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We report on the observation of Feshbach resonances at low magnetic-field strength (below 10 G) in the
Fermi-Fermi mixture of '9'Dy and “°K. We characterize five resonances by measurements of interspecies
thermalization rates and molecular binding energies. As a case of particular interest for future experiments,
we consider a resonance at 7.29 G, which combines accurate magnetic tunability and access to the universal
regime of interactions with experimental simplicity. We show that lifetimes of a few hundred milliseconds can
be achieved for the optically trapped, resonantly interacting mixture. We also demonstrate the hydrodynamic
expansion of the mixture in the strongly interacting regime and the formation of DyK Feshbach molecules. Our
work opens up experimental possibilities in view of mass-imbalanced superfluids and related phenomena.
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I. INTRODUCTION

Exciting research avenues in the field of quantum gases
rely on the possibility to control interactions via magneti-
cally tuned Feshbach resonances [1]. For ultracold systems
composed of fermionic atoms [2], such resonances play a
major role in pair formation and eventually in the creation
of fermionic superfluids [3-5]. The majority of experiments
on resonantly interacting fermions have been carried out on
spin mixtures of fermionic species, which naturally imposes
a limitation on equal-mass systems. Beyond that, theoretical
work has predicted fermionic quantum gases with mass imbal-
ance to favor exotic interaction regimes [6]. Mass-imbalanced
systems hold particular promise in view of superfluid states
with unconventional pairing mechanisms [7-9], most notably
the elusive Fulde-Ferrell-Larkin-Ovchinnikov state [10-12].

Ultracold heteronuclear Fermi-Fermi mixtures have so far
been produced in the laboratory using four different combi-
nations of fermionic atoms: °Li—*'K [13-16], °Li—'"*Yb
[17,18], "Dy — “°K [19,20], and ®Li — 33Cr [21-23]. Fesh-
bach resonances have been found in all these combinations,
but (with one exception [20]) they all turned out to be quite
narrow. On the practical side, this limits the possibility of
accurate experimental interaction tuning. On a more funda-
mental side, the narrowness imposes severe limitations to
universal behavior in the resonance region [1] and thus also
compromises the great benefit of fermionic loss suppression in
a strongly interacting fermion mixture [24-26]. The only ex-
ception is a rather broad resonance that we recently identified
in the Dy-K mixture at a field of 217 G [20]. Its experimental
application, however, turned out to be challenging because
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of complications owing to the exceptionally rich structure of
both Dy-K interspecies and Dy intraspecies resonances, which
lead to a complex behavior of inelastic losses [27,28]. This
has motivated our search for alternative Feshbach resonances
in the Dy-K system.

In this article we report on the observation and charac-
terization of five interspecies Feshbach resonances in the
low-field region (below 10 G). Although all of them belong to
the class of narrow resonances [1], they offer very interesting
properties for experiments. Most notably, we find that a reso-
nance near 7.29 G offers the possibility of accurate magnetic
tuning in combination with access to resonant interactions
in the universal regime. In Sec. II we briefly introduce the
basic properties of narrow Feshbach resonances. In Sec. III
we present a survey of the resonances in the low-field re-
gion, characterizing their strengths and the binding energies
of the underlying molecular states. In Sec. IV we consider the
particularly interesting 7.29-G resonance in more detail. We
demonstrate that this low-field resonance offers an application
potential similar to the 50 times wider resonance at 217 G,
but with fewer experimental complications. As examples we
present the hydrodynamic expansion of the mixture and the
formation of DyK Feshbach molecules. In Sec. V we summa-
rize the main conclusions of our work.

II. NARROW FESHBACH RESONANCES

Near a single isolated s-wave Feshbach resonance, elastic
scattering is described by the scattering length a as a function
of the magnetic-field strength B, following the expression
[1,29]

a(B) = apg — ap. (D

B— B,

©2022 American Physical Society


https://orcid.org/0000-0002-7994-1975
https://orcid.org/0000-0002-5492-4167
https://orcid.org/0000-0003-0878-8296
https://orcid.org/0000-0003-1085-5558
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.106.043314&domain=pdf&date_stamp=2022-10-17
https://doi.org/10.1103/PhysRevA.106.043314

ZHU-XIONG YE et al.

PHYSICAL REVIEW A 106, 043314 (2022)

Accordingly, the near-resonant scattering behavior in the zero-
energy limit is fully characterized by a set of three parameters:
the resonance position By, the background scattering length
apg, and the strength parameter A. The latter is related to the
common definition of a resonance width A by A = A apg/ag
and provides a direct measure for the strength of the resonance
pole. The Bohr radius ay is used as a convenient unit of length.

To characterize a narrow (closed-channel-dominated)
Feshbach resonance [1], an additional parameter is needed.
Following Ref. [30], it is convenient to introduce the range
parameter

2
2meapS LA

as an additional length scale, where m, denotes the reduced
mass and Su represents the differential magnetic moment
between the molecular state (closed channel) underlying the
resonance and the atomic scattering state (entrance channel).
Using this definition, the binding energy of the molecular state
can be modeled as [30,31]

2

E — h—2 1— 4R*(B — Bo) _ 1 3)
b= 8(R*)2m, agA ’

In addition to that, R* also characterizes the effective range
of scattering, corresponding to the momentum dependence at
low but finite collision energies.

For |a| > R*, i.e., in a narrow range of magnetic detunings
|B — By| < Aag/R*, one recovers universal behavior as it is
the case for broad (entrance-channel-dominated) resonances.
The molecular binding energy then reduces to the universal
expression E, = /i>/2m.a*. An important experimental ben-
efit of the universal regime is also the Pauli suppression of
inelastic losses [24-26].

III. SURVEY OF LOW-FIELD FESHBACH RESONANCES

In this section we present a survey of the interspecies
Feshbach resonances that we found in the magnetic field
range from 0 to 10 G. In Sec. I A we summarize the main
experimental sequence for the preparation of the ultracold Dy
and K mixture. In Sec. III B we introduce interspecies ther-
malization scans to detect the resonances and to estimate their
relative strengths. In Sec. III C we describe measurements of
the binding energy for each resonance and their analysis by
the model introduced in the preceding section.

A. Preparation of the mixture

The starting point of our experiments is a Fermi-Fermi
mixture of '*'Dy and “°K atoms in a crossed-beam opti-
cal dipole trap (ODT), realized with near-infrared (1064-nm)
light. The preparation procedure is based on our previous
work [19], with implementation of an additional narrow-
line (741-nm) in-trap cooling stage for Dy and further
optimizations as described in detail in Appendix A. Both
species are spin polarized in their lowest hyperfine sublevels
|F, mp) = | &, —%) and |2, —%), respectively.

