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Broad universal Feshbach resonances in the chaotic spectrum of dysprosium atoms
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We report on the observation of weakly bound dimers of bosonic dysprosium with a strong universal s-wave
halo character, associated with broad magnetic Feshbach resonances. These states surprisingly decouple from
the chaotic background of narrow resonances, persisting across many such narrow resonances. In addition they
show the highest reported magnetic moment ;& >~ 20u of any ultracold molecule. We analyze our findings using
a coupled-channel theory taking into account the short range van der Waals interaction and a correction due to
the strong dipole moment of dysprosium. We are able to extract the scattering length as a function of magnetic
field associated with these resonances and obtain a background scattering length a,, = 91(16) ag. These results
offer prospects of a tunability of the interactions in dysprosium, which we illustrate by observing the saturation

of three-body losses.
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Magnetic Feshbach resonances have emerged as an
essential tool for engineering interactions in atomic and
molecular physics [1]. On the one hand they have been used to
study genuine many-body systems in quantum gases, such as
ultracold fermions in the Bose-Einstein condensate (BEC) to
BCS crossover [2]. On the other hand they have allowed major
advances in few-body physics, through the study of the Efimov
effect [3], or the production of ground state molecules [4,5].
The continuous progress in cooling and control of atoms and
molecules now opens the door to the study of novel condensed-
matter systems using species with highly complex spectra.
However, the complexity of the tunable Feshbach resonance
spectrum of such species naturally raises the question as to
whether precise control of interactions will be possible while
avoiding harmful inelastic loss collisions. An illustration
of this is found in the heavy, submerged shell elements
dysprosium and erbium, both of which have been brought to
quantum degeneracy [6—9]. Their complex electronic structure
leads both to a large magnetic dipole moment and to a strong
anisotropy of the van der Waals interaction, which give rise in
turn to an extremely dense spectrum of very narrow Feshbach
resonances, characterized by a chaotic distribution [10,11].
In order to use such lanthanide species to study long-range
many-body interacting systems, it is essential to understand
and be able to control their collisional properties.

In this Rapid Communication we demonstrate that broad
Feshbach resonances actually exist for the lowest-lying state
of 164Dy, J =8, m; = —8. Furthermore, these resonances
decouple from the chaotic background and thus offer a broad
tunability of interactions that should be readily usable for few-
and many-body studies. We present Feshbach spectroscopy
measurements up to a magnetic field of 600 G. This spec-
troscopy reveals loss features with widths of the order of
several gauss. Magnetic field modulation spectroscopy allows
us to measure the binding energy of weakly bound dimers.
In two cases we identify a bound state that has a persistent
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universal s-wave halo character over several gauss despite
crossing with a large number of other bound states.

To study Feshbach resonances we prepare ultracold samples
of %Dy atoms in their lowest Zeeman sublevel m; = —8,
with a magnetic moment p, = 9.93up where ug is the
Bohr magneton; the details of our preparation methods are
presented in [11,12]. The magnetic field was calibrated via
radio-frequency spectroscopy between the two lowest Zeeman
sublevels of '®*Dy. Feshbach spectroscopy is performed by
ramping up a magnetic offset field in 15 ms to the desired target
value in the range from 60 to 600 G. Typical samples contain
10° atoms at a temperature of 2.4 uK (see Supplemental
Material [13] for details). The atoms are held for a wait time
(2 s in Fig. 1) in a constant optical dipole trap where they
undergo inelastic collisions inducing losses. Figure 1 shows the
final atom number measured after a time of flight as a function
of magnetic field with a resolution of 100 mG, mapping the
Feshbach resonance spectrum. In this spectrum, an irregular
pattern of several broad features appears on top of the sea of
narrow resonances. Among them we identify, in particular, two
distinct broad loss features located near 80 and 180 G. In the
following, we focus on these two features. A magnetic field
scan with fine resolution (20 mG) over these two resonances
shows that inside the broad features, the dense background of
narrow resonances remain (see Fig. 2, and [13]).

