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Mixtures of ultracold gases with long-range interactions are expected to open new avenues in the study
of quantum matter. Natural candidates for this research are spin mixtures of atomic species with large
magnetic moments. However, the lifetime of such assemblies can be strongly affected by the dipolar
relaxation that occurs in spin-flip collisions. Here we present experimental results for a mixture composed
of the two lowest Zeeman states of '9’Dy atoms, that act as dark states with respect to a light-induced
quadratic Zeeman effect. We show that, due to an interference phenomenon, the rate for such inelastic
processes is dramatically reduced with respect to the Wigner threshold law. Additionally, we determine the
scattering lengths characterizing the s-wave interaction between these states, providing all necessary data to
predict the miscibility range of the mixture, depending on its dimensionality.
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In the last decade, long-range interactions have become a
central focus for quantum simulation [1-4]. From arrays of
Rydberg atoms trapped in optical tweezers to the first
observation of a dipolar molecular Bose-Einstein conden-
sate (BEC) [5], a plethora of exciting new platforms are
emerging. In this context, the manipulation of magnetic
dipolar species such as erbium (Er) and dysprosium (Dy)
has been particularly stimulating. This includes the obser-
vation of the roton instability [6], the control of infinite-
range interactions in the synthetic dimension of dysprosium
atoms [7], and the observation of supersolidity [8—15].

The possibility to create mixtures of dipolar gases opens
a new route for studying the interplay between magnetic
interactions, quantum fluctuations, and thermal effects. In
these systems, a new interaction length scale arises due to
interspecies interactions, similar to what is observed in
alkali species that has led, for instance, to the observation of
quantum liquid droplets [16,17]. Such mixtures are poised
to exhibit a rich, as-yet-unexplored phase diagram [18],
with the emergence of self-bound droplets [19] and spin-
textured supersolids with multiple density-dependent spa-
tial configurations [18-22]. Notably, binary dipolar Bose
gases present a supersolid phase whose robustness is
independent of quantum fluctuation effects, thus extending
the parameter range, in terms of atom number, over which
the supersolid clusters are stabilized [23-25].

The simultaneous manipulation of ultracold samples of
erbium and dysprosium [26] holds promise for probing this
rich physics, albeit at the cost of increased experimental
complexity. A simpler alternative is the manipulation of
dipolar spin mixtures [27-32]. However, the study of these
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mixtures has been hampered by two main factors. First, the
large magnetic moment usually results in rapid dipolar
relaxation processes for all Zeeman sublevels except the
lowest energy one, rendering these systems intrinsically
unstable [33—-35]. Second, the apparently chaotic nature of
the pairwise interactions in erbium and dysprosium, pri-
marily due to their large anisotropic van der Waals
coefficients [36-38], complicates the prediction of inter-
action sweet spots that would allow the exploration of
different miscibility regimes in these mixtures. To date,
only the interaction properties of the lowest-energy sub-
level, for both erbium and dysprosium, have been charac-
terized [39-45]. Efforts have been made to mitigate these
factors, either through the preparation in a low magnetic
field environment [46] or strong confinement in deep
optical lattices [47].

In this Letter, we introduce a novel binary dipolar
quantum gas composed of particles in the Zeeman sublevels
|J =8,m; =—8) and |J = 8, m; = —7) of Dy (simply
labeled hereafter as | —8) and |—7)). We identify a
magnetic field “sweet spot” where dipolar relaxation is
suppressed by 2 orders of magnitude compared to the
Wigner threshold law [48]. Combining our experimental
results with a theoretical model of atomic interactions
in this regime, and through the analysis of the BEC size
scaling with atom number after time-of-flight (TOF)
expansion, we determine the intraspecies scattering length
a;; = 110(10)ay and the interspecies scattering length
a3 = 40(20)ay, where a, denotes the Bohr radius. These
values, in combination with the already known agg = 1404,
[40,41] allow one to predict the stability diagram for the 7-8
mixture. Additionally, near this optimal magnetic field, we
observe spin-dependent Feshbach resonances. These
resonances provide precise control over the scattering
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FIG. 1. Schematic representation of the experimental protocol.

