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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 161Dy and 40K. 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 100 ms 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 new experimental possibilities
in view of mass-imbalanced superfluids and related phenomena.

I. INTRODUCTION

Exciting research avenues in the field of quantum gases
rely on the possibility to control interactions via magnet-
ically tuned Feshbach resonances [1]. For ultracold sys-
tems 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 imbalance to favor exotic inter-
action regimes [6]. Mass-imbalanced systems hold partic-
ular promise in view of superfluid states with unconven-
tional pairing mechanisms [7–9], most notably the elusive
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [10–12].

Ultracold heteronuclear Fermi-Fermi mixtures have so
far been produced in the laboratory using four different
combinations of fermionic atoms: 6Li-40K [13–16], 6Li-
173Yb [17, 18], 161Dy-40K [19, 20], and 6Li-53Cr [21–23].
Feshbach resonances have been found in all these com-
binations, but (with one exception [20]) they all turned
out to be quite narrow. On the practical side, this lim-
its the possibility of accurate experimental interaction
tuning. On a more fundamental 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 inter-
acting fermion mixture [24–26]. The only exception 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 be-
cause of complications owing to the exceptionally rich
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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 alter-
native Feshbach resonances in the Dy-K system.

In this article, we report on the observation and char-
acterization 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 no-
tably, we find that a resonance near 7.29 G offers the pos-
sibility 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 nar-
row Feshbach resonances. In Sec. III, we present a survey
of the resonances in the low-field region, characterizing
their strengths and the binding energies of the underly-
ing molecular states. In Sec. IV, we consider the partic-
ularly interesting 7.29-G resonance in more detail. We
demonstrate that this low-field resonance offers an appli-
cation potential similar to the 50 times wider resonance
at 217 G, but with less experimental complications. As
examples, we present the hydrodynamic expansion of the
mixture and the formation of DyK Feshbach molecules.
In Sec. V, we finally summarize the main conclusions of
our work.

II. NARROW FESHBACH RESONANCES

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

a(B) = abg −
A

B −B0
a0 . (1)

Accordingly, the near-resonant scattering behavior in the
zero-energy limit is fully characterized by a set of three
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parameters: the resonance position B0, the background
scattering length abg, and the strength parameter A. The
latter is related to the common definition of a resonance
width ∆ by A = ∆ abg/a0 and provides a direct measure
for the strength of the resonance pole. The Bohr radius
a0 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

R∗ =
~2

2mra0 δµA
(2)

as an additional length scale, where mr denotes the re-
duced mass and δµ represents the differential magnetic
moment between the molecular state (closed channel) un-
derlying 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]

Eb =
~2

8 (R∗)2mr

√1− 4R∗(B −B0)

a0A
− 1

2

. (3)

In addition to that, R∗ also characterizes the effective
range of scattering, corresponding to the momentum de-
pendence at low, but finite collision energies.

For |a| � R∗, i.e. in a narrow range of magnetic detun-
ings |B−B0| � Aa0/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 Eb = ~2/(2mra

2). An impor-
tant experimental benefit 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 III A, we summarize the
main experimental sequence for the preparation of the
ultracold Dy and K mixture. In Sec. III B, we introduce
interspecies thermalization 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 161Dy and 40K atoms in a crossed-beam
optical dipole trap (ODT), realized with near-infrared
(1064 nm) light. The preparation procedure is based on

our previous work [19], with implementation of an ad-
ditional 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,mF 〉 = |21/2,−21/2〉 and
|9/2,−9/2〉, respectively.

Under typical experimental conditions, forced evapo-
rative cooling results in a mixture of NDy = 8× 104 and
NK = 9× 103 atoms in a trap with mean (geometrically
averaged) oscillation frequencies of ω̄Dy/2π = 150 Hz and
ω̄K/ω̄Dy = 3.60 [32] at a temperature of TDy = 70 nK.
This corresponds to deeply degenerate conditions with

TDy/T
Dy
F = 0.13, where TDy

F = ~ω̄Dy(6NDy)1/3/kB de-
notes the Dy Fermi temperature. The K temperature
TK = 90 nK is somewhat higher than for Dy because
of a possibly incomplete interspecies thermalization in
the final stage of the evaporation [19] but, in any case,
we reach deep degeneracy also for the K component
with TK/T

K
F ≈ 0.09. The improvement with respect

to our previous work [19] is essentially due to the addi-
tional narrow-line cooling stage for Dy described in Ap-
pendix A, which provides us with a lower initial temper-
ature before evaporation. The final temperature of the
sample can be controlled by variation of the endpoint of
evaporation, and the number ratio NDy/NK by the ini-
tial conditions for loading the ODT from a laser-cooled
sample.

While evaporative cooling is carried out at a mag-
netic 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 in-
evitably 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 adi-
abatically into a very shallow ODT with ω̄Dy/2π = 39 Hz
before we quickly (within a few ms) ramp up the mag-
netic field to its target value.

