
 

Realization of a Strongly Interacting Fermi Gas of Dipolar Atoms
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We realize a two-component dipolar Fermi gas with tunable interactions, using erbium atoms.
Employing a lattice-protection technique, we selectively prepare deeply degenerate mixtures of the
two lowest spin states and perform high-resolution Feshbach spectroscopy in an optical dipole trap. We
identify a comparatively broad Feshbach resonance and map the interspin scattering length in its vicinity.
The Fermi mixture shows a remarkable collisional stability in the strongly interacting regime, providing a
first step towards studies of superfluid pairing, crossing from Cooper pairs to bound molecules, in presence
of dipole-dipole interactions.
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The ability to prepare dipolar quantum gases of magnetic
atoms [1–6] has enabled fascinating, yet unexpected, obser-
vations, emerging from the long-range and anisotropic
character of the dipole-dipole interaction (DDI) among
particles. In bosonic systems with dominant DDI, this
includes d-wave-patterned collapse [7], droplet stabilization
[8–10], and roton quasiparticles [11]. With fermions, many-
bodydipolar phenomena have been investigated only in spin-
polarized systems. Here, the DDI competes with the Pauli
pressure, rendering dipolar effectsmuchmore subtle, as, e.g.,
their influence on the shape of the Fermi surface [12].
Magnetic atoms further realize high-spin systems; e.g.,

fermionic Er has 20 available spin states in the lowest
hyperfine manifold. In particular, bosonic dipolar spinor
gases have been investigated in remarkable experiments
with magnetic Cr atoms [13–16], whereas the fermionic
counterpart remains rather unexplored in the quantum
regime. Scattering experiments with fermionic Dy mixtures
slightly above quantum degeneracy showed a large colli-
sional stability against inelastic dipolar relaxation [17],
enabling, e.g., the production of long-lived spin-orbit-
coupled gases via Raman excitations [18].
As yet, the realization of a two-component dipolar Fermi

mixturewith tunable interactions has remained elusive. Such
a system can disclose fascinating phenomena, from aniso-
tropic quantum phases of matter, e.g., anisotropic Fermi
liquids and superfluid pairing [19,20], to dipolar magnetism
[21], but also extended Fermi-Hubbard models with off-site
interactions [22]. Fermionic Er and Dy are very promising
candidates for such studies, given their large magnetic
moment. However, the large density of Feshbach resonances
(FRs) even in spin-polarized gases [23–25] raises the
question of whether stable fermionic quantummixtures with
tunable interactions can be realized with lanthanides.
We here report on a powerful platform to produce a

two-component dipolar Fermi gas of pseudospin 1=2 and

demonstrate tunability of the interspin interactions. By
using highly magnetic 167Er atoms and a three-dimensional
(3D) optical lattice as a tool for spin preparation, we
perform high-resolution Feshbach spectroscopy and unam-
biguously identify the spin nature of the different FRs.
Among the resonances, we find a well-isolated and com-
paratively broad interspin FR and precisely measure the
interspin scattering length. Our Fermi mixture reveals a
remarkable collisional stability in the strongly interacting
regime.
Achieving a deterministic preparation of a spin-1=2

mixture and a precise control over the interspin interactions
in highly magnetic lanthanide atoms challenges experi-
mental schemes. Indeed, the enormous density of FRs can
cause collisional losses and severe heating, limiting the
production and preparation of deeply degenerate mixtures
at arbitrary magnetic fields (B), where hundreds of FRs
might need to be crossed (see, e.g., [18]). Moreover, state-
selective preparation of a spin-1=2 system typically
requires large B values for which the quadratic Zeeman
effect lifts the degeneracy on the Zeeman splitting among
consecutive sublevels [17,26].
For these reasons, we establish a technique for colli-

sional protection during the spin preparation (see Fig. 1). In
a nutshell, the key production steps are as follows. We
produce a spin-polarized degenerate Fermi gas (DFG) in an
optical dipole trap (ODT) at low B [1 in Fig. 1(a)] and load
the atoms into the lowest band of a deep 3D optical lattice,
which acts as a collisional shield [2 in Fig. 1(a)] [27,28].
We then sweep to high B for spin preparation and perform
radio-frequency (rf) transfer [3 in Fig. 1(a)], sweep to the
desired B, and eventually melt the lattice [4 in Fig. 1(a)].
Experimentally, we prepare a spin-polarized DFG of

