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Vortices in Fermi gases with spin-dependent rotation potentials
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The rotation of two-component Fermi gases and the subsequent appearance of vortices have been the subject
of numerous experimental and theoretical studies. Recent experimental advances in hyperfine state-dependent
potentials and highly degenerate heteronuclear Fermi gases suggest that it would be feasible to create component-
dependent rotation potentials in future experiments. In this study, we use an effective field theory for Fermi gases
to consider the effects of rotating only one component of the Fermi gas. We find that the superfluid band gap in
bulk exists up to higher rotation frequencies because the superfluid at rest, far away from the vortex, has to resist
only half of the rotational effects. The vortex remains the energetically favorable state above a critical frequency,

but exhibits a larger core size.
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I. INTRODUCTION

Superfluid Fermi gases have recently become of great
interest in the field of ultracold atomic physics because of
the many modifiable experimental parameters related to the
fermionic substructure of the correlation pairs in the conden-
sate, allowing one to probe pairing in regimes inaccessible in
solids. The interaction strength between different components
of the Fermi gas can be tuned using Feshbach resonances [1],
granting experimental access to superfluid regimes across the
BCS-BEC crossover [2-5]. Subsequently, superfluidity in the
presence of population imbalance between the pairing part-
ners was realized experimentally [6,7], which led to renewed
theoretical investigations of spin-imbalance effects [8]. Also
spin-orbit coupling [9] as well as dimensionality [10] can be
tuned. Even greater control of the individual spin components
has been achieved by using magnetic field gradients to create
spin-dependent potentials [11,12] and, in another approach
(thus far limited to Bose gases), hyperfine state-dependent
microwave potentials have been created [13,14].

Furthermore, recent observations of degenerate Fermi mix-
tures of dysprosium and potassium [15] are a first step towards
the superfluid state in Fermi gases with components of differ-
ent atomic species, which would grant unprecedented control
over the individual components of the gas. This naturally
raises the question as to what novel phenomena could be
revealed by using state-dependent potentials in experiments
that previously relied on simultaneous control of both compo-
nents of the condensate. In this paper, we answer this question
in the context of vortex formation in a rotated fermionic
superfluid.

Vortices, one of the hallmarks of superconductivity and
superfluidity, have been created in Fermi gases [6,16,17] by
stirring the condensate with detuned lasers. Although the
effect of a spin-dependent population (spin imbalance) was
investigated experimentally in a rotated Fermi superfluid [6],
both spin components were subject to the same rotational
potential. Other techniques such as phase imprinting have also
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been used to achieve vortices in Bose-Einstein condensates
(BECs) [18] and phase imprinting individual components of
Fermi gases has been proposed for soliton creation [19].
Rotation and vortices in Fermi gases have been the subject
of extensive theoretical study [20-28]; however, here we con-
sider the rotation of both components at different frequencies.

To study this, we introduce spin-dependent rotation poten-
tials in the microscopic action of the Fermi gas and consider
the effects of rotating only a single component of the gas
on the bulk value of the superfluid gap and on the first
quantized vortex state. Our approach is based on the effective
field theory (EFT) for superfluid Fermi gases presented in
Refs. [29-31], which has also been applied to the study
of vortices [27,28]. Introduction of spin-dependent vector
potentials for the two components in the microscopic action
leads to a modification of the local chemical potential and
spin-imbalance parameter and yields additional terms in the
EFT action. We solve the modified gap and number equations
to study the uniform background amplitude of the superfluid
gap of the system away from the disturbance. Finally, we
use a variational approach [32] to probe the critical rotation
frequencies for vortex creation and the behavior of the vortex
core size.

II. SPIN-DEPENDENT ROTATION IN THE EFFECTIVE
FIELD THEORY

This section presents an overview of our approach; see,
also, the Appendix and Refs. [27-31] for details. For a
Fermi gas of particles with mass m and density ng, the
quantities in the rest of this work will be given in units of
the Fermi vector kr = (3m2ny)'/3, the corresponding Fermi
energy Er = hzk% /2m, and the Boltzmann constant kg. The
two-spin-component [0 = (1, | )] Fermi gas is described by
Grassmann fields (14, ¥ ) that interact through contact inter-
actions with strength g, and that are confined by a trap with
potential V (r). The Lagrangian density of this system is given
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The rotation potentials are time dependent in the laboratory
frame, but can be represented as time-independent vector
potentials A, (r) through a transformation into the rotating
frame of reference. This standard procedure corresponds to
replacing the gradient for the spin ¢ component by V, —
V: —iA,(r) and the trapping potential by V,(r) =V (r) —
A, (r)>. We want to emphasize that when fully expanded, the
Lagrangian contains no quadratic term in the vector potential,
and (1) is merely a convenient notation. The vector potentials
are written as A, = %a)a X 1, where @, is the spin-dependent
rotation vector (whose length equals the rotation frequency w,
for spin o, and whose orientation indicates the axis and sense
of rotation).

In the following, we will consider a uniform box potential
and set V(r) = 0, where the hard walls of the potential are
implemented through a self-consistent normalization condi-
tion in the trapping region. While in many of the experiments
with Fermi gases harmonic traps are used, uniform potentials
are now a feasible setup to consider. This choice is motivated
by a number of recent experimental breakthroughs where
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uniform potentials with hard walls have been realized in
BECs [33], in two-dimensional (2D) Fermi gases [34], in 3D
Fermi gases [35,36], and, more recently, even a 3D cylindrical
configuration has been achieved [37].

To obtain an effective field theory corresponding to
Lagrangian (1), first a bosonic pair field W(r, ¢) is introduced
through the Hubbard-Stratonovic transformation to decou-
ple the quartic interaction term. Then, after performing the
fermionic path integrals, the effective action for the pair
field is expanded up to second order in the gradients. The
expansion is valid under the assumption that the bosonic field
varies sufficiently slowly, i.e., on length scales larger than
the pair-correlation length &, and energy scales smaller than
2A, the spectroscopic pair-breaking gap. As shown in [30],
the applicability domain of the EFT comprises the BEC-BCS
crossover, except for the BCS regime at low temperatures.
The spatial dependence of the potentials is taken into account
in the local density approximation (LDA), which makes the
additional assumption that significant changes in A, (r) take
place at larger scales than &,. Accordingly, we perform the
effective action expansion up to |VW|? in the kinetic-energy
terms and, in addition, neglect gradients in the rotational terms
beyond the linear contribution VW. This is to obtain the
same order of expansion on the two sides of the BCS-BEC
crossover as the Ginzburg-Landau BCS or Gross-Pitaevskii
BEC action functionals. The resulting effective action yields
the free-energy (time-independent) functional:

A, — A,

2 202, Ay +A # X
F= fdr {Qx(r)+C(r)|v\y| _Em(V|Y]?) +z|:D(r)<T) +U(r)(T>}(\IJ VU — wVw )}. @)

The free energy (2) acquires a term that contains the difference
of the vector potentials Ay — A4, and that is only present
in the case of spin-dependent rotation. Expressions for the
coefficients C(r), E(r), D(r), U(r), and (r) can be found
in the Appendix. To calculate these coefficients, one needs
the values of the chemical potentials and the superfluid pair-
breaking gap A for the uniform case (i.e., without vortex).
These can be related to the densities and interaction strength
using the gap equation and equation of state deemed most
appropriate, for example the experimentally determined equa-
tion of state. Here, we use the mean-field equation of state
as we want to focus more on the qualitative results than on a
quantitative comparison.

