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We study Efimov resonances via three-body loss in an ultracold two-component gas of fermionic
6Li and bosonic 133Cs atoms close to a Feshbach resonance at 843 G, extending results reported
previously [Pires et al., Phys. Rev. Lett. 112, 250404 (2014)] to temperatures around 120 nK.
The experimental scheme for reaching lower temperatures is based upon compensating the gravity-
induced spatial separation of the mass-imbalanced gases with bichromatic optical dipole traps. We
observe the first and second excited Li-Cs-Cs Efimov resonance in the magnetic field dependence of
the three-body event rate constant, in good agreement with the universal zero-range theory at finite
temperature [Petrov and Werner, Phys. Rev. A 92, 022704 (2015)]. Deviations are found for the
Efimov ground state, and the inelasticity parameter η is found to be significantly larger than those
for single-species systems.

I. INTRODUCTION

In the 1970s Vitaly Efimov predicted the emergence of
a discrete scaling symmetry for a system of three par-
ticles with pairwise resonant interactions [1, 2]. Impor-
tant consequences of these findings are the self-similarity
of the system upon multiplying the two-body scattering
length a by a scaling factor λ and the associated log-
periodic a-dependence of three-body observables. In ul-
tracold gases, where a can be tuned to any value by using
Feshbach resonances [3–5], the Efimov effect can be ob-
served by measuring the log-periodic a-dependence of the
three-body event rate constant. Resonant enhancements

of this function are expected for a = a
(n)
− = λna

(0)
− where

the n-th Efimov trimer passes through the three-atom
dissociation threshold.

In a number of experiments single Efimov resonances
(a < 0) have been observed in three-body losses, where

the value a
(0)
− was associated with the ground state of

the Efimov series [6–16]. However, the large scaling
factor for equal mass systems of λ = 22.7 demands a
high level of control of the magnetic field and tempera-
ture, whereupon the first excited three-body resonance
was seen only recently at extremely low temperatures in
a shallow trap for 133Cs [17]. At positive a, manifes-
tations of Efimov physics were observed as atom-dimer
resonances [8, 9, 16, 18–21], radio-frequency association
of trimers [20], and interference minima in three-atom
losses [7–10, 16]; in particular, two such minima sepa-
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rated by a factor ≈ λ were reported [9]. Efimov physics
also occurs in three-component Fermi gases, as revealed
by a series of experiments with 6Li [22–27]. Finally, the
4He3 Efimov trimer was detected recently in a molecular
beam experiment [28].

To measure a series of Efimov resonances ultracold
gases consisting of two different species with unequal
masses are experimentally more favorable, as the scal-
ing factor λ can be much smaller than 22.7. In K-Rb
systems the Efimov ground state was investigated but
a scaling factor of about 131 reduces the likelihood of
observing the excited Efimov state [2, 14, 15, 29]. For Li-
Rb, one Efimov resonance was recently reported [30] and
the observation of excited state resonances might be fea-
sible in near future. In a 6Li-133Cs system the predicted
scaling factor of 4.9 is much smaller than for equal-mass
systems [31] and, indeed, a series of Efimov resonances
has been experimentally observed [32–34]. The visibility
of higher excited Efimov resonances is limited by finite-
temperature effects; when |a| becomes much larger than
the thermal de Broglie wavelength, the peaks in the loss
rate become unresolvable and the loss rate saturates to
a constant value proportional to the inverse temperature
squared [6, 35–38]. Thus, for observing the Efimov uni-
versality over a large span of length scales it is essential
to prepare the coldest possible sample.

The simplest Efimov scenario (exact log-periodicity of
observables) requires one to proportionally change all rel-
evant length scales, namely the inter- and intraspecies
scattering lengths as well as de Broglie wavelengths of
the gas. Concurrently, they must be much larger than
the short-range length scales associated with the in-
teraction ranges (in our case these are van der Waals
lengths). In addition, the three-body parameter, which
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fixes the phase of the three-body wave function at short
distances, is required to stay constant. It is clear that in
practice each of these conditions is to some extent vio-
lated. Nevertheless, the non-proportionality of the scat-
tering lengths and the de Broglie wavelengths, if they
remain large compared to the interaction ranges, does
not drive the system out of the Efimovian universal-
ity regime. These effects can be taken into account by
the finite-temperature zero-range theory [39], for which
the three-body parameter is an external parameter. Al-
though in this case the exact log-periodicity of three-
body observables is not expected, the Efimov scenario
can still be checked by analyzing how well a zero-range
theory curve fits experimental data. This procedure has
recently been employed for characterizing low-lying Efi-
mov resonances and retrieving three-body parameters
from finite-temperature loss data in the case of iden-
tical bosons [17, 40] and equal-mass three-component
fermions [41].