The shallow ODT is very sensitive to the effect of grav-
ity, 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 condi-
tion introduced in Ref. [34], where both species experi-
ence the same gravitational sag and thus feature maxi-
mum overlap in the trap. A controlled deviation from
this condition gives us a handle to vary the spatial over-
lap between the two species. This also allows us to sepa-
rate 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 res-
onances need to be crossed to reach the final field, as
is the case for experiments near the strong 217-G reso-
nance [20]. Under optimized conditions, we can accom-
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FIG. 1. Interspecies thermalization scans revealing five Feshbach resonances below 10 G. The hold time is 50 ms for (a) and
100 ms for (b) and (c). Note the ten-fold 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.

plish a transfer of a deeply cooled mixture from the evap-
oration field to target fields up to ∼10 G without signifi-

cant losses and with minimal heating to TDy/T
Dy
F = 0.16.

Note, however, that most of the experiments reported
here are carried out at higher temperatures with moder-
ately 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. K images are taken after a few
ms, 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
experiments on hydrodynamic expansion and Feshbach
molecules (Secs. IV C and IV E), which are imaged at a
magnetic field near 7 G. For extracting the temperatures
from the density profiles 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 power-
ful tool to investigate elastic scattering between the two
species [35]. In Ref. [20] we applied such measurements
to characterize a scenario of broad overlapping Feshbach
resonances in the 161Dy-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 analo-
gous way, focusing on the low-field region up to about
10 G.

We interrupt the evaporation after cooling the mixture
to 110 nK with NDy = 3.3× 104 and NK = 1.8 × 104,
and decompress the mixture to a low trap frequency
of ω̄Dy/2π = 45.2 Hz and ω̄K/2π = 164 Hz. We apply
species-selective parametric heating by modulating the
intensity of the ODT at twice the vertical trapping fre-

quency of K to induce a temperature difference between
Dy and K. The temperature of K is increased to approxi-
mately 500 nK within 100 ms of parametric heating, while
the temperature of Dy remains constant. At this point,

the mixture is near thermal with TDy/T
Dy
F ≈ 0.9 and

TK/T
K
F ≈ 1.3. Afterwards, 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 ther-
malization. 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 car-
rying 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 back-
ground scattering length abg (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 Fig. 1 (a) and (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
scattering. In particular, the observed five features do
not disappear at very low temperatures, in contrast to
higher partial wave resonances identified in the dense
spectra of magnetic lanthanide atoms [37, 38]. Our fur-
ther 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
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information on the values of the strength parameter
A = ∆abg/a0 as characterizing the different reso-
nances according to Eq. (1). Following our thermaliza-
tion model [20, 35], the temperature difference decreases
exponentially according to exp(−A2Ct/(B−B0)2), where
t is the hold time at the target magnetic field and C is
a constant determined by the experimental 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
Arel= 0.06, 0.41, 0.05, 0.28, and 1 for our five resonances
(in increasing field order). The relative A parameters in-
dicate that the Feshbach resonances at 2.61 G and 2.86 G
have a similar strength, which is about 1/2 to 1/3 of the
value at 7.29 G. For the resonances at 0.97 G 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 res-
onances. 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 be-
low 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 manifes-
tation of an anti-evaporation 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 mea-
surements at longer hold times (see Sec. IV D). We spec-
ulate that this behavior is a consequence of a stronger
Pauli suppression of recombination losses for broader res-
onances.

In addition to the resonances presented here, we ex-
plore the Dy-K Feshbach resonances in the range of 10 to
20 G and 50 to 60 G. We observe two resonances located
at 13.5 G and 15.3 G and 12 resonances distributed in the
range of 51 to 55 G, with two isolated resonances located
at 51.2 G and 54.9 G, respectively. Based on these obser-
vations we can give a rough estimate of one resonance per
1.5 G for the density of interspecies Feshbach resonances
in the Dy-K system. This can be compared with a recent
experimental investigation of Feshbach resonances 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
resulting from the about six times larger reduced mass.

C. Binding energy measurements

To further characterize the observed s-wave Feshbach
resonances, we measure the binding energy of the DyK
dimer at the different resonances by wiggling the mag-
netic field [1, 42]. The mixture is prepared in the de-
compressed ODT with mean trap frequencies of ω̄Dy =
2π × 36.8 Hz and ω̄K = 2π × 132 Hz in thermal equi-

librium 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 (NDy ≈ NK ≈ 3× 104), and
the magic levitation field is applied to ensure maximum
overlap. The magnetic field is modulated in a frequency
range between 10 kHz and 3 MHz. If the modulation fre-
quency 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 modu-
lation amplitude and duration to produce a clearly visi-
ble loss feature, where the loss of atoms is between 1/3
and 2/3 of the initial value. The typical magnetic field
modulation amplitude and duration are roughly 400 mG
and 200 ms, respectively. The loss features show typ-
ical widths of 20 to 40 kHz (full width at half maxi-
mum), and we fit them with a Lorentzian curve to de-
termine the resonant frequency. We calibrate the mag-
netic field by measuring the frequency of the K transition
|F,mF 〉 = |9/2,−9/2〉 → |9/2,−7/2〉 as described in Ap-
pendix B.