Under typical experimental conditions, forced evapora-
tive cooling results in a mixture of Npy = 8x10* and

Nk = 9x10° atoms in a trap with mean (geometrically av-
eraged) oscillation frequencies of @py/27m = 150Hz and
g /wpy = 3.60 [32] at a temperature of Tpy = 70 nK. This
corresponds to deeply degenerate conditions with Tpy/ TFD Y =
0.13, where T>Y = fip,(6Npy)'/3 /ky defines the Dy Fermi
temperature. The K temperature Tx = 90 nK is somewhat
higher than for Dy because of a possibly incomplete inter-
species thermalization in the final stage of the evaporation
[19], but in any case we reach deep degeneracy also for the
K component with Ti/TX A 0.09. The improvement with
respect to our previous work [19] is essentially due to the
additional narrow-line cooling stage for Dy described in Ap-
pendix A, which provides us with a lower initial temperature
before evaporation. The final temperature of the sample can
be controlled by variation of the end point of evaporation and
the number ratio Npy /N by the initial conditions for loading
the ODT from a laser-cooled sample.

While evaporative cooling is carried out at a magnetic
field of 230 mG, where we found three-body losses to be
extremely low [28], experiments near interspecies Feshbach
resonances in general require a transfer of the sample to
higher magnetic fields. The system then inevitably has to
cross many interspecies Dy-K resonances and intraspecies Dy
resonances, the latter exhibiting an extremely large density
of narrow Feshbach resonances (typically 50 resonances per
gauss [28]). To minimize loss and heating we decompress
the sample by loading it adiabatically into a very shallow
ODT with &py /2w = 39 Hz before we quickly (within a few
milliseconds) ramp up the magnetic field to its target value.

The shallow ODT is very sensitive to the effect of gravity,
in particular for the heavy Dy atoms. Holding Dy in such a
trap requires magnetic levitation [19,33]. A full compensation
of the gravitational force for Dy is achieved by a gradient of
2.83 G/cm. A gradient slightly below this value (2.69 G/cm)
leads to the magic levitation condition introduced in Ref. [34],
where both species experience the same gravitational sag
and thus feature maximum overlap in the trap. A controlled
deviation from this condition gives us a handle to vary the
spatial overlap between the two species. This also allows us
to separate both species, still keeping them in the trap. In
this way, detrimental effects of interspecies resonances can be
avoided during the transfer to the target magnetic field. This
is of particular importance if many interspecies resonances
need to be crossed to reach the final field, as is the case for
experiments near the strong 217-G resonance [20]. Under op-
timized conditions, we can accomplish a transfer of a deeply
cooled mixture from the evaporation field to target fields up to
~10 G without significant losses and with minimal heating to
Tny/ TIP ¥ = 0.16. Note, however, that most of the experiments
reported here are carried out at higher temperatures with mod-
erately degenerate or near-degenerate mixtures.

At the end of the sequence, standard absorption images
are taken to record the optical depth of each species after
time-of-flight expansion. Images of K are taken after a few
milliseconds, while the expansion time for Dy is typically
twice as long. The imaging for experiments in this paper is
performed at a magnetic field of 230 mG, except for the exper-
iments on hydrodynamic expansion and Feshbach molecules
(Secs. IVC and IV E), which are imaged at a magnetic field
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FIG. 1. Interspecies thermalization scans revealing five Feshbach resonances below 10 G. The hold time is (a) 50 ms and (b) and (c) 100 ms.
Note the tenfold extended B-field scale in (a) as compared to (b) and (c). Further note the narrow heating feature observed near 7.47 G, which

indicates an additional ultranarrow Feshbach resonance.

near 7 G. For extracting the temperatures from the density pro-
files of deeply degenerate samples in the weakly interacting
regime, we use fits based on the polylogarithmic function.

B. Interspecies thermalization scan

Interspecies thermalization provides us with a powerful
tool to investigate elastic scattering between the two species
[35]. In Ref. [20] we applied such measurements to charac-
terize a scenario of broad overlapping Feshbach resonances in
the '®'Dy — 40K mixture at high magnetic fields (150-250 G)
and to identify a particularly strong one centered near 217 G.
Here we proceed in an analogous way, focusing on the low-
field region up to about 10 G.

We interrupt the evaporation after cooling the mixture to
110 nK with Npy = 3.3x10* and Nx = 1.8x10* and de-
compress the mixture to low trap frequencies of dpy /27 =
45.2Hz and & /2w = 164Hz. We apply species-selective
parametric heating by modulating the intensity of the ODT at
twice the vertical trapping frequency of K to induce a temper-
ature difference between Dy and K. The temperature of K is
increased to approximately 500 nK within 100 ms of paramet-
ric heating, while the temperature of Dy remains constant. At
this point, the mixture is near thermal with Tpy / TFD Y 2 0.9 and
Tx /TX ~ 1.3. Afterward, we ramp the magnetic field rapidly
(within 5 ms) to the variable target field, where it is held
for typically 100 ms to allow for interspecies thermalization.
The fixed hold time is chosen for optimum contrast in the
thermalization spectrum. We switch the magnetic field back
to 230 mG within 5 ms, before carrying out time-of-flight
diagnostics. The temperatures and atom numbers of Dy and
K are extracted from their density profiles after a 12-ms and a
5-ms time of flight, respectively.

We observe five interspecies resonances (along with a few
ultranarrow, hardly resolved features) in the range from 0
to 10 G. Figure 1 [36] shows the temperatures reached for
Dy and K after the hold time versus magnetic field. Away
from the resonances, the temperatures are very close to their
initial values because of the relatively small interspecies cross
section associated with the background scattering length ay,
(see also Sec. IV A). Close to a resonance, the enhanced

interspecies collisions cause Dy and K atoms to reach thermal
equilibrium rapidly. We identify two isolated resonances at
0.97 and 7.29 G [see Figs. 1(a) and 1(c)] and a group of three
resonances at 2.61, 2.72, and 2.86 G [see Fig. 1(b)].

The observed thermalization behavior is consistent with
the one expected for Feshbach resonances in s-wave scatter-
ing. In particular, the five features observed do not disappear at
very low temperatures, in contrast to higher partial wave res-
onances identified in the dense spectra of magnetic lanthanide
atoms [37,38]. Our further analysis is therefore based on the
assumption of an s-wave character and the model presented in
Sec. II.

The widths of the thermalization features contain infor-
mation on the values of the strength parameter A = Aayg/ag
as characterizing the different resonances according to
Eq. (1). Following our thermalization model [20,35], the
temperature difference decreases exponentially according to
exp[—A2Ct /(B — By)?], where ¢ is the hold time at the target
magnetic field and C is a constant determined by the exper-
imental parameters. Even without knowledge of the constant
C, our features provide relative information on the values of
A. Using the broadest feature (at 7.29 G) for normalization,
we obtain A, = 0.06, 0.41, 0.05, 0.28, and 1 for our five
resonances (in increasing field order). The relative A param-
eters indicate that the Feshbach resonances at 2.61 and 2.86
G have a similar strength, which is about %—% of the value
at 7.29 G. For the resonances at 0.97 and 2.72 G, the A
parameter values are about 20 times smaller than that of 7.29
G, showing that they are very narrow resonances. Compared
with the much broader, previously observed resonance at 217
G [20], the value of A is about 60 times smaller for the
7.29-G resonance.