In this work, we investigate the magnetic field depen-
dence of the three-body loss in an ultracold Li-Cs mixture
close to a Feshbach resonance, and study the influence
of temperature on the Efimov scenario. In our previ-
ous setup [32] a crossed optical dipole trap at a single
wavelength was used, and the mixing of the two gases
at low temperature was limited when the atomic clouds
started to separate due to a strong influence of gravity.
Using the approach of species-specific traps, which has
been discussed, e.g., for optical lattices [42], we present
a setup with two almost independent optical traps for Li
and Cs atoms that allows us to control their spatial over-
lap. This enables a further reduction of the trap laser
intensity and thus a factor of four lower temperatures as
compared to the previous measurements at 450 nK [32].
For a mixture prepared at 120 nK we measure the recom-
binational loss around 843 G and observe the first and
second excited Efimov resonances. The data at both tem-
peratures are compared to a universal zero-range model
for the three-body event rate constant in heteronuclear
mixtures based on the S -matrix formalism assuming con-
stant three-body and inelasticity parameters [39]. The
model explicitly takes into account finite temperatures
and the Cs-Cs background scattering length.

In Sec. II the experimental setup for reaching tempera-
tures around 100 nK in a Li-Cs mixture is elucidated. In
Sec. III we present new measurements of the three-body
event rate constant at 120 nK and analyze the observed
Efimov resonances with the zero-range model.

II. EXPERIMENTAL PROCEDURE AND
COMPENSATION OF SPATIAL SEPARATION

To prepare the Li-Cs mixture we use standard laser
cooling techniques in an experimental approach which is
similar to the one previously described in Refs. [32, 43]
but extend it with a species-selective laser to compen-
sate the gravitational sag relevant at low temperatures.

After the first cooling stage Cs atoms are loaded into a
crossed optical dipole trap (reservoir trap) with an 1/e2

waist of 300 µm, a wavelength of 1064 nm, and a cross-
ing angle of 90◦. The majority of Cs atoms are optically
pumped to the energetically lowest |F = 3,mF = 3〉 state
during degenerate Raman sideband cooling [44]. The
Li atoms, populating the two energetically lowest spin
states |F = 1/2,mF = 1/2〉 and |F = 1/2,mF = −1/2〉,
are loaded into another crossed optical dipole trap, which
we refer to as the dimple trap. It has a wavelength of
1070 nm, 1/e2 waist of 62 µm, crossing angle of 8.5◦,
and is located approximately 1 mm away from the reser-
voir trap. A single spin state is selected by removing
the other state through a resonant light pulse. After a
separate forced evaporative cooling phase the two opti-
cal potentials are combined with a piezo driven mirror
and the reservoir trap is slowly switched off. At the end
of the final evaporation step 1.6 × 104 (4 × 104) Cs (Li)
atoms are left in the dimple trap at a temperature of
400 nK. The optical dipole potential and the correspond-
ing atomic density distributions of the Li and Cs atoms
in x- and z-direction are illustrated in Fig. 1b and c,
respectively.

Further cooling in the same trap configuration is ac-
companied by a segregation in the z-direction of the two
atomic species, especially with a large mass imbalance
(mCs/mLi ≈ 22), since the influence of gravity on the
trapping potential becomes stronger. For a setup as de-
scribed above the spatial overlap of the two clouds is
reduced to ∼5% at an intensity of ∼16×103 mW/mm2

and the total potential depth for Li is by factor of ∼20
larger than for Cs. For even lower intensities the poten-
tial will no longer support the Cs atoms, as shown in
Fig. 1f. These effects restrict the temperatures to about
200 nK for both clouds in order to maintain a substantial
overlap.

