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Abstract
We study the interspecies scattering properties of ultracold Li–Csmixtures in their two energetically
lowest spin channels in themagneticfield range between 800 and 1000 G. Close to two broad Feshbach
resonances (FR)we create weakly bound LiCs dimers by radio-frequency association andmeasure the
dependence of their binding energy on the externalmagnetic field strength. Based on the binding
energies and complementary atom loss spectroscopy of three other Li–Cs s-wave FRswe construct
precisemolecular singlet and triplet electronic ground state potentials using a coupled-channels
calculation.We extract the Li–Cs interspecies scattering length as a function of the external field and
obtain almost a ten-fold improvement in the precision of the values for the pole positions andwidths
of the s-wave FRs as compared to our previous work (Pires et al 2014Phys. Rev. Lett. 112 250404).We
discuss implications on the Efimov scenario and the universal geometric scaling for LiCsCs trimers.

1. Introduction

Universality in few-body systems has been one of themajor topics in the ultracold quantum gases for the last
decade [1–3]. Its success can be ascribed to the existence ofmagnetic interparticle scattering resonances, called
Feshbach resonances (FR), at which a two-body bound state crosses the scattering threshold. These resonances
are routinely employed to tune the interaction strength between the colliding particles [4] and to produceweakly
bound dimers by ramping up or down the externalmagnetic field [5]. They can be used to explore intriguing
topics in few-body physics, for example, the realization of Efimov’s scenario [1, 3]. Its hallmark is the existence
of a geometrical series of weakly bound three-body states that exhibits the universal scaling law. The energy of
the next bound trimer can be found bymultiplying the binding energy of the previous onewith a constant factor.
However, the ability to produce and study these trimers aswell as the underlying universal principles, onwhich
the behavior of such exotic systems is based, relies on precise knowledge of the properties of the particular FR.

The central quantity that governs an ultracold collision process, and thereforemost of the physics at such
temperatures, is the two-body s-wave scattering length a. The inelastic three-body scattering rate near a FR scales
as a4, resulting inmagnetic field dependent atom losses that can be used tomap out how a depends on the
externalfield. During the last decade, atom loss spectroscopy in combinationwith theoreticalmodels has
become a standard tool in thefield of ultracold gases [4]. Thesemethods can give an excellent representation of
the FR spectrum, however typically not all of the observed losses can be unambiguously attributed to an
increasing two-body scattering length. Especially when a becomes large, not only immediate loss of three atoms
from the trap, but also other processes, for example, weakly-bound dimer formation and subsequent secondary
lossesmay occur. Thismay lead to shifts and asymmetric broadening of the loss signals [6–11] and thus
weakening the relation to the functional dependence of the scattering length alone.

More accuratemapping can be obtained by going further than a simple atom loss spectrum. Themost
precise scattering lengthmeasurements up to date can be obtained by direct radio-frequency (rf) [12–17] and

OPEN ACCESS

RECEIVED

16 January 2015

REVISED

31March 2015

ACCEPTED FOR PUBLICATION

1April 2015

PUBLISHED

7May 2015

Content from this work
may be used under the
terms of theCreative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2015 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft

http://dx.doi.org/10.1088/1367-2630/17/5/055009
mailto:weidemueller@uni-heidelberg.de
http://dx.doi.org/10.1103/PhysRevLett.112.250404
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/17/5/055009&domain=pdf&date_stamp=2015-05-07
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/17/5/055009&domain=pdf&date_stamp=2015-05-07
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


magnetic fieldmodulation [8, 18–23] spectroscopy of the least-boundmolecular states. Since a FR intrinsically
originates from the coupling of the scattering channel with such amolecular state, its energyE in the vicinity of
the FR can be connected to the scattering length through the relation ∝ −E a 2 [4, 24]. Bymapping themagnetic
field dependence of the binding energy of this state, it is possible to study exclusively the two-body problem, and
the extraction of a is less prone to systematic effects.