Top panels: two horizontal laser beams (Raman 1 and Raman 2)
induce a Raman transition between nearest Zeeman sublevels.
The vertical laser beam induces a spin-dependent light shift,
allowing us to selectively couple the two lowest-energy Zeeman
sublevels. Orange line represents the energy of | —6) in the
absence of the light-induced quadratic Zeeman effect. Bottom
panel: absorption images of Bose-Einstein condensates in differ-
ent internal states, captured after time-of-flight (TOF) expansion
in the presence of a magnetic field gradient. The rightmost
absorption image corresponds to a BEC preparation in | — 7) with
purity > 95%. Dashed lines serve as guides to the eye for the
spatial position of atoms in states | — 8), | —7), and | — 6).

lengths [49], enabling the exploration of miscible-immis-
cible phases in binary dipolar condensates [25,50-52].

We first use an ultracold, but noncondensed, sample of
162Dy, The temperature 7 =250 nK is chosen to
be high enough to avoid possible demixing effects.
The gas is confined in an infrared, far-detuned, crossed
dipole trap with angular frequencies {w,,®,, ®.} =
27 x {38,212, 172} Hz. The samples are initially prepared
in the lowest Zeeman sublevel | — 8), in the presence of a
magnetic field bias B = BZ, and contain ~10° atoms (see
Ref. [45] for details). Taking advantage of the nonzero
tensorial part of the polarizability, we create a spin-
dependent light shift via a laser beam (see Fig. 1), with
radius at 1/e? of 100 um, propagating along the Z direction,
with ¢~ -polarization, blue detuned by A = 2z x 2.5 GHz
from the J' = J — 1 optical transition at A = 530.305 nm
[53,54] (see also [55]). As a result, in the ground-state
manifold, the energy of the different Zeeman sublevels is
given up to a constant by

E(my) = am; +y(m; +7)(m; +8), (1)

where a = g;ugB is the Zeeman energy shift, g; the Landé
factor, and ug the Bohr magneton. We typically work with

an optical power of 200 mW such that y/h =~ 30 kHz. The
chosen polarization ensures that the two lowest-energy
Zeeman states | — 7) and | — 8) are uncoupled to the excited
manifold, defining them as “dark states.”

This nonlinear energy shift enables precise mani-
pulation of the atomic sample between the | — 8) and | — 7)
states. For this purpose, we use a two-photon Raman
process facilitated by two copropagating laser beams
with linear and orthogonal polarizations, detuned from
the 626.1 nm atomic transition [56,57], with Rabi
frequency Qp ~ 27 x 23 kHz. By performing a Rabi
oscillation with adjustable duration, we can prepare either
quasipure samples in | —7) or spin mixtures with adjust-
able amplitudes [28,31]. In Fig. 1, we present examples of
absorption images of Bose-Einstein condensates (BECs) in
different internal states, captured after time-of-flight in the
presence of a magnetic field gradient.

Dipolar relaxation is the primary limitation in manipu-
lating spin mixtures of strongly dipolar atomic gases. It is
particularly pronounced in dysprosium due to its large
magnetic moment [4]. At nonzero magnetic fields, only the
state | — 8), which is the lowest-energy Zeeman sublevel, is
protected against dipolar relaxation; particles occupying
any other internal state will eventually relax towards | — 8).
Let us consider the simplest relaxation process, where two
particles collide, one in the internal state | —8) and the
other in | — 7). After collision, the particle initially in | — 7)
can spin-flip towards | — 8), a process which we schemati-
cally represent by [see Fig. 2(a)]

[=7)+|=8) =[-8 +[=-8). (2)

Because of momentum conservation, the two particles
equally share the released Zeeman energy in the center-
of-mass (c.m.) frame. For the magnetic fields used in this
work, the released energy is much larger than the trap
depth, resulting in the loss of both particles; for instance, at
B =1G, AE~kg x 80 pK, where kg is the Boltzmann
constant.

Experimentally, we probe this relaxation process by trans-
ferring a small fraction (< 5%) of the ultracold sample into
the internal state | — 7) and holding the sample for a specified
time. Subsequently, we measure the populations of both
internal states | — 7) and | — 8), extracting the two-body loss
rate ernix from the time evolution of the minority component
[see Fig. 2(a)]. We ensure that over the probed time, both the
population and temperature of the atomic sample in | — 8)
remain constant within 20%. As shown in Fig. 2(b), we
observe a non-monotonic evolution of LY with B over the
range of 0.4 to 6 G. Remarkably, at B ~ 2.5 G, the measured
loss rate is 2 orders of magnitude lower than the Wigner law
prediction, which scales with magnetic field as VB [33,35,48]
[brown straight line in Fig. 2(b)].

