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Double-degenerate Bose-Fermi mixture of strontium and lithium

Zhu-Xiong Ye R Li-Yang Xie ! Zhen Guo,! Xiao-Bin Ma,! Gao-Ren Wang,2 Li You,'3 and Meng Khoon Tey 1.3,
IState Key Laboratory of Low-Dimensional Quantum Physics, Department of Physics, Tsinghua University, Beijing 100084, China
2School of Physics, Dalian University of Technology, Dalian 116024, China
3Frontier Science Center for Quantum Information, Beijing, China

® (Received 28 June 2020; accepted 11 August 2020; published 8 September 2020)

We report on the attainment of a degenerate Fermi gas of °Li in contact with a Bose-Einstein condensate
(BEC) of #Sr. A degeneracy of T /Ty = 0.33(3) is observed with 1.6 x 10° SLi atoms in the two lowest-energy
hyperfine states together with an almost pure BEC of 3.1 x 10° ®Sr atoms. The elastic s-wave scattering
length between °Li and *Sr is estimated to be laspi_sag | = (7.1in°)ao (ayp is the Bohr radius) from measured

interspecies thermalization rates in an optical dipole trap.
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I. INTRODUCTION

Ultracold-gas mixtures composed of different species pro-
vide a useful platform to study few- and many-body physics,
including the BEC-BCS crossover [1,2], Efimov state [3-5],
and crystalline quantum phase [6]. They are also ideal starting
points to prepare heteronuclear ground-state molecules [7,8],
which hold great promise for the study of ultracold chem-
ical reactions [9,10], quantum computation and simula-
tion [11,12], and precision measurement [13]. In addition,
large mass mismatch gas mixtures can also be used to study
impurity in superfluids [14,15], mass imbalanced Cooper
pairs [16—19], and heteronuclear trimer states [20,21]. Pre-
viously, quantum degenerate mixtures of alkali-metal atoms
have been the main powerhouse for such studies.

In recent years, mixtures of alkali-metal and alkaline-
earth(-like) atoms have attracted much attention. Significant
progress has been made in both theory [22-38] and experi-
ment [39-50]. In particular, Feshbach resonances in RbSr [51]
and LiYb [52] have been observed, paving the way to pro-
duce ground-state group-I+group-II molecules. One of the
motivations to produce such molecules is that they possess a
magnetic dipole moment on top of an electric dipole moment.
This property makes such molecules good candidates for
studies of lattice-spin models [53], collective spin excitations
in optical lattice [54], and precision measurements of, for ex-
ample, the electric-dipole moment (EDM) of the electron [55]
and proton-to-electron mass ratio [36]. So far, mixtures of
alkali-metal and alkaline-earth(-like) atoms which have been
cooled down to quantum degeneracy include Li-Yb [39,40],
Rb-Yb [41], Rb-Sr [42], and Cs-Yb [43].

In this work, we report the production of a quantum de-
generate mixture composed of alkali-metal °Li and alkaline-
earth-metal 34Sr in a far-off-resonant optical dipole trap. Pre-
viously, we estimated the s-wave scattering length between
88Sr and Li atoms to be |aer;_sss,| = (14.4753)ap from mea-
surement of the interspecies thermalization rates [56]. Earlier
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experience seems to disfavor this number as too small to
support efficient sympathetic cooling for typical conditions
near quantum degeneracy, which typically requires good elas-
tic s-wave scattering length of the order of 100a instead.
Moreover, changing the 33Sr to other isotopes is not expected
to substantially change the °Li-Sr scattering. This is because
®Li is much lighter than strontium; changing Sr to ®*Sr, for
example, changes the ®Li - *Sr reduced mass by merely 0.3%.
Since the ground-state molecular potential of Li-Sr can only
support roughly 23 vibrational bound states [22,23], a 0.3%
variation in the reduced mass would hardly have any impact
on the overall energy structure of the Li-Sr molecules, and
thus the interspecies scattering length. Our simulation based
on the potential from [22] predicts a change of only a few
ao in the °Li-Sr scattering length from %8Sr to ®Sr. Indeed,
based on the same measurement method detailed in Ref. [56],
we estimate |asp;_sg;| to be (7.173%)aq.