Figure 2 displays the binding energy versus magnetic
field, measured near 1 G, 3 G, and 7 G. The solid curves
show the best fits to the data according to Eq. (3), with
B0, A, and δµ as free parameters, and R∗ is calculated
from A and δµ using Eq. (2). The resulting parame-
ter 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 Ta-
ble 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,

TABLE I. Parameters of the observed Feshbach resonances
from fits of Eq. (3) to the measured binding energies. The
uncertainties represent the 1σ statistical errors from the
fit. They do not include additional uncertainties (2 mG for
B < 10 G, and 10 mG for B ≈ 50 G) from the magnetic field
calibration, see Appendix B. The symbol µB 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 text).

B0 (G) A (G) δµ/µB R∗/a0
0.971(2) 0.6(2.3) 4.5(3) & 3000
2.608(2) 0.0(1.8) 2.3(1) & 104

2.717(1) 4.4(3) 11.1(1) 831(70)
2.864(1) 28.1(7) 22(1) 65(5)
7.295(1) 23.2(9) 2.71(3) 643(30)
51.242(2) 15(1) 4.2(1) 646(60)
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FIG. 2. Binding energy of Feshbach molecules related to the observed resonances below 10 G. The symbols represent experimen-
tal 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 symbols. Note the five-fold extended B-field scale in (a) as compared to (b) and (c).

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 accord-
ing to Eq. (1). In a similar way, the value extracted for
the asymptotic differential magnetic moment δµ may no
longer reflect the magnetic moment of the closed-channel
molecule, and the true pole position may also be some-
what shifted from the best fit value of B0. In fact, com-
paring 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 cor-
respond to the behavior 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 artefact resulting from coupling be-
tween the different closed channels of the overlapping
resonances. A proper description would require a more
sophisticated coupled-channels 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 Eqs. (1-3)
to describe the situation properly. The resulting value
of the strength parameter (A ≈ 23 G) highlights that a
magnetic detuning of |B−B0| = 10 mG already leads to a
large value for the scattering length of |a| ≈ 2400a0. The
universal range of the resonance (see the bending of the
binding energy curve in Fig. 2(c) near threshold) is real-
ized for |B−B0| � Aa0/R

∗ = 36 mG. In experiments at
low magnetic fields [28], control of the field strength to a
few mG 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 res-
onance 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 de-
scription in terms of a two-channel model as underlying
Sec. II. Even in the range of up to 300 G, it is one of very
few resonances offering similar properties. The low mag-
netic 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 thermaliza-
tion measurements at different magnetic field strengths,
from which we obtain the relationship between scatter-
ing length and magnetic field. In Sec. IV B, we investi-
gate a possible light shift of the resonance by measuring
binding energies at different ODT depths. In Sec. IV C,
we present the hydrodynamic expansion of the strongly
interacting mixture and investigate its resonance behav-
ior 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. IV E,
we finally present the first results on 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 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 σ can be ex-
tracted from the evolution of the temperature difference
∆T between Dy and K atoms.
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FIG. 3. Scattering length measurement in the vicinity of the
7.29-G resonance. (a) Temperature difference ∆T = TK −
TDy versus hold time in ODT at 5.97 G. The orange solid
line shows the numerical fit curve with the s-wave scattering
length a = 53(9)a0. (b) Scattering length between Dy and
K versus magnetic field strength. The gray points represent
the values measured by interspecies thermalization. The solid
blue line is a fit based on Eq. (1), and the dashed vertical line
indicates the pole position.

As an example, Fig. 3(a) illustrates a typical thermal-
ization process at 5.97 G. Here, the initial atom numbers
are NDy = 8 × 104 and NK = 1.7 × 104, and the mix-
ture is prepared in a trap with ω̄Dy = 2π × 88 Hz and
ω̄K = 2π × 318 Hz. After species-selective heating, see
Sec. III B, the initial temperatures are TDy = 0.5µK and
TK = 2.5µK. Both species approach thermal equilibrium
on the time scale of 1 s. The orange solid line shows a nu-
merical fit, which yields an interspecies scattering length
of magnitude |a| = 53(9)a0.

The gray dots in Fig. 3(b) show the values of the scat-
tering length measured with the same method at different
magnetic field strengths [45]. The corresponding signs
are determined by the position of the magnetic field rel-
ative to the resonance pole. As a general fact, the sign of
the scattering length is positive on the low-field side of
a Feshbach resonance in the lowest spin channel. In this
channel, the atom-pair state carries the maximum mag-
netic moment and thus always experiences a larger Zee-
man shift than the molecular state underlying the Fesh-
bach resonance.