To explain this spectacular reduction, we first recall the
theoretical description, based on the Fermi golden rule
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FIG. 2. Dipolar relaxation. Time evolution of the atom number
in state |—7) for (a) minority component in |—7) (< 5%)
immersed in the majority component | —8) (blue pentagon
B =1.1 G, blue crossed circle B =2.0 G, and blue square
B = 4.5 G) and for (c) pure sample in | —7) (red crossed circle
B = 2.5 G, red pentagon B = 3 G and red square B = 4.77 G).
(b) Two-body loss rate as a function of B for the case of a
minority component in | — 7). The lines correspond to theoretical
predictions (see main text) for scattering length: a;3 = —20q,
(blue dotted line), a;3 = 20qa, (blue dash dot line), a;3 = 60aqy
(blue line) and a;3 = 1004, (dashed blue line). (d) Two-body loss
rate as a function of B for the case of a pure sample in | — 7). The
lines correspond to theoretical predictions for scattering length:
a,7 = —40a (red dotted line), a;; = 40a, (red dash dot line),
a;; = 120ay (red line), and a;; = 2004, (red dashed line). The

brown lines correspond to the Wigner law o« v/B.

(FGR) approach, of a dipolar relaxation process occurring
between two atoms a and b. This process is induced by the
dipolar interaction potential V44, which is proportional to
the scalar product of two rank-two tensor operators, J )
and U?, acting on the spin and orbital degrees of freedom
of the two-particle system, respectively [58,59]:

2
a
V== > (=" T (3)

m=-2

The rank-two tensor operator J2) = (J, ® J,)? is
formed from the two rank-one spin operators J, and J,.
The rank-two orbital operator is defined by
U? = (u @u)?, with u =r/r where r =r, —r, is the
relative position variable. We set a = (3/8)*hA%aqq/M,
where M is the atomic mass and agq = 129.2a, is the
so-called dipolar length [4], characterizing the strength of
the dipolar interaction.

A single spin-flip process, which is the only one
energetically allowed for the collision of Eq. (2), corre-
sponds to the term m = 1 in the sum of Eq. (3). This term
couples the initial s-wave scattering state y;(r) to a final

d-wave state y(r). The corresponding rate calculated
using FGR reads [60]

LI — g, [/ dr%){i(r))(f(r)]z, (4)

where f = 54zha3,/(5M), x; /7 stand for the (real) radial

parts of y;/; and k; = VMAE/h V/B, where AE is the
energy released in the spin flip process. In Eq. (4) the wave
functions y;,, are normalized such that in the absence of
interactions between a and b in input and output channels
and in the limit of a zero initial energy, we have y; = 1 and
x7(r) = ja(ksr), where j, is the second spherical Bessel
function of the first kind. We note that in this case, the
integral entering in Eq. (4) does not depend on ky, which

leads to the Wigner threshold law L™ « +/B.

Interactions in the input and output channels thus play a
key role to understand the spectacular reduction of the rate
L3 observed in the experiment. Because of van der Waals
and dipolar interactions, the wave functions y;//(r) have
several nodes in the region where V44 is significant. A
variation of the magnetic field B results in a shift of the
nodes of y, with respect to those of y; and the integral
entering Eq. (4) may thus vanish for a specific value of B
(see also [55]). Physically, this integral can be viewed as the
sum of the amplitudes of the paths y; — y, each path being
labeled by the position r at which the spin flip process takes
place. The situation for which the integral vanishes corre-
sponds to a globally destructive interference between all
these paths.