It is usually accepted that broad features in atom-loss
spectra correspond to single broad resonances [14—17]. How-
ever, in the chaotic Feshbach spectrum of lanthanides, this
correspondence is not straightforward, and the large number
of interaction potentials prevents so far the association of a
loss resonance to a particular bound state, except in a few
cases at very low magnetic field as shown by Ref. [18]. To
circumvent this shortcoming, we measure the bound states
energy versus magnetic field using the standard technique of
molecular association by magnetic field modulation [19,20].
We implement this spectroscopy on thermal clouds at a
temperature 7 with 400 nK < 7 < 700 nK, and focus on
the regions B € [55 G,75 G], and B € [160 G,180 G]. The
magnetic field is modulated around its bias value B at radio
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FIG. 1. (Color online) Atom-loss spectroscopy at a temperature of 2.4 uK mapping the Feshbach spectrum of "Dy in J =8, m;, = —8
with 100 mG resolution. The atom number is normalized to a reference number N, taken at low field every 30 images.

frequencies during a time between 100 and 500 ms and with a
modulation amplitude lying between 100 and 500 mG.

With this spectroscopy we are able to observe the states
responsible for narrow resonances, but we also observe an
isolated loss resonance with typical FWHM <30 kHz. This
feature appears only on the low-field side of the two broad
features at B ~ 80 G and B ~ 180 G and we associate it with
weakly bound dimers with slowly varying binding energy E},.
We extract Ey(B) [13] and plot it in red dots in Fig. 2(b). We
put this in perspective with high-resolution atom-loss scans
(a). In both cases we observe a very slow variation of E}, with
magnetic field (<1 MHz over 10 G). This implies that these
molecules have a magnetic moment pu very close to that of
two free atoms, @ = 2y — % ~ 20ug. This value is the
highest reported for a magnetic dipole [18]. Furthermore, we
observe a a quadratic behavior for E,(B) over several gauss,
which reveals a coupling of the bound state with the two-atom

continuum, conventionally termed the open channel [1]. This
constitutes strong evidence that the observed bound state is in
both cases the s-wave halo state that is found in the vicinity
of Feshbach resonances. It is striking that this strong open
channel character is found over a broad field range, despite the
crossing of this state with many other bound states which are
responsible for the narrow resonances dense background. In
fact, near the lower resonance we observe signatures of avoided
crossings with other bound states, visible in Fig. 2, which
correlate with narrow resonances in the atom-loss spectrum.
We now provide a theoretical basis supporting the existence
of such halo states. We base the theoretical analysis (detailed
in [13]) of these observations on the dipole-modified s-wave
scattering model in which a strong, open-channel-dominated
resonance overlaps with many weak, narrow resonances. Our
observations provide clear evidence that the effect of such a
broad resonance persists across many narrow features and that
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FIG. 2. (Color online) Broad Feshbach resonances of '*Dy. (a) Atom-loss spectroscopy at 7 = 500 nK with a resolution of 20 mG.
This spectrum shows one broad feature overlapping with many narrow resonances. (b) Binding energy of weakly bound dimers measured
by magnetic field modulation spectroscopy (red circles). The solid (dashed) lines are obtained by fits of our data to the coupled-channel
calculations (universal expression); from these fits we extract ap; A (Table I). (c) The red circles are obtained by converting the Ey(B) data
using the coupled-channel calculations for a(E}). The sold lines are a fit to this data using Eq. (1). The dashed lines are the scattering length
resulting from the fit of E,(B) by the universal expression assuming a,, = 91ay (see main text).
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TABLE I. Resonance parameters obtained from fitting the bind-
ing energy data to the universal formula (2) and to numerical coupled
channels calculation.

Universal Universal Numerical Numerical
B() ClbgA CcC B() CcC abgA
76.9(5) G 2810(100) G ay 76.8(5) G 2700(100) G aq
178.8(6) G 2150(150) G ay 179.1(6) G 2540(110) G ay

away from narrow poles the scattering length a takes the usual
expression

B) = 1 A 1
a( )—abg< —B_BO), (1)

where By is the resonance pole, A its width, and ap,
the background scattering length. Furthermore, in the pole
vicinity, binding energies E, < 1 MHz are well approximated
by the universal expression
2
Ey= - @)
ma
with m the mass of a dysprosium atom and 7 Planck’s constant.