Here we explore the universal behaviour of weakly bound LiCs dimers and Efimov trimers close to Li–Cs
FRs.We start by investigating the interspecies scattering properties of ultracold Li–Csmixtures of the two
energetically lowest LiCs spin channels in themagnetic field range between 800 and 1000 G.We employ rf
association and atom loss spectroscopy to preciselymeasure the positions of the Li–Cs s-wave FRs in this
magnetic field range. Depending on thewidth of the resonance we separate them into two groups and use
complementary approaches to determine their properties. For the broad resonances close to 843 and 889 Gwe
measuremagnetic field dependent binding energies of weakly bound dimers through rf association. For the
narrow resonances we employ atom loss spectroscopy. Due to their small width the resonance positions can still
be detectedwith high accuracy.We use thesemeasurements as an input for a coupled-channels calculation that
allows us to construct accurate Li–Csmolecular potentials, fromwhich scattering lengths, resonance positions
andwidths are determined. The obtained parameters agree well with the previous observations [25, 26] and
recent extensive theoretical studies [27], however they represent almost an order ofmagnitude improvement in
precision and accuracy. Finally, we discuss the implications of these results to the recent observation of LiCsCs
Efimov resonances [28, 29].With the help of the newmapping of the scattering length in the vicinity of the 843 G
LiCs FRwe obtain refined Efimov scaling factors of 5.48(20) and 5.00(1.53) for the first and second Efimov
period, respectively, where the first period slightly deviates from the universal Efimov scenario of 4.9, as
predicted for the Li–Cs systemwithmass ratio of 22 [30].

2. Radio-frequency association of LiCs Feshbach dimers

The sample preparation scheme for the rf associationmeasurements is similar to the one presented previously in
[25, 28]. In brief, we prepare the Li–Csmixture in a crossed optical dipole trapwith standard laser-cooling
techniques. Using degenerate Raman sideband cooling [31]most of the Cs atoms are optically pumped and
spin-polarized in the energetically lowest spin state ∣ = = 〉F m3, 3F . After the initial cooling steps the Li atoms
populate both energetically lowest spin states, namely ∣ = = 〉F m1 2, 1 2F and ∣ = = − 〉F m1 2, 1 2F . The
last forced evaporation ramp is performed at 920 G. At the end of the rampone of the two Li spin components is
selected by shining in a short, resonant light pulse that expels the other one from the trap. Finally, about ×3 104

( ×4 104) atoms remain in the respective Cs (Li) spin channels with a temperature around 400 nK for each
species.Wemeasure the trapping frequencies f f f, ,x y z of 11, 114, 123 Hz (33, 275, 308 Hz) for Cs (Li) atoms,
where the externalmagnetic field is parallel to the z axis.

Themagnetic field is calibrated by driving Li nuclear spin flip transitions between ∣ 〉1 2, 1 2 and ∣ − 〉1 2, 1 2
spin states (seefigure 1), and Li electron spinflip transitions between ∣ 〉1 2, 1 2 and ∣ 〉3 2, 3 2 spin states in a
pure Li sample. The Breit–Rabi formula is used to extract the field strength and its residual inhomogeneity from
themeasured resonance frequency andwidth, respectively. The total uncertainty amounts to 16mG (one
standard deviation), resulting from long-termmagnetic field drifts, residualfield curvature along the long axis of
the cigar-shaped trap, and calibration uncertainties.

To associate themolecules we start with amixture prepared in the non-resonant scattering channel at a
variablemagnetic field close to the FR in the resonant state (see figure 1).We drive the systemwith a rectangular
rf pulse with the frequency E hrf that is close to the resonance frequency E h0 between the two energetically
lowest Li spin states. In order to determine themolecular binding energyEb, we scan the frequency of the applied
rffield and observe the number of Li atoms that are left in the non-resonant state after the rf pulse.

A typical loss spectrum is depicted infigure 2.Detuned from the free–free transition (not shown), which
corresponds to a flip of Li nuclear spin, we observe an additional loss feature that originates from the association
of LiCs Feshbach dimers (free-bound transition).We also identify a similar loss signal at comparable values of
detuning and amplitude in the remaining number of Cs atoms. To limit saturation effects, we experimentally
optimize the power and length of the association pulse such that atmost 30%of atoms are lost at the end of the rf
pulse. The optimized pulse length ranges from0.5 s close to the FR and 7 s away from it.

