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We probe the interface between a phase-separated Bose-Fermi mixture consisting of a small Bose-

Einstein condensate of 'K residing in a large Fermi sea of °Li. We quantify the residual spatial overlap
between the two components by measuring three-body recombination losses for variable strength of the
interspecies repulsion. A comparison with a numerical mean-field model highlights the importance of the
kinetic energy term for the condensed bosons in maintaining the thin interface far into the phase-separated
regime. Our results demonstrate a corresponding smoothing of the phase transition in a system of finite

size.
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Multicomponent systems and materials are ubiquitous in
nature and technology. The interactions between the differ-
ent constituents and the ways in which they coexist are
essential for understanding the general properties of such
systems. Repulsive interactions between different compo-
nents can induce phase transitions to spatially separated
states. The effects of phase separation appear in a wide
range of different systems such as alloys, combinations of
different liquids, colloids, polymers, glasses, and biological
systems. In a phase-separated state, the interaction between
the components no longer takes place in the bulk but is
restricted to the thin interface where the constituents
still maintain some residual overlap. The physics of this
interface has therefore attracted a great deal of attention in
many different fields, e.g., in liquid-liquid systems [1,2].
However, since the interaction takes place in a very small
volume, it is generally much more difficult to obtain
experimental information from these systems as compared
to systems in which the components are mixed.

Quantum fluids exhibit a great wealth of phenomena
related to phase separation. Early experiments with cry-
ogenically cooled liquid helium have shown phase separa-
tion in mixtures of the bosonic isotope “He and the fermionic
3He [3]. This effect has found an important technological
application in the working principle of dilution refrigerators
[4,5]. Ultracold gases and, in particular, mixed-species
systems have opened up many intriguing experimental
possibilities to study phases of multicomponent quantum
matter [6]. The large experimental toolbox includes a variety
of available bosonic and fermionic constituents, a superb
level of control of confinement, and a wide tunability of
interactions [7]. Phase separation has been studied exten-
sively in degenerate Bose-Bose mixtures [8—14], where
interactions are dominated by mean-field potential energies.

0031-9007/18/120(24)/243403(6)

243403-1

The situation becomes more complicated when fermionic
constituents are involved, as strong repulsion on the scale of
the Fermi energy is required to observe phase separation.
Superfluid fermionic mixtures [15] and repulsive atomic
Fermi gases [16] are examples of intriguing phase-separa-
tion effects. In a broad sense, mixtures involving fermionic
constituents are promising candidates for realizing new
phases, e.g., in Fermi-Fermi systems [17-22] and in
Bose-Fermi systems [23-28].

In this Letter, we consider a Bose-Fermi model system that
undergoes phase separation and study the interface between
the constituents. We produce a Bose-Einstein condensate
(BEC) of #'K atoms in a large Fermi sea of °Li, and we use an
interspecies Feshbach resonance for controlling the repulsive
interaction. We characterize the overlap between the species
by measuring three-body recombination losses and thus
probe the thin interface between both components. By
comparing the experimental results with theoretical model
calculations, we demonstrate the importance of the kinetic
energy of the condensed bosons at the thin interface.

Figure 1(a) illustrates the onset of phase separation with
an increasing interspecies repulsion, showing the density
profiles of a small-sized BEC coexisting with a large Fermi
sea in a harmonic trap. The main conditions and criteria for
phase separation in such Bose-Fermi mixtures have been
theoretically introduced in Refs. [29-31]. For a vanishing
interspecies interaction, the independent spatial profiles of
the clouds show maximum overlap [I in Fig. 1(a)]. With an
increasing repulsion, the density of the lithium atoms in the
center of the trap decreases, the BEC is compressed, and the
spatial overlap between the clouds is reduced (II). For
strong repulsive interactions, the two clouds undergo phase
separation (III), and the bosons reside at the center of the
trap, forming a hole in the Fermi sea.
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FIG. 1. Emergence of phase separation. (a) Schematic density

profiles for bosons (magenta) and fermions (blue) for an
increasing repulsive interaction. The densities are normalized
to the corresponding peak value without an interaction. Note that
in reality the boson peak density is a factor of 40 larger than the
fermion peak density. (b) Experimentally observed normalized
column density of a cut through the fermionic cloud and
normalized reconstruction of the corresponding radial density
profile using the inverse Abel transformation.