It will prove to be illustrative to consider expression (2)
from two separate viewpoints. While the gradients of the field
W in expression (2) describe the center-of-mass motion of the
bosonic pairs, the contributions due to the internal structure
of the pairs are taken into account in the coefficients. At this
level, the rotational effects are shown to be present through
position- and momentum-dependent extensions of the bulk
chemical potential and spin imbalance,

k() =¢+k-[Ay(r)+ A, (0], 3)

pk(r) = p+ k- [Ap(r) — A ()], “4)

where u = (u4 +pny)/2 and ¢ = (4 — py)/2. The local
spin imbalance ¢k (r) and chemical potential g (r) appear in

(

all the coefficients, but their effect is most pronounced in the
zeroth-order €2,(r) term, which only depends on the local pair
density, |W(r)|?, and describes the thermodynamic potential of
the pair condensate at rest. To gain a physical understanding of
the modified expressions, it is therefore sufficient to consider a
stationary superfluid. Moreover, as a first approximation (see,
also, comments in the next section on the rigidly rotating
broken pairs), the superfluid part of the gas is, in general,
indeed stationary when the gas is rotated below the critical
vortex frequency, assuming no stirring anisotropy [21].

The local spin imbalance, given by expression (3), can
be understood by considering the effect of the LDA within
the EFT. Within this approximation, the gas is subdivided
into separate elements (larger than the pair-correlation length)
between which the effects of rotation are uncorrelated. Each
of these elements can now be assigned its own Fermi sphere
corresponding to the local density. Spin-dependent rotation
will induce a displacement in the Fermi spheres of the two
components along the local velocity of rotation w, x r. When
the Fermi spheres of both spin components are displaced,
pair formation is suppressed as the momentum distribution
of fermions is no longer symmetric around zero momentum.
This is akin to the suppression of pair formation due to spin
imbalance. Indeed, pair formation is strongest at the Fermi
surface, but in our case the Fermi surfaces are displaced
such that in the momentum direction corresponding to that
of the rotation velocity, fermions at one Fermi surface cannot
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find opposite-spin, opposite-momentum pairing partners. The
modified spin-imbalance parameter i therefore describes pair
breaking due to rotation. Note that when the vector potentials
are set equal, the expression reduces to {x(r) = ¢ + 2k - A(r),
in accordance with [28].

To understand the significance of the modified chemical
potential (4) in our approach, it will prove to be useful to
first consider the case of a noninteracting Fermi gas of which
the two components are being rotated simultaneously. From
a local density approximation viewpoint, at the microscopic
level, this rotation is reflected as the aforementioned shift of
the local Fermi spheres of each component along the rigid-
body rotation velocity. Each of the two Fermi spheres can now
be partitioned in a volume of states that are still symmetric
about k = 0 and a shifted part that will carry the rotational
effects. If the interactions between the components were now
to be switched on, it is precisely these former symmetric parts
of the available states that will form the superfluid at rest.
Here, we assume that all fermions below the Fermi surface
participate equally in superfluid formation, which is sufficient
for the purpose of this discussion and valid in the BEC regime.
The superfluid in this case exhibits a certain symmetry with
respect to exchanging the spins, i.e., for every state (k, 1)
that is paired with (—k, |), there will also be a pair with the
spins interchanged, and hence the average momentum of each
component participating in pair formation vanishes. The states
in the remaining shifted part of the Fermi spheres have no
partner of opposite momentum and will remain unpaired and
form the normal component that carries the rotational effects.
This description is closely related to the phase separation
between the two components studied in [38—40], where it
has been suggested that in the absence of vortices, the Fermi
gas will form a stationary superfluid in the center with a
rapidly rotating normal component that is pushed outwards.
This phenomenon, which requires a complete description of
the normal component, is, however, not captured within our
approach and we will only focus on describing the superfluid
component in this work.

The picture discussed above changes drastically when only
the spin-up component is subject to rotation. In this case, the
superfluid part can still be formed at rest, but now the spin-
interchange symmetry is broken. Momentum states where k
is aligned with the Fermi sphere shift contain more pairings
of (k, 1) with (—k, |) than the case with interchanged
spins. This means that the average momentum of each of the
components participating in pair formation is no longer zero
in the case of single-component rotation. The superfluid part,
even though it is at rest, now consists of two components that
each have an average total momentum in opposite directions.
This means that rotational effects should be directly present
in the description of the superfluid component, contrary to the
aforementioned situation where two components are rotated
simultaneously. Accordingly, in our description within the
LDA, rotational effects appear at the level of the superfluid
as a Thomas-Fermi potential in expression (4). Therefore,
we expect the reappearance of the centrifugal-like force at
the level of the superfluid component in our approach when
A4 # A . We want to emphasize that this is unrelated to the
rotational term ~VW in the free energy, which is related to

the force due to the center-of-mass motion of the pairs and
will lead to vortex creation.

While in this work we will restrict ourselves to studying
the single-component rotation case, we want to add a brief
discussion of the case where the frequencies are unequal, but
neither is zero. In this case, the pair-breaking strength, which
acts similar to spin imbalance, is determined by the average of
the two vector potentials, as can be seen in (3). Similarly, the
previously discussed centrifugal-like force on the nonrotating
superfluid component is determined by the difference of the
two in (4). The discussion presented for the single-component
rotation case can now straightforwardly be generalized. At
the LDA level, both Fermi spheres will now shift according
to their respective local vector potential. This results in a
fraction of fermions without a partner of opposite spin, being
a measure of the pair-breaking effect. The superfluid part of
fermions that could be paired this way consists of two com-
ponents with a nonzero local average momentum, resulting
in a centrifugal-like force on the nonrotating superfluid part.
We can immediately see that one particularly interesting case
is the one with opposite frequencies Ay = A, where the
pair-breaking effect would be minimal and the centrifugal-like
force maximal. This seems to signal the necessity to consider
arguments beyond the LDA and mean field for these more
exotic cases.

