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LOW-FIELD FESHBACH RESONANCES
AND THREE-BODY LOSSES IN A FERMIONIC
QUANTUM GAS OF 181Dy

We report on the high-resolution Feshbach spectroscopy on a degenerate, spin-polarized Ferms
gas of 191 Dy atoms, measuring three-body recombination losses at a low magnetic field. For
field strengths up to 1 G, we identify as much as 44 resonance features and observe the plateaus
of very low losses. For four selected typical resonances, we study the dependence of the three-
body recombination rate coefficient on the magnetic resonance detuning and on the tempera-
ture. We observe a strong suppression of losses with decreasing temperature already for small
detunings from the resonance. The characterization of complex behavior of the three-body losses
of fermionic 151 Dy is important for future applications of this peculiar species in research on

atomic quantum gases.
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1. Introduction

Over the past decade, the exotic interactions of sub-
merged-shell lanthanide atoms have tremendously
boosted experimental research on ultracold quantum
gases [1]. Exciting properties of such atoms result
from long-range anisotropic interactions in combina-
tion with the tunability of the contact interaction via
magnetically controlled Feshbach resonances [2]. Pro-
minent examples for novel states of matter created in
the laboratory are quantum ferrofluids of Dy [3] and
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supersolids realized with both Dy and Er [4-6]. Prog-
ress has also been made with quantum-gas mixtures
of different lanthanide atoms (Dy-Er) [7, 8] and mix-
tures of lanthanide and alkali-metal atoms (Dy-K)
[9, 10], with a wide potential for future experiments
on exotic states of quantum matter.

For interaction control, magnetic lanthanide atoms
offer a rich spectrum of Feshbach resonances [11-
14], much denser as compared to alkali-metal atoms.
This experimentally well-established fact is a conse-
quence of the anisotropy stemming both from the
strong magnetic dipole-dipole interaction and from
the van-der-Waals interaction for electronic ground
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states with non-zero orbital angular momentum [15,
16]. The anisotropic interaction leads to a strong mix-
ing of different partial waves. If a hyperfine struc-
ture is present, such as for the fermionic isotopes
161Dy and 97Er, the Feshbach spectrum is even more
complex, and the blessing of tunability may turn
into a curse of omnipresent three-body recombination
losses.

The experiments performed with 6'Dy in our lab-
oratory are motivated by the prospect to realize novel
superfluid states in mass-imbalanced fermion mix-
tures [17-19]. In a Fermi-Fermi mixture of 1Dy and
40K atoms, we have recently demonstrated hydrody-
namic behavior as a manifestation of strong interac-
tions, realized on top of an interspecies Feshbach res-
onance [10]. Further experiments are in progress on
the formation of bosonic Feshbach molecules, paired
fermionic many-body states, and collective behavior
of the strongly interacting mixture. In all these exper-
iments, the Dy—-Dy intraspecies Feshbach resonances
represent a complication, and appropriate strategies
have to be developed to minimize unwanted effects
such as three-body losses and heating.

Feshbach resonances in spin-polarized fermionic
quantum gases result from the scattering in odd par-
tial waves. Accordingly, p-wave resonances have been
observed in early experimental work [20-22] and stud-
ied theoretically [23, 24]. More recent experiments
[25,26] have provided deeper insights into the scaling
laws and universal properties of three-body recom-
bination losses near p-wave resonances. Our present
situation of '®'Dy, however, is more complex be-
cause of the strong coupling between different par-
tial waves and a possible interaction between differ-
ent closely spaced or overlapping resonances, which
makes a theoretical description very challenging. Ex-
periments are needed to find out to what extent our
resonances in '®'Dy behave in a similar way.

In this article, we report on the experimental in-
vestigation of the ultradense Feshbach spectrum of
161Dy at low magnetic field strength (up to about
1 G) with high resolution (~1 mG). To minimize
the effect of finite collision energies, i.e., broaden-
ing effects and the influence of higher partial waves,
we work in the deeply quantum-degenerate regime
at rather low values of the Fermi energy down to
a few 100 nK. In Sect. 2, we present the Feshbach
loss spectrum, exhibiting nearly 50 loss features in a
1-G-wide interval. We also identify plateaus of very
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low losses, which can be used for efficient evapora-
tive cooling. In Sect. 3, we then present the results
of studies of four typical resonances, where we report
on the dependence of the three-body rate coefficient
on the magnetic detuning and the temperature of the
sample. Our measurements show that even very small
detunings from the resonance of a few mG are suffi-
cient to enter a regime where losses are strongly sup-
pressed with decreasing temperature.