We can observe the depletion in the center of the Fermi
sea by imaging the °Li cloud. As Fig. 1(b) shows, we
observe a small dip in the radial column density profile
taken from a thin slice of the fermion cloud. These data
were taken under similar conditions as our main data
presented later [32]. The hole in the fermion density
becomes more visible when reconstructing the fermionic
radial density profile using the inverse Abel transformation
[Fig. 1(b)]. We see an essentially complete depletion of the
fermionic density in the center, which indicates a signifi-
cant reduction of the overlap with the BEC. A quantitative
analysis of the physics at the interface is obstructed by the
limited signal-to-noise ratio of the image, the small size of
the overlap region compared to our imaging resolution, and
the high optical density of the trapped cloud. Note that
strong indications of phase separation in a Bose-Fermi
mixture have been observed in earlier experiments on
mixtures of 8’Rb and “°K [33,34], but these experiments
did not provide quantitative information on the overlap
reduction.

Here, we introduce an alternative approach to study the
spatial overlap between the two species. Our observable is
the boson-boson-fermion three-body recombination loss
from the trap. We assume that all losses can be attributed to
three-body processes, since two-body losses are energeti-
cally suppressed when both atomic species are in their
lowest internal substates. In our system, decay processes of
three 'K atoms (three identical bosons) occur at a very low
rate, since the intraspecies scattering length a;,, = 60.9q,
[35], with a, being the Bohr radius, is small compared with
the interspecies scattering length a,, in the range of
interest. On the other hand, recombination processes
involving one #'’K atom and two °Li atoms (one boson
and two identical fermions) are Pauli suppressed [36]. At a
large interspecies scattering length, this leaves the

recombination events of two *'K atoms with one °Li atom
as the dominant three-body decay mechanism.

A favorable property of our system is the fact that the
BEC is much smaller than the fermion cloud and occupies a
very small volume within the Fermi sea. Thus, the BEC can
cause only a local perturbation of the Fermi sea with a
negligible effect on the global scale. This scenario enables a
description in terms of a fermionic reservoir approximation
(FRA), which assumes a homogeneous environment char-
acterized by a constant Fermi energy E and considerably
simplifies our study of the overlap.

In the zero-temperature limit, where a pure BEC is
formed, the bosonic atom loss can be related to the overlap
integral as

. 1

where N is the total number of bosons and n;, and nj
represent the position-dependent number densities of the
bosons and fermions, respectively. The parameter L is the
three-body loss coefficient, and the symmetry factor 1/2
results from the suppression of thermal bunching in a BEC
[37-40] for a process involving two identical bosons. The
L5 coefficient can be determined as a function of a,; in a
standard way [41,42] using a noncondensed cloud instead
of a BEC. In this case, the interspecies repulsion can be
neglected, and the density profiles of the bosons and the
fermions are well known.

In order to characterize the effect of the boson-fermion
interaction on the spatial overlap between the BEC and the
Fermi sea, we define the overlap factor
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Q=21 7
[ ngizdv

(2)
as the three-body density integral normalized to the case of
a vanishing interspecies interaction (a,; = 0), where 7,
(i1,) is the fermionic (bosonic) noninteracting density.

The overlap integral for the case of a vanishing inter-
species interaction, f ﬁfﬁ%dv, can be calculated analyti-
cally based on two approximations. First, we apply the
FRA and replace 7i; by its peak value 7y, which as a
constant factor can be taken out of the integral. Second, for
a not too small BEC, we can apply the Thomas-Fermi
approximation and solve f ﬁidV as %Nbﬁb, with 71, the
peak density of the BEC. Finally, with the overlap integral
for the interacting case given by Eq. (1), the overlap factor
can be experimentally obtained as

Ty
=iy Ly’ ®)
nfnb 3
where we introduce the normalized loss rate y = —N/N as

the experimental observable extracted from measuring the
atom loss in a BEC.
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For our experiments, we prepare an ultracold Bose-
Fermi mixture of typically 10* K and 10° Li atoms in a
cigar-shaped, crossed-beam optical dipole trap with a
wavelength of 1064 nm and an aspect ratio of 1:7. The
preparation procedures are similar to those described in
Ref. [43] and earlier work on °Li-*°K mixtures [44—48]. In
addition, we employ a laser cooling scheme for lithium
using the D1 line [49-51], which provides improved
starting conditions, and we take advantage of an alternative
evaporative cooling approach [50,52].

