaction quenches [43], noise correlations [44,45], spec-
troscopy measurements [46–49], and interference techniques
[50].

Atomic Bose-Fermi mixtures provide a natural playground
for several quantum phenomena [51], including double su-
perfluidity [52–58], phase-separated states and interfaces
[59–62], supersolidity [63–65], pairing from induced inter-
actions [66–73], or in mixed dimensions [74–77]. Recently,
Ref. [78] investigated a two-dimensional spin-imbalanced
Fermi gas immersed in a Bose superfluid, leading to an
effective long-range attractive interaction between fermions.
The authors showed that the FFLO state can occupy a larger
portion of the ground-state phase diagram as compared to the
case of fermions with direct-contact interactions. In 1D sys-
tems, however, the FFLO state is energetically stable already
in the absence of bosons.

In this work we suggest that bosons can instead be used as
a sensitive probe of the exotic superfluid, once the repulsive
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Bose-Fermi mixture is brought sufficiently close to the phase-
separation point. Specifically, we find that robust self-induced
density modulations with wave vector 2kFFLO suddenly appear
both in the boson and in the fermion total density profiles,
leading to sharp kinks in the corresponding static structure
factors (much sharper than the original kink in the magnetic
response). The new phenomenon is completely general and
can be observed experimentally with ultracold atoms confined
in smooth flat-bottom traps.

The paper is organized as follows. In Sec. II we introduce
the microscopic model for the Bose-Fermi mixture and the
numerical method used to study it. In Sec. III we verify that
the ground state of the spin-imbalanced Fermi gas remains
FFLO-like, even in the presence of bosons. Section IV de-
scribes the main result of our paper, namely the boson-induced
enhancement of FFLO visibility near phase separation. In
Sec. V we prove that the observed phenomenon persists also
when the mixture is confined in a smooth flat-bottom trap.
Section VI shows that for attractive Bose-Fermi interaction
the effect is barely visible, pointing out the limitations of
previous perturbative models for the mixture. Finally, Sec. VII
provides a summary and an outlook.

II. MODEL AND METHOD

We describe a homogeneous Bose-Fermi mixture by the
following lattice Hamiltonian:

H = − t f

∑
〈i, j〉,σ

c†iσ c jσ + Uf

∑
i

ni↑ni↓ − tb
∑
〈i, j〉

b†i b j

+ Ub

2

∑
i

nib(nib − 1) + Ubf

∑
i

nib(ni↑ + ni↓), (1)

where the first two terms represent the Fermi-Hubbard model,
c†iσ being the local creation operators for fermions with
spin component σ =↑,↓, t f is their tunneling rate, and Uf

(Uf < 0) is the strength of the attractive interaction between
fermions with opposite spin. The third and fourth terms yield
the Bose-Hubbard model, where b†i is the bosonic creation
operator at site i, while tb and Ub (Ub > 0) are the correspond-
ing tunneling rate and the on-site repulsion strength. Bosons
and fermions are coupled by repulsive contact interactions of
strength Ubf (Ubf > 0), as described by the last term on the
right-hand side of Eq. (1). In the following we assume that
bosons and fermions have equal tunneling rates and fix the
energy scale by setting t f = tb = 1.

Our numerical results are based on the density matrix
renormalization group (DMRG) method, expressed in terms
of matrix product states (MPSs) (for a review see Ref. [79]).
Specifically, we use the MPS-OPTIM code of the ALPS li-
brary [80]. We consider a chain of L = 120 sites with open
boundary conditions, containing N↑ = 40 spin-up fermions,
N↓ = 32 spin-down fermions, and Nb = 60 bosonic atoms
(the choice of half filling for bosons is not crucial for our
results). We set Ub = 4 and Uf = −2 while varying the Bose-
Fermi coupling Ubf . To ensure proper convergence, we allow a
maximum occupancy of four bosons per site along with bond
dimension up to 4000 and 80 sweeps.

III. STABILITY OF THE FFLO STATE

We first show that the nature of the ground state of the
spin-imbalanced Fermi gas remains FFLO-like even in the
presence of bosons, as long as the homogeneous mixture
remains stable. To this purpose, we define the pair momentum
distribution (PMD) as

npair
k = 1

L

∑
i, j

ei(i− j)kPpair
i j , (2)

where

Ppair
i j = 〈c†i↑c†i↓c j↓c j↑〉 (3)

is the superconducting correlation function in the singlet
channel. Figure 1 shows the PMD for Ubf = 0 (green circles)
and for Ubf = 3.4 (red diamonds). The 1D FFLO state is
signaled by a sharp peak in the PMD at a finite momentum
kFFLO = kF↑ − kF↓ (dashed line), where kF↑ = πN↑/L and
kF↓ = πN↓/L are the Fermi momenta of the majority and
minority spin components.