2. Low-field Feshbach Spectrum
2.1. Sample preparation

All our experiments begin with the production of a
degenerate Fermi gas of '5'Dy atoms. We follow the
procedures described in detail in Ref. [9]: After cap-
turing the atoms in a magneto-optical trap (MOT)
operated at the 626-nm intercombination line [27],
the sample is transferred into a crossed-beam opti-
cal dipole trap (ODT), which uses near-infrared light
at a wavelength of 1064 nm. Here, forced evaporative
cooling is performed by ramping down the trapping
potential. Under optimized conditions, we obtain a
sample of up to N = 1.5 x 10® atoms in a nearly har-
monic trap (geometrically averaged trap frequency
@ = 27 x 150 Hz) at a temperature T = 80 nK.
With the Fermi temperature Ty = hw(6N)Y/3 /kg =
= 695 nK, this corresponds to deeply degenerate con-
ditions with T'/Tr = 0.12 and the peak number den-
sity 7 = 1.6 x 1014 /em? in the center of the trap. Our
sets of measurements are taken over typically many
hours (sometimes even a few days), where long-term
drifts may reduce the maximum atom number pro-
vided by roughly a factor of two. In a last preparation
stage, the ODT is modified by replacing one of the
laser beams (horizontally propagating) with a beam
of larger waist. This modification provides us with
more flexibility to vary the trap frequency @ and, in
particular, it allows us to realize very shallow traps to
work at lower atomic number densities. For each ex-
periment, the trap is chosen in a way to avoid residual
evaporation. The particular conditions for each set of
measurements are listed in App. A.

The cloud is fully spin-polarized in the lowest hy-
perfine Zeeman sub-level |F,mg) = |21/2,—21/2) as
a result of optical pumping during the MOT stage
[28] and the subsequent rapid dipolar relaxation of
a residual population in higher spin states in the
ODT [29]. For the fully spin-polarized sample, inelas-
tic two-body losses are suppressed already at very
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Fig. 1. Low-field Feshbach spectrum of a degenerate sample of spin-polarized 161Dy. The magnetic field is varied in steps of
1.6 mG. The error bars show the sample standard deviation of three individual measurements at the same magnetic field. We
observe about 44 loss features, which we attribute to Feshbach resonances. The shaded areas correspond to the four resonances

that are investigated in detail in Sect. 3

low magnetic field values. The minimization of three-
body losses, essential for efficient evaporative cooling,
depends very sensitively on the particular magnetic
field applied. Our evaporation sequence is performed
at a magnetic bias field of 230 mG, which we found
to work slightly better than at 430 m@G, as applied in
Ref. [9].

2.2. Loss scan

We study the low-field Feshbach spectrum by measur-
ing atom losses for a variable magnetic field strength
[2] in the interval between 0 and 1 G. After the prepa-
ration of the sample in a very shallow ODT (for
experimental parameters see App. A), we ramp the
magnetic field from the evaporation field to the vari-
able target one in 20 ms. The low trap frequency of
w = 27 x 100 Hz is chosen to minimize losses induced
by the magnetic field ramp. We hold the cloud for
7 s, and then release it from the ODT. An absorption
image is taken after a time of flight of 10 ms.

The magnetic-field stability is essential for resolv-
ing narrow loss features. Using radio-frequency spec-
troscopy ! we identified a 50-Hz ripple in the ambient

1 We investigate the magnetic-field stability by performing
radio-frequency spectroscopy on 4°K. The possibility to work
with potassium in the same setup follows from the fact that
our apparatus is designed for mixture experiments [9, 10].
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magnetic field as the main source of noise, with a
peak-to-peak value of 1.7 mG. Other noise sources,
such as the noise in the current of our coils, stay well
below an estimated rms level of 1 mG.

In Fig. 1 we plot the remaining atom number as
a function of the magnetic field. We count ~44 loss
features, which we assign to Feshbach resonances.
On resonance, the three-body recombination rate is
greatly enhanced and leads to the reduction in the
atom number by a factor of more than 10. At these
positions, we also observe substantial heating (not
shown). The resonances seem to mostly gather in
groups, with flat, typically tens of mG wide, pla-
teaus between them. Within these plateaus, losses are
rather weak and stay within a few percent even for
the long hold time of 7 s applied.