The full determination of the initial and final wave
functions y;/, is a complex problem since the dipole
interaction mixes all partial wave channels, leading to an
infinite set of coupled-channel Schrodinger equations
[36,61,62]. Here we adopt a semi-quantitative modeling
with only one channel for the initial (£ = 0) and for the
final (£ =2) states. For each channel, we write the
interaction potential V(r) = Ve (r) — Ce/1® + Vaa(r).
The first term is the centrifugal energy h>Z(£ + 1)/M7r?,
the second one corresponds to the van der Waals interaction
with Cg = 2003 Ehag [38], with E), being the Hartree
energy, and the third term represents the leading effect of
dipolar interaction at long distance. For the output channel,
we use Vyq(r) = —C3/r* with C3 = (6/7)h*aqq/ M, which
represents the angular average of Vg (r) for the considered
partial wave. For the input channel, this angular average
vanishes. We therefore consider the next-order term,
Vaa(r) = =Cy/r* with C, = (147/160)A*a3,/M. This
term results from second-order perturbation theory, con-
sidering the coupling between the input s-wave state and
the d-wave states of the same spin multiplicity, with their
splitting determined by the centrifugal energy [for details
see [63] and references therein]. Note that the dipolar
length a4y is comparable to the length scale associated with
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the van der Waals interaction Ry = (MCg/h*)'/* = 1564,
[64]. Our perturbative treatment of V44 holds for
r > agq = Rg. For smaller values of r, dipolar interactions
should be handled in a nonperturbative manner, but they are
small compared to van der Waals interactions and are
expected to play a lesser role.

We numerically compute y; and y; by imposing a hard-
core potential at short distances in the resolution of the
Schrodinger equation, such that the total number of bound
states equals the value 71 predicted in Ref. [65]. Quasi-
identical results are obtained for LT with a Lennard-Jones
potential with the same number of bound states, and also
when the number of bound states is varied by £10%.

The evolution of L™ with the magnetic field strongly
depends on the interstate scattering length a;5. As shown in
Fig. 2(b), we find good agreement with our experimental
data for a;3 = 20-60q,. Furthermore, our results effec-
tively exclude negative scattering length values or large
positive values, a3 = 100a, providing crucial information
for determining the stability and miscibility regime of these
samples. Note that our result does not verify a;3 = agg, as
one would expect for pure contact interactions [66].

We apply the same method to the case of pure | — 7)
samples. In this case, we fit the atom number evolution by
No/(1 + Lyiit), where 7 is the initial sample-averaged
density and N the initial atom number [see Fig. 2(c)]. As
shown in Fig. 2(d), we also observe a nonmonotonic

evolution of LEOI with B. In this case, there are two possible
final channels, |—7)+|—8) and |—8) +|—8), each
leading to a contribution analogous to Eq. (4). Therefore
we do not expect that there exists a B field for which the
total rate L, exactly cancels, which makes the determi-
nation of ay; by this method less accurate than for a-g.
Using the same methodology, generalized to the case of
losses resulting from the collision between two particles in
state | — 7) (see [55]), we extract the possible range for the
scattering length a;; = 40-120a,.

Interestingly, both loss rate minima are located at approx-
imately the same magnetic field, B = 2.5 G, and equal

to L% =0.26(25) pm’/s and L. = 0.9(2) pm’/s.
These values correspond to an almost two-order of magni-
tude reduction compared to the Wigner law. Furthermore, the
minimal value L‘ﬁﬁin is likely an overestimate, as it is derived
from long probing times, during which one-body losses may
contribute to the overall observed losses. At this magnetic
field, we also measure the two-body relaxation rate for a pure
BEC in | —7) and find L, ggc = 0.3(1) pm?/s, consistent
with the expected twofold reduction due to the decreased
two-body correlation function, at short range, for a BEC.
To confirm and improve on our determination of the
scattering length a;7, we prepare a quasi-pure BEC in the
internal state | — 7) and analyze its expansion when it is
released from the trap. The release occurs immediately after

the transfer from | — 8) to | — 7) and we record the atomic

N/103

FIG. 3. Determination of the scattering length from time-of-
flight expansion of a pure BEC in | —7) at a magnetic field
B =1.43 G. Area of the BEC, defined as the product of the
Thomas-Fermi radii extracted from inverted parabola fits to
absorption images, plotted as a function of atom number N in
the (a) x—y and (b) ¥—z planes, with X at a 70° angle from x and
perpendicular to z. The lines correspond to numerical simulations
for the BEC expansion, assuming scattering lengths of a;; =
110a, (solid line), a;; = 98a, (dashed line), and ay; = 122a,
(dot-dash line). The trapping frequencies are {,, y, .} = 2%
{100, 260,200} Hz.