We see from Fig. 1 that the characteristic FFLO peak
remains well visible in the presence of bosons and is even
slightly taller, confirming the energetic stability of the FFLO
phase. The main effect of the repulsive boson-fermion interac-
tion is the appearance of Cooper pairs with large momentum,
close to the edge of the Brillouin zone. Since

∑
k npair

k =∑
i〈ni↑ni↓〉, this results in an increase of the number of doubly

occupied sites from 17.4 to 23.3. We have verified numerically
that this behavior is not intrinsic to the FFLO state, as it
also occurs for equal-spin populations, N↑ = N↓. The PMD
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FIG. 1. Pair momentum distribution, cf. Eq. (2), for Ubf = 0
(green circles) and for Ubf = 3.4 (red diamonds), where the Bose-
Fermi mixture is close to phase separation. The dashed line marks the
position of the FFLO wave vector kFFLO = kF↑ − kF↓ = π/15. The
inset shows the corresponding results for the singlet superconducting
correlation function Ppair

ij , cf. Eq. (3), with j = L/2 (center of the
chain), as a function of the distance i − L/2 (for clarity odd-site
data have been skipped). The dotted line marks the zero crossing.
The intraspecies interaction strengths are Ub = 4 and Uf = −2. The
chain has size L = 120 and contains N↑ = 40 spin-up fermions,
N↓ = 32 spin-down fermions, and Nb = 60 bosons.

023148-2



ENHANCED VISIBILITY OF THE FULDE-FERRELL- … PHYSICAL REVIEW RESEARCH 2, 023148 (2020)

0 30 60 90 120
site i

0

0.2

0.4

0.6

0.8

lo
ca

l d
en

si
ty

(a)
〈n

i↑+n
i↓〉

〈n
bi

〉

〈n
i↑-n

i↓〉

0 30 60 90 120
site i

0

0.2

0.4

0.6

0.8

(b)

〈n
i↑+n

i↓〉

〈n
bi

〉

〈n
i↑-n

i↓〉

0 0.005 0.01 0.015 0.02
1 / L

0

0.01

0.02

0.03

A

(c)

〈n
i↑+n

i↓〉

〈n
bi

〉

〈n
i↑-n

i↓〉

FIG. 2. Density profiles of the homogeneous mixture for Ubf = 0 (a) and Ubf = 3.4 (b). The three data curves correspond to the spin
density (red circles), total fermionic density (blue squares), and boson density (green diamonds), respectively. The particle numbers are the
same as in Fig. 1. Panel (c) shows the amplitudes of the FFLO oscillations in the three density profiles as a function of 1/L for Ubf = 3.4 and
for three different values of the system size, L = 60, 90, and 120 at fixed particle densities. The intraspecies interaction strengths are Uf = −2
and Ub = 4.

could be measured by projecting the Cooper pairs into deep
molecular states and performing time-of-flight experiments
[81], as previously done for three-dimensional Fermi super-
fluids, although interaction effects during the expansion can
complicate the picture.

In coordinate space, the FFLO state appears as a self-
generated spatial modulation of the superconducting correla-
tion function, Eq. (3), superimposed on the algebraic decay
typical of 1D systems. Our numerical results for Ppair

i j are
displayed in the inset of Fig. 1 for the aforementioned values
of Ubf . Interestingly, as Ubf increases, we see that this quantity
smooths out and becomes more symmetric with respect to the
center of the chain, which might favor the observation of the
exotic superfluid with interferometric techniques.

IV. MANIFESTATION OF FFLO ORDER
NEAR PHASE SEPARATION

A. Density profiles

Let us now investigate the much more interesting effects
of the Bose-Fermi repulsion on the density profiles of the
two species. With the spectacular recent advances in quantum
gas microscopy [82–84], it is now possible to measure these
local observables with high resolution. In Fig. 2 we plot the
distributions of the spin density 〈ni↑ − ni↓〉 (red circles), the
total fermionic density 〈ni↑ + ni↓〉 (blue squares), and the
boson density nib (green diamonds) in the absence of coupling
[panel (a)] and close to phase separation [panel (b)]. Although
in 1D systems true long-range order is absent due to the strong
quantum fluctuations, the crystalline structure in the local spin
density can appear in chains of finite size.