We circumvent the effect of the gravitational sag for the
Cs atoms with a species-selective optical potential which
is tuned close to the D1 resonance for Cs at 894 nm [42].
Then the induced dipole moment, and hence the polar-
izability, for the Cs atoms is much larger than for the Li
atoms. Fig. 1a depicts the beam configuration with an
1/e2 waist of 62 µm, which is set up along the weak axis of
the dimple trap. The wavelength of 921.2 nm is provided
by a Ti:sapphire laser and was experimentally chosen for
maximizing the difference in the potential depth U of
Cs and Li but keeping at the same time the sum of the
heating rates of both species as low as possible [42].

At this wavelength the atomic polarizability of Cs and
Li are α ≈ 4059 a.u. and α ≈ 345 a.u., respectively. Due
to the proportionality U ∝ α the trap depth U for Cs is
hence by a factor of 12 deeper than for Li [45]. For an
intensity of 6.3×103 mW/mm2 the heating rate for Cs
and Li is 7 nK/s and 1 nK/s, thus about a factor of 30
and 3 larger compared to the dimple trap, respectively.
We have nearly independent control over the positions
of the two atomic clouds as the position of the Li atoms
is mainly determined by the dimple trap and the spa-
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FIG. 1. (Color online). a) Top view of the dimple and tunable traps in the horizontal plane (gravity points into the plane).
b)-g) Modeled optical dipole plus gravitational potentials for Li (red, solid) and Cs (blue, dashed) atoms at 100 nK and 400 nK
and their corresponding atomic density distributions (Li and Cs, shaded red and hatched blue areas, respectively). b) and e)
In the horizontal direction the clouds always overlap independent of laser intensity. c) and f) Using solely the dimple trap the
spatial overlap is already reduced to 80% at 400 nK while at 100 nK Cs atoms can no longer be stored due to the influence of
the gravitational potential. d) and g) Combined trap. At 100 nK the intensity is 7.0×103 mW/mm2 for the dimple trap and
6.3×103 mW/mm2 for the tunable trap.

tial overlap is retrieved by shifting the tunable laser trap
above the dimple trap.

After the mixing of both species is guaranteed with
this configuration, the optical power of the dimple trap
laser can be reduced to reach lower temperatures around
100 nK for Li. At this power level, Cs atoms would no
longer be trapped (see Fig. 1f), and only in combination
with the tunable laser stable storage of the Cs atoms
can be provided (see Fig. 1g). From our estimations
the separation between the cloud centers is about 16 ±
5 µm. The resulting spatial overlap is then about 45 %
and taken as a constant for the applied magnetic field
range. Finally, we obtain 1×104 (7×103) Cs (Li) atoms
at a temperature of approximately 100 nK. For the ex-
perimental determination of the temperature the widths
are recorded for different time-of-flights.

III. THREE-BODY RECOMBINATION LOSS AT
FINITE TEMPERATURE

In this section, we present our experimental results for
the Efimov resonances at finite temperatures through a
measurement of the three-body event rate constant close
to 843 G. In Sec. III A we describe the experimental pro-
cedure and extraction of the event rate constant L3. In
Sec. III B, the universal zero-range theory for the 6Li-
133Cs mixture including finite temperatures is introduced

[39], with which the data is compared and analyzed in
Sec. III C.

A. Experiment

The experimental sequence starts with a cold mixture
of Li atoms in state |F = 1/2,mF = 1/2〉 and Cs atoms
at roughly 847 G according to Sec. II. At this magnetic
field the trap depth is increased within 150 ms to stop
ongoing evaporation as well as to allow for the stabiliza-
tion of residual magnetic field fluctuations. Here, the
temperature is about 120 nK for each cloud and the sec-
ular trap frequencies for Cs and Li in (x,y,z) direction
are (5.7, 115, 85) Hz and (25, 160, 180) Hz, respectively
(note that the frequency in the y-direction for Cs has not
been measured but has been derived from the model of
the optical potentials reproducing closest the five other
experimental trapping frequencies). Given that locally,
T/TF & 2 for Li and T/TC & 3 for Cs, we will consider
that the mixture is in the non-degenerate regime. After a
fast ramp to the final magnetic field where the atoms are
stored for variable hold times of up to 300 ms we image
the atomic clouds on two cameras and deduce the atom
number of each species.