A key ingredient of our experiment is the Feshbach
resonance (FR) near 335 G [35,52,69-71], between the
lowest spin states of the two species. The scattering length
can be varied by magnetic field tuning according to a,, =
ape[l = A/(B—By)] [7], where A =0.949 G, a, =
60.9a,, and By = 335.057(1) G. The FR center B, some-
what depends on the optical trap intensity because of a light
shift effect [52] and can be experimentally determined by
radio-frequency spectroscopy. The other parameters are
obtained from scattering models [35,52,69].

To obtain the critical interspecies scattering length for the
onset of phase separation, we employ the FRA together
with the results of Ref. [30]. This yields the condition

abf > 1.15\/ abb/kp, (4)

where kj = (67%f;)!/? is the Fermi wave number, corre-
sponding to Ep = A?k3./(2my) with m; the mass of the
fermions. For our typical experimental conditions
(Ay~ 1.2 x 10" cm™), it gives a moderate value for the
critical scattering length of about 600a. This is well within
our tuning range and allows us to explore the entire
scenario from weak to strong repulsion, reaching far into
the phase-separated regime.

We first present our measurements of L3, which were
obtained with noncondensed samples of 'K in a degenerate
Fermi sea of °Li at about 0.27 ., with T the Fermi temper-
ature. From the measured decay curves, we obtain the Lj
values that are shown in Fig. 2(a). The K samples are prepared
close to degeneracy at two different temperatures with a
typical fermion peak density of 71, ~ 4.5 x 10'> cm™. In one
set of measurements (set Al) [52], we have T = 440 nK,
corresponding to T/T ., = 1.7 with T . the critical temperature
for condensation. In the other set (A2), we have T = 240 nK,
correspondingto 7'/T .. ~ 1. By applying a smoothing method
[52], we interpolate between the data points and obtain L5 for
any a,¢ between 80 and 2100a,. Our results on L3 show the
expected strong increase with a,y, while the broad dent
around 600a, may point to an Efimov-related feature [72,73].

Second, we present the boson loss rate y in a degenerate
Bose-Fermi mixture at various interaction strengths.
Typically, we have 2.9 x 10* K atoms with a 50% con-
densate fraction in a Fermi sea of 1.4 x 103 Li atoms with a
peak density of i, = 1.2 x 10'* cm™ and a temperature of
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FIG. 2. Loss measurements on noncondensed and condensed
bosonic *'K clouds in a °Li Fermi sea. The error bars represent Lo
fit uncertainties. (a) Three-body loss coefficient L5 for 7 = 440
(set A1, squares) and 240 nK (set A2, triangles). The solid curve is
an interpolation from applying a smoothing method [52], with the
gray-shaded area representing the corresponding 95% confidence
band. (b) Normalized loss rate y of the total atom number of a
partially condensed bosonic cloud for data sets B1-B3 (inverse
triangles, diamonds, and circles, respectively).

~0.13T . The sample is first prepared at 200 mG below B,
and then the magnetic field is changed in a near-adiabatic
ramp of 2 ms to the specific field on the repulsive side of the
FR, where we observe the loss of the K atoms for various
hold times. We fit the initial decay of the total atom number
with a linear curve and determine the normalized loss rate y
[52]. Figure 2(b) shows the corresponding data points,
which were recorded in three sets (B1-B3) [52] with
slightly varying parameters.

With the normalized loss rate y and the three-body
recombination coefficient L3, we can now quantify the
spatial overlap. In a real experiment, two complications
arise that require an extension of our model beyond Eq. (3).
First, at a finite temperature, we have only a partial BEC
and the presence of the thermal component plays a
significant role in the observed loss. Second, there is the
possibility of observing secondary loss, where a short-lived
LiK dimer, produced in a first recombination, recollides
with another K atom, and therefore this leads to additional
loss [52]. This process is likely to happen for the dense
BEC but negligible for the thermal K cloud. To take both
effects into account, we extend Eq. (1) and include all loss
contributions:

1
N = —L; / ng <2 an? + anyn, + n,2> av, (5

where n, represents the thermal bosonic density and «a is a
factor that takes into account secondary loss. In our case,
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we assume @ = 3/2 [52]. The density integral consists of
three terms, which describe the loss caused by one fermion
and two bosons. The bosons can either be two atoms from
the BEC, one from the BEC and one from the non-
condensed component, or two from the noncondensed
bosonic cloud. Within the FRA and the Thomas-Fermi
approximation, these integrals can be calculated, and
an effective overlap factor results from an extension of
Eq. (3) as

1 Y
£2e = ~ ~ ~ T (6)
" yBaiyp+aif+ Joi(1- B Ls

where f is the BEC fraction and 7, the peak density
of a thermal Bose gas, as given by i, = [mbd)i /
(27kgT)]>?(1 — )N, with @, being the geometrically
averaged trap frequency of the bosons, m, their mass,
and T = T (1 — B)'/3 [43,52].

