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We report on the production of a stable mixture of bosonic and fermionic superfluids composed
of the elements " Yb and °Li which feature a strong mismatch in mass and distinct electronic

properties.

We demonstrate elastic coupling between the superfluids by observing the shift in

dipole oscillation frequency of the bosonic component due to the presence of the fermions. The
measured magnitude of the shift is consistent with a mean-field model and its direction determines
the previously unknown sign of the interspecies scattering length to be positive. We also observe
the exchange of angular momentum between the superfluids from the excitation of a scissors mode
in the bosonic component through interspecies interactions. We explain this observation using an
analytical model based on superfluid hydrodynamics.

Ultracold atomic gases offer excellent opportunities to
produce and investigate quantum matter, allowing funda-
mental studies in many-body physics and quantum sim-
ulation [1]. Beginning with the cooling of atoms to Bose-
Einstein condensation [2, 3] and later followed by the
achievement of superfluidity in atomic Fermi gases [4],
such studies have found many parallels with the anal-
ogous superfluids of bosonic *He and fermionic 3He as
well as superconductors, familiar from condensed matter
physics. While the goal of simultaneous superfluidity in
mixtures of *He-3He still remains elusive due to strong
inter-isotope interactions [5, 6], Bose-Fermi superfluidity
in an atomic gas isotopic mixture of "Li-°Li has recently
been realized [7]. The original interest [8, 9] in such dual
superfluid systems is now strongly intensified [10-16].

The extension of Bose-Fermi superfluidity to mixtures
of different elements is experimentally challenging, but
holds the potential to open a larger arena of scientific
studies. A large mass ratio between the components
is predicted to alter the interaction energy between the
superfluids [12] as well as the character of excitations
across the Bose-Einstein condensate to Bardeen-Cooper-
Schreiffer (BEC-BCS) crossover for the fermion pairs
[15]. Specific interaction strengths and mass ratios can
aid the detection of exotic states such as the Fulde-
Ferrell-Larkin-Ovchinnikov (FFLO) phase [10] and dark-
bright solitons [16]. Furthermore, species-selective po-
tentials for relative positioning and selective addressing
make two-element systems more amenable for systematic
studies.

In this paper, we report on the realization of a two-
element Bose-Fermi superfluid mixture of 174 Yb-6Li. We
measure their coupling by observing the interaction-
induced frequency shift of the bosonic dipole mode. We
also detect transfer of angular momentum between the
superfluids through the excitation of a scissors mode in
the bosonic component. The scattering length ap of the
two-spin alkali SLi fermionic system is tunable across
the BEC-BCS crossover through a Feshbach resonance
centered at 832 G, while the scattering length ap of the
alkaline-earth-like bosonic Yb remains constant through-

out. The combination of spin-half (Li,?25; /2) and spin-
zero (Yb,1Sp) electronic states allows external magnetic
fields to be used as a convenient species-specific tool and
results in a uniform interspecies scattering length apr
for all Li spin states.

The preparation of the dual superfluid involves signif-
icant extensions to our earlier cooling methods for the
dual-species Yb-Li system [17] (see supplemental ma-
terial [18]). Briefly, we load laser-cooled atoms into a
crossed-beam 1064 nm optical dipole trap (ODT) opti-
mized for efficient evaporative cooling by dynamically
changing the trap shape [28]. The relative polarizability
and trap frequency of the bosonic and fermionic compo-
nents are ap/ap = 2.2 and wp/wp = 8. We perform
forced evaporative cooling of Yb and simultaneous sym-
pathetic cooling of a single spin state of Li to quantum
degeneracy at B = 330 G, achieving a mixture of up to
3 x 10° Yb atoms in a pure condensate and 2 x 10° Li
atoms with T/Tr < 0.2.

At this stage, the Yb trap frequencies are
(Waywy,wz) g = 2m x (23,150,10)Hz, where gravity
points in the -y direction. For these parameters, the
two species are thermally decoupled with cloud centers
separated by yor — Yo, = 1lpum due to the large
differential gravitational sag stemming from the large
mass mismatch.