The solid blue line shows the best fit based on Eq. (1).
The parameter values show a background scattering
length of abg = +23(5)a0, which is smaller than ear-

TABLE II. Comparison of fit parameter values related to the
7.29-G Feshbach resonance extracted from different observa-
tions (see text).

Method Section B0 (G) A (G) R∗/a0 abg/a0
Binding energy III C 7.295(1) 23.2(9) 643(30) -

Thermalization IV A
7.314(20) 22.8(2.6) - 24.2(4.7)

7.295a 23.4(2.4) - 22.8(4.5)
Hydrodynamics IV C 7.290(2) 23.2b - -

a The pole position B0 is fixed to the value obtained from the
binding energy measurements.

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

lier results of |abg| ≈ 62a0 obtained at 430 mG [19]
and |abg| ≈ 60a0 in the 200-G region [20]. The reso-
nance width according to the common definition [1] is
∆ = Aa0/abg. For the width ∆ and the position of the
zero crossing Bzc = B0 + ∆, we obtain ∆ = 0.94(21) G
and Bzc = 8.25(20) G from a fit with variable B0, and
∆ = 1.02(21) G and Bzc = 8.32(21) G from a fit with B0

fixed to 7.925 G, the value that was obtained from the
binding energy measurements.

As shown in Table II, thermalization and binding en-
ergy measurements give consistent results on the reso-
nance position B0 and the resonance strength A. This
also supports the validity of our assumption of an iso-
lated Feshbach resonance, where the binding energy fol-
lows Eq. (3).

B. Light shift

A differential polarizability between the entrance chan-
nel (atom pair state) and the closed channel (molecu-
lar 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 6Li-40K Fermi-Fermi
mixture [46] and the 6Li-41K 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 [47]. 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,
then the same approach as described in Sec. III C is ap-
plied to measure the binding energy at different mag-
netic field strengths. Fig. 4(a) shows our results with the
solid blue line representing our reference measurement as
shown in Fig. 2(c). The inset of Fig. 4(a) shows a zoom-in
of the binding energy near 7.065 G. We observe a small
frequency shift of the order of a few kHz between adjacent
points. The dashed curves represent the fits to the data
points based on Eq. (3) with only B0 as a free parame-
ter, keeping A and δµ fixed to the values of the reference
curve. The best fit values for the pole position are shown
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FIG. 4. Light shift of the Feshbach resonance. (a) Binding en-
ergy versus magnetic field for different ODT depths. The sym-
bols represent the measured data, and the solid and dashed
lines show the fits based on Eq. (3), from which we extract
the resonance position B0. The solid blue curve is the same
as shown in Fig. 2(c). (b) Resonance position B0 versus the
trap depth for the K atoms. The blue bullets show the fitted
results of (a). The orange dashed line represents the linear fit
according to B0 = ξUK +Bzero, with ξ=1.6(5) × 10−4 G/µK
and Bzero = 7.295(3) G.

as blue circles in Fig. 4(b). The orange dashed line rep-
resents the linear fit B0 = ξUK +Bzero, which yields the
pole position without light shift, Bzero = 7.295(3) G, and
the linear slope ξ = 1.6(5) × 10−4 G/µK. This value for
the slope ξ is about one order of magnitude smaller than
typical values observed in Li-K mixtures [31, 46]. Such
a small slope implies that the light shift effect is negligi-
ble 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 [48].

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 col-
lisionally dense cloud after release from the trap. A
Monte-Carlo simulation of the resonant collisional dy-
namics showed excellent agreement with the experimen-
tal data. Here we carry out essentially the same experi-
ment, 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
experiments described before, but without the decom-
pression stage at the end of evaporation. The mixture
is held in a tight ODT with the magic levitation field,
where the trap frequencies are ω̄Dy/2π = 134 Hz and
ω̄K/2π = 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 ensure
a stable field strength. Here, the long lifetime of the
Dy-K mixture and relatively large scattering length of
a ≈ −200a0 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 NDy = 6.5 × 104 and
NK = 2× 104 atoms with a temperature of T = 740 nK,

corresponding to TDy/T
Dy
F = 1.6 and TK/T

K
F = 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 fur-
ther 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 rela-
tive motion 1/k̄rel ≈ 1700a0, the inverse Fermi momen-
tum 1/kF ≈ 1370a0, and the range parameter R∗ =
643a0. 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 experiments.