3. Theoretical analysis

3.1. LiCs dimer association spectrum
Wemodel the observed loss spectrumwith the help of rate equations and the dimer binding energy dependent
two-body association rate K M

2 [12, 32]. The long association pulse lengths and lowmolecule yield, which is

2
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belowour detection limit, indicates that the dimer association rate ismuch smaller than their loss rate. Assuming
a quasi-stationary state, inwhich each producedmolecule immediately gets lost through atom-dimer collisions,
the time dependent Li atom loss at a givenmagnetic field is governed by K M

2 and thus can be described through
the following equation

= −N N e , (1)n K t
Li Li

0 M
Cs 2

where NLi
0 is the initial number of Li atoms in the non-resonant state, nCs denotes the density of the Cs gas cloud,

t is the length of the applied rf pulse and K M
2 contains the functional form (see below) of themolecular

association rate.Here we neglect single-body losses and assume constant nCs, which is justified by the fact that
we are working in a low saturation limit of the rf transition. By solving the full systemof rate equationswe
estimate that this approximation, using the simple equation (1),may introduce aminor error on the fitted atom
loss amplitude, which does not exceed 10%. Since the number of produced LiCsmolecules at any given point
through the experimental cycle is insignificant, we do not include the loss terms associatedwith themolecule-
molecule recombination.

The two-body association rate K M
2 is determined by the energy-dependent wave-function overlap of the

scattering atompair with the finalmolecular state [32]. For a thermal ensemble it can be expressed as

∫ ε ε ε ε= + +γ
∞

( ) ( ) ( )K E C h F E L E E E( ) , , d , (2)M
r r b b r r2 rf

0
rf 0

where ε ∝ ε−h ( ) er
k Tr b is the number density of colliding atompairs with relative energy εr and temperatureT,

and

Figure 1.Radio-frequency association of LiCsmolecules. Themixture is initially prepared in the non-resonant scattering channel,
here ∣ − 〉 ⊕ ∣ 〉Li 1 2, 1 2 Cs 3, 3 , at amagnetic field close to the broad 843 G s-wave Feshbach resonance in the resonant scattering
channel ∣ 〉 ⊕ ∣ 〉Li 1 2, 1 2 Cs 3, 3 , which couples to the weakly boundmolecular state under study. Depending on the frequency of
the rf driving field either free–free (with the energy E0) or free-bound (with the energy +E Eb0 ) transitions can be studied. An
analogous scenario is implemented close to the second broad Li–Cs Feshbach resonance in the ∣ − 〉 ⊕ ∣ 〉Li 1 2, 1 2 Cs 3, 3 scattering
channel close to 889 G. In this case themixture is initially prepared in the ∣ 〉 ⊕ ∣ 〉Li 1 2, 1 2 Cs 3, 3 channel.

Figure 2.Remaining number of Li atoms after an rf association (free-bound) pulse of LiCsmolecules at amagneticfield of 842.04 G
and relative Li–Cs temperature of 400 nK. Each data point is an average of threemeasurements and the error bars represent the
standard error. The binding energy is determined from the fit of equation (1) to the data (solid line) and yields =E h 69.7(1.6) kHzb

and γ = 5(1) kHz for a pulse length =t 3 s. The vertical dashed line corresponds to thefitted binding energy.

3
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is the energy normalized Franck–Condon density between the scatteringwave function of a free Li–Cs atompair
and a bound Feshbach dimer with binding energyEb [12, 32]. ′Eb is defined through the Li–Cs reducedmass μ
and the non-resonant channel scattering length ′a as  μ′ = ′E a(2 )b

2 2 . The convolution of the spectroscopic line
shapewith the Lorentzian profile ε+ +γL E E E( , )b rrf 0 ofwidth γ accounts for the strong collisional
broadening, yielding an estimated lifetime of LiCsmolecules in themixture of around μ30 s. The prefactorC
contains all the numerical factors resulting from the integration of rate equations, and experimental parameters
that affect themolecule production rate, butwhich are approximately constant for a givenmagnetic field, as well
as species-dependent atom-dimer inelastic collision rates4. It also accounts for uncertainties in the
determination of the absolute gas densities, which, under realistic experimental conditions, can vary up to a
factor of two due to systematic errors inmeasurements of the trap frequencies, temperature and the exact
number of atoms.