In our theoretical model we account for slight deviations
from the universal relation (2) that result from the form of
the long-range interaction potential which contains a typical
van der Waals —Cg/r% term and a contribution from dipole-
dipole interactions which for the s wave has oc1/r* character
[21]. We construct a two-channel model with short-range
coupling to a ramping bound state in the closed channel. The
model parameters are ayg, By, the magnetic moment difference
between channel states § i, and the dimensionless pole strength
Sres € Apg ASp [1,13]. In general, large sy, values indicate
open-channel-dominated resonances with highly universal
behavior.

We use this coupled-channel (CC) model to describe the
observed data. We found out that, as expected, the observed
resonances have a high s.s. The data allows us to extract
only a lower bound s,s = 10 and we cannot obtain §u either.
Rather, we can only extract the product a,, A. We obtain ap, A
by a direct fit to our Ey(B) data [13], the result of which is
represented in Fig. 2(b) as a solid line. Second, we calculate
the binding energy dependence on the scattering length Ey,(a)
assuming that ap, is close to 100 ag, which will be justified
below. We use it to translate the experimental binding energies
to scattering lengths ([red circles in Fig. 2(c)]. Comparing the
result to (1) also allows then to extract apg A. As expected these
two methods agree, with a fit result given in Table I. In addition,
we also simply fit our E,(B) data by the universal quadratic
dependence [E, = —(B — By)*/(angA)?] in the vicinity of
the pole (B > 66 G and B > 173 G for the two resonances,
respectively), with a fit result shown by the dashed line in
Fig. 2(b) and in Table I. The coupled-channel theory and
the universal fit are in close agreement with each other for
the lower-field resonance and in reasonable agreement for the
higher-field one. We assume ap, = 91ao (as justified below) to
calculate a(B) from the value of ap, A given by the universal
fit, in close agreement with the CC results. Our measure of a is
valid when the magnetic field is tuned away from the narrow
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resonances as is visible in Fig. 2(c) (see also [13] for a close
Zoom).

The Ey(B) data displays a quadratic field dependence well
beyond the pole vicinity. This indicates that the observed broad
resonances have decisive impact on the scattering properties
over a large magnetic field region, although multiple couplings
to other states can be found in the data. The investigation of
the coupling between the halo state and other bound states will
be the topic of future research.

Furthermore, we observe several indications that the broad
resonance provides a background scattering length for the
narrow resonances (see [13]) that indeed crosses zero on
the high-field side of the 76.9 G resonance. For nonmagnetic
atoms, a vanishing a results in an absence of elastic collisions
at low temperature, rendering evaporation ineffective [22]. As
a consequence, the final atom number and temperature after a
given wait time are maximal. In the present case of Dy, though
a vanishes, the dipolar interaction still induces collisions
characterized by the dipolar length D = muopu2 /8wh?> =
196 ap and the collisional cross section ogjp = 32n D?/45
[21,23]. Nonetheless, when a = 0, the cross section and then
thermalization is minimal. This leads to a slower evaporation,
characterized by a maximum in the background (in-between
narrow resonances) atom number and temperature after a
holding time in a constant trap. We do observe a maximum
in these two observables, located for the atom number at
Byax. v = 109(5) G and for temperature at Byax,7 = 107(5) G
(see [13] for a detailed figure). We join this observation with
a second analysis, where we make use of the asymmetric
line shape of the narrow resonances. Indeed for a narrow
resonance, the sign of its “local” background scattering length
dpg [13,24] influences the symmetry of its line shape in
the atom-loss spectrum. If dpg > 0 (dpg < 0) the local zero
crossing attached to this resonance is on the high- (low-) field
side of its pole, and the three-body loss spectrum is expected
to show a minimum near such zero crossing. Most of the
resonances we observe are too narrow to asses the symmetry
of their line shape given our resolution; however, we can
still observe several resonances at different fields, and they
show that below the 76.9 G resonance, dng > 0. For higher
fields we observe dy, < 0, up to a field of about 109 G where
we actually observe a broad enough resonance, with a very
symmetric line shape, corresponding to dys close to zero
(see [13] for spectra). This joint analysis shows that there is
an overall “background” scattering length that reaches zero
at a field B = 108(5) G. Assuming that the broad s-wave
halo resonance continues to provide the local B-dependent
background to the narrow resonances [24], the universal model
(1) then implies a width A =3(6) G and ap, = 91(15) ag
for this resonance, justifying the assumptions made above.
This value is also in agreement with the rethermalization
measurements of Ref. [25] performed at low fields. While
the data suggests the persistence of such strong s-wave halo
influence across a set of narrow resonances consistently with
[24], continuing experimental and theoretical work is needed
to explore this effect.