Note that the magnetic-field scan in Fig. 1(a) reveals a
narrow heating feature, which is located slightly below the
resonance center. We also observe (not shown) substantial
three-body recombination losses right at this point and we thus
interpret the heating as a manifestation of an antievaporation
effect [39], resulting from losses in the center of the trap. The
corresponding scan of the much broader resonance in Fig. 1(c)
does not show such a heating feature, but we find it to appear
in measurements at longer hold times (see Sec. IV D). We
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FIG. 2. Binding energy of Feshbach molecules related to the observed resonances below 10 G. The symbols represent experimental data
measured by wiggling the magnetic field and the solid lines are the fitted curves based on Eq. (3). The uncertainties are smaller than the size
of the symbols. Note the fivefold extended B-field scale in (a) as compared to (b) and (c).

speculate that this behavior is a consequence of a stronger
Pauli suppression of recombination losses for broader reso-
nances.

In addition to the resonances presented here, we explore the
Dy-K Feshbach resonances in the ranges of 10-20 and 50-60
G. We observe two resonances located at 13.5 and 15.3 G and
12 resonances distributed in the range of 51-55 G, with two
isolated resonances located at 51.2 and 54.9 G, respectively.
Based on these observations, we can give a rough estimate of
one resonance per 1.5 G for the density of interspecies Fesh-
bach resonances in the Dy-K system. This can be compared
with a recent experimental investigation of Feshbach reso-
nances in the Er-Li system [40], where about one resonance
per 10 G was observed, consistent with theoretical predictions
[41]. The higher density in the Dy-K system can be (at least
partially) attributed to the smaller rovibrational spacing result-
ing from the about six times larger reduced mass.

C. Binding energy measurements

To further characterize the observed s-wave Feshbach res-
onances, we measure the binding energy of the DyK dimer
at the different resonances by wiggling the magnetic field
[1,42]. The mixture is prepared in the decompressed ODT
with mean trap frequencies of @wpy = 27 x36.8 Hz and &g =
27 x132Hz in thermal equilibrium with a temperature of
T =~ 370 nK. To obtain a strong signal, the atom number ratio
between Dy and K is prepared to be around 1:1 (Npy ~ N =~
3x10*) and the magic levitation field is applied to ensure
maximum overlap. The magnetic field is modulated in a fre-
quency range between 10 kHz and 3 MHz. If the modulation
frequency matches the binding energy of the DyK dimer at the
selected magnetic field, the free atom pairs are associated into
weakly bound molecules, which causes losses due to inelastic
collisions. We adjust the modulation amplitude and duration
to produce a clearly visible loss feature, where the loss of
atoms is between % and % of the initial value. The typical
magnetic-field modulation amplitude and duration are roughly
400 mG and 200 ms, respectively. The loss features show
typical widths of 20—40 kHz (full width at half maximum) and
we fit them with a Lorentzian curve to determine the resonant
frequency. We calibrate the magnetic field by measuring the

frequency of the K transition |F, mp) =13, —3) = |3,
as described in Appendix B.

Figure 2 displays the binding energy versus magnetic field,
measured near 1, 3, and 7 G. The solid curves show the best
fits to the data according to Eq. (3), with By, A, and . as free
parameters, and R* is calculated from A and 5 using Eq. (2).
The resulting parameter values are summarized in Table I. In
addition, we have carried out binding energy measurements
(data not shown) for the isolated resonance near 51 G and
analyzed them in the same way. The results are included in
Table I.

It is important to note that the model underlying Eq. (3)
is based on the assumption of a single isolated resonance,
not overlapping with other resonances. This is the case for
the resonances at 0.97, 7.29, and 51.24 G, but not for the
group of three resonances near 3 G. Even though the data
can be well fitted by Eq. (3), the fit parameters will lose their
direct physical meaning and they will no longer reflect the
real physics. In particular, the value extracted for the strength
parameter A will no longer correspond to the value of A that
describes the behavior of the scattering length near the pole
according to Eq. (1). In a similar way, the value extracted
for the asymptotic differential magnetic moment § may no

[S]e}
NI

)

TABLE I. Parameters of the observed Feshbach resonances from
fits of Eq. (3) to the measured binding energies. The uncertainties
represent the 1o statistical errors from the fit. They do not include ad-
ditional uncertainties (2 mG for B < 10 G and 10 mG for B =~ 50 G)
from the magnetic field calibration (see Appendix B). The symbol
represents the Bohr magneton. Note that the three resonances near 3
G are presumably too close to each other to justify an interpretation
in terms of isolated resonances, which obscures the physical meaning
of the fit parameters (see the text for details).

By (G) A(G) S11/ s R*/ay
0.971(2) 0.6(2.3) 4.5(3) >3000
2.608(2) 0.0(1.8) 2.3(1) > 10*
2.717(1) 4.4(3) 11.1(1) 831(70)
2.864(1) 28.1(7) 22(1) 65(5)
7.295(1) 23.29) 2.71(3) 643(30)

51.242(2) 15(1) 4.2(1) 646(60)
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longer reflect the magnetic moment of the closed-channel
molecule and the true pole position may also be somewhat
shifted from the best-fit value of By. In fact, a comparison of
the fitted A values for the overlapping resonances near 3 G
with each other and with the ones of the 7.29-G resonance
shows that their relative values do not correspond to the be-
havior observed in the thermalization measurements. Also,
the anomalously large fit value for the differential magnetic
moment of the 2.86-G resonance appears likely as an artifact
resulting from coupling between the different closed channels
of the overlapping resonances. A proper description would
require a more sophisticated coupled-channel model [43,44],
which is beyond the scope of the present article.

The resonance at 7.29 G has no significant overlap with
other resonances and we can therefore expect Egs. (1)-(3)
to describe the situation properly. The resulting value of the
strength parameter (A & 23 G) highlights that a magnetic de-
tuning of |B — By| = 10 mG already leads to a large value for
the scattering length of |a| &~ 2400ag. The universal range of
the resonance [see the bending of the binding energy curve in
Fig. 2(c) near threshold] is realized for |B — By| << Aay/R* =
36 mG. In experiments at low magnetic fields [28], control of
the field strength to a few milligauss is rather straightforward
and the resonance thus appears to be well suited for exploring
universal physics at large values of the scattering length. Note
that the resonance near 51 G offers very similar properties, but
at a higher magnetic field.

IV. CASE STUDY OF THE 7.29-G RESONANCE

The 7.29-G resonance is the broadest Feshbach resonance
with the largest universal range that we found in the low-field
range up to 10 G. Moreover, it is well isolated from other
resonances, which allows for a description in terms of a two-
channel model as in Sec. II. Even in the range of up to 300 G, it
is one of very few resonances offering similar properties. The
low magnetic field facilitates accurate experimental control
and it allows us to minimize atom loss and heating, which
usually occurs when the field is ramped to its target value
and other resonances need to be crossed. Because of these
favorable properties, we examine this particular resonance
more closely.

In Sec. IV A we start with presenting thermalization mea-
surements at different magnetic field strengths, from which
we obtain the relationship between scattering length and mag-
netic field. In Sec. IV B we investigate a possible light shift
of the resonance by measuring binding energies at different
ODT depths. In Sec. IV C we present the hydrodynamic ex-
pansion of the strongly interacting mixture and investigate
its resonance behavior by comparing our experimental results
with Monte Carlo simulation. In Sec. IV D we study inelastic
losses in the vicinity of resonance and provide an estimate
for the three-body loss rate at the pole position. In Sec. IVE
we present the results of the observation of DyK Feshbach
molecules.