In Figure. 5, we demonstrate the observed hydrody-
namic behavior in the time-of-flight expansion of the
mixture. The upper row shows the optical depths of
Dy atoms and K atoms at 7.701 G with the estimated
scattering length a ≈ −38a0. Here, we do not ob-
serve any significant effect of interaction between the two
species. The lighter potassium atoms expand faster than
the heavier dysprosium atoms, leading to a size ratio
of σK/σDy =

√
mDy/mK ≈ 2, where the σK and σDy

are defined as a standard deviation of the spatial dis-
tribution. The lower row in Fig. 5 shows the expansion
on resonance, where the strong interspecies collision rate
leads to collective behavior. The size of the K cloud be-
comes 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 simi-
lar size on resonance because of the collective expansion
effect, and a few K atoms can be observed outside the
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FIG. 5. Absorption images of Dy and K far away from (up-
per row) and on (lower row) the 7.29-G Feshbach resonance
after 4.5 ms of free expansion. The optical depth of K is sig-
nificantly enhanced on resonance, while Dy decreases because
of the collective expansion. The field of view of all images is
360µm×360µm. Each image is an average of five individual
shots.

overlap region of Dy and K cloud. The latter are the
atoms that expand freely after having escaped from the
hydrodynamic core [20].

To quantitatively analyze the hydrodynamic expan-
sion [20], we explore the central fraction defined as the

fraction of K atoms inside a circle with radius
√

2σDy.
The orange dots in Fig. 6 show the experimental cen-
tral fraction as a function of scattering length, which we
calculated from Eq. (1) with a fixed A = 23.2 G (see Ta-
ble 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) corre-
sponding to the expansion of two non-interacting Gaus-
sian clouds. The central fraction gradually increases to
0.45 as the scattering length increases. The width at half
maximum of experimental data is about |1000a0/a| =
0.68 from Lorentzian curve fit, which is consistent with
our length scale estimated range of B −B0 ≈ ±15 mG.

We also perform the same Monte-Carlo simulation as
we did for the 217-G resonance [20] to extract the cen-
tral fraction. We take into account the momentum de-
pendence 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 be-
tween simulation and experiment is very sensitive to the
exact value of the pole position B0. Therefore hydrody-
namic expansion allows us to determine the best value
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FIG. 6. Comparison of the central fraction as a function
of scattering length obtained from Monte-Carlo simulations
(gray open circles) and experiment (orange solid circles). The
central fraction is defined as the fraction of K atoms inside√

2σDy region.

of B0 = 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 cen-
tral 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 mG too
high. Therefore, for the further discussion, we choose
B0 = 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 |a| & 3000a0, while we did not observe such a devi-
ation in our previous experiments near the broad 217-G
resonance [20]. We suspect that uncontrolled magnetic
field fluctuations of the order of a few mG 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 reso-
nance is much more sensitive to magnetic field fluctua-
tions than the broad 217-G resonance. Apart from this
rather technical issue, we observe essentially the same
behavior of the hydrodynamic expansion for both reso-
nances.

We finally note that the expanding clouds in Fig. 5
show small anisotropies, which may be related to hy-
drodynamic behavior and/or the dipole-dipole interact-
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ing in the strongly magnetic Dy component. The origin
of this effect requires further investigations using more
anisotropic trapping schemes than applied in the present
work and will be subject of 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 fu-
ture experiments on mass-imbalanced fermionic super-
fluids [6, 8, 9]. In Ref. [20], we have reported long life-
times 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 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 a mean trap frequency of ω̄Dy =
2π× 35 Hz and ω̄K = 2π× 128 Hz, where the initial tem-
perature and atom number of the sample varies slightly
for different measurements (see Figs. 7 and 8). The mag-
netic field is ramped to the target value and the atom
numbers are recorded by absorption imaging after hold-
ing the mixture in the trap for a few 100 ms.

In Fig. 7(a), we present the loss spectrum for the mix-
ture in a 50-mG wide range, showing both the num-
ber 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 ob-
tained 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 a ≈ +2300a0. The loss feature
appears in both Dy and K and is stronger in Dy by about
a factor of two. A similar feature was observed for the
217-G resonance [20], which also resembles observations
made in experiments on resonantly interacting spin mix-
tures of fermions [49–51]. 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 res-
onance. 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 mix-
ture.
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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 NDy = 3.4× 104 and NK = 3.3× 104 with
a temperature of T = 170 nK. A pronounced interspecies loss
feature appear 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 NDy ≈ 9.5 × 104

and a temperature of T = 140 nK. The gray dashed line indi-
cates 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, signifi-
cant 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.

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 NDy = 3.4×104 and NK = 2.2×
104 with an initial temperature T = 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 (b) represent the fitted curves.
For the lifetime of the mixture, we obtain τDyK = 360 ms,
which is much shorter than the one of Dy alone (τDy ≈
5 s [52]). Obviously, interspecies processes are the main
cause of losses on resonance.