III. RESULTS
A. Superfluid gap background amplitude

In this section, first the case of a rotated superfluid without
vortex is considered, and a comparison is made between
the background amplitude of the superfluid order parame-
ter for spin-dependent single-component rotation (@ = @4,
@, = 0), on the one hand, and that for two-component ro-
tation (w = w4 = @), on the other hand. The background
amplitude is obtained by neglecting all the gradients of the
bosonic field and minimizing the lowest-order term of the
free energy (2) as a function of a uniform superfluid pair-
breaking gap, |¥| = A, while demanding particle-number
conservation. For a vortex state, the resulting gap yields the
bulk solution far away from the center.

The minimization of the free energy results in the mean-
field gap and number equations for (A, ) which now con-
tain the spin-dependent rotational effects through the presence
of the modified expressions (3) and (4) in 2;. To solve the
equations, we consider a Fermi gas in an infinitely long
cylindrical container confined by a hard-wall potential. The
container radius is taken to be krR = 15 in the rest of this
work. Considering the aforementioned EFT region of valid-
ity in combination with the LDA, we restrict our study to
(kras)~" > 0.1 on the BEC side close to unitarity. In addition,
as has also been shown in other works [27], the stability
domain of the single-vortex state (which is the model system
we will use further on) quickly vanishes on the BCS side
further from unitarity. To speed up the numerical calculations,
a momentum cutoff of A = 140k is used, the length scale
of which corresponds to A~! & 2.1 nm for the parameters
of the °Li vortex experiment [16]. This value is chosen to
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FIG. 1. The uniform background superfluid gap amplitude A
as a function of the applied rotation frequency for two-component
rotation (TCR) (solid lines) and single-component rotation (SCR)
(dashed lines) for different values of (kra,)~! =[0.1, 0.5, 1], re-
spectively, using orange, magenta, and blue lines (light gray to dark

gray).

coincide with the estimated range of the interatomic potential
for Li - Li interactions [41] and we checked that our results do
not significantly change by increasing A even further. Finally,
for numerical convenience, we work at a finite temperature
corresponding to 7" = 0.01 7, which is almost an order of
magnitude lower than in [16] and, for the purposes of Fig. 1,
represents zero temperature.

The results presented in Fig. 1 are in qualitative agreement
with the discussion in the previous section. The displacement
of the local Fermi spheres, reflected in the k-dependent part
of gk, decreases the number of available boson pairs at rest,
which adversely affects superfluidity and completely destroys
it at a critical value wy,.x. Qualitatively, this behavior is in
agreement with the presented values for the asymptotic Ay,
in [26], where its value changes only a little at low rotational
frequencies, but then shows signs of a rapid decrease as the
critical rotation frequency is approached. In the present work,
a homogeneous trapping potential is considered, while the
authors of [26] utilize a harmonic trap with a much larger
Thomas-Fermi radius. A quantitative comparison is therefore
not possible since the observed critical values are all much
larger in the present case of a small trap.

For the rotation of a single component, only one of the
Fermi spheres undergoes a displacement. This increases the
number of available pairing states and, as a result, superflu-
idity persists up to higher rotation frequencies. However, the
critical frequencies of single-component rotation do not pre-
cisely equal twice the critical frequencies of two-component
rotation as would be expected from this reasoning. The rea-
son for this is the additional adverse effect of wyx on the
superfluid gap. As mentioned previously, the modification of
the chemical potential can be interpreted as an additional
centrifugal force on the condensate. This favors pair formation
towards the edge, where the pair-breaking effect of ¢ is larger,
and hence results in a detrimental effect on the background
amplitude of the gap.

B. Singly quantized vortex state

In this section, a comparison of the lower and upper critical
frequencies of the vortex state is presented and the behavior of
the vortex core size for two-component rotation and single-
component rotation is described. It is well known that at
rotation frequencies above a critical value, the singly quan-
tized vortex is the energetically favored state [24]. At even
higher frequencies, a vortex lattice will appear [42,43] or a
multiply quantized vortex may be formed [44]. The main goal
of the present work is to consider the behavior of the singly
quantized vortex, which is relevant for the case of frequencies
not much larger than the critical rotation frequency, i.e., in
the regime where the density of vortices in the lattice is still
small. To provide a lower bound estimate of this regime for
this system, a two-vortex solution will be considered as well,
yet for completeness, we present and discuss our results for
the single-vortex state across the entire frequency regime at
which the superfluid exists. We consider the full free energy
in expression (2) and subtract its value for the previously
obtained uniform solution at rest F[ A ] from the free energy
of the rotating vortex state F[W,],

§F = (F[W] — F[Ax])/ (2 H), ®)

where H is the container height. The change in sign from pos-
itive to negative §F as a function of w determines the critical
transition frequency to the vortex state w{". As w is increased
more, §F changes sign again at the upper critical transition
frequency w{® and the system reenters the superfluid state
without vortex. Note that wgz) can, in general, lie below the
critical pair-breaking frequency wp.x above which the sys-
tem becomes normal, as has been shown for two-component
rotation of harmonically confined Fermi gases [24,27]. The
vortex state in a cylindrical container with coordinates (r, 6)
and volume V is described by a variational ansatz,

AoV

tanh (L>e"’9, 6)
/[ tanh?(r/&,)dV &

where &, is a variational parameter and !/ is the vortex winding
number (I = 1 for the singly quantized vortex in this work).
For a vortex in a superfluid Fermi gas, the hyperbolic tangent
has been shown to be an excellent description of the vortex
core size (< 1% error) and to provide a good estimate (< 1%
error) of the vortex state energy within the EFT, away from
the highly spin-imbalanced limit [32]. Note that this does not
necessarily imply that (6) is an accurate description of the
vortex profile itself (as the relative deviations of the profile
can be larger), but provides accurate estimates for the core
size and energy, which will be our quantities of interest in
what follows. The superfluid pair-breaking gap background
A~ and corresponding chemical potential i are obtained
by solving the mean-field gap and number equations in the
previous section. The confinement in the hard-wall box is
self-consistently imposed through the normalization condition
in (6), keeping the total number of pairs fixed in the cylinder
of radius R. This neglects the healing of the pair condensate
over a distance &, inside of the hard wall at » = R, which does
not affect the current results as long as R > &,. Keeping in
mind the normalization, here we define a vortex core size R,

\Ijv(r) =
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FIG. 2. The vortex core size R, is shown as a function of the applied rotation frequency for two-component rotation (TCR) (solid line)
and single-component rotation (SCR) (dashed line) for (kra,)~' = [0.1, 0.5, 1] in (a)—(c), respectively, with the corresponding free-energy
difference from the nonvortex state shown in (d)—(f). In the shaded region, the free energy is higher than that of the superfluid state without
vortex. The transition frequency into the doubly quantized vortex state is indicated on the figure (arrows pointing to the respective SCR and

TCR plots). Note that no transition takes place for SCR in (a).

through W, (R,)/As = tanh(1) for the optimized variational
solution, rather than setting R, = &,.