To proceed towards pairing and condensation of the
Fermi gas, we exploit the different electronic character
of Yb and Li and individually address Li with external
magnetic fields. First, we bring the system to 832 G and
prepare a 50:50 spin mixture of Li in the two lowest hy-
perfine states, |1) and |2), using a radio-frequency (RF)
pulse, and allow the resulting equal superposition state
to decohere over 100 ms. The magnetic insusceptibility
of Yb ensures stability of the BEC at all magnetic fields
as the trapping potential and ap = 5.6 nm remain un-
changed.

Next we perform independent forced evaporative cool-
ing of Li at 832G using a magnetic field gradient B’
in the vertical direction [29]. This gradient reduces the
trap depth for Li and moves the cloud center towards



the Yb BEC. Typically, we ramp B’ from zero to its
final value over 500 ms, and hold for 200ms. To per-
form thermometry of Li, we ramp the magnetic field in
trap from 832 G to 690 G, where 1/kpar = 2.9, in 5ms,
and image the resulting molecular cloud in time-of-flight
(ToF). Here kr = /2mpEr/h is the Fermi wavevector
and kpTr = Ep = hop(3Np)Y/3 the Fermi energy of a
harmonically-trapped, spin-balanced Fermi gas with Np
atoms and geometric mean trap frequency wp. Fig. 1(a)
displays a progression for different final B’ values towards
the detection of a molecular BEC (mBEC) consisting of
0.4x 10° molecules and no detectable thermal component,
coexisting with a pure Yb superfluid of 1.1 x 10° atoms
(Fig. 1(b)) with an applied gradient of B’ = 41 G/cm
providing strong interspecies cloud overlap [18].

We infer superfluidity of the Fermi gas at unitarity by
comparing the observed entropy of the mBEC with the
equation of state (EoS) of the unitary Fermi gas [30, 31].
Importantly, we observe no difference in molecular con-
densate fraction f. if we remove the gradient B’ before
ramping from 832 G to 690 G. For B’ = 41 G/cm, we
estimate that removing the gradient increases the trap
depth for Li by a factor of 6. We also observe the same
fe if YDb is removed with a resonant pulse of light imme-
diately before the ramp. Consequently, we conclude that
no evaporative or sympathetic cooling occurs during the
ramp to the weakly interacting BEC regime for the mea-
surements in Fig. 1(a). Therefore, the observed entropy
of the mBEC gives an upper bound on the entropy of
the initial unitary Fermi gas, since the ramp is at best
adiabatic.

To determine the entropy of the molecular conden-
sate at 690 G, we calculate the relevant quantities in the
Thomas-Fermi limit. This is justified since n,,(0)a3, =
0.001, where n,,(0) is the peak mBEC density and a,, =
0.6ar is the molecule-molecule scattering length [32].
The thermal fraction of the coldest Li clouds is below our
detection limit of 1 — f. = 0.15, implying that the total
entropy in the trap, including the effects of interactions
[18, 33], is S/(Nrkp) < 0.55, which is well below the
critical entropy for a unitary Fermi gas at the superfluid
transition in a harmonic trap S./(Npkgp) = 1.70 [30].
The measurements in [30] determine the EoS S(T/TF) for
trap-averaged reduced temperatures above T/Tr = 0.15,
at which point S/(Npkp) = 0.92, and are thus not ap-
plicable at our measured entropy. If instead we com-
pare with the EoS calculated in [31], which agrees well
with [30], we determine an upper bound on the tem-
perature at unitarity of T' < 0.12TF = 0.551¢ r, where
T, r = 0.22TF is the critical temperature for superfluid-
ity at unitarity in a harmonic trap [18].

To measure the stability of the dual superfluid at uni-
tarity, we first adiabatically increase the ODT power by
50% to inhibit evaporation and subsequently hold the
overlapped clouds in the trap for a variable time at 832 G
before ramping to 690 G and imaging in ToF. The upper
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FIG. 1. (a) Gradient controlled forced evaporative cooling of
a Li unitary Fermi gas. We image the atoms at 690 G with 2
ms ToF (scale bar is 100 um). Solid lines are bimodal fits to
doubly-integrated optical density (OD) profiles, with dashed
lines indicating the thermal component. From top to bot-
tom, the detected condensate fractions f. are 0, 0.2, 0.5, and
> 0.85. (b) Yb BEC of 1.1 x 10° (30 ms ToF) atoms coexist-
ing with a Li superfluid of 0.8 x 10° atoms. Solid line is a fit to
a pure Thomas-Fermi BEC profile. Gravity is in the vertical
direction for all images in (a) and (b). (c) Calculated in-trap
fermionic (dashed red lines) and bosonic (solid blue line) su-
perfluid density profiles for (upper panel) the combined super-
fluid lifetime measurement at unitarity and (lower panel) the
bosonic dipole oscillation measurements at 780 G presented
in Fig. 2. For the fermion we use the zero-temperature EoS
nr(ur,ar) and the local density approximation to obtain
nr(7) [18, 34], and for the boson a pure BEC profile in the
Thomas-Fermi limit. The gradient of B’ = 41 G/cm ensures
complete overlap of the two clouds, while B’ = 68 G/cm
guarantees Yo,B = Yo,F-