To identify the dominant loss process, we plot in the
inset of Fig. 8(a) the number of Dy atoms versus the num-
ber of K atoms during the decay. A linear fit yields a
slope of dNDy/dNK = 1.9(2), which suggests a three-
body process involving two heavy and one light atom as
the dominant one. This may be interpreted as a conse-
quence of the effective three-body attraction in a reso-
nant heavy-heavy-light fermion system [46, 53]. Neglect-
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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 is 49 nK. The solid lines represent fits
with the initial lifetime of τDyK = 360 ms for the mixture and
τDy ≈ 5 s 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 NDy = aNK + b, yielding
a = 1.9(2) and b = −5.8(1.6)× 103.

ing other processes, the loss of atoms in the mixture can
be modeled by the loss-rate equation

dNDy

dt
= 2

dNK

dt
=− 2K3

∫
n2DynKd

3r, (4)

where nDy and nK 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 neg-
ligible.

To obtain an approximate value for the event rate co-
efficient K3, we assume that the atomic number densi-
ties follow thermal Gaussian distributions. For Dy with

T/TDy
F = 1.2, the distribution is essentially thermal. The

K component with T/TK
F ≈ 0.3 is degenerate, so that

Fermi pressure increases the cloud size. However, be-
cause of the tighter optical confinement of K, this has
only little effect on the overlap integral in Eq. (4). We
also neglect any interaction effect on the spatial distribu-
tions. Under these assumptions, Eq. (4) leads to [20]

ṄK

NK
= −K3N

2
Dy

(
σ

2πσ2
DyσK

)3

, (5)

where σ = (2σ−2
Dy + σ−2

K )−1/2 and σi = ω−1
i

√
kBT/mi

(i =Dy, K). We finally obtain a value of K3 = 1.8(7) ×

10−24 cm6/s for the three-body event rate coefficient on
resonance.

We can compare the resulting K3-value with measure-
ments near the 217-G resonance in Dy-K mixture, related
work on resonant Fermi-Bose mixtures of K-Rb and Li-
K [31, 54], and Bose-Bose mixtures of K and Rb [55].
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 demon-
strate lifetimes of a few 100 ms, 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 [56, 57], facilitated
by the different magnetic moment to mass ratio of dimers
and free atoms. We here apply this technique to demon-
strate the formation of weakly bound DyK molecules.

The starting point of these experiments is a degenerate
mixture of NDy = 6.4×104 and NK = 2.9×104 atoms in
an ODT with ω̄Dy = 2π×40.3 Hz and ω̄K = 2π×146 Hz.

The temperature of T = 125 nK corresponds to T/TDy
F =

0.9 and T/TK
F = 0.33. The magic levitation gradient of

2.69 G/cm is applied to eliminate the differential grav-
itational 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 in-
traspecies processes. 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
magnetic field to 7.11 G within 2 ms, i.e. at a rate of
Ḃ =−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 -g from
the field of gravity). For the DyK dimer (molecular mag-
netic moment of about 8.9µB), 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 7.62 G 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 (a) and K atoms (b). The free Dy and K
atomic clouds are at the top and bottom of the images,
respectively. The smaller clouds located closer to the
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FIG. 9. Stern-Gerlach analysis of the Dy-K mixture after
association 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 ms and 1 ms, after completion of the dissociation
ramp. The arrow shows the direction of gravity. The field of
view of all images is 329µm×785µm.

center of the images result from the dissociation of Fesh-
bach 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 accelera-
tion in the short time between dissociation and imaging.
More than Nmol = 7.5× 103 molecules were created with
a transfer efficiency of of Nmol/NK,0 ≈ 20%, where NK,0

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 [58]. With further optimization, this
preliminary observation is very promising for reaching
the quantum-degenerate regime, i.e. Bose-Einstein con-
densation of these molecules. Experiments pursuing this
goal are underway in our laboratory.

V. SUMMARY AND CONCLUSION

In the Fermi-Fermi mixture of 161Dy and 40K, pre-
pared in the lowest spin states, we have identified in to-
tal five Feshbach resonances in the magnetic-field region
below 10 G. We have characterized these resonances by
observing the enhanced interspecies thermalization and
by measuring binding energies of the molecular states un-
derlying the resonances. We have extracted the main res-
onance parameters: position, strength, and magnetic mo-
ment of the molecular state. The five resonances can all
be classified as narrow (closed-channel dominated) res-
onances [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 experi-
ments.

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 reso-
nance strength in three different ways: Measured bind-
ing energies and elastic scattering in thermalization and
in hydrodynamic expansion yielded consistent 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 qualita-
tive behavior very similar to our previous work [20] near
the broad 217-G resonance in the same system. A loss
maximum 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 typi-
cal for fermionic mixtures with loss suppression on res-
onance. Our measurement 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 accor-
dance with the general trend that broader resonances are
more favorable for fermionic loss suppression.