Even though changing to the 3*Sr isotope does not result in
a more favorable interspecies thermalization, it is more useful
for our present goal of realizing a double degenerate mixture
of Li and Sr. This is because *Sr, which has an s-wave
scattering length of asig,_ssg, = 1234y, can be readily cooled
by evaporation to quantum degeneracy by itself [57,58], in
contrast to 38Sr with assg,_ssg, = —2ap. On the other hand,
due to the lack of efficient sympathetic cooling, the °Li gas,
in a mixture of its two lowest hyperfine sublevels, must also
be able to support rapid thermalization by itself for efficient
evaporative cooling. As the °Li atoms in the two lowest
hyperfine sublevels do not interact at zero magnetic field, we
choose to perform evaporation of the Sr-®Li mixture at a
magnetic field of 330 G. At this field, the s-wave scattering
length between the two lowest hyperfine substates of °Li is
a;p = —290ay. This field, however, is not expected to have
much effect on the Sr-Sr and Sr-Li scattering lengths since the
ground state of bosonic Sr has no magnetic dipole moment
and thus does not couple with various spins of SLi unless
higher-order couplings are included [37,51].

In short, our strategy towards a double degenerate Li and
Sr mixture is to employ a Sr isotope and a magnetic field
that would allow efficient evaporative cooling of individual
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FIG. 1. Illustration of the experimental setup. The main science chamber is an octagonal glass cell. Overlapped cooling light beams for
both species are represented by the blue arrows [59]. The ®Li 4 3*Sr atomic beams (green arrow) are overlapped and copropagating, as are their
corresponding Zeeman slowing light beams (red arrow). The MOT coils and the “fast” coils can operate in either Helmholtz or anti-Helmholtz
configurations to provide bias magnetic fields and magnetic field gradients. The far-off-resonant 1064 nm crossed optical dipole trap (CODT)
for both species is formed at the common crossing of two horizontal beams and a beam tilted at 41° to the vertical axis [60].

species. At the end of evaporation, we obtain Fermi degener-
ate °Li with 8.2 x 10* atoms in each spinat T /Tr = 0.33(3),
in contact with an almost pure Bose-Einstein condensate
(BEC) of 3*Sr with 3.1 x 10° atoms.

This article is organized as follows: Section II describes
the main experiment setup and how we sequentially load °Li,
and then 34Sr, into a 1064 nm optical dipole trap (ODT).
Section III discusses the evaporation cooling procedure as
well as the evidence for the double degenerate Bose-Fermi
mixture. The properties of the mixture over the evaporation
are analyzed and discussed in Sec. IV. Section V concludes
the article.

II. PREPARING %Sr AND °Li ATOMS
IN OPTICAL DIPOLE TRAP

Figure 1 illustrates the heart of our setup, which has been
described in detail in Ref. [56]. In brief, overlapped light
beams for cooling both lithium and strontium are indicated by
blue arrows [59]. Copropagating °Li 4 34Sr atomic beams and
their corresponding Zeeman slowing beams are represented
by a green arrow and a red arrow, respectively. The far-off-
resonant crossed optical trap (CODT) for both species is con-
structed by crossing three 1064 nm light beams (red beams)
at their respective waists: two horizontal beams crossing at 6°
have a common waist of 32 pm, and the other is tilted at 41°
to the vertical axis and has a waist of 54 um [60].

As the magnetic field gradients for optimal loading and
cooling of the lithium and strontium differ significantly, we

sequentially (1) load the °Li magneto-optical trap (MOT), per-
form gray-molasses cooling, and then transfer °Li atoms into
the horizontal crossed optical dipole trap (HCODT); (2) load
the 34Sr 461 nm “blue” MOT, cool ¥ Sr atoms using the 689
nm “red” MOT, and transfer them into the same HCODT; (3)
evaporatively cool both °Li and Sr into quantum degeneracy
at a bias magnetic field of 330 G by reducing the trap depth.
The sequence of our experiment is detailed in Fig. 2.