We have characterized two Feshbach resonances with
Sres > 1; we thus expect to observe effects characteristic for
broad resonances. We now show evidence that our observations
of atom losses in the vicinity of the poles are indeed
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FIG. 3. (Color online) Atom loss spectroscopy for different ex-
perimental starting conditions and wait times. Final atom number
N normalized to the initial one Ny as a function of mag-
netic field, with a resolution of 100 mG. Green: initial tempera-
ture, Ty = 2.4 uK; initial density: ny = 6.1(2.0) x 10" cm™3, wait
time ¢ = 2s; blue: Ty, = 0.5 uK, ng =3.7(1.3) x 10? cm™3, t =
500 ms; red: Ty = 0.3 uK, ny = 4.6(1.6) x 10> cm~3 ¢ = 300 ms.
The temperature dependence of the saturation is well reproduced
by the model of universal loss dynamics of unitary Bose gases of
Ref. [28] (solid horizontal lines). The shaded regions represent the
uncertainty on the results of the model given a one-standard deviation
on all experimental parameters entering the model (temperature, atom
number, trap frequency, and depth).

compatible with universal loss dynamics found at the center
of broad resonances. For this we study atom losses at different
temperatures. We observe that approaching the poles, the final
atom number reaches a minimum that is the same on the
two broad resonances. Furthermore, at lower temperature, the
saturation is reached in a narrower field region and at a lower
level despite a smaller central density in the initial conditions,
Fig. 3.

The temperature dependence of three-body losses of Bose
gases is known in the unitary regime where a/Agg > 1, with
Agp the thermal de Broglie wavelength. For a unitary Bose
gas, the three-body loss parameter L3 takes a 1/ T2 behavior:

L; = Z—i 3643 nz% [26,27]. The elasticity parameter 7,
characterizes the efficiency with which three atoms in contact
recombine to a dimer and a free atom.

We compare our findings with the loss dynamics model
developed in [28], which predicts the final atom number
taking into account two-body evaporation and three-body
recombination. This model requires the knowledge of the trap
depth, frequencies and initial atom number and temperature.

These observables are calibrated (see [13]), and the only

RAPID COMMUNICATIONS

PHYSICAL REVIEW A 92, 060702(R) (2015)

unknown parameter of this model is 7n,. We then compare
this model with a fixed 7, to the three data sets represented
in Fig. 3. Within experimental uncertainties, we find that this
model well reproduces our final atom number at resonance for
a fixed n, that we find to be

e = 0.07700 1. 3)

This value is close to the lowest reported values for alkali-
metal atoms [29-34] and implies lifetimes comparable to
these species in the unitary regime. Having this experimental
information is valuable since no theoretical prediction is
available. We observe that 7, is identical for our two broad
resonances. A systematic study of L3(7T) at resonance would
yield a more precise measure.

In conclusion, it is remarkable that despite an apparent
chaotic distribution of Feshbach resonances, isolated states can
decouple from this background and lead to a simple descrip-
tion. This emergence of structure from a chaotic background
is a generic feature of quantum-chaotic systems [35], with the
emergent states associated with classical quasiperiodic trajec-
tories in phase space [36]. Further work is needed to understand
the origin of our broad resonances. However, the simple
universal description provided here is sufficient to predict how
to control dipolar gases in an understood way [37]. Between
narrow resonances we obtain pure BECs with up to 25 x 103
atoms with long lifetimes (>1s). The scattering length
obtained in this work can thus be confirmed with precision by
the measurement of the density distribution of Bose-Einstein
condensates. Such measurements are ongoing with our setup.
This opens prospects of studying the few-body physics of
bosonic dipoles; for instance, the energy of Efimov states is
thought to be impacted by the dipole-dipole interaction [38].
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