To estimate the frequency at which a second vortex will
enter the trap, in addition to the previous variational ansatz a
two-vortex state is considered,

AV

VS @7 av

Here, f; and f, form the hyperbolic tangent single-vortex
profiles separated at some distance L, which serves as an
additional variational parameter, and 6; are the respective
angles relative to the vortex centers. Note that this formulation
does not incorporate mirror charge vortices, which would be
necessary to accurately describe the vortex behavior at the
edges, but does implicitly incorporate the presence of the
container walls through the normalization condition.

Figure 2 presents the behavior of the vortex core size of
the single vortex state together with the corresponding free-
energy difference F and the critical frequencies w{", w{? for
TCR and w(Tl)C, w(zz for SCR. While the results and discussion
presented below consider the single-vortex state, the transition

Y(r) = fl (l’)fz (r)eil[9| (r)+602(r)] . (7)

into the two-vortex state is indicated on Fig. 2 as well. Due to
the relatively small size of the container, the doubly quantized
vortex, where both vortex profiles coincide, is found to be the
favorable state into which the system transitions. Note that
for SCR at (kra,)~' = 0.1, we find that in the system under
investigation, the two-vortex state does not appear and the
single-vortex state remains favorable.

For TCR, after the vortex is created at o', for a broad
initial frequency range, the size of the vortex core remains
relatively constant in Figs. 2(a)-2(c). This behavior is in
excellent qualitative agreement with the core profile of the
central vortex in a vortex lattice presented in [26], where the
vortex profile hardly changes as a function of the rotation
frequency. The apparent absence of the centrifugal force on
the vortex state should not come as a surprise for the ideal
singly quantized vortex because the angular momentum of
the bosonic field is homogeneously spread throughout the
pair condensate in this model. Furthermore, as mentioned
previously, we do not include the rigidly rotating outer normal
gas shell that is expected to have a significant bulging effect
on the condensate. Around the frequency where A, starts
to decrease (see Fig. 1), the vortex core shrinks. Close to
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unitarity, w, < wmax and the vortex state briefly transitions
into the stationary superfluid phase again at high frequencies
before the Fermi gas transitions to the nonsuperfluid state.
This is particularly pronounced in Fig. 2(a) for the SCR
vortex state. Within our description of the vortex (6), con-
sidering the rather small container size, this transition can
be understood by noting that the vortex state pushes more
superfluid outwards, which has an energetically unfavorable
effect. When the pairs are weakly bound and the superfluid is
easily destroyed by rotation, this effect is expected to be even
more significant. In addition, the energy gain by creating a
vortex —wL, is only half as large for SCR. This can be seen in
Fig. 2(d), where the energy of the vortex SCR state quickly
exceeds the energy of the homogeneous superfluid. From
(krag)~' = 0.5 onwards, as the pairs become more strongly
bound, this reentrant phase disappears and the vortex state di-
rectly transitions into the nonsuperfluid phase. Although these
results are in qualitative agreement with [27], we note that our
approach does not incorporate the shrinking superfluid radius
which contributes to the reentrant phase observed in [27].
Significant differences can be observed for the behavior
of the vortex for SCR. First of all, the critical frequencies
of respectively vortex creation and disappearance w%’)’(z) are

c
higher. The increase of the initial critical frequency a)(TlZ

can be intuitively understood by noting that the contribution
from the rotating term —wL; in the free energy, which favors
vortex formation, decreases by half for SCR. Hence, higher
frequencies are required to provide sufficient rotational energy
to the condensate. The increase of the upper critical frequency
a)fl in Figs. 2(b) and 2(c) is related to the superfluid pair-
breaking gap background A, which, for single-component
rotation, decreased at higher frequencies as compared to two-
component rotation, as seen in Fig. 1. The most striking differ-
ence between single- and two-component rotation revealed in
Fig. 2 is the large size of the vortex core for single-component
rotation, which grows as the system is brought deeper into
the BEC regime. This observation is in accordance with our
previous discussion regarding the repulsive character of the
modified chemical potential pi in expression (4).

To gain an understanding of why the effect of i is more
prominent in the BEC limit in our approach, it is instructive
to consider the mean-field energy density €2; at zero temper-
ature. In the high-momentum limit, its integrand reduces to
~(& — Ex + A?/k?), which for a nonrotating gas describes
the modification of the fermionic excitation dispersion as a
result of pair formation. The k range in which this expression
is nonzero can hence be related to the momentum states
that participate in forming the superfluid component. On
the deep BCS side, this range is localized roughly around
k = Ky, as expected. However, moving to the BEC side, this
expression obtains extremely long momentum tails, indicative
of the broadening pair-formation window around the Fermi
surface. Indeed, it is well known that the relative momentum
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distribution of the fermions in the BEC limit is significantly
broadened [45,46]. To make the connection with SCR, it is
sufficient to notice that in our LDA approach, the repulsive
modified chemical potential uy enters both Ex and &. As
more states at higher momentum are present in the superfluid
component in the BEC limit, the repulsion of pui is conse-
quently expected to already be greater at the mean-field level.

IV. CONCLUSION

We have studied the behavior of a two-component su-
perfluid Fermi gas, where only one of the two components
is subject to a rotating potential, and compared it to the
respective two-component rotation case. We find that not only
does the superfluid state persist for single-component rotation,
but also that it exists up to higher rotation frequencies. Above
a critical frequency, at a value larger than for two-component
rotation, a vortex state appears which exhibits a much larger
vortex core than for two-component rotation. With increasing
frequency, initially the size of the vortex core grows for single-
component rotation, whereas it remains initially independent
of frequency for two-component rotation.