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 of-
fers major practical advantages in simplicity, speed, and
accuracy of magnetic field control. Another very impor-
tant advantage consists in the fact that the interspecies
resonance region is not contaminated by the many in-
traspecies Dy resonances. A price one has to pay for
these advantages seems to be a weaker suppression of in-
elastic 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 demonstra-
tion of the creation of Feshbach molecules by sweeping
across the resonance, which indicates a high efficiency
of the process. Our near-future work will be dedicated
to identifying the optimum conditions for molecule cre-
ation, the investigation of collisional processes involving
the molecules, and to 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 Fesh-
bach resonances in mixtures of submerged-shell lan-
thanide atoms with alkali atoms can be expected to be
non-chaotic [41], in contrast to intraspecies resonances
in experiments with Dy and Er [37]. Therefore, we are
confident that, with input from our experiments, a scat-
tering model can be developed that fully describes the
resonance scenario and allows experimentalists to iden-
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tify 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 (Sec. A 1),
which also facilitates in-trap narrow-line Doppler cool-
ing (Sec. A 2). With these improvements and some fur-
ther optimizations, we find that the atom numbers in the
deeply degenerate regime of the mixture can be increased
by typically a factor of five.

1. Optical dipole trapping schemes

Our preparation sequence relies on four stages of op-
tical dipole trapping. We employ in total four in-
frared laser beams in the configuration illustrated in
Fig. 10 (top); the beam parameters are listed in Table III.
The timing scheme in Fig. 10 (bottom) shows which com-
bination of crossing beams is employed to realize the op-
tical dipole traps in the four different stages.

In the first stage, a large-volume reservoir dipole
trap (RDT) facilitates efficient loading of both species

TABLE III. Trapping beam properties. Waist w and maxi-
mum power Pmax for each of the four beams. The two RDT
(CDT) beams are derived from an Azurlight ALS-IR-1064-5-
I-CC-SF (Mephisto MOPA 18 NE) and frequency offset by
160 MHz (220 MHz) by acousto-optical modulation.

RDT1 RDT2 CDT1 CDT2
w (µm) 94 93 24 62
Pmax (W) 12 11 0.4 0.73
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FIG. 10. Laser beam configuration for optical dipole trapping
(top), and timing sequence (bottom) of the different combi-
nations in the four trapping stages. While the large-volume
reservoir dipole trap (RDT) is applied for loading, the tightly
confining crossed dipole trap (CDT) 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.

from magneto-optical traps. This dipole trap is realized
with two high-power infrared beams (labeled RDT1 and
RDT2), crossing 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) re-
alized with two tightly focused beams. The beam CDT1
propagates horizontally in opposite direction to RDT1,
and CDT2 is directed vertically. These two dipole traps
(RDT and CDT) for loading and evaporative cooling
have been introduced in our previous work [19]. For the
present work, we have introduced two upgrades:

(1) Between the RDT and the CDT stage, we have
implemented 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 mix-
ture 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.
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2. In-trap narrow-line laser cooling of Dy

Laser cooling on the narrow 741-nm line of Dy [59] 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 tem-
perature 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 cav-
ity. 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 cool-
ing 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 0.57µW/cm2.

Doppler cooling is carried out in an elongated trap, into
which the atoms are transferred from the RDT by adi-
abatically 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 elongated trap geometry with a low atomic
density is important to minimize the detrimental effect
of re-absorption of scattered photons. After transfer,
narrow-line cooling starts with 2.6 × 106 Dy atoms at
a temperature of ∼ 9µK.

In-trap Doppler cooling is carried out in two steps:
First, the beam intensity is set to about 6µW/cm2. 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 Zeeman shift. Figure 11 shows the evolution of
temperature and atom number during the Doppler cool-
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FIG. 11. Laser cooling using the narrow 741-nm line. The
evolution of temperature and atom number is shown within
the 150-ms duration of the cooling process. After 80 ms (verti-
cal dashed line), the laser parameters are changed to optimize
the cooling process (see text).

ing process. Within 80 ms (vertical dashed line), the Dy
temperature is reduced to 1.7µK, while the number of
trapped atoms decreases by roughly a factor of two. We
attribute the latter to plain evaporation along the weak
axis of the trap. In a 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 3µW/cm2. Doppler cool-
ing is then continued for 60 ms, and we finally reach a
temperature of 1.2µK for 1.6× 106 Dy atoms. We found
this second Doppler cooling step crucial to accumulate
the atoms in the center of the trapping region with max-
imum overlap with the CDT then used for evaporative
cooling.

In a mixture of Dy and K, the K component is not
affected by the Dy cooling light and the cooling perfor-
mance 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 here discuss the calibration
in the range of interest for the binding energy measure-
ments near the 7.29-G Feshbach resonance. The prepa-
ration sequence is the same as described in Sec. III C.
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 = 9/2,mF = −9/2〉). We apply a short RF-
pulse (100µs) to transfer atoms to the second-to-lowest
state K|2〉 (|F = 9/2,mF = −7/2〉). 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
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FIG. 12. Magnetic field calibration for the binding energy
measurements near the 7.29-G resonance. The blue diamond
show the signal from molecular association in the Dy-K mix-
ture, and the orange circle show the atomic RF spectroscopic
signal in the absence of Dy. The atom number is normalized
by the initial values of NK = 3× 104.
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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 state K|1〉 and K|2〉.

