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Feshbach resonances in an erbium-dysprosium dipolar mixture
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We report on the observation of heteronuclear magnetic Feshbach resonances in several isotope mixtures of
the highly magnetic elements erbium and dysprosium. Among many narrow features, we identify two resonances
with a width greater than one Gauss. We characterize one of these resonances, in a mixture of '*Er and Dy, in
terms of loss rates and elastic cross section, and observe a temperature dependence of the on-resonance loss rate
suggestive of a universal scaling associated with broad resonances. Our observations hold promise for the use of
such a resonance for tuning the interspecies scattering properties in a dipolar mixture. We further compare the
prevalence of narrow resonances in an '®Er - %Dy mixture to the single-species case, and observe an increased

density of resonances in the mixture.
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I. INTRODUCTION

Ultracold quantum gases are a highly successful platform
for physics research largely because it is possible to create
simplified and controllable versions of condensed matter sys-
tems [1]. As the field has advanced, great progress has been
made by reintroducing complexity in a carefully controlled
manner. This complexity can manifest in the form of inter-
particle interactions [2—4], the species and statistics of the
particle under study [5-7], or in the form of the potential
landscape, control protocols, and imaging techniques applied
to the system [8,9]. In this work, we explore interspecies Fesh-
bach resonances as a means of generating tunable interactions
between two different species of complex dipolar atoms.

Atoms with large magnetic dipole moments, such as the
lanthanide series elements erbium and dysprosium, interact
in a manner that is both long-range and anisotropic. This
is in contrast to more commonly used atomic species, such
as alkali and alkaline earth metals, which primarily interact
in a short-range and isotropic way. The recent creation of
degenerate Bose and Fermi gases of such atoms [10-13] has
enabled the observation of a wealth of phenomena including
quantum-stabilized droplet states [14—16], roton quasiparti-
cles [17], supersolid states [18-20], and a nonisotropic Fermi
surface [21].

In a separate direction, degenerate mixtures of multiple
atomic species have also provided diverse opportunities for
the study of physical phenomena. Examples include studies
of polarons that arise when an impurity species interacts with
a background gas [22-27], and the formation of heteronuclear
molecules with large electric dipole moments [28—31].

We expect that combining dipolar interactions with het-
eronuclear mixtures will lead to a rich set of physical
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phenomena, the exploration of which has only recently be-
gun. In particular, dipolar interactions are expected to have
dramatic consequences for the miscibility of binary conden-
sates [32-34], and in turn on vortex lattices that arise in
such systems [35]. Further, certain properties of polarons are
predicted to emerge when either the background [36] or both
background and impurity [37] particles experience dipolar
interactions [38].

Dipolar heteronuclear mixtures have recently been demon-
strated [39], but so far the interspecies scattering properties
have not been explored, either experimentally or theoreti-
cally. In these complex dipolar species, scattering properties
are dictated by both anisotropic long-range dipolar interac-
tions, which can be tuned through a combination of system
geometry and magnetic field angle, and by contact interac-
tions, which can be tuned through the use of interspecies
Feshbach resonances. While scattering models and exper-
imental demonstrations exist for mixtures of single- and
two-valence electron atoms (which lack strong dipolar inter-
actions) [40,41], the scenario of two multivalence electron
atoms has yet to be considered, and represents a frontier for
our understanding of ultracold scattering. In many commonly
used atomic systems, the strength, character, and location of
magnetic Feshbach resonances can be predicted with high
precision through coupled-channel calculations [3]. However,
the complexity of the internal level structure and coupling
mechanisms present in lanthanide atoms lead to significant
challenges for the development of a microscopic theory with
predictive power, and so necessitate an experimental survey to
find resonances with favorable properties [42—46].

To this end, we searched for heteronuclear Feshbach reso-
nances broad enough to provide a practical means for tuning
the interspecies interaction in Bose-Bose and Bose-Fermi
dipolar quantum mixtures. Using atomic-loss spectroscopy to
identify resonances, we perform surveys of fermionic '°'Dy
and bosonic 164Dy together with 166y 168E: and '"°Er over
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TABLE I. Comparatively broad resonances found in specific iso-
tope mixtures together with estimated center positions and widths
(FWHM) from Gaussian fits to atom loss spectra. Each value is an
average between the fit values of Er and Dy.