The recorded Feshbach spectrum resembles previ-
ous observations in submerged-shell lanthanide atoms
(Er [11, 14], Dy [12, 13], Tm [30]), which are known
to exhibit a dense and very complex resonance spec-
trum. In the cases of the fermionic isotopes '*' Dy and
167Er, where a hyperfine structure is present, the res-
onance density is extremely high. While for '®"Er, a
density of about 25 resonances per gauss has been
reported in the interval between 0 and 4.5 G [11],
previous work on '®'Dy has revealed between about
10 resonances per gauss in the interval between 0 and
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6 G [12] and up to about 100 resonances in a 250-mG
wide interval near 34 G [13]. With our 44 resonances
in the interval between 0 and 1 G, we apparently re-
solve more resonances than in Ref. [12], which we at-
tribute to our higher magnetic field resolution. We
believe that a further improved magnetic field stabil-
ity to well below 2 mG would reveal even more res-
onances and a substructure of some of our observed
features. The complex spectrum of resonances may
be further analyzed using statistical methods [14, 30],
which is beyond the scope of the present work.

3. Case Studies of Selected Resonances

We now perform a systematic investigation of the K3
coefficient as a function of the magnetic-field and the
temperature for selected resonances. In Sect. 3.1, we
first show how, from atom number decay measure-
ments, we obtain the value of the three-body recom-
bination coefficient K3. In Sections 3.2 and 3.3, we
investigate the dependence of K3 on the magnetic
field and the initial temperature, respectively.

3.1. Three-body decay
curves and loss-rate coefficients

In the absence of two-body losses, the evolution of
the number of trapped atoms N(t) can be modeled
based on the differential equation

N(t) = T ,N(t) — 3K3/d3rn3(r,t), (1)

where T, is the one-body loss rate from collisions with
rest-gas particles, and n(r,t) represents the number
density distribution of the cloud. The quantity K3 de-
notes the three-body event rate coefficient, which, for
a single atomic species, is related to the commonly
used three-body loss rate coefficient by Lz = 3K3.
Note that, according to our phenomenological defini-
tion, the K3 coefficient represents a thermal average
over the distribution of collision energies in the sam-
ple, and does not represent the coefficient for a spe-
cific collision energy as used in theoretical work [31].
For our experiments, we estimate a rest-gas limited
lifetime as long as 1/T", ~ 60 s. Given such a low one-
body loss rate, I';, can be neglected in the analysis of
near-resonance decay curves, while it is relevant for
cases on the long-lived plateaus.

In Fig. 2 we show three typical decay curves, on res-
onance (a), near a resonance (b) and far away from
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Fig. 2. Typical decay curves. The measurements have been
performed on resonance at B = 678 mG (a), for small detuning
at B = 989 mG (b), and on a minimum-loss plateau at B =
= 225 mG (c¢). The solid lines show fits by the heuristic model
introduced in App. B

any resonance (c¢). The sample is held in the ODT
at a fixed magnetic field. After a variable hold time,
the cloud is released, and the number of remaining
atoms is measured by time-of-flight imaging. To ana-
lyze the decay curves and to extract values for K3, we
apply a heuristic model (for details, see App. B) to

337



E. Soave, V. Corre, C. Ravensbergen et al.

quantify the initial slope N(0). From the initial de-
cay rate 1/7 = —N(0)/N(0) and knowledge of the
experimental parameters at ¢ = 0, we then calculate
the resulting values for K3. This approach, which fo-
cuses on the initial decay, avoids complications by the
heating of the sample during the decay. Depending
on the experimental conditions under consideration,
decay times can vary from a few ms to many sec-
onds. As an example, the measurement reported in
Fig. 2, a was carried out under typical experimen-
tal conditions (see App. A) very close to the cen-
ter of the 679-mG resonance, with initially about
1.2 x 10° atoms. Our fit yields an initial decay time
7 = 22(6) ms, and, for the three-body rate coeffi-
cient, we obtain K3 = 4(1) x 10726 ¢cm®/s. The same
measurement, performed few mG detuned from the
resonance at 995 mG and reported in Fig. 2, b, al-
ready shows a significantly longer decay time (7 =
= 0.50(9) s). We calculate a three-body recombina-
tion coefficient value Kz = 7(2)x ~2® cmS /s, two or-
ders of magnitude lower than on resonance.

The measurement in Fig. 2, ¢ is carried out at a
magnetic field of 225 mG, on a minimum-loss plateau,
and reveals a very long lifetime. To observe the ef-
fect of three-body losses, we worked in a tightly com-
pressed trap with @ = 27 x 380 Hz, leading to a
peak-density of fyp ~ 6 x 10'*/cm?®, which is excep-
tionally high for a degenerate Fermi gas. We measure
an initial decay time 7 = 12(3) s, from which a value
K3 = 5(3)x10732 cmb /s is obtained. This value is ex-
traordinary low, which is highlighted by comparison
with 87Rb as a widely used bosonic species, where the
K3 coefficient has been measured to be of the order of
10729 ¢m5 /s |32, 33|. Such an extremely weak three-
body decay, together with the sizeable elastic scatter-
ing cross-section from dipolar collisions [34], explains
why Fermi gases of submerged-shell lanthanide atoms
facilitate highly efficient evaporative cooling [9, 35].