Figure 12 shows the RF spectroscopic signal on the
atomic transition in comparison with the molecular bind-
ing energy measurements by magnetic-field wiggle spec-
troscopy as discussed in Sec. III C. The signals are com-
pared for four different magnetic field strengths below
the 7.29-G resonance. Obviously, the atomic transition
(with a differential magnetic moment corresponding to
0.44µB) shifts much less than the molecule association
signal (shift corresponding to about −2.2µB). The mag-
netic 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 depen-
dence 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〉
transition. The coil setup used for fields up to 1.6 G
possesses 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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cally tunable Feshbach resonances in Li+Er, Phys. Rev.
A 92, 022708 (2015).

[42] N. R. Claussen, S. J. J. M. F. Kokkelmans, S. T.
Thompson, E. A. Donley, E. Hodby, and C. E. Wie-
man, Very-high-precision bound-state spectroscopy near
a 85Rb Feshbach resonance, Phys. Rev. A 67, 060701
(2003).

[43] Y. Yudkin and L. Khaykovich, Efimov scenario for over-
lapping narrow Feshbach resonances, Phys. Rev. A 103,
063303 (2021).

[44] A. Li, Y. Yudkin, P. S. Julienne, and L. Khaykovich,
Efimov resonance position near a narrow Feshbach reso-
nance in a 6Li−133Cs mixture, Phys. Rev. A 105, 053304
(2022).

[45] The magnetic field was deliberately chosen to minimize
the Dy alone loss to reduce the harmful effect on the
interspecies thermalization process.

[46] M. Jag, M. Zaccanti, M. Cetina, R. S. Lous, F. Schreck,
R. Grimm, D. S. Petrov, and J. Levinsen, Observa-
tion of a Strong Atom-Dimer Attraction in a Mass-
Imbalanced Fermi-Fermi Mixture, Phys. Rev. Lett. 112,
075302 (2014).

[47] M. Cetina, M. Jag, R. S. Lous, I. Fritsche, J. T. M. Wal-
raven, R. Grimm, J. Levinsen, M. M. Parish, R. Schmidt,
M. Knap, and E. Demler, Ultrafast many-body interfer-
ometry of impurities coupled to a Fermi sea, Science 354,
96 (2016).

[48] The error η can be estimated by the (αM/αa − 1)Ua =
δµ∆B, where Ua is the trap depths of atoms, αM/αa is
the polarizability ratio between molecules and atoms,δµ
is the differential magnetic moment between open chan-
nel and close channel, such that ξ = (αM − αf )/δµαf

and the polarizability of molecules can be expressed by
αM = αf (ξδµ+ 1) ≈ 1.027αf .

[49] C. A. Regal, M. Greiner, and D. S. Jin, Lifetime of
Molecule-Atom Mixtures near a Feshbach Resonance in
40K, Phys. Rev. Lett. 92, 083201 (2004).

[50] T. Bourdel, J. Cubizolles, L. Khaykovich, K. M. F. Ma-
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C. Nägerl, and R. Grimm, Preparation of a pure molec-
ular quantum gas, Science 301, 1510 (2003).

[58] A. Z. Lam, N. Bigagli, C. Warner, W. Yuan, S. Zhang,
E. Tiemann, I. Stevenson, and S. Will, High phase-space
density gas of NaCs Feshbach molecules, Phys. Rev. Re-
search 4, L022019 (2022).

[59] M. Lu, S. H. Youn, and B. L. Lev, Spectroscopy of
a narrow-line laser-cooling transition in atomic dyspro-
sium, Phys. Rev. A 83, 012510 (2011).

https://doi.org/10.1140/epjd/e2011-20071-x
https://doi.org/10.1103/PhysRevLett.111.105301
https://doi.org/10.1103/PhysRevLett.117.163201
https://doi.org/10.1038/nature01738
https://doi.org/10.1126/science.1088876
https://doi.org/10.1103/PhysRevResearch.4.L022019
https://doi.org/10.1103/PhysRevResearch.4.L022019
https://doi.org/10.1103/PhysRevA.83.012510

	Observation of low-field Feshbach resonances between 161Dy and 40K
	Abstract
	I Introduction
	II Narrow Feshbach resonances
	III Survey of low-field Feshbach resonances
	A Preparation of the mixture
	B Interspecies thermalization scan
	C Binding energy measurements

	IV Case study of the 7.29-G resonance
	A  Elastic scattering cross section and scattering length
	B Light shift
	C Hydrodynamic expansion
	D Lifetime and three-body decay
	E Creation of Feshbach molecules

	V Summary and conclusion
	 Acknowledgments
	A Preparation
	1 Optical dipole trapping schemes
	2 In-trap narrow-line laser cooling of Dy

	B Magnetic field calibration
	 References