In more detail, the experiment starts with magneto-optical
trapping of SLi atoms using cooling and repumping light
locked to the 671 nm 25, 2= 2P3/2 (D2) transitions and a
magnetic field gradient of 21.4 G/cm. A cloud of 1.6 x 103
atoms is accumulated with a temperature ~3 mK after 3 s. The
MOT is then compressed (CMOT) by ramping the magnetic
field gradient to 37.5 G/cm (and changing the powers and
detuning of the cooling and repumping light simultaneously;
see Fig. 2) in 3 ms. This process reduces the gas temperature
to ~690 uK. To further cool and increase the phase-space
density of the atomic cloud, we apply the gray-molasses (GM)
cooling technique [61]. The GM can only work efficiently
when the magnetic field is smaller than 0.1 G. Due to the
induction of the MOT coils, however, the residual magnetic
field at the cloud takes 1.1 ms to drop below 0.1 G. But a
lithium atom is relatively light, and a 1.1 ms free expansion
of the lithium cloud would greatly reduce the loading effi-
ciency into the HCODT. As a remedy, a second set of coils,
called “fast coils,” in a Helmholtz configuration dynamically
compensates for the residual magnetic field from the MOT
coils (see Fig. 2), reducing the free-expansion time from
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FIG. 2. Schematic for main controls and timings for our experiment procedure. The reported powers of the various MOT beams are those

of a single beam. Each MOT beam has a waist of ~6 mm.

1.1 to 0.45 ms. After 1.5 ms of GM cooling, a cloud with
1 x 10% atoms at ~50 uK is obtained. As the 281plF =
1/2) — 2P, »|F’ = 3/2) repumping light is switched off 0.1
ms earlier than 25/, |F = 3/2) — 2P, »|F’ = 3/2) cooling
light at the end of the GM, atoms are equally distributed in
the |F = 1/2, mp = £1/2) states.

Transfer of the °Li atoms into the HCODT (without the
41°-tilted beam) happens concurrently with the GM process.
To improve loading efficiency, the trapping volume of the
HCODT is enlarged by ~4-5 times at the beginning of

the GM. This is done by modulating the frequency of the
radio frequency (1f) applied to the acousto-optic modulator
(AOM) which diffracts the horizontal ODT beam, from 90 to
110 MHz, at a modulating frequency of 2.6 MHz. The modu-
lation amplitude is reduced linearly to 0 in 50 ms after the GM
process (Fig. 2). Meanwhile, the power of the HCODT beam
is reduced linearly from 76.4 to 25 W, stopping at a HCODT
depth of kg x 1.9 mK (kg is the Boltzmann constant) for °Li.
At the end of the GM stage, about 3.3 x 10 atoms are loaded
into the HCODT at a temperature of ~300 uK.
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While the °Li atoms are trapped in the HCODT, Zeeman-
slowed 34Sr atoms are cooled and captured in a “blue” MOT
operating on a 461 nm light, red detuned from the 5s% 'S, —
5s5p ' Py transition by 41.2 MHz, at a magnetic field gradient
of 49.3 G/cm. As weak leak from the cooling cycle populates
the 555p 3 P, metastable state at this stage [57], two repumping
light beams at 679 and 707 nm (pink arrow in Fig. 1) are
shone onto the blue MOT to bring these atoms back into the
cooling cycle. After 1.5 s loading, the ®Sr atom cloud is
compressed by increasing the magnetic field gradient to 64.3
G/cm within 50 ms. Meanwhile, the power of each 461 nm
beam is decreased from 3.8 to 0.2 mW. At the end of the blue
MOT stage, about 4.5 x 107 ¥ Sr atoms at a temperature of
~2 mK are collected.