Combination Resonance magnetic field (G) Width (G)
168gy _ 164Dy 13.32(4) 1.7(1)
166y - 164Dy 34.09(3) 1.5(1)
166gy 161Dy 161.31(3) 0.84(9)
168y - 161Dy 161.30(2) 0.93(5)
10gy 161Dy 161.26(3) 0.91(8)

a magnetic-field range from zero to several hundred gauss
(the exact range varies by isotope combination due to avail-
ability of favorable evaporation conditions). We also explored
a Fermi-Fermi mixture of '’Er and 161Dy, but observed no
broad resonances there. In Table I we summarize positions
and widths of these features observed in our surveys. As an
exemplary case, we present a more detailed characterization
of the resonance near 13.5 G in the '%®Er - '*Dy Bose-Bose
mixture, through measurements of interspecies thermalization
and the dependence of atomic loss on temperature.

In addition, our dipolar mixtures host a large number of
narrow interspecies resonances. In previous experiments with
single species, the density and spacing of these narrow reso-
nances has been studied to reveal a pseudorandom distribution
that can be modeled well using random matrices [43,45,46].
By performing high resolution scans over specific magnetic-
field ranges, we find that the average density of interspecies
resonances exceeds the combined density of intraspecies res-
onances, perhaps indicating the contribution of odd partial
waves or molecular states with antisymmetric electron con-
figurations for the interspecies case, which are not present in
the scattering of identical bosons.

Finally, in each Fermi-Bose mixture involving '®'Dy we
observe a correlated loss feature between fermionic Dy and
bosonic Er atoms. Strangely, the loss feature is present at
the same magnetic-field value for all three bosonic erbium
isotopes studied. Such behavior is inconsistent with a typical
interspecies Feshbach resonance, where the magnetic field
at which the resonance occurs is strongly dependent on the
reduced mass of the atoms involved [47]. The mechanism
behind this unusual feature is as of yet unknown and calls for
further experimental and theoretical investigations.

II. OBSERVATION OF INTERSPECIES RESONANCES

Our experimental sequence is similar to the one intro-
duced in our previous works [39,48]. After cooling the desired
isotope combination of erbium and dysprosium atoms in a
dual-species magneto-optical trap (MOT), we load the atoms
into a crossed optical dipole trap (ODT) created by 1064-nm
laser light. Here we perform evaporative cooling down to the
desired sample temperature. During the whole evaporation se-
quence, we apply a constant and homogeneous magnetic field
(Bey), pointing along the z direction opposite to gravity. Bey
preserves the spin polarization in the lowest Zeeman sublevel

of both species. We use different values of B, to optimize
the evaporation efficiency depending on the isotope combi-
nation and on the range of the target magnetic field (Bgg) to
be investigated. The final ODT has trap frequencies wy . =
2m x (222,24,194)s~!. We typically obtain mixtures with
atom numbers ranging from 3 x 10* to 1 x 103 atoms for each
species. The sample is in thermal equilibrium at about 500 nK,
which corresponds to about twice the critical temperature for
condensation. Typical densities are up to a few x10'2cm™3
for each species. After preparing the mixture, we linearly
ramp the magnetic field from B, to Bgg in 5 ms, either in
an increasing or decreasing manner. The current flowing in
the coils that generate the magnetic fields can be changed on
the millisecond time scale, and the field at the position of the
atoms settles to the part-per-thousand level in approximately
10 ms. We hold the mixture for a time ranging between 5 ms
and 400 ms depending on the experiment. At the end of the
hold time, we release the atoms from the ODT in a 15 ms time-
of-flight (TOF) expansion after which we record an image of
the atoms using a standard low-field absorption imaging tech-
nique [12]. Note that we adjust the relative amount of erbium
and dysprosium in the final thermal mixture for the specific
experiments by independently tuning the MOT loading time
for each species between 0.5 and 5 s.