The binding energy of the Feshbach dimers at a givenmagnetic field is extracted by fitting equation (1) to the
loss spectrumof Li atoms, as displayed infigure 2.We useEb, NLi

0 , γ, andC as free fitting parameters and set
′ = −a a28.5 0 [25–27]. Small variations in a′ that are of the order of a few of percent affect the fitted binding
energies on a permille level. The temperature of each species is determined in an independentmeasurement with
identical trapping parameters and is keptfixed during the fit. To exclude systematic effects associatedwith the
precise determination of relative temperature we verify that by increasing it by a factor of two the value of the
fitted binding energy does not change bymore than 1 kHz. By performing themeasurements and the fitting
procedure for different externalmagnetic fields, we record the binding energy dependence, which is displayed in
figure 3 for the two broadest FRs in the Li–Csmixture.

The extracted binding energy can be affected by several other systematic effects. One of them is themean-
field shift, which starts to dominate in the regimewhere the scattering length is comparable to the interparticle
spacing, i.e. ∼na 13 . For our experimental densities of ≈ −n 10 cm11 3 such shifts would become relevant at
magnetic field regionswith binding energies on the order of ≈E 1 kHzb , which is sufficiently far away from the
regionwhere the experiments were performed. Additionally, by changing the backgroundCs atomdensity we
checked that the observedmolecular association line shifts stay within the statistical uncertainties of the fit, and
therefore we do not include themean-field shift in the analysis.

Figure 3.Binding energies of LiCs Feshbachmolecules and atom losses. The left and right panels correspond to themagnetic field
regions near the 843 and 889 GFeshbach resonance, respectively. The blue crosses display the dimer binding energy −E hb that is
extracted from a fit of equation (1) to the rf association spectrum at the givenmagneticfield. The error bars represent one standard
deviation of the total error, which results from statistical and systematic uncertainties. The blue (solid) and red (dashed) lines show the
calculatedmolecular state energies from the coupled-channelsmodel and the universal binding energy  μ=E a(2 )b

2 2 with the
resonance parameters from table 1, respectively. The red shaded region corresponds to the uncertainty of the FR parameters. The
green squares show the remaining Cs atomnumber for a corresponding atom lossmeasurement. Here the error corresponds to one
standard error of themean. The systematicmagneticfield uncertainty for the atom lossmeasurements in thisfigure is 30mG. The
vertical dashed line displays the resonance pole position, and the gray shaded region corresponds to the uncertainty. The arrow in the
left panel shows the position of the second excited LiCsCs Efimov resonancewith scattering length −a (2).

4
The prefactorC depends on nCs and nLi. For atom losses, which do not exceed≈30%of the initial number of atoms, it does not change by

more than 5%.
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Another source of systematic resonance shifts is the confining optical dipole potential. The detuning of the
dipole trap laser beam is large in comparison to the hyperfine splitting of the involved spin states, hence its
created light shift is equal for both of them and can be neglected.However, the confining potential can
contribute to the scattering state energy shift in two otherways. Thefirst one is the confinement induced shift of
the relative ground state energy for two colliding free atoms. Itsmagnitude can be calculated for two interacting
particles in a cigar shaped harmonic trap [33], and for our dipole trap geometrywith aspect ratio η ≈ 9 it yields
325 Hz. The second complication is the fact that, in general, the problemof two different atoms in a harmonic
trapwith unlike trapping frequencies does not separate into center-of-mass and relative coordinates. The
magnitude of the shift of the associated lowest energy state in a Li–Csmixture can be estimated for our trapping
geometry andmass-ratio, and is on the order of 50 Hz [34]. Since the order ofmagnitude of these corrections is
much smaller than themeasured binding energies we neglect these effects in themodel that we use tofit the data,
however, we include them in the total systematic error budget.