The model used in the present work does not include the
effects of phase separation and likewise does not consider
the formation of a vortex lattice. Nevertheless, the observed
differences between the two types of rotation considered
in this work are already appreciable at frequencies below
the transition frequency into the doubly quantized vortex.
Therefore, we expect the conclusions regarding the behavior
of the single-vortex core to be observable. We believe that
one particularly interesting direction would be to consider this
topic in mass-imbalanced superfluids, where spin-dependent
rotation could be feasibly implemented experimentally.
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APPENDIX: EFFECTIVE FIELD THEORY

In this Appendix, a summarized discussion of the EFT
is presented. More details on the EFT can be found in
[27-31,47]. The partition sum of a Fermi gas at temperature
B =Ep/kgT = Tp/T, with Ep the Fermi energy of a free
Fermi gas and kg the Boltzmann constant, can be written as a
path integral of the Euclidian action § of the fermionic fields

(&x,r,a 5 wx,r,(r):

B
Z = /Dw CXp |:_/ dT / dXZ Iﬁx.r,a{% - [Vx - l'A(,(X)]Z + VG(X) - MU}I//X,I,U
0 o

B
e /0 dx / dx&x,fm,rm,,,¢x/fx,m} _ f Dy exp (=S[¥). (Al)
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Expression (Al) is given in units of kr = (3n2n0)1/3, Er =
hzk% /2m, and kg, where m is the fermion mass and ng the
fermion density. The s-wave contact interactions between
different components of the gas are described by a con-
tact potential with strength g, which can be related to the
experimentally accessible scattering length a, through the
Lippmann-Schwinger equation. Componentwise rotation is
included in the spin-dependent vector potentials A, = %wa X
r and the confinement potential V (r) becomes shifted in this
representation, V, (r) = V(r) — A, (r)?. The global chemical
potentials u, allow one to conserve particle number and
impose spin imbalance. As mentioned in the main text, the
vector potentials are assumed to be slowly varying compared
to the pair-correlation length of the bosonic pairs and taken
into account in the local density approximation (LDA). After
performing the Hubbard-Stratonovic transformation and the
fermionic path integrals, the partition sum is rewritten as a
path integral over the bosonic pair field W,

2= [ Dwexp (-l (a2
where the effective action S is given by
Seit = Sg — Tr(In[-G']). (A3)

In expression (A3), the bosonic part is equal to Sp =
—(1/g) [ dt [ dx|¥|*. The second part contains the full prop-

agator G, which can be expressed as —G~! = -G, '+ F,
using the pair field matrix F (r, 7),
0 -V, .
F(r,7) = (_% o ) (A4)

and Nambu-Gorkov propagators G (K, n) in reciprocal space,

L
Go<k,n>=<””“‘8““k 1 )

iwn+Ek+Ck

(AS5)

Here, w, = 2n+ 1)m /B is the fermionic Matsubara fre-
quency and & (r) = k*> — pu(r) is the shifted kinetic energy.
The chemical potential ;& = (144 + w1} )/2 and spin imbalance
¢ = (up — py)/2 gain a position and wave-vector depen-
dence as discussed in the main text:

=+ k- [A4(r)

— A, (0)], (A6)

Mk (r)

k() =¢ +k-[Ap(r)+ A (0] (AT)

The pair field matrix is subsequently expanded up to sec-
ond order in space and time. For this work, only stationary
solutions are of importance and time dependence will be
neglected,

For+Ar,t+At)=F(r,7)+ VF(r, 1) Ar

8%F (r, 7)
- Z AXO,AXﬂ.
0x40xg

(A8)
The effective action functional is expanded up to second
order in the gradients. In the terms where the gradients of
the field VIF (r) couple to the rotational potentials A, only
the first-order gradient contribution is kept and terms such

as A, V2 (r) are not included. The resulting effective action
functional is written as

B
=/ drfdr {Qx(r)+C(r)|v\p|2 — E(r)(Vw)?
0

+ i[D(r)(—AT ;Ai) + U(r)(—Al ;AT)}

X (U*VW¥ — \IIV\II*)}. (A9)
The coefficients in expression (A9) are given by
Q()——f dk {ll [2 cosh(BEx)
s(r) = 2n)} ’Bn cosh(BEk
W ? W )?
+2cosh(Bei)] — &k — % | 7 Srkea, (A10)
and
2 dk ,
Cr)= §/ 2n)? k” f2(B, Ex. S, (ALD)
4 dk 282
E(r )— (2 P k& fa(B, Ex, i), (Al2)
D(l‘)=/m W[fl(ﬁsék: o) — fi(B. Ex, &),
(A13)

dk ¢
U“>:/m e TAG. 60— (B . B

(A14)

The pair-breaking excitation energy is equal to Ex =

V& + |W|? and the functions fp(B, €, ¢) are defined by

_ 1 af(B.e. D)
Spr1(B,€,¢) = ST R v (A15)
where
sinh(Be¢)
fib.e.0) =75 cosh(,Be) + cosh(B7)” (AL6)

In the notation of Appendix A in [27], we made the same
additional approximation G = D as done here to arrive at (A9)
and neglect one additional term arising in the derivation that
is expected to be negligible within the applicability range of
the EFT. The question could be posed whether the term of
the spin-dependent rotation coefficient U(r) could also be
neglected for the same reason, since an explicit calculation
shows it to be extremely small compared to the D(r) term.
While this is a valid concern, this would remove the lowest-
order contribution of spin-dependent rotation at the level of
the bosonic field. For the purpose of illustration, we will hence
keep this term, but note that its contribution will be very
small and the main spin-dependent effects will arise due to
the modified uy and g.
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Finally, by treating the pair field ¥ as a classical field, we
can identify the free energy from expression (A9) as

F =/dr {Qs(r) + C(r)|VV|? — E(r)(V|¥|*)?

+ i|:D(r)<—AT ;Ai) + U(r)(—AL ;ATH

x (U*VW — xww*)}. (A17)

The derivation of the contributions beyond the saddle point
in the free-energy functional (A17) relies on a second-order
gradient expansion |VW|? in the kinetic energy and a first-
order gradient expansion @, - VW in the rotational terms.

For a consistent treatment, some care should be taken as
the coefficients C(r), E(r), D(r), and U (r) in front of these
terms themselves depend on @, and W(r). In the coefficients
C(r) and E(r), the bosonic field W(r) is replaced by the
uniform background amplitude solution A, as using W(r)
would provide a gradient contribution to the kinetic energy
beyond second order [47]. Furthermore, the @, dependence
effectively corresponds to contributions that are at least of
the order of w,| VW |?, which were explicitly neglected during
the derivation. For an equal treatment of the higher-order
rotational effects in the kinetic energy and rotational terms,
®, 1s set to zero in C(r) and E(r). For the very same reason,
W(r) is replaced by A in the coefficients D(r) and U (r), but
the @, dependence is kept since the contribution will remain
maximally first order in the gradient of the field.

[1] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Feshbach
resonances in ultracold gases, Rev. Mod. Phys. 82, 1225 (2010).

[2] C. A. Regal, M. Greiner, and D. S. Jin, Observation of Reso-
nance Condensation of Fermionic Atom Pairs, Phys. Rev. Lett.
92, 040403 (2004).

[3] J. Kinast, S. L. Hemmer, M. E. Gehm, A. Turlapov, and J. E.
Thomas, Evidence for Superfluidity in a Resonantly Interacting
Fermi Gas, Phys. Rev. Lett. 92, 150402 (2004).