Further cooling of the Sr atoms is achieved in a “red”
MOT operating on the 7.5-kHz-linewidth 'S, -3P; transition
at 689 nm, at a magnetic field gradient of 3.8 G/cm. To
increase the capturing velocity of the red MOT, we fre-
quency modulate the light, producing a detuning ranging from
—6.9 MHz to —300 kHz with a spacing of 50 kHz. After a
75 ms modulation cooling period (which ensures that almost
all atoms are captured from the blue MOT into the red MOT),
the cloud is compressed by ramping down the frequency
modulation within 145 ms, ending with a single-frequency
MOT at a detuning of —380 kHz (see Fig. 2). At the same
time, the power of each 689 nm beam is reduced from 9.5 mW
to 56 uW. The single-frequency MOT is then operated for
another 150 ms to further cool down the atoms. More than
2.1 x 107 atoms at a temperature 3.4 uK are obtained at the
end of the red MOT stage.

Loading of the 3 Sr atoms into the HCODT occurs at the
single-frequency red MOT stage. In order to achieve efficient
loading, we optimize the overlap between the HCODT and
the single-frequency red MOT by adjusting the bias mag-
netic fields. During the whole Sr-MOT stages, the power of
HCODT is held constant at 25 W, corresponding to a trap
depth of kg x 1.7 mK for strontium. Note that operation of
the Sr blue MOT would result in a loss of the °Li atoms
in the HCODT, presumably due to light-assisted collision
loss [62]. We adjust the loading times for each species to
obtain a favorable ratio in the atom numbers for subsequent
evaporative cooling. With a 1.5 s blue MOT loading, we obtain
1.2 x 10° °Li atoms and 1.2 x 107 34Sr atoms in the HCODT
at a common temperature of ~180 uK after thermalization for
500 ms between the two species.

III. EVAPORATION TO A DOUBLE
DEGENERATE MIXTURE

For an optical trap from 1064 nm light, the ratios of trap
depth and trap frequency for °Li vs 3 Sr are Us;;/Usig, = 1.1
and wey ; /wssg, = 3.9, respectively. The almost-equal depth for
Li and Sr is useful for keeping the temperatures of Li and Sr
nearly the same in the early stage of the evaporation despite
weak interspecies interactions since the temperature of a gas
is typically about 1/10 of the U /kp after adequate evaporation
(see Ref. [63] and Sec. IV).

Forced evaporation of the mixture starts by reducing the
power of HCODT roughly exponentially from 25 W to
50 mW in 4.8 s. After 1.5 s into the forced evaporation,
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FIG. 3. Evidence of quantum degenerate Bose ®Sr and Fermi
°Li gases. (a) Absorption image of a BEC of %Sr, 22 ms after
releasing from the trap. (b) Integrated density profiles of (a). The red
solid line represents a fit with a bimodal distribution, while the blue
dashed line denotes a Gaussian fit to the thermal part. (c) Absorption
image of a quantum degenerate ®Li Fermi gas, 2 ms after releasing
from the trap. (d) The azimuthally averaged density distribution of
the °Li Fermi gas, averaged over 10 measurements. A fit using Eq. (1)
(solid red line) deviates slightly from a Gaussian (dashed blue line).
If we fit only the outer thermal wing (gray dotted line), outside the
disk with a radius ﬁw (where w is the 1/e width of a Gaussian fit
to the full distribution), the deviation becomes even more evident.

the power of the 41°-tilted ODT is raised linearly from 0
to 3 W in 450 ms, and then held constant until the end
of the evaporation (see Fig. 2). At the end of the evapora-
tion, we obtain a Fermi-degenerate °Li gas with 8.2 x 10*
atoms in each spin state at 7 /Tr = 0.33(3), in contact with
an almost pure BEC of 3#Sr with 3.1 x 10° atoms. At this
moment, the CODT frequencies and depth are, respectively,
(wy, wy, w;) =27 x (718,720, 150) Hz and kg x 5.6 uK for
Li, and 27 x (144, 183,37) Hz and kz x 0.35 uK for %Sr,
taking the gravitation sag into consideration.