To obtain a complete set of Li–Cs s-wave FR properties we re-measure the positions of the narrow s-wave
resonances in the two energetically lowest scattering channels up to 1000 G. For thesemeasurements we reach
roughly an order ofmagnitude lower relative kinetic energies than in the previousworks [25, 26]. Their
experimental positionsBe are extracted from aGaussian fit to each of the loss features in themagnetic field range
where the line shape is approximately symmetric. The improvedmagnetic field stability and lower temperatures
allows us to determine these resonance positionswith a roughly five-fold better precision than in our previous
measurement [25]. These results are summarized in table 1.

3.2. Coupled-channels calculation
To obtain an accuratemapping between the scattering length and themagnetic field that is independent of the
employed analytical fittingmodel [35], we analyze the datawith the full coupled-channels calculation for the Li
(2 s)+Cs(6 s) asymptote as in the previouswork [25, 27]. In short, the determination of thefinal resonance
positions relies on the creation of accurate LiCsmolecular potential curves for the electronic singlet Σ+X1 and
triplet Σ+a3 ground states. The potentials are constructed as a power series of the internuclear separationR, as in
previous calculations on other alkaline-metal systems (see, e.g., [36–38]), adding a short and long range part
which gives the required degree of freedom formodeling the asymptotic binding energies. All coefficients are
obtained by fitting, although the correlation between the conventional long range parametersC6,C8 and C10 is
still significant, and thus they can only be taken as effective parameters. The derived potentialmodel
simultaneously reproduces the binding energies of the Feshbachmolecules, the refined s-wave FR positionsBe

from atom loss experiments, and 6498 rovibrational transitions from laser-induced Fourier-transform
spectroscopy [39].We deduce the theoretical resonance positionsBt from themaxima of calculated two-body
collision rates at the experimental kinetic energy. For the binding energies below the 843 G resonance we exclude
the two data points with the smallest binding energies from the fit. Their rf association spectra, due to
experimental limitations, already overlapwith the Li free–free transition spectra, which hinders a reliable
extraction of the free-bound spectra (similar to the one infigure 2) for these respectivemagnetic field values.

The results of themodeling are listed in table 1 as deviation δ = −B Be t from themeasured positions for the
experimentally employed relative collision temperatureT and drawn as solid lines infigure 3. These results

Table 1.Positions of the Li–Cs s-wave Feshbach resonances. Unless specifically noted, the experimentally
obtained resonance positionsBe are extracted by fitting aGaussian profile to the loss spectra for the relative
collision temperatureT, at which themeasurements weremade. The numbers in the brackets represent
the total error that includes uncertainty of themagnetic field, and statistical and systematic errors of deter-
mining the position of the resonance. The results of the coupled-channels calculationBt are given as devia-
tions δ = −B Be t from the observations and show excellent agreement with the data.BFR,Δ, and abg give
the fitted resonance pole position, width, and background scattering length, respectively, for the calcula-
tionwith kinetic energy of 1 nK.

Entrance channel Be (G) δ (G) T (nK) BFR (G) Δ (G) abg (a0)

Li ∣ − 〉1 2, 1 2 816.128(20) −0.005 300 816.113 −0.37 −29.6

⊕ ∣ + 〉Cs 3, 3 888.595(16)a 0.002 100 888.578 −57.45 −29.6

943.020(50) −0.033 400 943.033 −4.22 −29.6

Li ∣ + 〉1 2, 1 2 842.845(16)a −0.000 100 842.829 −58.21 −29.4

⊕ ∣ + 〉Cs 3, 3 892.655(30)b 0.005 100 892.629 −4.55 −29.4

a Extrapolated from rf association. The temperature shown is only used for the calculation of the scattering

resonance and selected sufficiently low to reduce its influence to less than 5mG. The error reflects the

uncertainty of thefield calibration.
b Thismeasurement was performed in a double-wavelength optical dipole trapwith species selective

optical potentials. Details will be given elsewhere.
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provide almost an order ofmagnitude improvement over the previous determination of the FR positions
through the trap-lossmeasurements [25, 26] and the rf spectroscopy [28], and they are consistent with the
recent theoretical analysis [27], if the differences in determining the resonance positions and experimental
accuracy are taken into account.