[4] T. Bourdel, L. Khaykovich, J. Cubizolles, J. Zhang, F. Chevy,
M. Teichmann, L. Tarruell, S. J. J. M. F. Kokkelmans, and
C. Salomon, Experimental Study of the BEC-BCS Crossover
Region in Lithium 6, Phys. Rev. Lett. 93, 050401 (2004).

[5] C. Chin, M. Bartenstein, A. Altmeyer, S. Riedl, S. Jochim, J. H.
Denschlag, and R. Grimm, Observation of the pairing gap in a
strongly interacting Fermi gas, Science 305, 1128 (2004).

[6] M. W. Zwierlein, A. Schirotzek, C. H. Schunck, and W.
Ketterle, Fermionic superfluidity with imbalanced spin popu-
lations, Science 311, 492 (2006).

[7] G. B. Partridge, W. Li, R. I. Kamar, Yean-an Liao, and R. G.
Hulet, Pairing and phase separation in a polarized Fermi gas,
Science 311, 503 (2006).

[8] K. B. Gubbels and H. T. C. Stoof, Imbalanced Fermi gases at
unitarity, Phys. Rep. 525, 255 (2013).

[9] P. Wang, Z.-Q. Yu, Z. Fu, J. Miao, L. Huang, S. Chai, H. Zhai,
and J. Zhang, Spin-Orbit Coupled Degenerate Fermi Gases,
Phys. Rev. Lett. 109, 095301 (2012).

[10] M. Feld, B. Frohlich, V. E, M. Koschorreck, and M. Kohl,
Observation of a pairing pseudogap in a two-dimensional Fermi
gas, Nature (London) 480, 75 (2011).

[11] X. Du, Y. Zhang, J. Petricka, and J. E. Thomas, Controlling Spin
Current in a Trapped Fermi Gas, Phys. Rev. Lett. 103, 010401
(2009).

[12] S. Pegahan, J. Kangara, 1. Arakelyan, and J. E. Thomas,
Spin-energy correlation in degenerate weakly interacting Fermi
gases, Phys. Rev. A 99, 063620 (2019).

[13] P. Bohi, M. F. Riedel, J. Hoffrogge, J. Reichel, T. W. Hinsch,
and P. Treutlein, Coherent manipulation of Bose-Einstein con-
densates with state-dependent microwave potentials on an atom
chip, Nat. Phys. 5, 592 EP (2009).

[14] M. E Riedel, P. Bohi, Y. Li, T. W. Hinsch, A. Sinatra, and
P. Treutlein, Atom-chip-based generation of entanglement for
quantum metrology, Nature (London) 464, 1170 EP (2010).

[15] C. Ravensbergen, V. Corre, E. Soave, M. Kreyer, E. Kirilov,
and R. Grimm, Production of a degenerate Fermi-Fermi mixture
of dysprosium and potassium atoms, Phys. Rev. A 98, 063624
(2018).

[16] M. W. Zwierlein, J. R. Abo-Shaeer, A. Schirotzek, C. H.
Schunck, and W. Ketterle, Vortices and superfluidity in a
strongly interacting Fermi gas, Nature (London) 435, 1047
(2005).

[17] C. H. Schunck, M. W. Zwierlein, A. Schirotzek, and W.
Ketterle, Superfluid Expansion of a Rotating Fermi Gas, Phys.
Rev. Lett. 98, 050404 (2007).

[18] A. E. Leanhardt, A. Gorlitz, A. P. Chikkatur, D. Kielpinski, Y.
Shin, D. E. Pritchard, and W. Ketterle, Imprinting Vortices in
a Bose-Einstein Condensate Using Topological Phases, Phys.
Rev. Lett. 89, 190403 (2002).

[19] K. Sacha and D. Delande, Proper phase imprinting method for a
dark soliton excitation in a superfluid Fermi mixture, Phys. Rev.
A 90, 021604(R) (2014).

[20] G. M. Bruun and L. Viverit, Vortex state in superfluid trapped
Fermi gases at zero temperature, Phys. Rev. A 64, 063606
(2001).

[21] M. Cozzini and S. Stringari, Fermi Gases in Slowly Rotating
Traps: Superfluid Versus Collisional Hydrodynamics, Phys.
Rev. Lett. 91, 070401 (2003).

[22] M. Machida and T. Koyama, Structure of a Quantized Vortex
Near the BCS-BEC Crossover in an Atomic Fermi Gas, Phys.
Rev. Lett. 94, 140401 (2005).

[23] M. Urban, Two-fluid model for a rotating trapped
Fermi gas in the BCS phase, Phys. Rev. A 71, 033611
(2005).

[24] H. J. Warringa and A. Sedrakian, Vortex formation in a ro-
tating two-component Fermi gas, Phys. Rev. A 84, 023609
(2011).

[25] H. J. Warringa, Location of the vortex phase in the phase
diagram of a rotating two-component Fermi gas, Phys. Rev. A
86, 043615 (2012).

[26] S. Simonucci, P. Pieri, and G. C. Strinati, Vortex arrays in
neutral trapped Fermi gases through the BCS-BEC crossover,
Nat. Phys. 11, 941 EP (2015).

[27] S. N. Klimin, J. Tempere, N. Verhelst, and M. V. MiloSevic,
Finite-temperature vortices in a rotating Fermi gas, Phys. Rev.
A 94, 023620 (2016).