A. Elastic scattering cross section and scattering length

To determine the scattering length as a function of the
magnetic field in the vicinity of the 7.29-G resonance, we
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FIG. 3. Scattering length measurement in the vicinity of the
7.29-G resonance. (a) Temperature difference AT = Tx — Tpy ver-
sus hold time in the ODT at 5.97 G. The orange solid line shows the
numerical fit curve with the s-wave scattering length a = 53(9)ay.
(b) Scattering length between Dy and K versus magnetic-field
strength. The gray points represent the values measured by inter-
species thermalization. The blue solid line is a fit based on Eq. (1)
and the dashed vertical line indicates the pole position.

measure the interspecies cross section between Dy and K
atoms at different magnetic-field strengths. The method is the
same as we have already applied to the Dy-K mixture in our
previous work [19,20] and is based on the model introduced in
Ref. [35]. The model describes how the interspecies scattering
cross section o can be extracted from the evolution of the
temperature difference AT between Dy and K atoms.

As an example, Fig. 3(a) illustrates a typical thermaliza-
tion process at 5.97 G. Here the initial atom numbers are
Npy = 8x10* and Nx = 1.7x10* and the mixture is prepared
in a trap with @py = 27 x88 Hz and &g = 27 x318 Hz. After
species-selective heating (see Sec. IIIB) the initial temper-
atures are Tpy = 0.5 uK and Tx = 2.5 uK. Both species
approach thermal equilibrium on a timescale of 1 s. The
orange solid line shows a numerical fit, which yields an in-
terspecies scattering length of magnitude |a| = 53(9)ay.

The gray circles in Fig. 3(b) show the values of the scat-
tering length measured with the same method at different
magnetic field strengths.! The corresponding signs are deter-
mined by the position of the magnetic field relative to the
resonance pole. As a general fact, the sign of the scattering
length is positive on the low-field side of a Feshbach reso-
nance in the lowest spin channel. In this channel, the atom-pair

'The magnetic field is deliberately chosen to minimize the Dy alone
loss to reduce the harmful effect on the interspecies thermalization
process.
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TABLE II. Comparison of fit parameter values related to the
7.29-G Feshbach resonance extracted from different observations
(see the text for details).

Method Section By (G) A (G) R*/ay apg /Ao
binding energy IIIC  7.295(1) 23.2(9) 643(30)
thermalization IVA  7.314(20) 22.8(2.6) 24.2(4.7)

7.295* 23.4(2.4) 22.8(4.5)
hydrodynamics IVC 7.290(2) 23.2°

2The pole position By is fixed to the value obtained from the binding
energy measurements.

°The strength parameter A is fixed to the value obtained from the
binding energy measurements.

state carries the maximum magnetic moment and thus always
experiences a larger Zeeman shift than the molecular state
underlying the Feshbach resonance.

The blue solid line shows the best fit based on Eq. (1).
The parameter values show a background scattering length
of apg = +23(5)ap, which is smaller than earlier results of
|apg| ~ 62ay obtained at 430 mG [19] and |ayg| ~ 60ag in
the 200-G region [20]. The resonance width according to
the common definition [1] is A = Aag/ay,. For the width
A and the position of the zero crossing Bzc = By + A, we
obtain A = 0.94(21) G and Bzc = 8.25(20) G from a fit with
variable By and A = 1.02(21) G and Bzc = 8.32(21) G from
a fit with By fixed to 7.925 G, the value that was obtained from
the binding energy measurements.

As shown in Table II, thermalization and binding energy
measurements give consistent results on the resonance posi-
tion By and the resonance strength A. This also supports the
validity of our assumption of an isolated Feshbach resonance,
where the binding energy follows Eq. (3).

B. Light shift

A differential polarizability between the entrance channel
(atom pair state) and the closed channel (molecular state)
in the infrared optical trap may cause a light-induced shift
in the position of a Feshbach resonance. We have observed
such an effect in the °Li — “°K Fermi-Fermi mixture [45] and
the Li — 'K Fermi-Bose mixture [31]. Taking this shift into
account turned out to be essential for accurate interaction
tuning and also proved to be a very useful tool to implement
extremely fast changes of the interaction strength [46]. Here
we investigate whether the same effect is present in our Dy-K
mixture.

To characterize this effect on the 7.29-G resonance, the
Dy-K mixture is prepared in traps of different depths and
then the same approach as described in Sec. III C is applied
to measure the binding energy at different magnetic-field
strengths. Figure 4(a) shows our results with the blue solid line
representing our reference measurement as shown in Fig. 2(c).
The inset of Fig. 4(a) shows a close-up of the binding energy
near 7.065 G. We observe a small frequency shift of the order
of a few kilohertz between adjacent points. The dashed curves
represent the fits to the data points based on Eq. (3) with only
By as a free parameter, keeping A and Su fixed to the values
of the reference curve. The best-fit values for the pole position
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FIG. 4. Light shift of the Feshbach resonance. (a) Binding en-
ergy versus magnetic field for different ODT depths. The symbols
represent the measured data and the solid and dashed lines show the
fits based on Eq. (3), from which we extract the resonance position
By. The blue solid curve is the same as that shown in Fig. 2(c).
(b) Resonance position By versus the trap depth for the K atoms.
The blue circles show the fitted results of (a). The orange dashed
line represents the linear fit according to By = Uk + Byero, With
£ =1.6(5)x107*G/uK and B, = 7.295(3) G.

are shown as blue circles in Fig. 4(b). The orange dashed
line represents the linear fit By = §Ux + Bgero, Which yields
the pole position without light shift, B, = 7.295(3) G, and
the linear slope & = 1.6(5)x10™* G/uK. This value for the
slope & is about one order of magnitude smaller than typical
values observed in Li-K mixtures [31,45]. Such a small slope
implies that the light shift effect is negligible for the shallow
traps used in our experiment. It also tells us that the optical
trapping potential for Feshbach molecules at 7.29 G can be
simply regarded as the sum of the trap depths for free Dy and
K atoms with only 3% deviation.?

2The error 1 can be estimated by (ay /e, — 1)U, = 8y AB, where
U, is the trap depths of atoms, oy /o, is the polarizability ratio
between molecules and atoms, §u is the differential magnetic mo-
ment between the open channel and close channel such that £ =
(ay — ay)/dpay, and the polarizability of molecules can be ex-
pressed by ay = ay(§6u + 1) ~ 1.027ay.
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C. Hydrodynamic expansion

In Ref. [20] we reported on hydrodynamic expansion as
a striking effect of resonant interspecies interaction. On top
of the broad 217-G Feshbach resonance, the two components
were observed to expand jointly in a collisionally dense cloud
after release from the trap. A Monte Carlo simulation of the
resonant collisional dynamics showed excellent agreement
with the experimental data. Here we carry out essentially the
same experiment, but on the 7.29-G resonance, which is more
than 50 times weaker than the 217-G resonance.