We see in Fig. 2(a) that for Ubf = 0 the FFLO oscillation is
barely visible, as the attraction between fermions is relatively
weak, Uf = −2. Indeed, previous DMRG [18] and quantum
Monte Carlo [48] studies have observed a clear periodic mod-
ulation only for relatively strong attractions between fermions,
say |Uf | � 5. A Fourier analysis of the data, presented in
Appendix A, shows that the fermion total density displays os-
cillations with wave vectors 2kF↓ and 2kF↑, while the 2kFFLO

modulation is nearly absent. In contrast, the boson density
displays oscillations with dominant wave vector k = π .

The situation for Ubf = 3.4 is completely different. As dis-
played in Fig. 2(b), the spin-density profile exhibits a clear pe-
riodic structure with the expected wavelength, 2π/(2kFFLO) =
15. Surprisingly, the same crystal order is imprinted in the
total fermionic density and in the boson density profiles,
while the usual density modes with wave vector 2kFσ almost
disappear, as discussed in Appendix A. This observation is the
key result of our paper.

We also see in Fig. 2(b) that the oscillation in the boson
density is out of phase by a factor of π with respect to the other
two densities, due to the repulsive Bose-Fermi interaction.
Moreover at the edge of the chain there are more fermions
than bosons, so in the bulk the total fermionic (bosonic)
density oscillates around a lower (higher) mean value.

Since we expect that the density modulations displayed in
Fig. 2(b) are a direct manifestation of the FFLO pairing, their
amplitudes A must vanish in the limit of infinite chains. In
order to verify this crucial point, we have performed similar
calculations for system size L = 60 and L = 90, keeping
the densities Nσ /L and Nb/L unchanged. We compute A
by fitting the numerical data in the central region of the
chain, corresponding to L/4 sites, with a function n(x) =
A cos(2kFFLOx + φ). The result is shown in Fig. 2(c) as a
function of 1/L. All the data curves are well fitted by straight
lines with approximately zero intercept, thus confirming our
claim.

Let us now clarify under which conditions the FFLO
nodal structure is imprinted on the density distributions of
the two species. While the FFLO modulation in the spin
density profile appears progressively as the boson-fermion
repulsion becomes stronger, the corresponding effect in the
total fermion density and in the boson density profiles appears
only when the system is close enough to the phase-separation
point. This key fact is illustrated in Fig. 3, where we display
the density profiles of the mixture for increasing values of the
Bose-Fermi repulsion strength Ubf calculated for a chain of
L = 60 sites. For Ubf = 3 [panel (a)], the spin density displays
FFLO oscillations, but the other two density profiles show
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FIG. 3. Local density profiles of bosons and fermions calculated
for Ubf = 3 (a), 3.4 (b), and 3.6 (c). The intraspecies interaction
strengths are set to Uf = −2 and Ub = 4 (same as in the main text).
The system size is L = 60 and the particle numbers are rescaled to
N↑ = 20, N↓ = 16, and Nb = 30 in order to keep the overall densities
constant. The three data curves correspond to the spin density (red
circles), total fermion density (blue squares), and boson density
(green diamonds), respectively.

modulations with shorter wavelengths, corresponding to the
usual 2kF↑, 2kF↓ modes. For Ubf = 3.4 [panel (b)] all three
density profiles oscillate with the same 2kFFLO wave vector, as
also displayed in Fig. 2. Further increasing the boson-fermion
repulsion leads to an instability of the homogeneous mixture
toward phase separation, as shown in Fig. 3(c) for Ubf = 3.6.

We have verified numerically that the FFLO imprinting
observed in Fig. 2(b) is a completely general phenomenon,
which occurs also for weak boson-boson repulsion or for
strong fermion-fermion attraction, as long as the system is
close to the immiscibility point. More details can be found
in Appendix B.