As evidence for the double degeneracy, we show in Fig. 3
the absorption images and density profiles of the % Sr BEC
and the Fermi-degenerate ®Li gas after free expansion. The
one-dimensional (1D) integrated density profile of the 34Sr
gas after a 22 ms time of flight [Fig. 3(b)] exhibits a textbook-
like bimodal distribution, signifying a BEC in contact with a
small thermal component at a temperature of 105(10) nK. To
quantify the degeneracy of the SLi Fermi gas, we determine
the ratio of temperature T to the Fermi temperature 7r by
fitting the azimuthally averaged density profile of the ®Li gas
after a 2 ms time of flight [Fig. 3(d)] using [64]

n(r) = ALiy( — ge*ziiz). (1)

Here, Li, represents the nth-order polylogarithm function, and
o is the radius from the center of the cloud. A, o, and ¢ are
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fitting parameters. The width o and fugacity ¢ of the cloud
can be used to extract T = mo> / kBtt%)f (tiof 1s the time of flight)
and T /Ty = [—6Lis(—¢)]71/3, respectively. The former gives
degeneracy depth 7' /TF, given that Tp = ha)(6NT)% Jkp [ =
(wwyw,)'3, and Ny is the number of atoms in one of the °Li
spins]. The latter is used for a consistency check [65] for re-
sults from the former when ¢ > 2 (corresponding to 7' /Ty <
0.46). For Fig. 3(d), we obtain, from the former method, T =
539(31) nK, Tr = 1.62(10) uK, and thus T /TF = 0.33(3),
which is consistent with 7 /Tr = 0.31(4) from the latter
method.

IV. PROPERTIES OF THE MIXTURE
OVER THE EVAPORATION

In this section, we analyze properties of the mixture at dif-
ferent moments of the evaporation process. The temperatures
and atom numbers of the gases are obtained from absorption
images, taken at 330 G, after free expansion. Other properties
of the gases are computed from these quantities in conjunction
with the calibrated powers and beam widths of the trapping
light beams.

Figure 4(a) plots the temperatures of the 3Sr and °Li
gases as a function of evaporation time. It shows that the
temperatures of the two species are equal in the first 2 s
of the evaporation, but deviate substantially towards the end
of the process. This suggests that heat exchange between
the two species is efficient initially, but diminishes at the
later stage of the evaporation. Without sufficient interspecies
thermalization, the temperature of each gas is mainly affected
by their corresponding trap depths U [63]. This is evident
by noticing the similarities in the curves for the temperatures
(main figure) and the computed trap depths U (inset). As U is
reduced by the gravity more strongly for the heavier 3*Sr than
for the lighter °Li, the % Sr gas gets much colder than the °Li
one at the end of the evaporation. Figure 4(b) shows the ratios
kgT /U for the respective gases over the evaporation time. For
®Li, kgT /U stays roughly at the level of 0.1 throughout the
evaporation, getting slightly smaller over time. For 3*Sr, this
parameter increases from approximately 0.1 in the beginning
to 0.26 in the end. Figure 4(c) displays phase-space densities
(PSDs) of the gases versus atom numbers. Roughly speak-
ing, both the 34Sr and ®Li gases gain about three orders of
magnitude in the PSDs after losing one order of magnitude in
the atom number, signifying rather efficient cooling. The PSD
of °Li nevertheless levels off towards the end of the evapo-
ration due to Fermi pressure of the gas. It should be noted
that at the end of the evaporation, the gravity sags the center
of the SLi (®*Sr) cloud by ~0.5 um (8.6 um), while the
Thomas-Fermi radius (assuming zero temperature) of oLi
(®*Sr) is ~14.8 pum (5.9 wm). This means that the two clouds
remain fully overlapped until the very end of the evaporation

process.
In Fig. 5, we show the interspecies and intraspecies thermal
equilibrium time constants t, defined as % = —ﬁ% (AT