The sequence here is similar to the one applied in the exper-
iments described before, but without the decompression stage
at the end of evaporation. The mixture is held in a tight ODT
with the magic levitation field, where the trap frequencies are
wpy/2m = 134Hz and &g /27 = 484 Hz. To minimize atom
loss and heating, the magnetic field is rapidly (in 2 ms) ramped
from the evaporation field to 7.42 G and held for 50 ms to en-
sure a stable field strength. Here the long lifetime of the Dy-K
mixture and relatively large scattering length of a &~ —200a,
allow Dy and K atoms to reach thermal equilibrium in a short
time without inelastic losses and heating. At this particular
field, also Dy losses [28] are found to be very weak. We get
Npy = 6.5x 10* and Ng = 2x10* atoms with a temperature of
T = 740 nK, corresponding to Tpy/ TFDy = 1.6 and Ty /TX =
0.6. These conditions are close to the ones of Ref. [20]. To
monitor the hydrodynamic expansion, the magnetic field is
ramped to its target value in 2 ms and held for a further 2
ms in the ODT to establish a stable B field. After that, the
ODT and the levitation field are switched off simultaneously
and time-of-flight absorption imaging is applied to record the
optical depth profile of Dy and K atoms at the target magnetic
field.

The resonant interaction regime is realized when the s-
wave scattering length exceeds all other relevant length scales.
These are the inverse wave number of relative motion 1/ ke ~
1700ay, the inverse Fermi momentum 1/kr ~ 1370aq, and
the range parameter R* = 643a,. For the present experiments,
we obtain a range of =15 mG, about 50 times narrower than
on the broad 217-G resonance explored in previous experi-
ments.

In Fig. 5 we demonstrate the observed hydrodynamic
behavior in the time-of-flight expansion of the mixture.
Figure 5(a) shows the optical depths of Dy atoms and K atoms
at 7.701 G with the estimated scattering length a ~ —38ay.
Here we do not observe any significant effect of interaction
between the two species. The lighter potassium atoms ex-
pand faster than the heavier dysprosium atoms, leading to a
size ratio of o /opy = /mpy/mx ~ 2, where the ox and op,
are defined as standard deviations of the spatial distribution.
Figure 5(b) shows the expansion on resonance, where the
strong interspecies collision rate leads to collective behavior.
The size of the K cloud becomes much smaller than at 7.701
G and its peak density is greatly enhanced. On the contrary,
the size of the Dy cloud is slightly larger than at 7.701 G with
a decreased peak density. For both species, the clouds have a
similar size on resonance because of the collective expansion
effect, and a few K atoms can be observed outside the overlap
region of Dy and K cloud. The latter are the atoms that expand
freely after having escaped from the hydrodynamic core [20].

(b)

7.290 G

FIG. 5. Absorption images of Dy and K (a) far away from and
(b) on the 7.29-G Feshbach resonance after 4.5 ms of free expansion.
The optical depth of K is significantly enhanced on resonance, while
Dy decreases because of the collective expansion. The field of view
of all images is 360x360 pum?. Each image is an average of five
individual shots.

To quantitatively analyze the hydrodynamic expansion
[20], we explore the central fraction defined as the fraction
of K atoms inside a circle with radius ﬁaDy. The orange
closed circles in Fig. 6 show the experimental central frac-
tion as a function of the inverse scattering length, which
we calculated from Eq. (1) with a fixed A = 23.2 G (see
Table I). Far away from the resonance (at 7.701 G), we get
a central fraction of 0.22 (out of the range of Fig. 6) cor-
responding to the expansion of two noninteracting Gaussian
clouds. The central fraction gradually increases to 0.45 as the

e simulation |
L experiment |
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ER 3 B
= 8,
0.3F [ A
i 583 *553
I s S 2
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FIG. 6. Comparison of the central fraction as a function of scat-
tering length obtained from Monte Carlo simulations (gray open
circles) and experiment (orange closed circles). The central fraction
is defined as the fraction of K atoms inside the «/EaDy region.
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scattering length increases. From a fit of a Lorentzian curve
to the central fraction as a function of the inverse scattering
length we obtain a full width at half maximum corresponding
to 1000ap/a = £0.68. This is consistent with the mag-
netic detuning range of B — By & 15 mG estimated above
for the resonant interaction regime based on length scale
arguments.

We also perform the same Monte Carlo simulation as we
did for the 217-G resonance [20] to extract the central frac-
tion. We take into account the momentum dependence of the
resonant collisional cross section, but neglect the small effect
of R*. The gray open circles in Fig. 6 show our simulation
results as a function of the inverse scattering length. We find
that the matching between simulation and experiment is very
sensitive to the exact value of the pole position By. There-
fore, hydrodynamic expansion allows us to determine the best
value of By = 7.290 G with an uncertainty of 2 mG, which is
dominated by magnetic-field fluctuations in our system.

As shown in Fig. 6, the experiment matches well with the
simulation in most regions apart from a narrow central part.
The good match confirms our value for the strength parameter
A obtained from the binding energy and the thermalization
measurements (see Table II). The value of the pole position
here is slightly below the value derived from the binding
energy measurements, which we attribute to a systematic error
in the binding energy measurements caused by neglecting the
small but finite collision energies in the mixture. This indeed
leads to a small overestimation of the binding energies and
the fit produces a pole position, which is a few milligauss too
high. Therefore, for the further discussion, we choose By =
7.290(2) G as the presumably more accurate pole position.

We notice that the observed central fraction is smaller
than the one from the simulation in the resonance range with
la] 2 3000aq, while we did not observe such a deviation in our
previous experiments near the broad 217-G resonance [20].
We suspect that uncontrolled magnetic-field fluctuations of
the order of a few milligauss may have been caused by turning
off the levitation gradient when the mixture is released from
the trap, which may have reduced the effect of interactions
very close to resonance during the free expansion. Obviously,
the 7.29-G resonance is much more sensitive to magnetic-field
fluctuations than the broad 217-G resonance. Apart from this
rather technical issue, we observe essentially the same behav-
ior of the hydrodynamic expansion for both resonances.

We finally note that the expanding clouds in Fig. 5 show
small anisotropies, which may be related to hydrodynamic
behavior and/or the dipole-dipole interacting in the strongly
magnetic Dy component. The origin of this effect requires fur-
ther investigations using more anisotropic trapping schemes
than applied in the present work and is a subject left for future
work.

D. Lifetime and three-body decay

Collisional stability is an important ingredient for deep
evaporative cooling of the Dy-K mixture and for future ex-
periments on mass-imbalanced fermionic superfluids [6,8,9].
In Ref. [20] we reported long lifetimes of the mixture near the
217-G resonance, which we attributed to Pauli suppression of
inelastic few-body processes [24,25]. Here we study whether

727 728 7.
B (G)

FIG. 7. Loss scans in the vicinity of the 7.29-G resonance.
(a) Atom number loss spectra of the two components of the mixture
for a hold time of 140 ms in the ODT. The initial atom numbers are
Npy = 3.4x10* and Nx = 3.3x10* with a temperature of 7 = 170
nK. A pronounced interspecies loss feature appears about 10 mG
below resonance, where the s-wave scattering length is very large
and positive. (b) Number of atoms in a pure Dy cloud in the same
trap after a hold time of 220 ms, with an initial atom number of
Npy &~ 9.5x10* and a temperature of T = 140 nK. The gray dashed
line indicates the pole position of the Feshbach resonance according
to the hydrodynamic expansion measurements in Sec. IV C. The
shaded region indicates the uncertainty. Without K, significant losses
of Dy only show up 5-10 mG above the resonance, while a 30-mG-
wide region below resonance appears to be essentially free of Dy loss
features.

we can achieve also comparably long lifetimes near the
7.29-G resonance.