panel in Fig. 1(c) depicts the relative Bose and Fermi su-
perfluid density profiles in the vertical dimension for this
situation. From exponential fits to the observed conden-
sate number evolution we determine lifetimes of 1.8 s and
0.7s for Yb and Li, respectively.

The Yb-Li dual superfluid system features a small
BEC inside a larger Fermi superfluid. For the lifetime
measurements at unitarity discussed above, the relative
in-trap cloud radii are Rgp/Rp = 0.36, where Rg =
(2us/mpw3)'/? for B = B and F, pup = EEp is the
chemical potential for a zero-temperature unitary Fermi
gas, £ = 0.37 is the Bertsch parameter [30, 35], and up is
the chemical potential for the Yb BEC. Additionally, the
effects of interspecies mean-field interactions are small,
with VBF(FB) (O)/,UJF(B) = 007(014), where VBF(FB) (0)
is the peak interspecies mean field interaction energy of
Yb on Li (Li on Yb).

To probe elastic interactions in the dual superfluid we
selectively excite vertical center-of-mass (dipole) oscilla-
tions in the bosonic component and measure the oscil-
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FIG. 2. Yb BEC dipole oscillations without (blue circles,
upper panel) and with (red circles, lower panel) the Li su-
perfluid at 780 G. Center-of-mass position measured at 30 ms
ToF (solid lines are fits, see text).

lation frequency with and without the presence of the
overlapped fermionic component [7]. Due to the large
ratio of trap frequencies for Li and Yb, we can achieve
this species-selective excitation by increasing the trap-
ping laser power P on a timescale that is diabatic (adi-
abatic) for Yb (Li), where the diabatic excitation arises
from the power-dependent gravitational sag, yo, g & 1/P.
Prior to the Yb excitation, we increase the magnetic gra-
dient to the value B’ = 68 G/cm that ensures yo r = Yo,
(Fig. 1(c), lower panel), concurrent with an adiabatic in-
crease of P to prevent spilling of Li due to the strong
gradient.

Fig. 2 shows dipole oscillation measurements of the
Yb BEC with and without the Fermi superfluid at 780 G,
where 1/kpap = 0.39. We perform these measurements
at 780 G instead of 832 G in order to enhance the effect
of Li on the Yb oscillations [7]. For these measurements,
after the species-selective excitation, the superfluids are
held in a trap with (we,wy,w.)z = 27 x (59, 388, 26) Hz
for a variable time t before ToF imaging [36]. During
the 30 ms ToF for Yb, the in-trap momentum oscillation
converts into an oscillation of the vertical position. For
the measurements without Li, we keep the experimental
preparation of the dual superfluid the same, and remove
the fermionic component by spilling with a strong gradi-
ent before initiating the dipole oscillation.

We fit exponentially-damped sinusoids to the measure-
ments in Fig. 2 and extract w, g/27 = 387.7(3) Hz (with-
out Li) and w; p/27 = 381.3(4) Hz (with Li), yielding a
reduction of the dipole oscillation frequency of 1.7(2) %.
From the amplitude of the oscillation in ToF, we deter-
mine the maximum in-trap velocity and displacement to
be 1.2mm/s and 0.5 um for the Yb BEC with a vertical

Thomas-Fermi radius Rp,, = 1.1 um. The small ampli-
tude of oscillation ensures that the Bose probe remains
well localized inside the larger Fermi cloud (Fig.1(c),
lower panel).