3.2. Dependence on magnetic-field detuning

In this Section, we discuss selected loss features as
typical examples for the many resonances observed
in our Feshbach spectrum. We focus on three res-
onant features that lead to relatively strong losses
in the measured Feshbach spectrum (near 358 mG,
677 mG, and 999 mG, see loss scan in Fig. 1). For
reference, we also investigate a weaker loss resonance
(near 170 mG), which appears to be well isolated
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from other resonances. We consider their line shapes
and widths by presenting measurements on the K3
values as a function of the magnetic detuning from
resonance. Here, we work in the deeply degenerate
regime, with T/Tr ~ 0.2 at a low TF ~ 400 nK (for
details, see App. A), which minimizes line broadening
stemming from the finite kinetic energy [14, 36]. Our
results are displayed in Fig. 3, a—d. The measured
values for K3 vary over more than four orders of
magnitude. Maximum values are found to exceed
1072% c¢m®/s. The presence of weak one-body losses
(see Sect. 3.1) imposes a lower limit for the measur-
able K3 value, which, for this particular trapping con-
ditions, is in the range of a few 1073° cm®/s. This
lower limit is indicated by the dashed horizontal lines
in Fig. 3.

Figure 3, a shows the resonance near 170 mG,
which is the weakest of the four selected features. We
observe a full width of about 3.5 mG 2. The line shape
is essentially symmetric, which may first appear sur-
prising in view of the expected asymmetric line shapes
of Feshbach resonances in higher partial waves, which
usually show a sharp edge on the lower side (mark-
ing the resonance position) along with a tail on the
upper side [36-39]. We assume that the shape of the
weak feature is dominated by the magnetic-field fluc-
tuations in our experimental setup (see Sect. 2.2),
which may affect the observed loss features in an in-
terval of a few mG. The fluctuations will smear out
any narrower feature and mask the true resonance
line shape (see the discussion on broadening effects
in App. C). This interpretation is supported by the
fact that we never observe any narrower feature. The-
refore, we believe that the observed behavior of nar-
rower resonances, such as the 170-mG feature, is dom-
inated by magnetic-field fluctuations.

In Fig. 3, b, we show a double feature of two reso-
nances, separated by about 4 mG. While the weaker
feature near 355 mG closely resembles the one in
Fig. 2, a, the stronger feature near 359 mG shows a
peak value for K3 exceeding 10~2° ¢cm® /s, which is an
order of magnitude higher. The stronger feature also
shows indications of the tail expected on the upper
side for such resonances. The resonance appears to be

2 We define the width as the full magnetic field range where
the K3 value exceeds the geometric average between its max-
imum and minimum. This corresponds to the full width at
half maximum on a logarithmic scale.
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Fig. 3. K3 coefficient as a function of the magnetic-field, measured for the four selected resonances. Note that in (a—c) the
full range covers 12mG, whereas in (d) it is three times wider. Each data point is obtained from an individual decay curve as
discussed in Sect. 3.1. The dashed lines indicate the lower limit to the measurable K3 value, imposed by one-body losses

wide enough that its true structure is not fully masked
by the magnetic-field fluctuations. Figure 3, ¢ shows
a feature near 677 mG, which in the Feshbach scan
in Fig. 1, appeared to be a single, relatively strong
resonance. A closer investigation, however, reveals a
shoulder on the lower side, which is likely to be caused
by another weak overlapping resonance. On the up-
per side, the K3 coefficient falls off in a way resem-
bling the expected tail. Figure 3, d finally displays
our strongest observed loss feature; note the three
times wider magnetic-field interval. We see a double
feature separated by about 10 mG. The line shapes
of the two resonances correspond to the expectation
of a sharper edge on the lower side and a tail on the
upper side. Here, at least for these broader features,
magnetic-field fluctuations do not have a substantial
effect on the line shape.