053609-8


https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/PhysRevLett.92.040403
https://doi.org/10.1103/PhysRevLett.92.040403
https://doi.org/10.1103/PhysRevLett.92.040403
https://doi.org/10.1103/PhysRevLett.92.040403
https://doi.org/10.1103/PhysRevLett.92.150402
https://doi.org/10.1103/PhysRevLett.92.150402
https://doi.org/10.1103/PhysRevLett.92.150402
https://doi.org/10.1103/PhysRevLett.92.150402
https://doi.org/10.1103/PhysRevLett.93.050401
https://doi.org/10.1103/PhysRevLett.93.050401
https://doi.org/10.1103/PhysRevLett.93.050401
https://doi.org/10.1103/PhysRevLett.93.050401
https://doi.org/10.1126/science.1100818
https://doi.org/10.1126/science.1100818
https://doi.org/10.1126/science.1100818
https://doi.org/10.1126/science.1100818
https://doi.org/10.1126/science.1122318
https://doi.org/10.1126/science.1122318
https://doi.org/10.1126/science.1122318
https://doi.org/10.1126/science.1122318
https://doi.org/10.1126/science.1122876
https://doi.org/10.1126/science.1122876
https://doi.org/10.1126/science.1122876
https://doi.org/10.1126/science.1122876
https://doi.org/10.1016/j.physrep.2012.11.004
https://doi.org/10.1016/j.physrep.2012.11.004
https://doi.org/10.1016/j.physrep.2012.11.004
https://doi.org/10.1016/j.physrep.2012.11.004
https://doi.org/10.1103/PhysRevLett.109.095301
https://doi.org/10.1103/PhysRevLett.109.095301
https://doi.org/10.1103/PhysRevLett.109.095301
https://doi.org/10.1103/PhysRevLett.109.095301
https://doi.org/10.1038/nature10627
https://doi.org/10.1038/nature10627
https://doi.org/10.1038/nature10627
https://doi.org/10.1038/nature10627
https://doi.org/10.1103/PhysRevLett.103.010401
https://doi.org/10.1103/PhysRevLett.103.010401
https://doi.org/10.1103/PhysRevLett.103.010401
https://doi.org/10.1103/PhysRevLett.103.010401
https://doi.org/10.1103/PhysRevA.99.063620
https://doi.org/10.1103/PhysRevA.99.063620
https://doi.org/10.1103/PhysRevA.99.063620
https://doi.org/10.1103/PhysRevA.99.063620
https://doi.org/10.1038/nphys1329
https://doi.org/10.1038/nphys1329
https://doi.org/10.1038/nphys1329
https://doi.org/10.1038/nphys1329
https://doi.org/10.1038/nature08988
https://doi.org/10.1038/nature08988
https://doi.org/10.1038/nature08988
https://doi.org/10.1038/nature08988
https://doi.org/10.1103/PhysRevA.98.063624
https://doi.org/10.1103/PhysRevA.98.063624
https://doi.org/10.1103/PhysRevA.98.063624
https://doi.org/10.1103/PhysRevA.98.063624
https://doi.org/10.1038/nature03858
https://doi.org/10.1038/nature03858
https://doi.org/10.1038/nature03858
https://doi.org/10.1038/nature03858
https://doi.org/10.1103/PhysRevLett.98.050404
https://doi.org/10.1103/PhysRevLett.98.050404
https://doi.org/10.1103/PhysRevLett.98.050404
https://doi.org/10.1103/PhysRevLett.98.050404
https://doi.org/10.1103/PhysRevLett.89.190403
https://doi.org/10.1103/PhysRevLett.89.190403
https://doi.org/10.1103/PhysRevLett.89.190403
https://doi.org/10.1103/PhysRevLett.89.190403
https://doi.org/10.1103/PhysRevA.90.021604
https://doi.org/10.1103/PhysRevA.90.021604
https://doi.org/10.1103/PhysRevA.90.021604
https://doi.org/10.1103/PhysRevA.90.021604
https://doi.org/10.1103/PhysRevA.64.063606
https://doi.org/10.1103/PhysRevA.64.063606
https://doi.org/10.1103/PhysRevA.64.063606
https://doi.org/10.1103/PhysRevA.64.063606
https://doi.org/10.1103/PhysRevLett.91.070401
https://doi.org/10.1103/PhysRevLett.91.070401
https://doi.org/10.1103/PhysRevLett.91.070401
https://doi.org/10.1103/PhysRevLett.91.070401
https://doi.org/10.1103/PhysRevLett.94.140401
https://doi.org/10.1103/PhysRevLett.94.140401
https://doi.org/10.1103/PhysRevLett.94.140401
https://doi.org/10.1103/PhysRevLett.94.140401
https://doi.org/10.1103/PhysRevA.71.033611
https://doi.org/10.1103/PhysRevA.71.033611
https://doi.org/10.1103/PhysRevA.71.033611
https://doi.org/10.1103/PhysRevA.71.033611
https://doi.org/10.1103/PhysRevA.84.023609
https://doi.org/10.1103/PhysRevA.84.023609
https://doi.org/10.1103/PhysRevA.84.023609
https://doi.org/10.1103/PhysRevA.84.023609
https://doi.org/10.1103/PhysRevA.86.043615
https://doi.org/10.1103/PhysRevA.86.043615
https://doi.org/10.1103/PhysRevA.86.043615
https://doi.org/10.1103/PhysRevA.86.043615
https://doi.org/10.1038/nphys3449
https://doi.org/10.1038/nphys3449
https://doi.org/10.1038/nphys3449
https://doi.org/10.1038/nphys3449
https://doi.org/10.1103/PhysRevA.94.023620
https://doi.org/10.1103/PhysRevA.94.023620
https://doi.org/10.1103/PhysRevA.94.023620
https://doi.org/10.1103/PhysRevA.94.023620

VORTICES IN FERMI GASES WITH SPIN-DEPENDENT ...

PHYSICAL REVIEW A 101, 053609 (2020)

[28] S. N. Klimin, J. Tempere, and M. V. MiloSevi¢, Diversified
vortex phase diagram for a rotating trapped two-band Fermi gas
in the BCS-BEC crossover, New J. Phys. 20, 025010 (2018).

[29] S. N. Klimin, J. Tempere, and J. T. Devreese, Finite-temperature
effective field theory for dark solitons in superfluid Fermi gases,
Phys. Rev. A 90, 053613 (2014).

[30] G. Lombardi, W. Van Alphen, S. N. Klimin, and J. Tempere,
Soliton-core filling in superfluid Fermi gases with spin imbal-
ance, Phys. Rev. A 93, 013614 (2016).

[31] G. Lombardi, W. Van Alphen, S. N. Klimin, and J. Tempere,
Snake instability of dark solitons across the BEC-BCS
crossover: An effective-field-theory perspective, Phys. Rev. A
96, 033609 (2017).

[32] N. Verhelst, S. Klimin, and J. Tempere, Verification of an
analytic fit for the vortex core profile in superfluid Fermi gases,
Physica C: Superconduct. Applic. 533, 96 (2017).

[33] A. L. Gaunt, T. F. Schmidutz, I. Gotlibovych, R. P. Smith,
and Z. Hadzibabic, Bose-Einstein Condensation of Atoms in a
Uniform Potential, Phys. Rev. Lett. 110, 200406 (2013).

[34] K. Hueck, N. Luick, L. Sobirey, J. Siegl, T. Lompe, and H.
Moritz, Two-Dimensional Homogeneous Fermi Gases, Phys.
Rev. Lett. 120, 060402 (2018).

[35] B. Mukherjee, Z. Yan, P. B. Patel, Z. Hadzibabic, T. Yefsah,
J. Struck, and M. W. Zwierlein, Homogeneous Atomic Fermi
Gases, Phys. Rev. Lett. 118, 123401 (2017).

[36] L. Baird, X. Wang, S. Roof, and J. E. Thomas, Measuring the
Hydrodynamic Linear Response of a Unitary Fermi Gas, Phys.
Rev. Lett. 123, 160402 (2019).

[37] P. B. Patel, Z. Yan, B. Mukherjee, R. J. Fletcher, J. Struck,
and M. W. Zwierlein, Universal sound diffusion in a strongly
interacting Fermi gas, arXiv:1909.02555.