In the isotope combinations and range of magnetic fields
that we explore here, we observe two interspecies resonances
with widths greater than 1 G (see Table I). We now turn to
a more detailed characterization of a feature present in the
168Er - 194Dy combination, for which atom loss is shown in
Fig. 1(a). We chose to focus on this feature because it is
relatively isolated from the many narrow homonuclear and
heteronuclear resonances typical of lanthanides. In this ex-
periment, the starting mixture contains 6.2 x 10* erbium and
9.1 x 10* dysprosium atoms and it is prepared by evapora-
tion at B.y = 10.9 G. In order to compensate for loss during
magnetic-field ramps and slow drifts of the atom number, we
normalize measurements performed with 200-ms hold times
at Bpg to interleaved measurements at 10-ms hold time at
the same field. We further performed independent trap-loss
spectra in single-species operation to confirm the interspecies
nature of the resonance. Moreover, such scans allow us to
identify intraspecies resonances and exclude them from the
fit [see empty symbols in Fig. 1(a)]. As shown in the inset for
erbium, a high-resolution scan reveals a narrow region with
less loss near the center of our broad loss feature, probably due
to the influence of a second interspecies resonance—because a
resonance contributes a scattering length with a different sign
on either side of its pole, the contributions from two nearby
resonances may counteract in between them, leading to a re-
duction in loss. This structure is also visible on the dysprosium
loss feature but it is not shown in the inset for ease of reading.

A Gaussian fit to the loss profiles, with known narrow
single-species resonance excluded, returns a center value of
13.31(2) and 13.33(4) G and a full width at half maximum
(FWHM) value of 1.95(5) and 1.3(1) G for erbium and dys-
prosium, respectively. The observed difference in the fitted
width of the two species can be explained by the imbalance
in atom number: because this measurement was performed
with fewer erbium atoms than dysprosium, the fractional loss
of erbium is higher than that of dysprosium, leading to a
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FIG. 1. (a) Trap loss from the 13.5 G resonance in the Bose-
Bose mixture '®®Er-!%Dy (red circles and blue squares points,
respectively). Empty symbols correspond to narrow single-species
resonances, which we exclude from fits. Each point is an average
over four experimental repetitions. For each magnetic field, the atom
number recorded after 200 ms of hold time is normalized to that at a
short hold time of 10 ms. The lines are the Gaussian fits to the data.
The inset shows erbium loss measured in a different dataset with
5-mG resolution, and highlights the structure present on the center
of the feature. The same structure is visible also for the dysprosium
atoms in the mixture. (b) Interspecies elastic cross section oOgmpy
measured across the Feshbach resonance using cross-species ther-
malization. Each value of ogp, is extracted from thermalization data
using a numerical model for thermalization that includes temporal
variation in atom number and temperature; see main text and the
Appendix.

greater saturation of loss and broadening of the erbium loss
feature.

III. INTERSPECIES THERMALIZATION

To get insights on its effective strength and width, we per-
form cross-species thermalization measurements across the
resonance [see Fig. 1(b)]. Interspecies thermalization exper-
iments are well established techniques to extract effective
thermalization cross sections, which in turn depend on the
scattering length [49-51]. While inferring a precise value
of the scattering length would require the development of
a detailed and rigorous model that accurately captures the
temperature dependence of the interspecies and anisotropic
dipolar scattering [52], and would go beyond the scope of this
work, we are able to determine a thermally averaged scattering
cross-section from which we can estimate the width of the
resonance.

In this cross-thermalization experiment, we selectively heat
dysprosium by means of a near-resonant 421-nm light pulse

along the vertical direction. We confirmed that the light pulse
has no direct measurable effect on erbium. The magnetic field
is then jumped to the desired value Bgg and held for a variable
amount of time, during which the temperature of erbium rises
to equilibrate with dysprosium due to elastic collisions. We
record the temperature of the two species along a direction
orthogonal to the heating pulse, as the effects of center of mass
motion are less prevalent here [53], and use a numerical model
to extract a cross section from the rate of thermalization. This
simple model assumes an energy independent cross section,
an assumption which may break down near resonance where
unitarity limits on scattering may become significant.