is the temperature difference between two thermal compo-
nents) [56,66], as a function of the evaporation time. The
figure shows that the intraspecies thermalization time con-
stants of Sr and ®Li remain below 10 ms throughout the
evaporation. Such a value is small enough to guarantee good
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FIG. 4. Temperatures T, trap depths U, and phase-space densi-
ties at various stages of the evaporation process. (a) The temperatures
of the °Li and ®*Sr gases show strong correlations with the respective
depths of the ODT (inset), signifying insufficient interspecies ther-
malization towards the end of the evaporation. The error bars from
five measurements are smaller than the symbols in this logarithmic-
scale plot. (b) Ratios of average thermal energy k3T to the trap depth
U. (c) Phase-space densities vs atom numbers. The PSD is defined
as nA3, where n is the gas density at the center of the trap, and
Ar =27 R /mkgT is the thermal de Broglie wavelength. The atom
number of ®Li represents that of a single component.
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FIG. 5. The computed intraspecies and interspecies thermal
equilibrium time constants 7 of °Li and ®Sr atoms during evapora-
tion. The blue shaded region represents uncertainty arising from the
uncertainty in the interspecies s-wave scattering length. The influ-
ence of quantum degeneracy to collision cross sections, which would
have effects to the last few points, is ignored in this calculation.

intraspecies thermalization over the whole evaporation pro-
cess, which lasts over a few seconds. On the other hand, the
interspecies thermalization is two to three orders of magnitude
slower due to a much smaller interspecies scattering cross sec-
tion o< a2 (a; is the s-wave scattering length). The interspecies
thermalization time constant increases from 100 ms in the
beginning to 10 s at the end of the evaporation. This supports
the observation in Fig. 4, where the temperature difference
between the two species grows over the evaporation process.
To see if the weak interspecies interactions play any role
at all during the evaporative cooling process, we repeat the
experiment without 34Sr or without ®Li. For each scenario,
we keep the initial numbers of °Li or 3*Sr atoms at the
beginning of the evaporation the same as those of the mixture
experiment. The results, which are shown in Fig. 6, clearly
demonstrate that the presence of **Sr helps bringing the °Li
Fermi gas into deeper degeneracy. The latter is achieved by in-
creasing the number of ®Li atoms at the expense of 34Sr atoms
for any given ODT power, a clear signature of sympathetic
cooling. This phenomenon can be readily understood given
that the trap depth of 3*Sr is always lower than that of °Li.

V. CONCLUSION

In summary, we realize a quantum degenerate mixture of
fermionic °Li and bosonic 3 Sr atoms in a crossed optical
dipole trap, and determine the elastic s-wave scattering length
between °Li and 3*Sr atoms to be |as;_ss,| = (7.11_%:2)610
by measuring interspecies thermalization rates. Our results

pave the way to studies including Li-Sr polar molecules and
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FIG. 6. Effects of sympathetic cooling. The presence of Sr
helps bringing the °Li Fermi gas into deeper degeneracy. n = N, /N
represents the degeneracy of %Sr, where N, is the atom numbers in
the condensate and N is the total atom number of the gas. Error bars
are smaller than the symbols. The atom number of SLi represents that
of a single component.

impurity superfluids. Further improvement for our experiment
includes adding a gradient magnetic field to lower the trap
depth for the °Li at the end of the evaporation process,
so as to further reduce (increase) the temperature (quantum
degeneracy) of the gas (we are not able to further reduce the
power of the trapping light since this would result in spilling
of the heavier ®*Sr at the moment).

We note in passing that we have also realized a double de-
generate mixture of °Li and 3*Sr at zero magnetic field where
there is no intraspecies °Li collisions. Here, the °Li gas can
only be sympathetically cooled by the 34Sr atoms. This pro-
cess causes much more atom loss in both species compared to
the evaporation reported above at 330 G. We realize a degen-
erate °Li Fermi gas at T /Ty = 0.50(7) with total atom number
of Ni; = 4.9 x 10%, coexisting with a #Sr BEC of 2.1 x 10°
atoms in this case. In the future, we plan to probe the binding
energy spectrum of near-dissociation Li-Sr molecules to de-
termine the long-range dispersion coefficients of the ground-
state molecular potential. Such information would be useful
for producing ground-state molecules of Li-Sr.
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