3.3. Temperature dependence

We now turn our attention to the dependence of
the K3 coefficient on the temperature of the cloud,
for different magnetic detunings from the resonance
center. We vary the temperature of the cloud by in-
terrupting the evaporation sequence in a controlled
way and by adiabatically varying the final trap fre-
quency. For these measurements, decay is observed
in a 160-Hz and a 400-Hz trap, for lower and higher
temperatures, respectively. The K3 coeflicient is ob-
tained according to Eq. (B3) or Eq. (B2), depend-
ing on the initial T/TF of the sample. We introduce
the effective temperature T, such that the mean en-
ergy per particle is 3kgT. This definition takes into
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Fig. 4. Temperature dependence of K3, for various detunings
(typical uncertainty 0.2 mG) relative to the center of the 358-
mG resonance. For T'< 1 pK the samples have initial T/Tg <
< 1. The decay curves have been measured in a @/27 = 160-
Hz (circles) and 400-Hz trap (squares). As a reference, we plot
the K3 resonant peak value, corresponding to the maximum in
Fig. 3, b. The dot-dashed line shown for 7" > 5 uK indicates
the T—2 dependence, according to Eq. (2), with ¢ = 0.022.
The dashed line indicates the lower limit to the measurable
K3 value, imposed by one-body losses

account that, for a degenerate Fermi gas, the rela-
tive momentum and, thus, the collision energy stay
finite even at T' = 0. In the limit of a thermal gas,
T = T holds, while, for a degenerate one, we have
T = T Lig(—¢)/Liz(—¢) [40], where ¢ is the fugacity,
and Li; is the polylogarithm of order 1.

Figure 4 indicates the behavior of the K3 value as
a function of T for three different magnetic detunings
relative to the center of the 358-mG resonance.
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We first discuss the K3 behavior in the high-energy
regime (T > 3 pK). Here, the three curves decrease
in a similar manner, showing no dependence on the
magnetic field. Such a behavior reflects the unitar-
ity limit for the K3 coefficient, which was predicted
and observed in several resonantly interacting sys-
tems, fermionic and bosonic ones (e.g., [25,41-44]). A
non-degenerate atomic system enters the unitarity-
limited regime when the thermal de Broglie wave-
length Agqg = h+/27/(mkgT) becomes comparable to
a characteristic length associated with the resonance
at a given magnetic detuning?®. We attribute to the
competition between those two length scales the fact
that the larger the detuning, the higher is the tem-
perature at which the K3 value enters the unitary
regime. In this regime, the K3 value is expected to
scale as T—2 [23]:

124/372h5

s = e Ty

(2)
The prefactor ¢ relates to the efficiency of three col-
liding atoms forming a dimer and a free atom, and
is believed to be a non-universal (i.e., species-depen-
dent) quantity. A fit to our data, considering only the
points with T > 5 K, yields a value ¢ = 0.022(2).
In Ref. [26], the authors extracted a value ¢ = 0.09
for SLi. Those two results are about an order of
magnitude below what has been observed for Bose
gases, where values of ( = 0.9, 0.3, and 0.24 have
been derived for “Li [41], 3°K [42], and 154Dy [43],
respectively.

We now discuss the temperature-dependence of
K3 far below the unitarity-limited regime. Figure 4
demonstrates that even a very small magnetic reso-
nance detuning of a few mG can have a dramatic ef-
fect on the low-temperature behavior. The data taken
at 0 = 6.7mG (typical uncertainty 0.2 mG) show a
reduction of K3 from a maximum value of the order
of 10727 ¢cm® /s at T = 3.5 uK to a minimum of about
1073 em® /s at T' < 200 nK. Note that the minimum
value that we can observe is limited by one-body de-
cay (dashed line), so that the true suppression will be
even larger. A very similar behavior is observed closer

3 The length scale that characterizes the interaction is the
scattering length a for an s-wave resonance and by +/|Vp |keg
in the case of p-wave Feshbach resonances. Here, V), and
kest are the scattering volume and the effective range, res-
pectively.
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to the resonance at § = 2.6 mG. Here, a maximum K3
value of ~ 5 x 10727 cm® /s is found at T of the order
of 1 pK, which is reduced by three orders of magni-
tude at our lowest temperature T =~ 200 nK. The
main effect of the smaller detuning appears to be
a shift of the qualitatively similar behavior to lower
temperatures.

These observations on the low-temperature behav-
ior can be compared with recent experimental work
studying the three-body recombination on p-wave
Feshbach resonances in SLi [25, 26]. For the limit of
very low collision energies Fq1, a threshold law K3 o
o E2 ), as originally predicted in Ref. [23], has been
observed in Ref. [25] for a thermal (T/Tp > 1) Fermi
gas, where K3 oc T2. This observation of threshold-
law behavior required a relatively large resonance de-
tuning. In our case, with rather small detunings, the
threshold-law regime would require extremely low col-
lision energies. This regime, however, remains inac-
cessible in our present experiments because of two
limitations: The Fermi energy gives a lower limit to
the collision energy (T = Tg/4 at T = 0), and one-
body losses do not allow us to measure K3 values be-
low ~1073% c¢m®/s. However, beyond the threshold-
law regime, we observe the same steep increase with
temperature as seen in Ref. [25] for relatively large
magnetic detunings. The breakdown of the threshold
law has been interpreted [25] in terms of the effective
range of the resonance.