From these thermalization measurements, we can see a dra-
matic increase in the scattering cross section near resonance,
as one would expect for an interspecies Feshbach resonance.
Further, we observe a significant modification of the cross sec-
tion associated with the resonance over a Gauss-scale range
of magnetic fields, similar to the width we observe in loss
measurements. For comparison, the expected contribution to
the scattering cross section due to dipolar interactions is 2.4 x
107'® m2, over an order of magnitude below what we infer
near resonance. While the exact relationship between the mea-
sured cross section and scattering length is complicated by
the finite temperature of our atoms and anisotropic nature of
the interactions, an approximate value can be attained through
the simple expression for s-wave scattering o = 4w a?, where
a, is the s-wave scattering length [3]. Our largest measured
cross sections, near resonance at 13.5 G, imply a scattering
length of roughly 400 a, substantially greater than the dipolar
length ap = muope: fipy /47 i* ~ 139 g associated with in-
terspecies collisions (ap is the Bohr radius). In this expression,
m = mg;Mpy /(Mg + mpy) is the reduced mass, and (g, Upy
are the ground-state magnetic dipole moments for erbium and
dysprosium, respectively.

For an isolated resonance and pure contact interactions, a
common way to characterize the resonance width is the pa-
rameter A, given by the difference in magnetic field between
the pole of the resonance, at which the thermalization rate is
maximal, and the nearest zero crossing in the thermalization
rate, which would correspond to a lack of scattering [3]. In
lanthanides, the presence of anisotropic dipolar interactions
leads to a scattering cross section that does not completely
vanish. In addition, multiple narrow and overlapping reso-
nances may be present, which may influence the interpretation
of such a width measurement. However, to get a rough es-
timate of the width of the resonance, we can consider the
distance between the resonance pole and the apparent mini-
mum in the thermalization rate at 17 G. This suggests a width
of A ~3.5G.

IV. DEPENDENCE OF LOSS ON TEMPERATURE

The dependence of the loss feature on the cloud temper-
ature can provide additional information on the nature of
the resonance. For broad resonances, a universal regime is
expected to emerge near resonance where the scattering cross
section and loss are dictated primarily by the atomic momen-
tum, rather than the scattering length [54]. In this regime, the
three-body loss parameter L3 follows a nearly universal form
scaling as 1/T2, where T is the temperature. Such scaling has
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FIG. 2. Three-body loss coefficient L3 extracted from on-
resonance loss measurements at the resonance position for different
temperatures (black circles), along with a fit to a 1/7? scaling (black
line), as expected for universal three-body loss. The inset shows
the resonance width extracted as FWHM from Gaussian fits to the
trap-loss spectra versus cloud temperature for a different dataset. Red
circles and blue squares refer to erbium and dysprosium, respectively.
The reported temperature comes from a TOF estimation.

been observed in broad resonances of several atomic species
[54-56].

We observe a temperature dependence of the loss rate near
resonance that is suggestive of such universal behavior. By
varying the final depth of the ODT reached during evapora-
tion, we tune the temperature of the atomic mixture. For each
temperature, we measure atom loss on resonance at 13.4 G as
a function of the hold time. We then use a numerical model to
extract the rate of interspecies three-body loss, and Ls.

These loss coefficients are plotted as a function of temper-
ature in Fig. 2, along with a fit to a 1/T? dependence, which
provides a reasonable description of our data. The universal
temperature dependence arises from a maximum value of L3
possible at a given temperature, given by

Mamax 0 364/37?

T2 — m3 (kgT)* "~
Factors associated with Efimov physics can lead to a lower
value for Lz, but not higher [54,57,58]. From our fit to a
1/ T2 dependence for our data, we extract a value of A3 =
1.0(2) x 1072*uK?cm® s~!, which is compatible with the pre-
dicted bound of A3 max = 2.4 x 10724 uK?cmOs~!.

A reduction in the peak loss rate with increasing tempera-
ture can also result from thermal broadening of the resonance,
especially for very narrow resonances [45]. This is unlikely
to be the dominant effect here, as for typical differential
magnetic moments between entrance and closed channels in
our lanthanide system [59], we would expect broadening on
the scale of a few times 10 mG for temperatures near 1 uK,
much narrower than the Gauss-scale width of our feature.
Further, suppression of peak loss is typically accompanied by
a commensurate broadening and shift of the loss feature on the
scale of its width, which we do not observe (inset in Fig. 2).