We measure that the ratio of lost Cs and Li atoms is
2:1, as shown in Fig. 2. This fact indicates that the loss
process of one Li and two Cs atoms dominates. In order
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FIG. 2. (Color online). Temporal evolution of a Li-Cs mixture
at 843.049 G and 120 nK. a) Red solid (Li) and blue dashed
(Cs) lines show the result of a simultaneous fit of the coupled
rate equations (1,2) to the atom number of Li (red circles)
and Cs (blue diamonds). b) and c) Respective 1/e-widths of
the Li and Cs atom clouds in two directions. Each data point
gives the mean of at least three independent measurements
and the error bars represent one standard error. Symbols and
color coding are the same as in a).

to quantify three-body recombination we numerically fit
the loss curves for both atomic species simultaneously
according to the coupled rate equations

ṄLi = −LLi
1 NLi − L3NLiN

2
Cs (1)

ṄCs = −LCs
1 NCs − 2L3NLiN

2
Cs − LCs

3 N3
Cs (2)

where L3 is converted to the event rate constant Lexpt
3

by integration over the spatial coordinates assuming the
atomic distributions of the Li and Cs atoms based on
the model for the bichromatic traps presented in Sec. II.
We theoretically estimate the effect of the Li-Cs interac-
tion on the Li density profile to be enhanced due to the
large mass ratio, but still smaller than our current ex-
perimental uncertainties; we therefore neglect this effect
in the present analysis and leave its detailed study for

future work. The value LLi,Cs
1 corresponds to the one-

body loss rate of each species in the trap and LCs
3 to the

three-body loss rate for a pure Cs sample at the same
conditions. These parameters are determined for our ex-
perimental configuration in independent measurements,

thus the parameter L3 as well as the initial atom num-
bers N0,Li and N0,Cs are the only free fitting parameters.
The inter- and intraspecies two-body losses are ignored
here because the atoms are in the energetically lowest
spin states and only exhibit elastic two-body collisions.
Moreover, since 6Li atoms are identical fermions obeying
the Pauli exclusion principle, we neglect any local few-
atom processes involving two or more of them, such as,
for example, the three-body recombination in the Li-Li-
Cs system. In order to estimate error bars of Lexpt

3 we
apply standard methods of bootstrapping and use one
standard deviation of the re-sampled distribution as the
error [46].

In addition, we record the 1/e-widths of the cloud dur-
ing the atomic loss (see Fig. 2b and c) after 5 ms and
0.3 ms of time-of-flight for Cs and Li, respectively. An
increase of the width would signal heating due to three-
body recombination. However, on the maximal timescale
in the Li-Cs mixture of 300 ms the widths of both species
stay constant within 10 %, thus resulting in tempera-
ture variations of ∼20 % for our experimental parame-
ters, which endorses us to consider the temperature to
be time-independent in our analysis. We also note that
in the determination of LCs

3 the width decreases by 20 %
on the timescale of 1500 ms.

The scattering length is inferred from the magnetic
field B via the relation a(B) = abg[1 − ∆/(B − BFR)].
The conversion has been precisely determined via radio-
frequency association of the universal dimers around
843 G and a coupled-channels calculations leading to
BFR = 842.829 G, ∆ = −58.21 G, and abg = −29.4 a0
[34]. The magnetic field stability is 16 mG resulting from
long-term magnetic field drifts, residual field curvature
along the long axis of the cigar-shaped trap and calibra-
tion uncertainties.

In Fig. 3 we show the measured Li-Cs-Cs event rate
constants L3 for 450 nK (red) [32] and 120 nK (blue)
as a function of the magnetic field (bottom axis) and the
Li-Cs scattering length (top axis). Note that in Ref. [32],
L3 has been defined as the loss rate constant for the Cs
atoms, whereas in this work, L3 is the event rate con-
stant which is twice smaller (factor of two in Eq. (2)).
The spectra have one distinct feature in common located
at roughly 843.8 G or −1800 a0, which corresponds to
the first excited Li-Cs-Cs Efimov resonance. For the
data taken at 120 nK another feature emerges for an
even larger scattering length, now clearly demonstrat-
ing the second excited Efimov resonance, which has been
anticipated from our previous measurements of loss spec-
tra [32]. It is located at about 843.0 G or −9210 a0. The
Efimov ground state around 848.9 G is only visible in
the data set with 450 nK (see inset Fig.3). At 120 nK
the loss coefficient cannot be reliably extracted from the
data below ∼ 2 ×10−22 cm6/s, since other loss processes
are dominating, i.e. LCs

1 NCs + LCs
3 N3

Cs � 2L3NLiN
2
Cs.