B. Static structure factors

The static structure factors of the density distributions
of bosons and fermions can be accessed experimentally in
cold-atom samples via Bragg scattering [85,86] or quantum
polarization spectroscopy [48]. They are defined as

Sb(k) =
∑
i, j

ei(i− j)k (〈nibn jb〉 − 〈nib〉〈n jb〉),

(4)
S f

O(k) =
∑
i, j

ei(i− j)k (〈OiOj〉 − 〈Oi〉〈Oj〉),

where for fermions we distinguish between the spin response,
corresponding to the operator O = m = n↑ − n↓, and the total
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FIG. 4. Three different types of static structure factors plotted as
a function of momentum: (a) fermion spin density (S f

m), (b) fermion
total density (S f

n ), and (c) boson density (Sb). The three curves in each
panel correspond to Ubf = 0.0 (green circles), 3.0 (blue squares), and
3.4 (red diamonds). The dashed vertical lines mark 2kFFLO, while the
two dotted lines correspond to 2kF↓ and 2kF↑ (see text for details).

density response, where O = n = n↑ + n↓. Figure 4 displays
the momentum dependence of the three static structure factors
for three different values of the Bose-Fermi coupling, Ubf = 0
(green circles), 3.0 (blue squares), and 3.4 (red diamonds).

For Ubf = 0 we see that both S f
m and S f

n exhibit similar
shapes with kinks at k = 2kF↓ and k = 2kF↑ (dashed lines).
This can be understood by noticing that in a noninteracting
Fermi gas the two static structure factors coincide, Sm = Sn,
and are given by [48]

Sm(k) = |k|/π for 0 < |k| < 2kF↓
= |k|/(2π ) for 2kF↓ < |k| < 2kF↑
= (kF↑ + kF↓)/π for |k| > 2kF↑. (5)

The inclusion of a moderate attraction between fermions
slightly smears the two kinks and decreases (increases) the
overall scale of the magnetic (total density) structure factor,
as indicated by the green curves in the panels (a) and (b).
In contrast, the density response of the Bose gas is smooth
and increases monotonically as the momentum increases, as
shown by panel(c) of the same figure.

As Ubf increases, we see that a kink progressively stands
out in the spin response at k = 2kFFLO, signaling the FFLO
state. At the same time both the total density and the boson
density responses become approximately flat for k > 2kF↓.
By further approaching the immiscibility point, these two
quantities develop a sharp kink at k = 2kFFLO, as shown in
Figs. 4(b) and 4(c). In particular, we see that the two kinks are
significantly more pronounced than the corresponding one in
the original magnetic response, thus favoring the detection of
the FFLO state. We emphasize that the results shown in Fig. 4
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FIG. 5. Spin density (red circles), total fermionic density (blue
squares), and boson density (green diamonds) profiles of atoms in
a quasi-flat-trap with power p = 12 and prefactor V = 10−19. The
interaction parameters are Ub = 4, Uf = −2, and Ubf = 3.4. The
mixture contains N↑ = 20 spin-up fermions, N↓ = 14 spin-down
fermions, and Nb = 42 bosons.

have negligible finite-size effects, as shown in Appendix A.
This is due to the fact that the static structure factors measure
density correlations at different sites, which remain finite in
the thermodynamic limit.

V. EFFECT OF A SMOOTH FLAT-BOTTOM
TRAPPING POTENTIAL

So far we have considered homogeneous mixtures confined
in a box with open boundary condition. The effects of a
smooth trapping potential acting on bosons and fermions can
be taken into account through the generalized Hamiltonian

Htrap = H +
∑

i

V

(
i − L

2

)p

(nib + ni↑ + ni↓), (6)

where V and p are positive numbers. Since the FFLO wave
vector is fixed by the value of the local spin density, the latter
should stay approximately constant over a wide region of the
trap for the corresponding density modulations to be observ-
able. Hence a confinement sharper than harmonic, p > 2, is
generally required. Flat-bottom potentials for ultracold atoms
can be realized optically, by using a digital micromirror device
(DMD), for instance p � 16 in the experiment of Ref. [87].

In Fig. 5 we display the calculated density profiles for a
mixture with N↑ = 20, N↓ = 14, and Nb = 42 in a trap with
p = 12 and L = 94, using the same values for the interaction
strengths as in Fig. 2(b). We see that the characteristic FFLO
modulations in the density profiles of bosons and fermions are
quite visible in the middle of the trap and can therefore be used
as evidence of a FFLO phase in this region.

In Fig. 6 we display the corresponding results for the
static structure factors in the presence of the smooth trap.
We see that the FFLO kinks in S f

n and Sb remain remarkably
sharp, implying that the observed density modulations can be
detected in cold-atom experiments. On the other hand, the
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FIG. 6. Static structure factors as a function of momentum cal-
culated in the presence of the trap. All parameter values and particle
numbers are as in Fig. 5.

kink in the magnetic response is less evident, as we already
observed for homogeneous mixtures.