Finally, we characterize the resonance profiles by calculating the scattering length dependence on the
magnetic field at a kinetic energy of 1 nK and fitting this dependence with the conventional functional form

Δ= −
−

− ⋯a a
B B

1 (4)bg
FR

⎛
⎝⎜

⎞
⎠⎟

with asmany terms as there are resonances in the given channel. The resonance positionBFR, its widthΔ, and
background scattering length abg are used as free fitting parameters, and they are given in table 1. By including all
observed resonances in a singlefit of equation (4) one removes a possible slope of the effective background
scattering length resulting fromneighboring resonances.We note that one could alsofit the calculated profiles
by a product of resonance functions for each resonance instead of the sum. This will resultmainly in different
values ofΔ, but as long as one is using only the derived functional values, the interpretation is consistent. The
fitted values reproduce the calculated s-wave scattering length to better than 2% in the entiremagnetic field
range between 500 and 1000 G,whichwe also use for the re-evaluation of the Efimov resonance positions (see
the next section). There is a slight difference between the two theoretically obtained resonance pole positionsBt

andBFR.We suspect that it originates from the different types of numerical calculations that were used to extract
these parameters, however further investigation is necessary tofind the exact reason behind this difference.
Thereforewe estimate the error for the resonance pole positions from the systematic error from themagnetic
field calibration and difference between the theoretical values, which yields ±23 mG.

Weuse the resonance parameters that were obtained from the coupled-channels calculation to plot the
simple single-channel formula  μ=E a(2 )b

2 2 , which relates the universal dimer binding energy to the
scattering length (see figure 3). The Li–Cs characteristic van derWaals energy scale [4] is 157MHz, thus the
influence of the short range effects on themeasured binding energies isminimal. This is reflected in the nearly
ideal a1 2 scaling of themeasured binding energies in thismagnetic field range. Since the Li–Cs background
scattering length ≈ −a a29.5bg 0 is small and negative, we expect only veryminor influence of the virtual state in
this regime. This contributes to the simple situationwhere the two LiCs binding energies are well describedwith
the universal relation and can be treated independently fromother neighboring resonances in the same
scattering channels. This is in contrast tomore complicated situations, like the one inCs atomswhere FRs
overlap [20, 40].

Our determined position of the 843 GFRpole clearly deviates from the previously observed atom loss
maximum [28, 29], as can be seen infigure 3. It also deviates from the result =B 842.75(3)FR Gobtained by
Tung et al [29], where exclusively atom lossmeasurements are used to infer the resonance pole position. This
illustrates that the use of atom loss alone is questionable for a reliable determination of the FR pole position,
especially if the resonancewidth ismuch larger than experimental uncertainties, as it is in the present case. The
definition of the resonance pole position is based on pure two-body scattering, whereas a number of different
lossmechanismsmay contribute to the total loss effect, themost prominent being the three-body collisions. The
situation in the vicinity of the resonance’s pole is complicated furthermore by the fact that not all of inelastic
three-body collisions result in an immediate loss of the atoms from the trap. Contribution fromother
recombination processes, for example, weakly-bound dimer formation and subsequent atom-dimer
recombination, should be considered, whichmay lead to increased loss away from the pole of the FR. In this case
themaximumof total atom losses can be shiftedwith respect to themaximum in the corresponding three-body
loss rate [6, 7, 10]. The specific loss channels and the exact pathway of this decay in Li–Cs system still remain an
open question, requiring a selective product state determination, which is not available at the present stage of our
experiment. However, we expect that the shifts between the determined scattering pole positions and
experimentally observed lossmaxima can be explained or influenced by similarmechanisms as those discussed
for other systems of ultracold gasmixtures [6–11].