In this regime, our fitting procedure (Eqs. (1) and (2))
cannot distinguish the interspecies three-body recombi-
nation rate from intraspecies background dynamics. We



5

8 4 3 . 0 8 4 3 . 5 8 4 4 . 0 8 4 4 . 5 8 4 5 . 0 8 4 5 . 5 8 4 6 . 0

0 . 1

1

1 0

 1 2 0  n K
 4 5 0  n K

L 3 (1
0-21

 cm
6  /s)

M a g n e t i c  f i e l d  ( G )

8 4 6 8 4 8 8 5 0 8 5 20 . 0 1

0 . 1

- 1 0 0 0 0 - 1 0 0 0
S c a t t e r i n g  l e n g t h  ( i n  u n i t s  o f  a 0 )

- 7 0 0 - 5 0 0 - 3 0 0

FIG. 3. (Color online). Li-Cs-Cs three-body event rate con-
stant L3 at 450 nK (red) and at 120 nK (blue). Experimental
data (red diamonds and blue squares, circles, triangles) have
been scaled in the vertical direction using a fit to the zero-
range theory (solid red lines and dashed blue lines). The
shaded region around the fits represent the uncertainty of
the Feshbach resonance position. Note that the maximum of
L3 does not correspond to the Feshbach resonance position,
see Ref. [34]. The first and second excited Efimov states are
clearly visible at ≈ 843.8 G and ≈ 843.0 G, respectively. Data
beyond 845 G represent an upper bound of the loss coefficient
at 120 nK due to additional loss dynamics. The inset shows
that the Efimov ground state at ≈ 848.9 G at 450 nK devi-
ates from the zero-range theory. The 450 nK data are taken
from our previous publication [32]. The pole of the Feshbach
resonance is indicated by the dotted line and the uncertainty
by the gray shade.

estimate from our measurements that such a situation
realizes once the interspecies loss term acquires a value
that is about a factor of 10 smaller than the sum of in-
traspecies ones. Therefore, the data points at magnetic
fields larger than 845 G represent an upper bound of
the actual three-body loss rate constant. We note, how-
ever, that this restraint is of a purely technical nature
and could be at least partially overcome by improving
the shot-to-shot stability of the atom numbers, by de-

creasing NCs and LCs,Li
1 , or by increasing NLi and the

overlap. For the data set at 450 nK the estimated limit
is ∼ 1 ×10−25cm6/s, which is well outside the range of
our present measurement.

B. Theory

We compare the data with the event rate constant de-
rived in the zero-range approximation and based on the

S-matrix formalism with thermal averaging [39]:

L3 = 4π2 cos3 φ
~7

µ4(kBT )3
(1− e−4η)

×
∞∫
0

1− |s11|2

|1 + (kR0)−2is0e−2ηs11|2
e−~

2k2/2µkBT kdk, (3)

where the angle φ is defined through the masses by
sinφ = mCs/(mLi + mCs), µ = mLimCs/(mLi + mCs)
is the Li-Cs reduced mass, kB is the Boltzmann con-
stant, R0 is the three-body parameter, η is the inelas-
ticity parameter, and the quantity s0 is related to the
Efimov scaling factor, which in the present case of Li-
Cs-Cs with resonant Li-Cs and Cs-Cs interactions equals
exp(π/s0) ≈ 4.799. The universal function s11 depends
on kaLiCs, kaCs, and the mass ratio. Here k is the three-
body collision wave vector defined such that the total en-
ergy in the center of mass reference frame equals ~2k2/2µ.
In practice, we use the known magnetic field dependence
of aLiCs [34] and aCs [47] and tabulate s11 as a function
of the magnetic field and k (see Ref. [39] for details on
the calculation).

C. Analysis

To analyze the data Eq. (3) is used to fit each of the two

data sets and extract η(120), η(450), R
(120)
0 , and R

(450)
0 .