[38] I. Bausmerth, A. Recati, and S. Stringari, Destroying Superflu-
idity by Rotating a Fermi Gas at Unitarity, Phys. Rev. Lett. 100,
070401 (2008).

[39] M. Urban and P. Schuck, Pair breaking in rotating Fermi gases,
Phys. Rev. A 78, 011601(R) (2008).

[40] M. Iskin and E. Tiesinga, Rotation-induced superfluid-normal
phase separation in trapped Fermi gases, Phys. Rev. A 79,
053621 (2009).

[41] F. Werner, L. Tarruell, and Y. Castin, Number of closed-channel
molecules in the BEC-BCS crossover, Eur. Phys. J. B 68, 401
(2009).

[42] D. L. Feder, Vortex Arrays in a Rotating Superfluid Fermi Gas,
Phys. Rev. Lett. 93, 200406 (2004).

[43] G. Tonini, F. Werner, and Y. Castin, Formation of a vortex
lattice in a rotating BCS Fermi gas, Eur. Phys. J. D 39, 283
(2006).

[44] A. L. Fetter, B. Jackson, and S. Stringari, Rapid rotation of a
Bose-Einstein condensate in a harmonic plus quartic trap, Phys.
Rev. A 71, 013605 (2005).

[45] L. Viverit, S. Giorgini, L.P. Pitaevskii, and S. Stringari,
Momentum distribution of a trapped Fermi gas with
large scattering length, Phys. Rev. A 69, 013607
(2004).

[46] C. A. Regal, M. Greiner, S. Giorgini, M. Holland, and
D. S. Jin, Momentum Distribution of a Fermi Gas of Atoms
in the BCS-BEC Crossover, Phys. Rev. Lett. 95, 250404
(2005).

[47] W. Van Alphen, H. Takeuchi, and J. Tempere, Crossover be-
tween snake instability and Josephson instability of dark soli-
tons in superfluid Fermi gases, Phys. Rev. A 100, 023628
(2019).

053609-9


https://doi.org/10.1088/1367-2630/aaaceb
https://doi.org/10.1088/1367-2630/aaaceb
https://doi.org/10.1088/1367-2630/aaaceb
https://doi.org/10.1088/1367-2630/aaaceb
https://doi.org/10.1103/PhysRevA.90.053613
https://doi.org/10.1103/PhysRevA.90.053613
https://doi.org/10.1103/PhysRevA.90.053613
https://doi.org/10.1103/PhysRevA.90.053613
https://doi.org/10.1103/PhysRevA.93.013614
https://doi.org/10.1103/PhysRevA.93.013614
https://doi.org/10.1103/PhysRevA.93.013614
https://doi.org/10.1103/PhysRevA.93.013614
https://doi.org/10.1103/PhysRevA.96.033609
https://doi.org/10.1103/PhysRevA.96.033609
https://doi.org/10.1103/PhysRevA.96.033609
https://doi.org/10.1103/PhysRevA.96.033609
https://doi.org/10.1016/j.physc.2016.06.020
https://doi.org/10.1016/j.physc.2016.06.020
https://doi.org/10.1016/j.physc.2016.06.020
https://doi.org/10.1016/j.physc.2016.06.020
https://doi.org/10.1103/PhysRevLett.110.200406
https://doi.org/10.1103/PhysRevLett.110.200406
https://doi.org/10.1103/PhysRevLett.110.200406
https://doi.org/10.1103/PhysRevLett.110.200406
https://doi.org/10.1103/PhysRevLett.120.060402
https://doi.org/10.1103/PhysRevLett.120.060402
https://doi.org/10.1103/PhysRevLett.120.060402
https://doi.org/10.1103/PhysRevLett.120.060402
https://doi.org/10.1103/PhysRevLett.118.123401
https://doi.org/10.1103/PhysRevLett.118.123401
https://doi.org/10.1103/PhysRevLett.118.123401
https://doi.org/10.1103/PhysRevLett.118.123401
https://doi.org/10.1103/PhysRevLett.123.160402
https://doi.org/10.1103/PhysRevLett.123.160402
https://doi.org/10.1103/PhysRevLett.123.160402
https://doi.org/10.1103/PhysRevLett.123.160402
http://arxiv.org/abs/arXiv:1909.02555
https://doi.org/10.1103/PhysRevLett.100.070401
https://doi.org/10.1103/PhysRevLett.100.070401
https://doi.org/10.1103/PhysRevLett.100.070401
https://doi.org/10.1103/PhysRevLett.100.070401
https://doi.org/10.1103/PhysRevA.78.011601
https://doi.org/10.1103/PhysRevA.78.011601
https://doi.org/10.1103/PhysRevA.78.011601
https://doi.org/10.1103/PhysRevA.78.011601
https://doi.org/10.1103/PhysRevA.79.053621
https://doi.org/10.1103/PhysRevA.79.053621
https://doi.org/10.1103/PhysRevA.79.053621
https://doi.org/10.1103/PhysRevA.79.053621
https://doi.org/10.1140/epjb/e2009-00040-8
https://doi.org/10.1140/epjb/e2009-00040-8
https://doi.org/10.1140/epjb/e2009-00040-8
https://doi.org/10.1140/epjb/e2009-00040-8
https://doi.org/10.1103/PhysRevLett.93.200406
https://doi.org/10.1103/PhysRevLett.93.200406
https://doi.org/10.1103/PhysRevLett.93.200406
https://doi.org/10.1103/PhysRevLett.93.200406
https://doi.org/10.1140/epjd/e2006-00110-7
https://doi.org/10.1140/epjd/e2006-00110-7
https://doi.org/10.1140/epjd/e2006-00110-7
https://doi.org/10.1140/epjd/e2006-00110-7
https://doi.org/10.1103/PhysRevA.71.013605
https://doi.org/10.1103/PhysRevA.71.013605
https://doi.org/10.1103/PhysRevA.71.013605
https://doi.org/10.1103/PhysRevA.71.013605
https://doi.org/10.1103/PhysRevA.69.013607
https://doi.org/10.1103/PhysRevA.69.013607
https://doi.org/10.1103/PhysRevA.69.013607
https://doi.org/10.1103/PhysRevA.69.013607
https://doi.org/10.1103/PhysRevLett.95.250404
https://doi.org/10.1103/PhysRevLett.95.250404
https://doi.org/10.1103/PhysRevLett.95.250404
https://doi.org/10.1103/PhysRevLett.95.250404
https://doi.org/10.1103/PhysRevA.100.023628
https://doi.org/10.1103/PhysRevA.100.023628
https://doi.org/10.1103/PhysRevA.100.023628
https://doi.org/10.1103/PhysRevA.100.023628