(D

L3,max =

V. SURVEY OF NARROW RESONANCES

In addition to the few relatively broad resonances, the
lanthanides exhibit many narrow resonances, whose statisti-
cal properties have been investigated for single-species gases
[43,45,46]. In this section we compare the abundance of
interspecies resonances to single-species resonances by per-
forming high-resolution trap-loss spectroscopy on the isotope
combination '%°Er-'%Dy (see Fig. 3). Here, we investi-
gate four different magnetic-field ranges, each 10 G wide,
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FIG. 3. High-resolution trap-loss spectroscopy for a balanced mixture of 'Er and '*Dy (red and blue curves respectively), with initial
atom numbers of roughly 10° per species at a temperature of 500 nK after 400 ms of interaction time. The magenta ticks indicate the
heteronuclear resonance positions as extracted by our analysis (see main text). The measurement is composed of four datasets [0, 10] G,
[22,32] G, [50, 60] G, and [60, 70] G with a stepsize of 5 mG. Each point is an average over four experimental repetitions. Atom numbers are
normalized to the maximum of each dataset for ease of reading. The broad loss feature in Dy near 68.8 G was not observed in previous work

[45], and may result from a technical source of loss in our experiment.
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FIG. 4. (a)—(d) Staircase function describing the number of Fesh-
bach resonances as a function of the four investigated magnetic-field
ranges: [0, 10] G, [22, 32] G, [50, 60] G, and [60, 70] G respectively.
The black line shows the number of heteronuclear resonances. The
red and blue lines show the number of homonuclear resonances
for 'Er and %Dy, respectively. The shaded areas represent our
confidence intervals (see main text).

with a resolution 40 times higher than the one used for the
exploratory surveys. To enable direct comparison with the
previous works performed on single species [43,45], we use
similar experimental conditions (isotope, atom number, tem-
perature, and hold time).

As expected, we observe many narrow homonuclear res-
onances [43,45]. In addition, we also identify many narrow
heteronuclear resonances. To distinguish these two types of
resonance, we first label features with a fractional loss above
30% as resonances. We then categorize these resonances as
interspecies if erbium and dysprosium loss features occur
simultaneously within a range of 10 mG and with a loss
amplitude ratio in the range 0.5-2. Features that do not meet
both of these criteria, are labeled either as homonuclear or am-
biguous, based on comparison with separate scans performed
with single species, either within this work or from previously
published data [43,45]. The numbers of ambiguous features
define our confidence intervals.

In order to visualize the number of resonances, we
construct the staircase function A/(B), which describes
the cumulative number of resonances from the start of
a scan range up to a given magnetic field Bpg. Fig-
ures 4(a)-4(d) shows N(B) for the four investigated
magnetic-field ranges. The black lines represent heteronu-
clear Feshbach resonances, while the red and the blue lines
represent the homonuclear 10 and 164Dy resonances, re-
spectively. The shaded regions represent our confidence

interval defined by the total number of ambiguous Feshbach
resonances.

Our analysis results in a total number of heteronuclear
resonances of NErDy(tot) = 339(16), counting all magnetic-
field ranges, and a number of homonuclear resonances of
Ner(tot) = 116(16) and Npy(tot) = 144(16). Within our con-
fidence intervals, we detect a total number of homonuclear
resonances comparable with those of previous works [43,45].
The corresponding total density of resonances p, given by
the total number of resonances divided by the total range
of magnetic fields scanned are Pgpy = 8.5(4) G, ppr =
2.9(4)G™ !, and ppy = 3.6(4) G

For our combined dataset, we find that the total number
of heteronuclear resonances exceeds the combined number of
homonuclear resonances for the two species: pgrpy = o(POgr +
Ppy), with o = 1.3(2). We would expect that the average
density of heteronuclear resonances should be greater than
the sum of the two homonuclear resonance densities. This
is because each species contributes a set of internal states
that can be coupled to, and the heteronuclear resonances are
not subject to the same symmetrization requirements as the
homonuclear resonances. In resonances involving distinguish-
able particles, both gerade and ungerade Born-Oppenheimer
molecular potentials contribute, as well as both even and odd
partial waves for the entrance channel. Our data is consistent
with this expectation (o > 1). Note that we do observe a lower
number of interspecies resonances in the range 50-60 G, per-
haps as a result of the nonrandom distribution of resonances as
observed in the single-species case [43,45], or to the presence
of broad homonuclear erbium resonances that could obscure
the observation of interspecies resonances.