We also introduce prefactors γ(120) and γ(450) to rescale
the experimental rate Lexpt

3 to the theoretical one via

relation L3 = γLexpt
3 . The temperature is a fixed pa-

rameter that is given by the experimental conditions,
which we determine via independent time-of-flight mea-
surements, and is denoted in the upper indexes of the fit-
ted parameters. Minimization of the error in terms of the
reduced χ2 ≈ 4.4 in a weighted fit yields η(120) = 0.61,

η(450) = 0.86, R
(120)
0 = 125 a0, and R

(450)
0 = 130 a0. For

the colder data set we obtain three different constants
γ(120) = {1.9, 1.2, 0.6} that correspond to measurements
taken on different days (see blue squares, circles, and
triangles in Fig. 3), while for the data at higher temper-
atures we get γ(450) = 0.7. The difference between the
fitted prefactors and unity are well within the systematic
error of Lexpt

3 , which amounts to a factor of three due to
experimental uncertainties of the temperatures, trapping
frequencies, overlap and atom numbers.

The extraction of statistical errors and cross-
correlations would require an involved treatment of the
experimental uncertainties and error propagation, since
the parameters may be connected in a nontrivial way.
Instead, we repeat the fit for two different Feshbach res-
onance pole positions, 842.829 ± 0.023 G, which corre-
spond to the error for the determination of the pole po-
sition [34]. This changes all fit parameters by less than
2 %. Also, an exclusion of the values above 847 G and
450 nK (red diamonds), where deviations for the Efimov
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ground state become prominent, modify the fitted val-
ues by less than 2% and improve the reduced χ2 to only
≈ 4.2. In a second estimate, we varied all parameters in-
dividually such that the reduced χ2 is worsened by 50%.
The fit parameters change at most by about 32%.

As shown in Fig. 3 we can now compare in a heuris-
tic way the experimentally determined event rate with
the model. It recaptures not only the full temperature
dependence but also the most of the series of an Efimov
spectrum with mass imbalance. Good agreement is found
for both experimental data sets including the first and
second excited Efimov states, while the Efimov ground
state cannot be covered (see inset). This behavior is a
strong indication that the excited Efimov resonances fol-
low the universal progression, while the ground state is
potentially modified by non-universal effects. This would
not be very surprising, given that at the ground-state
resonance |aLiCs| is only 3.5 times larger than the Cs-Cs
van der Waals range, and that the present Li-Cs Fesh-
bach resonance is intermediate between entrance-channel
and closed-channel dominated [48]. In homonuclear sys-
tems, small deviations from the universal zero-range the-
ory have been observed for a ground state Efimov tri-
atomic resonance [40] where |a| is about 10 times the
van der Waals range [11, 49], while large deviations were
reported for atom-dimer Efimov resonances, see [18–21]
and Refs. therein.

In both of our data sets η is significantly larger com-
pared to values obtained in previously studied systems,
e.g. [6–15, 17, 24, 38, 50]. This could indicate effi-
cient loss channels into deeply bound molecules. Alter-
natively, a large η in the fits might also be caused by an
overlapping tetramer or higher order recombination res-
onance [51] resulting in an effective increase in the three-
body event rate. However, with the current resolution
of the experimental data and the achievable temperature
ranges, these resonances cannot be distinguished.

A frequently discussed property of the Efimov reso-
nances is the distance between them. The peaks are ex-
pected to be equidistant on a log-scale if one changes all
scattering lengths proportionally to each other. In this
case the scaling factor for the Li-Cs-Cs system is approx-
imately 4.80. A slightly larger scaling factor, ≈ 4.88, is
expected in the case of non-resonant Cs-Cs interaction
[31, 39, 52]. In order to quantify positions of the Efimov
resonances we first fit the data with Eq. (3) thus deter-
mining R0. Then the series of positions corresponding
to the Efimov resonances are found by simultaneously
setting in the theory η → 0 and T → 0. The results for
R0 = 125 a0 are listed in Table I. A three-body parameter
of R0 = 130 a0 changes these values by about 1 %.

The Li-Cs and Cs-Cs scattering lengths do not change

proportionally, and the ratio a
(n)
− /a

(n)
Cs is not a constant.