4. Scaling of LiCsCs Efimov resonances

With the newparametrization of the 843 GFR (see table 1)we re-evaluate the scattering lengths and scaling
factors of the previously observed Efimov resonances [28, 29]. In table 2we summarize the reportedmagnetic
field values and corresponding scattering lengths −a i( ), at which the ith three-body Efimov statemergewith the
scattering threshold. The obtained scaling factors of 5.48(7)(16)(10) and 5.35(24)(16)(10) for the first Efimov
period are close to the expected value of 4.9 for a zero-temperature gas in the scaling limit (∣ ∣ ≫a ā) [1, 30],
however they slightly deviate from the universal prediction (see table 2 for the description of different errors).
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This is not surprising, since the assumption of the scaling limit is not strictly justified for the ground state Efimov
resonance [28]. Several theoretical studies have demonstrated that the ground Efimov state can be subject to
largemodifications due to short range physics [41–45] and even three-body forces [46]. Furthermore, the recent
study of thefirst excited-state resonance inCs [47, 48] and the new analysis of 6Li data [49] not only hint at
deviations from the universal scaling, but also to shifts of the ground-state resonances due tofinite range effects.
The exact origin of the abovementioned deviation in the Li–Cs system still remains an open question. The
present analysis also does not consider Efimov resonance shifts arising from finite temperature. This is in
contrast to the recent studies in the homonuclear gases of Cs and Li atoms [47, 49, 50], which have shown that
such effects need to be taken into account in order to accurately determinate the Efimov resonance positions. At
the same time, the scaling factor of the second Efimov period lies well within the universal predictions, and
experimental demonstration of deviations from the universal law, if any, will require access to lower
temperatures and improved control over themagnetic field systematics.

5. Conclusion

In conclusion, we have precisely determined the resonance positions of all the s-wave FRs in the two
energetically lowest Li–Cs scattering channels in themagnetic field range between 800 and 1000 G. The present
work represents almost an order ofmagnitude improvement in accuracy and precision over the previous
determination. It was achieved by performing rf association of colliding Li–Cs atompairs intoweakly bound
dimers close to the broad FRs around 843 and 889 G and complementary atom lossmeasurements of a further
three narrow s-wave resonances. Based on themeasuredmagnetic field dependent binding energies and atom
losses precise singlet and tripletmolecular potential curves for the LiCs electronic ground state were constructed
with the help of a coupled-channels calculation. The obtained potentials were used tomap the Li–Cs scattering
length on the externalmagnetic field. The precise resonance parameters will be pivotal for future experiments in
the Li–Cs systems, where they can serve for the preparation and investigation of ultracold polarmolecules [51–
53], and controlled creation of strongly interactingmixtures and polarons [54–57], as well as enable access to the
Efimov physics in the universal regime [2, 28, 47].

Additionally, the accurate knowledge of the Li–Cs FRparameters has allowed us to re-evaluate the positions
of previously observed Efimov resonances.We have found a slight deviation from the predicted universal scaling
factor for thefirst period of LiCsCs Efimov trimers, while the scaling factor of the second period is consistent
with the universal law. This result is intriguing, since it approaches a regimewhere the applicability of few-body
theories to a realisticmass-imbalanced system can be tested quantitatively. To fully enter it, however, lower
temperatures will be necessary. Presently observed Efimov featuresmay be significantly influenced by the short
range interactions and the unitary limit, which obscure a clear observation of the second excited LiCsCs Efimov
resonance andmight have strong effect already on the first excited one. Thismay lead to shifts of the resonance
positions and requiremore sophisticatedmodels for accurate description of the three- andmore-body physics
near FRs.

Table 2.Positions and scaling factors of LiCsCs Efimov resonances near the 843 GFeshbach
resonance. The values in thefirst and second parenthesis always represent the statistical and sys-
tematic error of the Efimov resonance position determination, respectively. For −a i( ) and the scal-
ing factors − −

−a ai i( ) ( 1) the error in the third parenthesis denotes the uncertainty arising from the
a B( )mapping through the Feshbach resonance parameters given in table 1.

i Magnetic field (G) −a i( ) a(10 )3
0 − −

−a ai i( ) ( 1)

0 (ground) 848.90 (6)(3)a −0.311 (3)(1)(1) —

1 843.85 (1)(3)a −1.71 (2)(5)(4) 5.48 (7)(16)(10)

2 843.03 (5)(3)a −8.54 (2.12)(1.27)(97) 5.00 (1.24)(76)(46)

0 848.55 (12)(3)b −0.329 (6)(2)(1) —

1 843.82 (4)(3)b −1.76 (7)(5)(4) 5.35 (24)(16)(10)

2 842.97 (3)(3)b −12.2 (2.6)(2.6)(1.9) 6.93 (1.50)(1.48)(97)

a [28].
b [29].
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