The case very close to the resonance (data points
for 6 = —1 mG in Fig. 4) reveals a different be-
havior. Here, we do not observe any loss suppres-
sion with decreasing temperature. The K3 value ap-
pears to level off at about 10726 ¢cm®/s. This, how-
ever, does not rule out the possibility of the loss
suppression at values of T that are even lower than
what we can realize experimentally in the deeply de-
generate situation. The single data point shown for
8 =0 at T ~ 75 nK corresponds to the loss maxi-
mum in Fig. 3, b. This measurement highlights that
three-body losses can be very strong on the top of
a resonance, suggesting no suppression at low tem-
peratures. A similar on-resonance behavior has been
observed in Refs. [21, 26], but, in contrast to our
work, these experiments were limited to the non-
degenerate case.

In the narrow detuning range of |§| < 1 mG, the in-
terpretation of our present results is impeded by the
sensitivity of the experiments to magnetic field noise
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Experimental parameters for the different sets of measurements:

geometrically averaged trap frequency &, atom number N, temperature T, Fermi
temperature Tr, reduced temperature T'/Tr, the function 3(x) according to Eq. (B4),

and the peak density 7. All quantities represent the initial values after preparation (at t = 0)

Figure /27, Hz N T, nK Tr, nK T/Tw B(T/Tr) 7, cm ™3
Fig. 1 100 5 x 104 70 320 0.21 0.616 4.8 x 1013
Fig. 2, a 58 1.22(4) x 10° 29(3) 250 0.12 0.84 3.1 x 1013
Fig. 2, b 120 4.3(1) x 10% 83(3) 367 0.23 0.59 5.7 x 1013
Fig. 2, c 380 1.53(3) x 10 | 358(8) 1.77 x 103 0.20 0.63 6 x 1014
Fig. 3, a 88 ~1.2 x 10° 64 379 0.17 0.72 6 x 1013
Fig. 3, b 118 ~4 x 10% 7 352 0.22 0.59 5 x 1013
Fig. 3, c 118 4—6x10* 77-88 352-403 0.22 0.59 5—6x 1013
Fig. 3, d 118 ~5 x 10* 106 379 0.28 0.46 5.2 x 1013
Fig. 5, a, stars 118 ~4 x 10% 7 352 0.22 0.59 5% 1013
Fig. 5, a, b, diamonds 157 4.5 -6 x10* | 86-126 487-536 0.16-0.26 | 0.50-0.74 | 0.78 —1 x 104
Fig. 5, b, squares 157 4—55x10* 88-187 468-520 0.17-0.4 0.26-0.71 0.6 —1 x 101

(see Sect. 2.2 and App. C). The on-resonance behav-
ior of the three-body recombination at ultralow col-
lision energies, which has also been subject to recent
theoretical investigations [45], thus remains a topic
for the future research.

4. Conclusions

In summary, we have carried out Feshbach spectro-
scopy on an optically trapped spin-polarized degener-
ate Fermi gas of '6!Dy atoms by measuring three-bo-
dy recombination losses. We have focused on the in-
terval of low magnetic fields up to 1 G, scanned with
a high resolution on the order of 1 mG. The ultra-
dense loss spectrum revealed a stunning complexity
with 44 resolved loss features, some of them showing
up in groups and other ones appearing as isolated in-
dividual features. We also observed low-loss plateaus,
which are typically a few 10 mG wide and which are
free of resonances. Here, very low three-body losses
facilitate the highly efficient evaporative cooling.

We have studied selected resonance features in
more details by measuring the three-body recombi-
nation rate coefficient K3 upon a variation of the
magnetic resonance detuning and the temperature. In
general, the observed behavior shows strong similari-
ties with recent observations on p-wave Feshbach res-
onances [25,26]. At higher temperatures (above a few
1K), we observed the unitarity limitation of reso-
nant three-body losses. At low temperatures in the
nanokelvin range, we observed a strong suppression of

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 5

losses with decreasing temperature, provided a small
detuning of just a few mG is applied. Right on the
top of the resonance, however, three-body losses re-
main very strong even at the lowest temperatures we
can realize.