Therefore, according to the universal zero-range theory

the quantity λ
(n)
zr ≡ a

(n)
− /a

(n−1)
− does depend on n. Sub-

sequent ratios with higher n ≥ 4 gradually tend to 4.88,
as expected for the Li-Cs-Cs system with resonant inter-
species and finite intraspecies interactions. This behavior

TABLE I. Li-Cs-Cs Efimov resonance positions in terms of

the calculated magnetic field B
(n)
zr , scattering length a

(n)
− ,

and ratio λ
(n)
zr from the zero-range theory, where R0 and η

are fixed from the fit to the experimental data. Also given
are the respective scattering lengths of Cs aCs and the posi-

tions of Efimov resonances through Gaussian fits B
(n)
G,120 nK to

experimental data at 120 nK [32, 34]. The quantities in the
parenthesis always represent the statistical and systematical
error arising from the determination of the Efimov resonance
positions and magnetic field uncertainty.

n B
(n)
zr (G) a

(n)
− (a0) λ

(n)
zr aCs(a0) B

(n)
G,120 nK(G)

0 848.167 -350 -1218 -

1 843.808 -1777 5.08 -1493 843.772(10)(16)

2 843.015 -9210 5.18 -1548 843.040(10)(16)

3 842.866 -46635 5.06 -1559 -

is expected on approach to the Li-Cs Feshbach resonance
pole, where aCs tends to a constant and becomes negligi-
ble compared to the diverging aLiCs. The manifestation
of scaling factor 4.80 would require much larger values of
aCs or the ability to change both aLiCs and aCs propor-
tionally.

Due to the lack of a finite-temperature model and
an insufficient agreement with the analytical zero-
temperature model, which was assuming aCs = 0 [53],
Gaussian fit profiles were used previously to determine

the Efimov resonance positions B
(n)
G [32, 33]. Follow-

ing this approach for the new data at 120 nK we ob-
tain the values as given in Table I. In comparison to
the values that were extracted from the presently imple-
mented zero-range model, the fitting of Gaussian profiles
seems to be adequate for describing resonance positions
of higher excited states within the current experimental
uncertainties. In contrast, the Efimov ground state is
not described by the zero-range model, therefore it is not

surprising that its position B
(0)
G,450 nK = 848.90(6)(3) G

[34], as determined by a Gaussian fit, also deviates from

the theoretical one B
(0)
zr . This hint at non-universality

has been quantified previously by a larger experimental

ratio a
(1)
− /a

(0)
− = 5.5(2) [34].

IV. CONCLUSION

In summary, we have measured three-body recombi-
nation spectra in an ultracold mixture of Li and Cs
atoms at T = 120 nK, which is a factor of four lower
than in our previous work [32]. The lower temperature
was achieved by compensating the gravitational sag via
species-selective optical potentials, thus enabling us to
attain temperatures at a 100 nK level, while retaining
partial overlap of the atom clouds. This procedure al-
lowed us to undoubtedly reveal the second excited Efi-
mov resonance. The new data in combination with the
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previous results from [32] were compared with the univer-
sal zero-range theory [39]. The excellent agreement close
to the pole of an interspecies Feshbach resonance demon-
strates that the model captures the essential features of
the three-body recombination in the universal regime. A
possible alternative to the currently employed approach
is the optical model with phenomenological imaginary
potentials [54].

At small scattering lengths we observed clear devi-
ations of the Efimov ground state from the universal
zero-range theory, as already anticipated in our earlier
measurements [32, 34]. The deviations are likely due to
finite-range effects, which calls for further studies tak-
ing into account the van der Waals tail of the interac-
tions [49, 55, 56], the multi-channel nature of the em-
ployed Feshbach resonance [57–60], both of these fea-
tures [61], or effective-range corrections [62–64].

In contrast to previously experimentally studied sys-
tems that were using single-species gases or K-Rb mix-
tures, the inelasticity parameter η(120) = 0.61 or η(450) =
0.86 is significantly larger for the Li-Cs mixture. The
origin of this behavior is still an open question. Possible

explanations may include the large Cs-Li mass ratio or
higher order processes. Further investigations are desir-
able to understand how these findings change when aCs

becomes zero or even positive.
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