From the decay constant 7 for the oscillations with
Li, we find that wéyBT = 250, which ensures that our
determination of the dipole frequency is unaffected by
the decay. The finite quality factor is most likely due to
anharmonicities of the ODT potential, as the damping
times with and without Li are within error of each other.
While the maximum Yb velocity is an order of magnitude
below the critical velocity of this Bose-Fermi superfluid
system [15, 37], we cannot rule out the possibility of dis-
sipation due to a finite Li thermal component.

To model the effect of Li on the Yb dipole oscilla-
tions, we adopt a mean-field treatment, in which Yb
experiences an effective potential Vg (F) = Vr p(r) +
gprnp(r), where Vp p(¥) is the Yb optical potential,
gBF = 27Th2aBF/mBF, mpr is the Yb-Li reduced mass,
and np(7) is the fermion density. In the local density
approximation, the spatial curvature of the Fermi super-
fluid density gives rise to a shift of the bosonic dipole
oscillation frequency given by [7]

5&)%3 gBF OF dTLF (1)

2 ap d/LF HF(O).

Wy,B

Here dwy, 5 = w, p—wy, B, kr(r) = pr(0)=Vr,p(7) is the
local chemical potential, and Vp ¢ (7) = (ap/ap)Vr,5(7)
is the Li optical potential. Using the magnitude of apr
derived from interspecies thermalization measurements
[38, 39], lapr| = 15(2) ap [40], this model predicts a fre-
quency shift at 1/kpar = 0.39 of absolute value 2.0(3) %.
The uncertainty in the prediction comes entirely from the
uncertainty in the measurement of |app|. The predicted
magnitude is in good agreement with the measurement in
Fig. 2, and the direction of the observed frequency shift
determines the previously unknown sign of the Yb-Li s-
wave scattering length to be positive.

The mean field interaction exerted on the fermions by
the oscillating BEC also modulates the potential felt by
the fermions. However, due to the large value of wp/wpg,
this modulation can be adiabatically followed by Li. Con-
sistent with this picture, we observe no motion from back-
action on Li.

The shift in the dipole oscillation frequency clearly
demonstrates the coupling between the two superfluids.
Additionally, we observe a modulation of the angular ori-
entation of the Yb BEC due to interactions with Li. Our
observations are shown in Fig. 3(b) and (c), where we
plot the tilt angle 0p Tor of the Yb BEC at 30 ms ToF
for the same dataset used in Fig. 2. The presence of Li
leads to a modulation of this angle during the dipole os-
cillation. By fitting the measurements with Li to a pure
sine wave, we extract a tilt angle modulation frequency
of wp/w, p = 1.02(3), with a modulation amplitude of
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FIG. 3. (a) While executing dipole oscillations along ¢, the
tilt angle of the Yb BEC 0p exhibits a modulation due to
interactions with the horizontally-offset Li superfluid. This
in-trap angle modulation maps proportionally to a tilt 0B, Tor
for long ToF. In the absorption image, the red axes are aligned
to the major and minor axes of the BEC tilted 1.3° clockwise
with respect to the trap eigenaxes (black). (b) Tilt angle
measurements in the absence of Li. (c)-(d) Observation of a
scissors mode excitation in Yb due to interaction with Li at
780G (1/krar = 0.39) and 720G (1/krar = 1.2).

1.3(3) degrees and phase at t = 0 of ¢ = 0.6+0.5 rad. The
amplitude of a fit to the data without Li is consistent with
zero modulation. Similar behavior is observed at 720 G
(Fig. 3(d)) where 1/kpap = 1.2, with the fit returning a
modulation frequency of wy/w;, p = 1.01(3), with an am-
plitude of 1.3(3) degrees and phase of ¢ = 1.3 £ 0.6 rad.
For each field, we present the frequency measurement as
a ratio with respect to the mean-field-shifted frequency
w,, p at that field. Because the wy measurement precision
is comparable with the frequency shift dw, g, the result
is consistent with both w, 5 and w;, p.

The small elastic scattering cross-section between the
two species allows us to rule out collisional hydrodynam-
ics for this observation and instead favor superfluid hy-
drodynamics as the cause. We interpret the tilt angle
modulation as the excitation of a scissors mode of os-
cillation in the bosonic component driven by interaction
with the fermionic component. In trapped atomic sys-
tems, the scissors mode is a small amplitude angular os-
cillation about a principal trap axis, and has previously
been utilized to demonstrate and study superfluidity in
ultracold atomic gases [41-44]. While the resulting flow
is irrotational, the superfluid acquires angular momen-
tum that oscillates at the same frequency as the in-trap
angle 6p(t) [18].