Our work shows that, in experiments employing
fermionic 19'Dy gases, a special attention must be
payed to choosing and controlling the magnetic field
in a way to avoid detrimental effects of three-body re-
combination losses. For our specific applications tar-
geting at strongly interacting fermion mixtures of
161Dy and 4°K [10], those magnetic-field regions are
of particular interest, where one can combine near-
resonant interspecies Dy—K interaction with low-loss
regions of Dy.

We acknowledge support by the Austrian Sci-
ence Fund (FWF) within Projects No. P32153-N36
and P34104-N, and within the Doktoratskolleg ALM
(W1259-N27). We further acknowledge a Marie Sklo-
dowska Curie fellowship awarded to J.H.H. by the
European Union (project SIMIS, Grant Agreement
No. 894429). We thank the members of the ultracold
atom groups in Innsbruck for many stimulating dis-
cussions and for sharing technological know how.

APPENDIX A.
Summary of the initial experimental conditions

In the Table, we report the experimental conditions under
which the measurements reported in Figs. 1, 2, 3 and 5 have
been carried out. For the measurement in Fig. 4, where the
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Fig. 5. Effect of magnetic field broadening. The K3 value is plotted versus the magnetic field, in the region around 358 mG.
Effect of the magnetic field gradient used for levitating Dy (a). Effect of a sinusoidal magnetic field modulation, with a frequency

of 600 Hz and an peak-to-peak amplitude of 8 mG (b)

value of K3 as a function of the T is reported, the different
temperatures have been achieved by interrupting the evapora-
tion in a controlled way. This unavoidably has led to initial ex-
perimental conditions which vary over a wide range. The initial
atom number ranges from 5 x 10* to 10%. The coldest samples
have T/Tr ~ 0.18 and peak densities 7 ~ 10'* cm™3.

APPENDIX B.
Extraction of the loss-rate coefficient

Here we summarize our method to extract values for the three-
body rate coefficient K3 from the decay curves. Basically the
same procedures have been applied in Ref. [10].

The particles that are more likely to collide and leave the
trap are the ones in the center of the trap, with highest density
and lowest potential energy. Therefore losses are accompanied
by heating of the cloud, which is known as antievaporation
heating in the thermal case [46] or hole heating in the case of a
degenerate Fermi gas [47]. As a consequence the shape of the
density distribution n(r,t) changes with time. Taking a time-
dependent temperature T'(¢) into account, Eq. (1) leads to a
set of coupled differential equations (see for instance [46]). We
circumvent this complication by focusing on the initial decay
rate 1/7 = —N(0)/N(0), where N(0) = No and N(0) represent
the atomic number and its time derivative, respectively, both
at ¢ = 0. For the initial decay and thus the decay time 7 only
the initial number density distribution no(r) = n(r,t = 0) is
relevant.

Neglecting one-body losses and considering only the initial
part of the decay, Eq. (1) leads to

N(TO) (/d3rn8(r))7l.

K3 = (B1)

3
342

For the limit of a thermal (Gaussian) distribution [46], the
integration results in

T3 (27kg\®
K3 = /30 (”B).

TNZ \ m@?

(B2)

Here /i is the reduced Planck constant, kg is the Boltzmann
constant, m is the atomic mass, and Tp is the initial temper-
ature of the sample. For the number density distribution of a
degenerate Fermi gas, we find

3t 1 (h )3 1
Ky="— (L) ——
4 7No \m&/) B(To/Tr)
The function B(T/Tr) is defined as the three-body integral
of a finite-temperature Fermi gas normalized to the zero-

(B3)

temperature case:
[ d3rnd(r)
J d3rndg(r)’

where n(r) describes the density profiles of non-interacting
fermion systems at finite temperature, and nrp(r) refers to
the Thomas—Fermi profile at 7' = 0. By numerical integration,
we find that the function can be well approximated numeri-
cally for x = T/Tp < 1 by B(z) ~ (1 + 12.7522 + 31.052* —
—8.46x6)~1.

In order to obtain the initial decay rate, we fit the decay
curve with

N(t) =

B(T/Tr) (B4)

No
Y1+ (a— 1)t/7

which is the solution of the differential equation N/Np =
= —771(N/Np)® for decay by few-body process of order a.

(B5)
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This heuristic model allows us to access the initial time decay
7 without making an assumption on the true order of the loss
process. The fit parameter o absorbs the order n of the re-
combination process together with effects from heating. The
initial atom number Ng is also derived from the fit, whereas
the initial temperature Ty is measured separately. The value
of K3 is finally obtained from Eq. (B2) or Eq. (B3).