density after a 13.1 ms TOF. Absorption imaging along two
orthogonal axes allows us to observe the cloud expansion in
all spatial directions. We show in Fig. 3 the variation of the
cloud sizes after TOF as function of the atom number. The
continuous lines show the prediction of a model based on
the Castin-Dum scaling equations [67], here generalized to
take into account dipolar interactions [68,69] (see also
[55]). The comparison between numerical and experimen-
tal results gives a;; = 110(10)ag, which is in agreement
with the value inferred from the two-body loss rate (Fig. 2).
As a sanity check, we repeated this experiment for a BEC
prepared in | —8) and obtained agg = 136(8)a,, which
agrees with published values [40,41]. Similarly we have
measured the scattering length ags = 92(10)ay (see [55]).
The determination of ay7, agg, and a;g allows us to draw
conclusions about the miscibility regime of this spin
mixture. In the absence of dipolar interactions, the scatter-
ing length values would indicate that a mixture with equal
populations in | —8) and | — 7) is miscible, as it satisfies
the inequality agga;; > a3s. However, the anisotropy of
dipole-dipole interactions makes this conclusion more
subtle. For a homogeneous 3D gas, we predict from the
measured values of the three scattering lengths that the
mixture is non miscible, because the head-to-tail arrange-
ment of dipoles favors spatial separation of the two spin
components [50]. In contrast, applying a strong confine-
ment along the dipole orientation should lead to miscible
mixtures [51]. Taking into account the reported scattering
length values and our trap frequencies, it appears our
system already lies in the miscible regime [70].
Alternatively, changing one of the aforementioned scat-
tering lengths also gives access to different miscible
regimes. To explore this aspect, we have identified spin-
dependent Feshbach resonances near the dipolar relaxation
minimum at B~ 2.5 G. These resonances occur in a
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FIG. 4. Spin-dependent loss features following a 40 ms hold
time at the target magnetic field. (a) Population variation with
magnetic field for a pure BEC in | — 8). (b) Population variation
for a pure BEC in | — 7). (c) Population variation for the case of a
50-50 spin mixture in | — 8) (blue) and | — 7) (red). The vertical
lines represent the different spin-dependent Feshbach resonances.
The vertical black arrows point to the interspecies loss features.

magnetic field region where dipolar relaxation processes
are strongly suppressed (see [55]), ensuring the validity of
our approach for exploring new phases of matter. We show
in Fig. 4 the fraction of atoms remaining in the trap after a
hold time of 40 ms, taking as initial state a pure BEC with
adjustable fractions of | — 7) and | — 8). When all atoms are
in | —8) [Fig. 4(a)], we recover the known three loss
features described in Ref. [45] for this magnetic field range.
When all atoms are in | — 7) [Fig. 4(b)], we observe again
three loss resonances, located at magnetic fields that differ
from those for | — 8).

The case of a 50%-50% spin-mixture case reveals extra
features [Fig. 4(c)]. In addition to the resonances observed
for pure | —8) and | —7) BECs, we observe two new
features affecting both spin components. We interpret these
losses as three-body recombination processes resulting
from interspecies Feshbach resonances, involving two
particles in a given spin state and another particle in a
different spin state. We thus expect that the losses for the
two states in an initial 50-50 mixture are at most in a ratio
2:1, and reach equal values if the two processes 7 + 7 4 8
and 7 + 8 4 8 have equal probabilities. Here we find a ratio
1.5 and 0.8 between the losses for state | —8) and state
| —7) for the two resonances of Fig. 4(c) at 2.75 and 3.3 G,
respectively, which is compatible with the expected bound.
Interestingly, these two resonances are located at magnetic
fields equidistant from nearby intraspecies Feshbach res-
onances for | —7) and | — 8).

In conclusion, our study represents a significant
advancement in the preparation and stabilization of binary
dipolar gases. We have identified a magnetic field region
where two-body losses due to dipolar relaxation are
reduced by nearly 2 orders of magnitude compared to
the Wigner threshold law, making this system long-lived,

similarly to its fermionic counterpart [28,35]. This result
has allowed us to estimate both intra- and interspecies
scattering lengths using a model based on single-channel
scattering theory. A natural extension of our work is to
develop a multichannel approach [36,71] to improve the
accuracy of the determination of these scattering lengths
from the measured relaxation rates. The exceptionally low
two-body loss rate, observed near 2.5 G in a spin mixture of
| —7) and | —8), combined with the identification of
multiple inter- and intraspecies Feshbach resonances near
this magnetic field, opens the possibility of studying
various miscible regimes within this binary dipolar mixture.
This development paves the way for exploring new
quantum phases in dipolar gases.
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