Figure 3 shows the values of Q¢ that result from the data
in Fig. 2. We qualitatively distinguish three regions. Below
aps = 250ay, the values are close to one, and there seems to
be a downward trend for €2.¢; with increasing a; ;. Then, as
ay,s further increases to about 1000a, the spatial overlap
drastically decreases to a small value of about 0.04. For
larger scattering lengths, Q. tends to remain at this small
value. According to Eq. (4), phase separation is expected to
happen at ~600qa, (vertical dotted line). In contrast, we
observe that beyond this point a considerable spatial
overlap remains, which then smoothly decreases with a
further increasing scattering length. The observed behavior
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FIG. 3. Effective overlap factor versus Bose-Fermi scattering
length for data sets B1-B3 (inverse triangles, diamonds, and
circles, respectively). The error bars reflect the statistical un-
certainties of y. The vertical dotted line shows the phase-
separation point as predicted by Eq. (4). The solid line shows
the results of our full numerical calculation (see the text) and the
dashed line our results obtained within the Thomas-Fermi
approximation.

does not reveal any discontinuity related to a phase
transition.

To interpret the observed behavior of Q., we construct a
numerical mean-field model [52,74] which allows us to
calculate the density distributions for an interacting Bose-
Fermi mixture at a zero temperature for our typical
experimental parameters [75]. Our model starts from the
energy functional of the mixture as given by Refs. [76,77],
and we use imaginary time evolution to vary the BEC and
the fermionic densities and to minimize the energy func-
tional. At the end, the evolution gives the static solution of
ny and n;, at a zero temperature. Since we have a partial
BEC, we additionally take into account the thermal bosonic
density n, including bosonic enhancement effects [52].
With these density distributions, we numerically calculate
the overlap integrals and the effective overlap factor Q..

The results of our numerical model are represented in
Fig. 3 by the dashed and solid curves. For the dashed curve,
the densities are obtained within the Thomas-Fermi
approximation. The results indeed show a rapid decrease
of Q. until the onset of phase separation at about 600ay, as
given by Eq. (4). Then, in a fully phase-separated regime, a
plateau is reached where only the thermal bosonic compo-
nent can lead to loss. Evidently, this theoretical behavior is
not consistent with the experimental data points. A notably
smoother decrease of Q. results from our numerical model
(solid line in Fig. 3), when we consider the full energy
functional which includes the kinetic energy of the BEC as
well as the much weaker density gradient correction from
the Fermi gas [76]. Within the residual uncertainties of our
method [52], this model reproduces the observed behavior
very well.

Our results show that the kinetic energy term prevents
the BEC density from changing abruptly. This plays an
essential role in smoothing the density profiles of the
separated components near the interface and, thus, in
maintaining the residual spatial overlap. Accordingly, the
relevant length scale that determines the thickness of the
interface layer corresponds to the BEC healing length [78],
which for our present conditions can be estimated to
&= (8zhyay,)”"/* ~#0.50 um. This length scale can be
compared with the shortest macroscopic length scale of the
system, which in our case is the radial size of the BEC of a
few micrometers. The measured overlap factor can be
understood as the volume ratio of the interface layer and
the whole BEC, and the smoothing of the phase transition
can thus be interpreted as a consequence of the finite size of
the system [79,80].

The basic idea of our method to probe the interface
between spatially separated components may be general-
ized to many other situations of interest. The working
principle just relies on a mechanism that selectively
addresses the region where the different components
mix. While in our case three-body recombination served
this purpose, one may also apply photoassociative or
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radio-frequency-induced processes to stimulate loss or
state-transfer processes.

The interface between two quantum fluids is a topic of
broad interest yet largely unexplored in quantum gases. We
speculate that future studies could focus on the role of
quantum fluctuations, the two-dimensional character of the
thin interface layer, and testing the validity of the mean-
field approach. Unwinding the microscopic nature under-
lying the interface may give access to new phenomena such
as Andreev bound states [81,82], familiar in superconduc-
tor physics. Concerning the phase-separated Bose-Fermi
mixture, it would be natural to go beyond the static
properties and to investigate the dynamics of the mixture.
We expect a strong impact of phase separation on collective
oscillation modes [83,84] and on the behavior of the system
after a quench [85].
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