APPENDIX C.
Broadening effects

When dealing with a dense Feshbach spectrum of narrow res-
onances, it is important to understand and possibly eliminate
potential broadening effects. In our system, we identify two
sources of broadening: magnetic levitation and magnetic field
noise.
quencies leads to a trapping potential not deep enough to hold
atoms against gravity, magnetic field levitation is often used to
cancel (or reduce) the gravitational sag [48]. However, the pres-
ence of a magnetic field gradient introduces an inhomogeneity
of the magnetic field along the vertical extent of the cloud. As-
suming full levitation for dysprosium (9.B = 2.83 G/cm) and
a typical Thomas—Fermi radius ~10 pm, our atomic sample is
subjected to a magnetic-field variation of ~6 mG over the trap
volume. In Fig. 5, a, we demonstrate the effect of levitation
broadening on the K3 coefficient. We work at the 358-mG res-
onance. If no gradient is applied, we can resolve a double-peak
structure. The two features have a full width of about 2 mG,
with peak values of 6(3) x 10727 and 1.5(4) x 10725 cmf/s,
respectively. The presence of the magnetic field gradient re-
duces the resolution and the two peaks almost merge into a
single feature 7.7-mG wide. We can still distinguish two lo-
cal maxima, whose values are reduced with respect to the no-
levitation case. In view of this broadening effect, we decided to
carry out all measurements reported in the main text without
magnetic levitation. To achieve low enough trap frequencies in
the shallow trap where the atoms are transferred at the end of
the evaporation, we employ the second ODT stage with an in-
creased waist of the horizontal trapping beam, as mentioned in
Sect. 2.1. Such a trap geometry allows us to reach low trapping
frequencies without too much sacrificing the trap depth.

In experiments where a decrease of the trapping fre-

In another set of measurements, we investigate the effect of
magnetic field fluctuations. We artificially introduce noise into
the system by adding a sinusoidal magnetic field modulation
to the bias field. We chose a modulation frequency of 600 Hz,
i.e. faster than the trap frequencies, but still slow enough to
avoid technical complications. We then measure decay curves
for different modulation strengths and magnetic field detun-
ings. In Fig. 5, b we report the obtained K3 values versus
magnetic field detunings for 10-mG peak to peak modulation.
As a reference, we plot the K3 profile measured in the absence
of artificial noise. The modulation results in a broadening of
the feature and consequent loss of field resolution. The peak
value decreases and the curve flattens off.

Regardless of the source of broadening, a magnetic-field in-
homogeneity (in time and space) has an averaging effect on

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 5

the K3 coefficient, and leads to a broadening and weaken-
ing of the narrow loss features characterizing the dysprosium
Feshbach spectrum.
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PE3OHAHCHU ®EIIBAXA
YV CJIABKOMY IIOJII TA TPUYACTUHKOBI BTPATU
Y ®EPMIOHHOMY KBAHTOBOMY T'A3I I3 161Dy

3a gomomororo crekTpockoril Pembaxa 3 BHCOKOK DPO3JIijIb-
HOIO 3J@THICTIO JOCIIi/I?KEHO BUPOJZKEHUN MOJISIPU30BAHUI 3a
crinom depwmi-raz iz aromis 161 Dy Ta Bumipsino BrpaTn Ha Tpu-
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YaCTHHKOBY PEKOMOIHAIIO B CIabKUX MarHiTHuX mnojsx. Jlis
noJist 6t 1 I'c 3naitmeno 44 pesonancHi ocobimBocTi. Takoxk
CIIOCTEPIraloThCs IJIATO 3 JyKe HU3bKUMU BrpaTamu. s go-
TUPbOX THUIIOBUX PE30HAHCIB BHBYEHO 3aJIEXKHICTH KOedilieH-
Ta MIBUAKOCTI TPUYIACTHHKOBOI peKOMbIHAIi! Bl po3iIasyBaHHsT
pe3oHaHCa 3MIHOIO MArHITHOroO moJid i Big Temmneparypu. Cro-
CcTepirajiocsi 3Ha4YHEe 3MEHIIEHHS BTPAT 31 3MEHIIEHHSM TEM-
epaTypu BrKe [P MaJiuX BiIXujieHHsIX Bif pesonancy. Omuc
CKJIaJHOI TOBEJiHKN TPUYACTUHKOBUX BTPAT B (hbepMiOHHOMY
161Dy € BasKIMBUM IS HOr0 HOJAJIBIIONO BUKOPICTAHHS B J0-
CJIPDKEHHSIX aTOMHUX KBAaHTOBUX TIa3iB.

Katwvwoei caoea: ynprpaxosiofHi ¢epwmi-ra3m, pesoHaHcu
®Dembaxa, TPUIACTUHKOBA PEKOMOIHAILiS.
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