VI. COINCIDENT LOSS FEATURE
IN DIFFERENT ISOTOPES

Finally, we have also searched for broad (Gauss-range)
resonances in Bose-Fermi mixtures consisting of fermionic
161Dy combined with different bosonic isotopes of erbium—
166E; 18E: and '"OEr, as well as Fermi-Fermi mixtures of
161Dy and !"Er. For these combinations, we perform only
coarse scans and thus only resolve broad features. In mixtures
involving the bosonic isotopes of erbium we observe a corre-
lated loss feature between erbium and dysprosium near 161
G (see Fig. 5). This loss feature is not present at our level
of measurement sensitivity with either species alone, or in
the mixture with the fermionic '*’Er. Surprisingly, the loss
feature is centered at the same magnetic field (to within our
resolution of 0.1 G) for all bosonic isotopes of erbium. This is
quite unexpected as the magnetic-field value of the resonance
position is typically highly sensitive to the reduced mass of
the atoms involved [47].

To shed more light on this puzzling feature, we conducted
further investigations on the exemplary case of '®Er - 19Dy,
For such a mixture, we performed loss measurements with
erbium numbers ranging from 1.3 x 10* to 3 x 10* (with the
number of dysprosium fixed at 2.5 x 10*). We found in each
case that the number of erbium lost was roughly equal to
the number of dysprosium lost, and that the number of total
atoms lost was roughly proportional to the number of erbium
present. We further varied the temperature of the mixture from
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FIG. 5. Trap loss spectra for fermionic ''Dy in combination
with bosonic 'Er, '*Er, and '"’Er, and fermionic '“’Er (a)-(d),
respectively. Red circles represent erbium, blues squares represent
dysprosium, and lines are Gaussian fits to the losses. The solid verti-
cal gray lines highlight the peak centers from the fit over dysprosium
losses. For the plots with bosonic erbium, the atom number after
100 ms of interaction time is normalized to a short hold time of 5
ms. In the plot with '’Er, the normalization is performed using the
maximum value in the dataset. For all panels, each point is an average
over four experimental repetitions.

600 to 2000 nK, and did not find a dramatic dependence of the
loss coefficient on temperature (modeling loss as either two-
body Er-Dy loss or three-body loss with equal coefficients for
Er-Er-Dy and Er-Dy-Dy).

Several physical mechanisms could be consistent with such
a feature. One possibility is that the resonance we observe is
associated with a bound state of a shallow molecular potential
[60]. Mechanisms to create such potentials have been pro-
posed for species with dipolar interactions [61,62]. However,
none are obviously applicable to magnetic atoms in the lowest
energy entrance channel. Further, given the level of insensitiv-
ity to the mass of erbium, we would expect to see additional
resonances of a shallow potential in the magnetic-field range
over which we survey, which we do not. A second possibility
is that the feature we observe is not a true interspecies res-
onance, but rather an intraspecies resonance in dysprosium
whose loss rate is enhanced by the presence of bosonic er-
bium atoms. A similar effect was reported in a mixture of
fermionic lithium and bosonic rubidium atoms [63]. Finally,
it is possible that this feature is not a Feshbach resonance at
all, but rather the result of spin-changing processes resulting
from unintentional radio-frequency tones in the laboratory, or
of an interspecies photoassociation resonance. We have ruled
out the most likely culprits for the last effect by varying the
relative detuning between our horizontal and vertical dipole
traps and observing no change in the resonance position. We
hope that our presentation of this mysterious feature may spur
theoretical exploration of possible physical mechanisms.