To initiate the measurement, the sample is prepared
in a shallow ODT with mean trap frequencies of @wpy =
27 x35Hz and wg = 27w x 128 Hz, where the initial tempera-
ture and atom number of the sample vary slightly for different
measurements (see Figs. 7 and 8). The magnetic field is
ramped to the target value and the atom numbers are recorded
by absorption imaging after holding the mixture in the trap for
a few hundred milliseconds.

In Fig. 7(a) we present the loss spectrum for the mixture
in a 50-mG-wide range, showing the number of remaining
Dy and K atoms. For comparison, in Fig. 7(b) we show
the corresponding spectrum for a pure Dy sample, which
is expected to show three-body loss features because of the
generally very dense spectrum of resonances in fermionic Dy
[27,28]. The gray dashed line indicates the pole position of
the resonance as obtained from the hydrodynamic expansion
measurement presented in the preceding section. Figure 7(a)
shows a striking valley for both species, located on the lower
side of the resonance. This is about 10 mG below the pole
position, where we estimate a large positive value of the
scattering length of @ & 2300ay. The loss feature appears in
both Dy and K and is stronger in Dy by about a factor of
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FIG. 8. Comparison of atom number decay between (a) the Dy-K
mixture and (b) a pure sample of Dy in the ODT at the pole position.
The temperature of the mixture is 115 nK and of the pure Dy cloud
it is 49 nK. The solid lines represent fits with the initial lifetime
of 7pyk = 360 ms for the mixture and 7p, ~ 5 for Dy alone. The
inset in (a) shows the relationship between the Dy and K atom
numbers during the decay. The solid line represents a linear fit with
Npy = aNg + b, yielding a = 1.9(2) and b = —5.8(1.6)x 10°%.

2. A similar feature was observed for the 217-G resonance
[20], which also resembles observations made in experiments
on resonantly interacting spin mixtures of fermions [47—49].
We interpret this loss as being due to the formation of weakly
bound dimers by three-body recombination and subsequent
inelastic atom-dimer collisions. The fact that maximum losses
are observed in the regime of weakly bound dimers and not on
top of the resonance (as usually observed in bosonic systems)
points to the presence of Pauli suppression on resonance.

Regarding Dy intraspecies losses, Fig. 7(b) shows a wide
plateau of negligible intraspecies losses along with a narrow
resonant loss feature on the upper side of the resonance. We
find that, for the Feshbach resonance in the Dy-K mixture,
the pole position and the range of weakly bound universal
dimers are located within the low-loss plateau, which is a
lucky coincidence and very favorable for future experiments
on the resonantly interacting mixture.

Figure 8(a) shows the decay of the trapped mixture at
7.290 G, i.e., at the very center of the resonance. The initial
atom numbers are Npy = 3.4X 10* and Nx = 2.2x10* with
an initial temperature 7 = 115 nK. We analyze the loss curve
based on the assumption that three-body processes dominate
the loss. Quantitatively, we extract the initial slope from a
heuristic fit model as described in previous work [20,28],
which then allows us to derive a value for the three-body
event rate coefficient. The solid curves in Figs. 8(a) and 8(b)
represent the fitted curves. For the lifetime of the mixture, we
obtain tpyk = 360 ms, which is much shorter than the one of

Dy alone (tpy ~ 5 s).> Obviously, interspecies processes are
the main cause of losses on resonance.

To identify the dominant loss process, we plot in the in-
set of Fig. 8(a) the number of Dy atoms versus the number
of K atoms during the decay. A linear fit yields a slope of
dNpy/dNg = 1.9(2), which suggests a three-body process in-
volving two heavy atoms and one light atom as the dominant
one. This may be interpreted as a consequence of the effective
three-body attraction in a resonant heavy-heavy-light fermion
system [45,50]. Neglecting other processes, the loss of atoms
in the mixture can be modeled by the loss-rate equation

dN dN,
=2t = 2K / nd ngd>r, &)
where npy and ng are the position-dependent atomic number
densities of Dy and K atoms, respectively. The event rate
coefficient K3 quantifies Dy-Dy-K three-body losses. Under
our conditions, background losses are negligible.

To obtain an approximate value for the event rate coeffi-
cient K3, we assume that the atomic number densities follow
thermal Gaussian distributions. For Dy with T/TFDy =1.2,
the distribution is essentially thermal. The K component with
T/TX ~ 0.3 is degenerate, so the Fermi pressure increases the
cloud size. However, because of the tighter optical confine-
ment of K, this has only a little effect on the overlap integral
in Eq. (4). We also neglect any interaction effect on the spatial
distributions. Under these assumptions, Eq. (4) leads to [20]

) 3
NK 2 o

KN [ —2 ), 5
Ne 3 Dy<2n06y0K> )

where o = (20,;y2 + 0 ?)"V? and 0; = w; ' kT /m; (i =Dy,
K). We finally obtain a value of K3 = 1.8(7)x 1072* cmSs for
the three-body event rate coefficient on resonance.

We can compare the resulting K3 value with measurements
near the 217-G resonance in the Dy-K mixture, related work
on resonant Fermi-Bose mixtures of K-Rb and Li-K [31,51],
and Bose-Bose mixtures of K and Rb [52]. This indicates a
Pauli suppression of inelastic few-body losses by roughly one
order of magnitude, but not much more. In this respect, the
7.29-G resonance seems to be less favorable than the 217-G
resonance. Nevertheless, with the very shallow ODT applied,
we could demonstrate lifetimes of a few hundred millisec-
onds, which gives enough time to carry out experiments in
the resonant regime.

E. Creation of Feshbach molecules

An important application of Feshbach resonances is the
association of weakly bound dimers by magnetic field ramps
[1]. A common way to detect such Feshbach molecules is
Stern-Gerlach separation [53,54], facilitated by the different

3Attributing the observed decay of the pure Dy sample to
three-body collisions would yield a rather large value of Kjp, ~
2x1072 cm®/s for the event rate coefficient. Comparison with our
previous work [28] shows that this is unrealistically large if reso-
nance is avoided. We therefore believe that another process (such as
residual evaporation) is the dominant source of losses.
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Dy

DyK

FIG. 9. Stern-Gerlach analysis of the Dy-K mixture after associ-
ation of dimers by a Feshbach ramp and dissociation by an inverse
ramp. Absorption images of (a) Dy and (b) K are taken at the
magnetic field of 7.62 G with a gradient of 7.5 G/cm. The images in
(a) and (b) are finally taken after a further 2 and 1 ms after completion
of the dissociation ramp. The arrow shows the direction of gravity.
The field of view of all images is 329x 785 jum?.

magnetic moment to mass ratio of dimers and free atoms.
We here apply this technique to demonstrate the formation of
weakly bound DyK molecules.