VI. ATTRACTIVE BOSE-FERMI MIXTURE

It is worth emphasizing that our mechanism of boson-
enhanced FFLO visibility cannot be described using per-
turbative models of the mixture which are only valid for
weak boson-fermion repulsion, far from the phase-separation
limit. For instance in several mean-field studies [66–69,78] of
induced superfluid pairing in Bose-Fermi mixtures, bosonic
degrees of freedom are integrated out using the adiabatic
approximation of fast bosons. One is then left with a purely
fermionic Hamiltonian, where particles are subject to an effec-
tive boson-induced long-range attractive interaction. Within
second-order perturbation theory, the strength of this interac-
tion is proportional to U 2

bf , and is therefore insensitive to the
sign of the boson-fermion coupling. Hence the approximate
model predicts identical effects for positive and negative
values of Ubf .

This fact, however, is in stark contrast with our numerical
findings for attractive Bose-Fermi mixtures, shown in Fig. 7.
The results for the density profiles are obtained using the same
values of the intraspecies interaction strengths and particle
numbers as in Fig. 3 but assuming Ubf = −2.6 [panel (a)] and
Ubf = −3.4 [panel (b)]. We see that, already at Ubf = −2.6,
the edges of the chain are no longer occupied, while for
Ubf = −3.4 the density distributions shrink to roughly half
of the available lattices sites corresponding to a droplet-like
phase.

Interestingly, a zoom to the data of Fig. 7 reveals that,
differently from the case of repulsive boson-fermion interac-
tions, the FFLO oscillations in the boson and total fermion
densities are in phase, while the spin density is out of phase
by a factor π .

VII. CONCLUSION AND OUTLOOK

In summary, we have investigated the ground-state proper-
ties of a 1D FFLO state coupled to a Bose superfluid through
strong repulsive interactions. While bosons do not affect the
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FIG. 7. Local density profiles of bosons and fermions calculated
for Ubf = −2.6 (a) and −3.4 (b). The values of the intraspecies
interaction strengths and the population numbers are the same as in
Fig. 3.

energetic stability of the FFLO phase (as long as the mixture
remains homogeneous), large-amplitude modulations with
wave vector 2kFFLO appear in the density profiles of the two
species, as the mixture is close enough to the immiscibility
point. The same nodal structure is also imprinted in the density
correlations, resulting in sharp kinks in the corresponding
static structure factors.

Our theoretical results show that the coupling with bosons
offers a surprising direct path to experimentally observe the
elusive Fermi superfluid using ultracold atoms in smooth one-
dimensional flat-bottom traps. The mixture can be brought
close to the phase-separation point by tuning one of the three
interaction strengths.

Importantly, the combined use of the full microscopic
model together with accurate (DMRG) numerics turned out
to be essential to unveil the novel effect.

While the density modulations in Fig. 2 vanish for 1D mix-
tures of infinite size, a weak interchain hopping is expected to
establish true long-range (FFLO) order in higher dimensions.
This, in turn, could drive the formation of bosonic supersolid
phases in Bose-Fermi mixtures near phase separation.
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APPENDIX A

Fourier analysis. Further insights into the behavior of the
mixture can be obtained through a Fourier analysis of the
density profiles of bosons and fermions plotted in Figs. 2(a)
and 2(b). In order to avoid boundary effects, we consider only

the central region of the chain, corresponding to m = 44 sites
(approximately one-third of the total length).

For each type of profiles (spin density, fermion total
density, and boson density) we proceed as follows. Let xi

denote the ith element of the truncated data set. To avoid
uninteresting peaks in the Fourier spectrum we first normalize
our data by setting yi = (xi − μ)/σ , where

μ = 1

m

m∑
i=1

xi, σ 2 = 1

m

m∑
i=1

(xi − μ)2

denote, respectively, the mean and the variance of the data.
The corresponding Fourier coefficients are defined as

Xr =
m∑

n=1

yne−2π irn/m,

where r = 1, 2, . . . , m. Each integer value r is associated with
a bin in Fourier space centered at wave vector kr = 2πr/m
and having width 2π/m. Since our data are real, it is enough
to study the first half of such coefficients, corresponding to
kr > 0.