VII. CONCLUSIONS

In conclusion, we have reported experimental observation
of heteronuclear magnetic Feshbach resonances in several
isotope mixtures of erbium and dysprosium. Among the
Gauss-broad features identified in our surveys, we have char-
acterized one in the combination '®®Er - %Dy by means of
cross-species thermalization measurement and temperature
dependence analysis. We performed high-resolution trap-loss
spectroscopy in the combination '®°Er - 14Dy to compare the
average resonance density of the mixture with respect to
the single-species case. In mixtures of fermionic '*'Dy and
bosonic erbium atoms, we observed a correlated loss feature
which appears to be insensitive on the erbium isotope used
but absent in dysprosium alone. Our observations pave the
way to realize tunable interactions in quantum degenerate
mixtures of dipolar atoms. Knowledge of the range of tun-
ability of these interspecies interactions is a key ingredient
for varied opportunities including studies of the miscibility of
binary condensates, of vortex lattices, and of dipolar polarons
[32-37].
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APPENDIX: MEASUREMENT AND ANALYSIS DETAILS

1. Cross-species thermalization

As an exemplary case, we study in more detail the reso-
nance found in the '%Er - '%*Dy Bose-Bose mixture near 13.5
G. To reliably quantify the value of the interspecies cross
section, we developed the following scheme for cross-species
thermalization measurements [49-51]. To avoid heating of the
sample by crossing Feshbach resonances, we evaporate the
mixture at B, close to resonance. Specifically, when measur-
ing on the low(high)-field side of the feature we evaporate
at Beyap = 10.8G(16.4G). Once the sample is prepared as
previously described (here we use an unbalanced mixture with
twice as much Dy as Er), we compress the trap by linearly
increasing the horizontal ODT power by a factor of 5 and the
vertical ODT power by two in 500 ms to prevent any plain
evaporation. The final trap frequencies in the compressed trap
are wy,y,, = 2w x (409, 26, 391)5’1. Subsequently, we ramp
the magnetic field in 5 ms to either 10 or 16 G. Here, a pulse
of near-resonant 421-nm light propagating along the magnetic
field direction (z) is used to selectively heat dysprosium. We
fix the duration of the pulse at 5.5 ms to roughly match the trap
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FIG. 6. Sample temperature traces for erbium (filled circles) and
dysprosium (hollow squares) after dysprosium is heated. Purple,
green, and orange correspond to magnetic fields of 12, 13.5, and
17 G, respectively. Fit lines represent the results of the numerical
integration of Eq. (A2), which fits the temperature profile of erbium
based on its initial value and the dysprosium temperatures. Different
evaporation conditions cause the curves to have slightly different
initial and final conditions (see main text).

oscillation period along this direction and set the pulse inten-
sity to give the desired temperature increase of the dysprosium
cloud (up to 4 uK). We confirmed that the light pulse has no
direct measurable effect on erbium. Finally, with a quench
fast compared to the shortest thermalization rate, the magnetic
field is set to the desired value Bgg and held for a variable
amount of time, during which the temperature of erbium rises
to equilibrate with dysprosium due to thermalizing collisions
(Fig. 6). We note that in the temperature evolution of the
clouds, the initial temperatures are slightly different. This
behavior is mainly due to different evaporation conditions
on the two sides of the resonance, the different strength in
the quench to the final Bgg, and the heating caused by the
resonance itself. By comparing the two species’ temperature,
we ensure that these different conditions are consistent with
general offsets on the single measurement thus not affecting
the final estimation of the cross-section.

To extract a scattering cross section from our cross-species
thermalization data, we use a fit to a numerical model for
the thermalization of two species. In principle, a simple ex-
ponential fit to the temperature difference between the two
species could also be used, but does not account for changes
in the atom number or average temperature of the sample that
may arise from residual evaporation during the thermalization
time. Our numerical model follows that of Ref. [49]. We treat
the scattering cross section as independent of the energy of the
colliding particles, an assumption that greatly simplifies the
analysis, but inevitably breaks down near enough to resonance
where unitarity considerations bound the scattering cross sec-
tion. This assumption leads to a collision rate for each atom

of species 1 with atoms of species 2 given by

Nom & T N T
= —_— —0 .
72k (Ty + B2 2\ my  my

Yi2 (A1)

where my, my, Tj, and T, are the masses and temperatures
of species 1 and 2, & = (wxcuya)z)l/3 characterizes the fre-
quency of the trap, g% = mgd)g / m@%, and o, is the effective
interspecies cross section. We assume that the energy ex-
changed per collision is given by AE = &kg(T, — T7) where
& =4dmm,/(m + my)?, and that the heat capacity of each
atom is 3kg. This leads to a differential equation for the
temperature of erbium:

Ty k(Toy — Tee)Npymyl @3,
dt 37T2kB(TEr + ﬁ_zTDy)3/2

Tg; Tp

y
— + — OEy>
MEr Mpy

(A2)

which we can numerically integrate using the instantaneous
values for Tpy and Npy, and from this extract the scattering
cross section ogpy that yields a thermalization profile that
best matches our data, as determined through a least-squares
difference. Examples of three such fits, for 12, 13.5, and 17 G
are shown in Fig. 6, and generally describe our thermalization
data well.

2. Temperature dependence of loss

We quantify the temperature dependence of three-body
loss in terms of the interspecies three-body loss coefficient.
For a single species, the three-body loss coefficient L3 can
be defined by N/N = —L3(n?), where N is the total number
of atoms, and (n?) = [d*r n*(r)/N represents the average
squared density of scattering partners for an atom in the gas.
n(r) is the local density of the gas.

We define analogous quantities for our two-species mix-
ture, containing particles denoted i and j. In this case,

N -1 3 ) i 2

]\—]i = 3—M/d r 2Ly n; (rn;(r) + Ly ni(r)nj(r)).

(A3)

Here, L}"/ represents the loss rate due to collisions involving
two atoms of species i and one of j.

To arrive at simple expressions, we make several as-
sumptions and approximations. First, we treat the mass,
temperature, and polarizability of the two atomic species as
equal, which is a reasonable approximation for erbium and
dysprosium isotopes in our 1064-nm wavelength ODT [39].
This assumption implies equivalent spatial distributions for
the two species, which we assume to be thermal in our Athree-
dimensional harmonic trap. We next set Ly = L}/ = L}
near resonance, essentially assuming that the loss process is
primarily determined by the two pairwise interactions be-
tween the minority participant and the two majority atoms.
We find this assumption leads to a model consistent with
our observed relative loss between the two species. With
these simplifications in place, we define L using N;/N; =
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—Li(n?)L;, where

S (2NiN; + N} )m’@°
n Ieffz 5
32873 (kgT)3

(A4)

and ® = (w,w,w;)'"? is the geometric mean of the trap oscil-
lation frequencies.

We extract the resonant value of L3 by measuring remain-
ing atom number versus hold time in mixtures prepared at
different temperatures, with the magnetic field set near reso-
nance at 13.4 G. We then fit the resulting data by numerically
integrating Eq. (A3). Because we observe significant single-
species loss of erbium (the majority species), we treat the
erbium atom number measured at each time step as inputs
to our fit, and extract the value of L3 that best predicts the
loss of dysprosium. Here, we assume that Ly"/ = L} = L;.
We bound the effects of single-species loss in dysprosium by
repeating the same measurement and analysis protocol off
resonance at 11.5 G and 16.5 G. The error bars in Fig. 2
of the main text include a contribution corresponding to the
extracted L3 in the off-resonant condition, which contain
both the effects of single-species loss and the small effect

of off-resonant interspecies loss. Also included are errors as-
sociated with the observed change in temperature during the
loss measurement, and relating to the approximations made in
estimating the density.

In a regime where the scattering length a exceeds the
thermal wavelength Ay, = h/+/2mrmkgT, and thermal broad-
ening is small compared to the width of the loss feature, we
expect roughly L; o< 1/T2, as has been observed in several
experiments involving single atomic species [54-56]. This
picture becomes complicated somewhat in the case of a bi-
nary mixture due to stronger Efimov effects, which lead to
a temperature-dependent modulation of loss relative to the
simple 1/7T? prediction. In particular, the parameter s, which
characterizes the strength of the three-body Efimov poten-
tial, is equal to approximately 1.006 for identical bosons,
but approximately 0.41 for our binary mixture [57,58]. The
fractional importance of these temperature-dependent modifi-
cations scale as e”™% [54], making them a minor correction
for identical bosons, but a potentially important effect in mix-
tures. It is possible that such effects contribute to deviations
of our data from a 1/7? form, but a true calculation would
require knowledge of short-range inelastic processes in our
system.
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