The starting point of these experiments is a degenerate
mixture of Npy = 6.4x 10* and Nx = 2.9x10* atoms in an
ODT with &py = 27 x40.3Hz and &g = 27 x146 Hz. The

temperature of 7 = 125 nK corresponds to 7'/ TFD ¥=10.9
and T/TX = 0.33. The magic levitation gradient of 2.69
G/cm is applied to eliminate the differential gravitational
sag (see Sec. III A). The magnetic field is then ramped up
to 7.62 G, which is about 330 mG above the resonance
center. This particular field has been chosen to exploit a
minimum of loss and heating related to Dy intraspecies pro-
cesses. The ramp to this preparation field takes only 2 ms, but
additional 20 ms are given for the magnetic field to settle to a
stable value.

The Feshbach molecules are created by sweeping the mag-
netic field to 7.11 G within 2 ms, i.e., at a rate of B =
—0.25 G/ms. At the end of the sweep, the ODT is switched
off and the magnetic-field gradient is raised to 7.5 G/cm in
0.5 ms. For the Dy atoms, this increased gradient results in
a total upward-directed acceleration of 1.65g (2.65g from the
magnetic gradient and —1g from the field of gravity). For the
DyK dimer (molecular magnetic moment of about 8.915), the
acceleration amounts to 0.89g. The K cloud is nearly levitated
with a small acceleration of only 0.07g. During a time of flight
of 5 ms, the DyK dimers are efficiently separated from free Dy
and free K atoms, which puts the molecular cloud between
the two atomic clouds. Finally, for detection, molecules are
dissociated to free atoms by ramping back the magnetic field
to 7.62G in 1 ms, and absorption images are taken for Dy (K)
atoms after further 2 ms (1 ms).

In Fig. 9 we present the resulting absorption images of
Dy atoms [Fig. 9(a)] and K atoms [Fig. 9(b)]. The free Dy
and K atomic clouds are at the top and bottom of the im-
ages, respectively. The smaller clouds located closer to the
center of the images result from the dissociation of Feshbach
molecules. Note that the Dy and K clouds resulting from
the dissociating dimers are not exactly at the same vertical
position. This is due to the different acceleration in the short
time between dissociation and imaging. More than Ny, =
7.5x10° molecules were created with a transfer efficiency of
of Nmo1/Nk.0 = 20%, where Nk o is the K atom number right
before the association ramp.

The small size of the expanding molecular cloud, as clearly
seen in the images in comparison with the atomic clouds,
points to a rather low temperature. From the temperature in
expansion and the trap potential, we can infer a phase-space
density of about 0.1 for the trapped molecular cloud [55].
With further optimization, this preliminary observation is very
promising for reaching the quantum-degenerate regime, i.e.,
Bose-Einstein condensation of these molecules.

V. CONCLUSION

In the Fermi-Fermi mixture of '®' Dy and “°K, prepared in
the lowest spin states, we have identified in total five Fes-
hbach resonances in the magnetic-field region below 10 G.
We have characterized these resonances by observing the en-
hanced interspecies thermalization and by measuring binding
energies of the molecular states underlying the resonances.
We have extracted the main resonance parameters: posi-
tion, strength, and magnetic moment of the molecular state.
The five resonances can all be classified as narrow (closed-
channel dominated) resonances [1], but for some of them the
universal range, where the physics of broad resonances is
recovered, is wide enough to be conveniently addressable in
experiments.

As a case of particular interest, we have investigated the
resonance at 7.29 G in more detail and demonstrated several
applications. This resonance is well separated from other ones
and can thus be modeled within a basic two-channel approach
[30]. We have extracted the resonance strength in three differ-
ent ways: Measured binding energies and elastic scattering in
thermalization and in hydrodynamic expansion yielded con-
sistent results, which confirms our good understanding of the
resonance.

We have also studied the decay properties of the Dy-K
mixture near the 7.29-G resonance and found a qualitative
behavior very similar to our previous work [20] near the
broad 217-G resonance in the same system. A loss max-
imum is found in the universal range on the lower side
of the resonance, where the scattering length is large and
positive and weakly bound molecules are produced by three-
body recombination. Such a behavior is typical for fermionic
mixtures with loss suppression on resonance. Our measure-
ment of three-body decay on top of the resonance reveals
a relatively large decay rate in comparison with the 217-G
resonance, which is in accordance with the general trend
that broader resonances are more favorable for fermionic loss
suppression.
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Our experiments show that, employing the 7.29-G res-
onance, one can do essentially everything that has been
done for the broad 217-G resonance. The low field offers
major practical advantages in simplicity, speed, and accuracy
of magnetic-field control. Another very important advantage
consists in the fact that the interspecies resonance region is
not contaminated by the many intraspecies Dy resonances.
A certain drawback seems to be a weaker suppression of
inelastic decay, but our experiments have shown that, in a very
shallow optical trap, lifetimes of a few hundred milliseconds
can be achieved for the resonant mixture, which is enough for
many experimental applications.

We have also presented a proof-of-principle demonstration
of the creation of Feshbach molecules by sweeping across the
resonance, which indicates a high efficiency of the process.
We leave for future work the identification of the optimum
conditions for molecule creation, the investigation of colli-
sional processes involving the molecules, and reaching the
necessary phase-space densities for molecular Bose-Einstein
condensation. This will be an important step towards our
general goal to realize novel superfluid states in fermionic
mixtures of ultracold atoms.

We finally note that the spectrum of interspecies Feshbach
resonances in mixtures of submerged-shell lanthanide atoms
with alkali-metal atoms can be expected to be nonchaotic [41],
in contrast to intraspecies resonances in experiments with
Dy and Er [37]. Therefore, we are confident that, with input
from our experiments, a scattering model can be developed
that fully describes the resonance scenario and allows exper-
imentalists to identify the best-suited resonances for specific
purposes.
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APPENDIX A: PREPARATION

The sources of Dy and K, the magneto-optical traps for
the two species, the gray-molasses cooling stage for K, and
the sequential dipole trap loading scheme have been described
already in Ref. [19]. Here we discuss a more refined sequence
of optical dipole trapping (Appendix A 1), which also facil-
itates in-trap narrow-line Doppler cooling (Appendix A 2).
With these improvements and some further optimizations, we
find that the atom numbers in the deeply degenerate regime of
the mixture can be increased by typically a factor of 5.
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FIG. 10. (a) Laser beam configuration for optical dipole trap-
ping and (b) timing sequence of the different combinations in the
four trapping stages. While the large-volume reservoir dipole trap
is applied for loading, the tightly confining crossed dipole trap is
used for evaporative cooling. In an intermediate stage between RDT
and CDT, in-trap narrow-line cooling is applied to Dy. In the last
stage, the sample is decompressed and transferred to the desired
target magnetic field, at which the specific experiments are carried
out.

1. Optical dipole trapping schemes

Our preparation sequence relies on four stages of optical
dipole trapping. We employ in total four infrared laser beams
in the configuration illustrated in Fig. 10(a); the beam param-
eters are listed in Table III. The timing scheme in Fig. 10(b)
shows which combination of crossing beams is employed to
realize the optical dipole traps in the four different stages.