Figures 8(a)–8(c) show the absolute value of the normal-
ized coefficients Xr/m, as a function of kr , in the absence of
the Bose-Fermi coupling, Ubf = 0. The spin-density [panel
(a)] shows three distinct peaks, corresponding to 2kFFLO =
0.133π , 2kF↓ = 0.533π , and 2kF↑ = 0.667π . The 2kF↑, 2kF↓
peaks appear also in the spectrum of the total fermion density
[panel (b)], while the FFLO peak is barely visible. The oscilla-
tions in the boson density profile display instead the dominant
wave vector at 2πNb/L = π , as shown in Fig. 8 [panel (c)].
All the above results are consistent with the Luttinger liquid
theory.

Next, we repeat the same Fourier analysis for the data in
Fig. 2(b), corresponding to Ubf = 3.4. Close to the phase-
separation point, all density profiles exhibit a periodic pattern
with the same wave vector, leading to a strong peak at k =
2kFFLO in the Fourier spectrum, as shown in Figs. 8(d)–8(f).
Moreover, the same figures show that the 2kF↓ response is
significantly reduced, while the 2kF↑ counterpart is basically
absent. Similar considerations hold for the boson density
distribution [panel (f)], where the peak at k = π disappears
due to the boson-fermion repulsion.

We emphasize that the outcomes of the above Fourier
analysis of the density profiles are fully consistent with the
results for the corresponding static structure factors (SSFs)
presented in Fig. 4. In particular the peaks of the Fourier
transform observed in the local densities appear as kinks in
the SSFs.

Finite-size analysis of SSFs. In Fig. 2(c) we have shown
that for Ubf = 3.4 the amplitudes of the FFLO modulations
in the local densities of bosons and fermions scale as the
inverse of the system size L and therefore disappear in the
thermodynamic limit. In contrast, the static structure factors
of the density operators, displayed in Fig. 4, remain finite in
the thermodynamic limit, as they measure spatial correlations
in the mixture.

In Fig. 9 we analyze the finite-size effects on the three SSFs
by considering three different lengths of the chain: L = 60
(red circles), 90 (blue squares), and 120 (green diamonds). We
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FIG. 8. Fourier analysis of the density profiles of Fig. 2 for Ubf = 0 (left column) and Ubf = 3.4 (right column) obtained by retaining a
window of m = 44 sites in the middle of the chain: the absolute value of the normalized Fourier coefficients |Xr |/m is plotted as a function
of the bin wave vector kr (see text for details). In each column, the three panels from top to bottom display results for the spin density, total
fermion density, and boson density. The three dashed lines from left to right refer to 2kFFLO, 2kF↓, and 2kF↑ momenta, respectively.

see that finite-size effects are indeed negligible; in particular,
the FFLO kinks remain quite visible even for large system
sizes.

APPENDIX B

Robustness of the observed effect. The boson-induced
enhancement of the FFLO visibility is a very general phe-
nomenon, which applies for any set of values of the model
parameters such that the Bose-Fermi mixture is close enough
to the phase-separation limit. In Fig. 10 we investigate its
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FIG. 9. Fermion spin density, total density, and boson density
static structure factors as a function of momentum plotted for three
different values of the system size, L = 60 (red circles), 90 (blue
squares), and 120 (green diamonds). All parameter values are the
same as in Fig. 4.

appearance for a mixture with strong fermion-fermion inter-
actions, Uf = −5.

As compared to the case Uf = −2 shown in Fig. 3, we
see that phase separation sets in for a weaker boson-fermion
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FIG. 10. Density profiles of bosons and fermions calculated for
Ubf = 2.4 (a), 2.8 (b), and 3 (c). The Fermi-Fermi interaction strength
is fixed at Uf = −5, while the boson-boson interaction strength and
the population numbers are the same as in Fig. 3.
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repulsion, around Ubf = 3 [panel (c)]. For Ubf = 2.4 [panel
(a)], the spin density profile already exhibits the FFLO order,
while the other two density profiles display oscillations with
shorter wavelengths.

For Ubf = 2.8 [panel (b)], close to the instability point, the
FFLO order is finally imprinted on the density profiles of both

species. Notice in particular that the sizes of the oscillation
amplitudes are fairly similar to those shown in Fig. 3(b).

Fairly similar results can be obtained by varying the
boson-boson interaction. In this case diminishing Ub shifts
the phase-separation point toward weaker boson-fermion
repulsions.
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