Our observations imply the existence of a horizontal
offset between the two cloud centers which provides a fi-
nite impact parameter and therefore non-zero torque dur-
ing the Yb dipole oscillation (Fig. 3(a)). In our system,

the horizontal cloud offset arises due to a combination
of slight angular offsets of both the magnetic field gra-
dient direction and the nearly vertical principal axis of
the ODT with respect to the direction of gravity. Since
our experimental geometry forces a near degeneracy be-
tween the dipole oscillation frequency w, p and that of
the scissors mode wy, the sinusoidal motion of the Yb
center-of-mass within an offset Li cloud can resonantly
drive the scissors mode.

In order to explain the interspecies-interaction-driven
scissors mode, we extend the analytical model based on
superfluid hydrodynamics developed in [41] to include
the interaction with the fermionic superfluid [18]. The
resulting linear-response dynamics for the BEC in-trap
tilt angle, fp, are identical to those of a sinusoidally-
driven harmonic oscillator,

2
Th0 20+ g0, 1) g cos() ). (2)
where wy = (w2 g+ f(z0)w? p)'/2, 20 is the fixed horizon-
tal cloud displacement, and g is the in-trap amplitude of
the vertical dipole oscillation. The functions f and g en-
compass the interspecies interaction effects over the BEC
density distribution. Since |f]| is at most of order unity
[18], ws &~ wy, B, which clearly reveals the near-resonant
nature of the sinusoidal drive.

In this treatment we neglect backaction onto the Li
cloud since the Yb angular oscillation frequency is far
detuned from the corresponding scissors mode in Li. This
implies that the angular momentum imparted to Li from
the interaction with Yb is adiabatically transferred to
the trap. This effect and the dynamics in Eqn. (2) are
reproduced in a full numerical simulation of the coupled
superfluid dynamics [45].

The observed scissors mode amplitude in Fig. 3 is con-
sistent with a response at the driving frequency w;h 5, but
does not display the linear growth of amplitude in time
as one would expect from equation (2). We interpret this
to be indicative of damping in the scissors mode. Thus,
in order to apply our model to the observations, we add
a heuristic damping term —wséB/Qs to the right hand
side of equation (2), where Q; is the quality factor of the
scissors mode. We then find that our model reproduces
the amplitude observed in Fig. 3(c) for a displacement of
roughly twice the Yb Thomas-Fermi radius and Qs = 4
[18]. Furthermore, for this displacement our model pre-
dicts the driving force at 720 G to be only 10-20% larger
than that at 780 G, which is consistent with Fig. 3(d).

We have analyzed the consequences of a horizontal off-
set between the cloud centers for the frequency shift mea-
surements presented in Fig. 2 [18]. On the BEC side of
the Feshbach resonance, the mean-field frequency shift
is surprisingly robust to horizontal cloud displacement.
For the horizontal cloud displacement inferred from the
scissors analysis above, the predicted frequency shift be-
comes 1.5(2)%, which agrees with the value extracted



from the measurements in Fig. 2. Our dipole oscillation
measurements are therefore consistent with the simulta-
neous observation of the driven scissors mode, and with
the model discussed above.

In conclusion, we have established a stable two-element
Bose-Fermi superfluid system of " Yb-5Li and studied
the frequency shift of dipole oscillations and the excita-
tion of a scissors mode due to interspecies interactions.
Extension of these methods can allow investigation of
higher order excitations and sound propagation in the
dual superfluid [9]. Our experiments also highlight the
use of the differences in mass and electronic structure
for the selective excitation and controlled spatial overlap
of the components, opening new perspectives for inves-
tigating the phase diagram of the Bose-Fermi superfluid
system [16, 46, 47].

We thank Martin Zwierlein and Michael McNeil
Forbes for useful discussions and critical reading of the
manuscript, and the authors of [30, 31] for providing us
with their data. This work was supported by NSF Grant
No. PHY-1306647, AFOSR Grant No. FA 9550-15-1-
0220, and ARO MURI Grant No. W911NF-12-1-0476.
Note: Recently, we became aware of the realization of a

two species mixture of Bose-Fermi superfluids in a K-
OLi system [48].
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