In the first stage, a large-volume reservoir dipole trap
(RDT) facilitates efficient loading of both species from
magneto-optical traps. This dipole trap is realized with two
high-power infrared beams (labeled RDT1 and RDT2), cross-
ing in the horizontal plane at an angle of 18°. In a later stage,
in which evaporative cooling is performed, we use a crossed-
beam dipole trap (CDT) realized with two tightly focused
beams. The beam CDT1 propagates horizontally in opposite
direction to RDT1, and CDT?2 is directed vertically. These
two dipole traps (RDT and CDT) for loading and evaporative

TABLE III. Trapping beam properties. The waist w and max-
imum power P, are given for each of the four beams. The two
RDT (CDT) beams are derived from an Azurlight ALS-IR-1064-5-1-
CC-SF (Mephisto MOPA 18 NE) and frequency offset by 160 MHz
(220 MHz) by acousto-optical modulation.

Parameter RDT1 RDT2 CDT1 CDT2
w (um) 94 93 24 62
Prax (W) 12 11 0.4 0.73
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cooling were introduced in our previous work [19]. In the
present work, we have introduced two upgrades.

(1) Between the RDT and the CDT stage, we have imple-
mented an additional stage for narrow-line Doppler cooling of
Dy. For this purpose, an elongated trap is realized with beams
RDT1 and CDT1.

(2) After the CDT stage, the evaporatively cooled mixture
is transferred into a shallow dipole trap formed by beams
RDT2 and CDT2. This decompresses the sample, facilitates
transfer to high magnetic fields with minimized collisional
losses, and is used for most of the experiments reported here.

2. In-trap narrow-line laser cooling of Dy

Laser cooling on the narrow 741-nm line of Dy [56] is
carried out as an intermediate step before evaporative cooling.
The line is an inner-shell transition (4f — 5d) with a narrow
linewidth of 1.8 kHz. The Doppler temperature of 43 nK
is an order of magnitude lower than the recoil temperature
of 213 nK, which makes it very interesting for deep laser
cooling.

We generate the 741-nm light with an external-cavity
diode laser (Moglabs ECDL) locked to a high-finesse cavity.
The narrowing of the laser linewidth is achieved by a fast
feedback loop acting directly on the diode current (Toptica
mFALC 110). We combine the 741-nm cooling light with the
626-nm beams of the magneto-optical trap, using the same
polarizations. A magnetic bias field of 230 mG defines the
quantization axis. The saturation intensity of the transition is
as low as 0.57 uW/cm?.

Doppler cooling is carried out in an elongated trap, into
which the atoms are transferred from the RDT by adiabatically
ramping the power of beam RDT2 down and simultaneously
ramping CDT1 up to a power of 300 mW. The beam RDT1
remains unchanged at a power of 10 W. The resulting elon-
gated trap geometry with a low atomic density is important
to minimize the detrimental effect of reabsorption of scat-
tered photons. After transfer, narrow-line cooling starts with
2.6x10° Dy atoms at a temperature of ~9 K.

In-trap Doppler cooling is carried out in two steps. First,
the beam intensity is set to about 6 uW/cm?. A red laser
detuning of 969 kHz is chosen with respect to the free-
space resonance frequency at zero magnetic field, which is
larger than light shift introduced by the trap and the Zee-
man shift. Figure 11 shows the evolution of temperature and
atom number during the Doppler cooling process. Within 80
ms (vertical dashed line), the Dy temperature is reduced to
1.7 uK, while the number of trapped atoms decreases by
roughly a factor of 2. We attribute the latter to plain evap-
oration along the weak axis of the trap. In the second step,
we reduce the trap power (RDT1 beam reduced to 1.7 W
within 10 ms) and we simultaneously decrease the cooling
laser detuning and intensity to 532 kHz and 3 W /cm?, re-
spectively. Doppler cooling is then continued for 60 ms and
we finally reach a temperature of 1.2 uK for 1.6x10° Dy
atoms. We found this second Doppler cooling step crucial to
accumulate the atoms in the center of the trapping region with
maximum overlap with the CDT then used for evaporative
cooling.
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FIG. 11. Laser cooling using the narrow 741-nm line. The evo-
lution of temperature and atom number is shown within the 150-ms
duration of the cooling process. After 80 ms (vertical dashed line),
the laser parameters are changed to optimize the cooling process
(see the text for details).

In a mixture of Dy and K, the K component is not affected
by the Dy cooling light and the cooling performance of Dy is
not compromised by the presence of K atoms.

APPENDIX B: MAGNETIC-FIELD CALIBRATION

We calibrate the magnetic field by rf spectroscopy on K.
As an example, we discuss here the calibration in the range of
interest for the binding energy measurements near the 7.29-G
Feshbach resonance. The preparation sequence is the same
as described in Sec. IIIC. After the ramp to the target field,
we blow away all Dy atoms with 421-nm resonant light,
leaving only K atoms in the ODT, which populate the lowest
hyperfine state K|1)(|F = %,mp = —%)). We apply a short
RF-pulse (100 us) to transfer atoms to the second-to-lowest
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FIG. 12. Magnetic-field calibration for the binding energy mea-
surements near the 7.29-G resonance. The blue diamonds show the
signal from molecular association in the Dy-K mixture and the
orange circles show the atomic rf spectroscopic signal in the ab-
sence of Dy. The atom number is normalized by the initial value of
Nk = 3x10%
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state K|2)(|F = g, mp = —%)). Imaging near 7 G cannot
distinguish between the K|1) and the K|2) state, since the
Zeeman splitting at 7 G is much smaller than the linewidth of
the transition. To overcome this problem, we ramp up the field
strength to a high value (168 G, limited by the power supply
used), where the imaging frequency difference of 28.9 MHz
for imaging K|1) and K|2) is large enough to detect each spin
state independently. Time-of-flight imaging is finally applied
to record the number of atoms in the states K|1) and K|2).
Figure 12 shows the rf spectroscopic signal on the atomic
transition in comparison with the molecular binding en-
ergy measurements by magnetic-field wiggle spectroscopy as
discussed in Sec. III C. The signals are compared for four dif-
ferent magnetic-field strengths below the 7.29-G resonance.
Obviously, the atomic transition (with a differential mag-
netic moment corresponding to 0.44 ) shifts much less than
the molecule association signal (shift corresponding to about
—2.2up). The magnetic field can be extracted accurately from

the atomic signal based on the Breit-Rabi formula. Here the
field uncertainty comes from a fit of a Lorentzian to the signal
and typically amounts to about 1.5 mG.

The calibration of the magnetic field versus current is done
in the following way: We first calibrate the magnetic field
for different currents, then we extract the dependence of the
magnetic field on the current from a linear fit, and finally, the
field strengths for other currents are calculated from this linear
fit.

We also investigated the magnetic-field stability in our
setup, again using rf spectroscopy on the K|1) — K|2) tran-
sition. The coil setup used for fields up to 1.6 G possess
a current stability that corresponds to a field stability (the
root-mean-square value of noise) as low as 0.2 mG. With
the different pair of coils and power supply used to generate
higher fields (up to 370 G), the corresponding stability is
2 mG. In addition to that, we identify ambient magnetic-field
noise (mostly 50 Hz) with a stability of 1.2 mG.
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