167Er atoms in a crossed-beam ODT [5,29] [1 in Fig. 1(a)].
All fermions occupy the lowest Zeeman state j↓i≡ jF ¼
19=2; mF ¼ −19=2i of the ground-state manifold. Here,
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F is the total spin quantum number and mF its projection
along the quantization axis. A homogeneous magnetic field
of B ¼ 0.6 G is applied along the vertical z direction to
define the quantization axis and to maintain spin polariza-
tion. The sample typically contains N ¼ 2.4 × 104 atoms at
about T ¼ 0.25TF. Note that the ODT is shaped to optimize
single-band loading of the optical lattice and yields EF ¼
kB × TF ¼ kB × 170 nK ¼ h × 3.6 kHz (see Supplemental
Material [29]). Here, TF is the Fermi temperature, h is the
Planck constant, and kB is the Boltzmann constant.
In the next step, we transfer the spin-polarized DFG into

a 3D optical lattice [2 in Fig. 1(a)]. Our lattice has a cuboid
geometry with lattice spacings ðdx; dy; dzÞ ¼ ð266; 266;
532Þ nm along the three orthogonal directions [29,37].
In order to pin the atoms in a one-fermion-per-lattice-site
configuration (unit filling), we use large lattice depths of
about ðsx; sy; szÞ ¼ ð20; 20; 80Þ, where si with i ∈ fx; y; zg
is given in units of the respective recoil energies, ER;x;y ¼
h × 4.2 kHz and ER;z ¼ h × 1.05 kHz. After lattice load-
ing, we obtain a single-component fermionic band insulator
(BI) of about 2.2 × 104 j↓i atoms. By melting the lattice
and reloading the fermions into the ODT, we measure T ≲
0.3TF with N ¼ 2.1 × 104 (TF ≈ 160 nK) and extract a
heating rate in the lattice as low as _T ¼ 0.03 TF=s.
Our system is well described by a single-band extended

Fermi-Hubbard model [22] with residual tunneling rates of
Jx;y ¼ h × 10.5 Hz and Jz ¼ h × 0.001 Hz and nearest-
neighbor interactions on the order of h × 50 Hz [37]. We
confirm the single-band population by performing standard

band-mapping measurements [38]. In the horizontal (xy)
plane, we do not resolve higher-band occupation [see
Fig. 1(b) and Supplemental Material [29]). Along the z
axis, we detect a residual < 5% population in the first
excited band, resulting from the fact that EF > ER;z [39].
Because of the Pauli exclusion principle, doubly occupied
sites (doublons) in a single band are strictly forbidden for
identical particles (j↓i).
In the BI regime, the lattice is expected to provide a strong

collisional protection to the particles. As a first application,
we use the lattice-protection technique to realize a spinor
Fermi gas with pseudospin 1=2 (j↓i–j↑i), with j↑i≡ jF ¼
19=2; mF ¼ −17=2i [3 in Fig. 1(a)]. Experimentally, we
start with a j↓i BI atB ¼ 0.6 G and then rampB in 40 ms to
a value of about 40 G, for which the quadratic Zeeman effect
in 167Er is large enough to lift the degenerate coupling of the
individual spin levels [29]. After letting the field stabilize for
120ms, we use a standard rf-sweep technique to transfer part
of the atoms into the j↑i state. By tuning the rf power, we can
precisely control the population imbalance, δ ¼ ðN↓ − N↑Þ=
N, in the mixture, with N↓ (N↑) the number of atoms in j↓i
(j↑i). Figure 1(c) shows exemplary spin-resolved absorption
images of j↓i–j↑i mixtures for various δ after B is swept
back to low values. We typically record N ¼ N↓ þ N↑ ¼
1.8 × 104 and T ≈ 50 nK after melting the lattice down [4 in
Fig. 1(a)]. For comparison, similar measurements in absence
of the lattice clearly show a much lower atom number of
N ¼ 0.6 × 104, proving the strength of our lattice-protection
scheme to circumvent losses when cruising through the
ultradense Feshbach spectrum [18,23].
Figure 2 shows the high collisional stability of the lattice-

confined spin mixture. In particular, we probe N↓;↑ as a
function of the holding time in the lattice [see Fig. 2(a)].
From an exponential fit to the data, we extract long
lifetimes of τ↓ ¼ 31ð3Þ s and τ↑ ¼ 12.2ð7Þ s. The mea-
surements are carried out at B ¼ 3.99 G, where no FRs
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FIG. 1. Spin-1=2 dipolar fermions in a 3D optical lattice.
(a) Sketch of the four key stages of our preparation scheme;
see text. (b) Band population in the horizontal xy plane, obtained
by averaging 50 absorption images for a 12 ms time of flight
(TOF). The red arrows indicate the first Brillouin zone of the
lattice. (c) Spin-resolved band-mapping images after 9 ms of TOF
in the vertical zx̃ plane, where x̃ accounts for the angle between
the imaging beam and the y axis of the lattice, for population
imbalances δ ¼ 1 (left), 0.02 (middle), and −0.94 (right). The
images are averages of about 20 absorption pictures. The spin
states are separated along the z direction by a Stern-Gerlach
technique.
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FIG. 2. Spin mixture of dipolar 167Er in a 3D lattice. (a) Lifetime
measurements for spin-polarized samples of j↓i (squares) with
δ ¼ 1 and of j↑i (circles) with δ ¼ −0.92 at B ¼ 3.99 G and their
respective exponential decay (solid lines). (b) Lifetimes as a
function of δ. Constant fits extract mean lifetimes across δ of
τ̄↓ ¼ 29.9ð3Þ s and τ̄↑ ¼ 11.8ð7Þ s. All error bars indicate the
statistical uncertainty.
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occur (see Supplemental Material [29]). Interestingly,
within our error bars, we find no dependence of the lifetime
of each spin state on the population in the other state; they
remain long regardless of δ [see Fig. 2(b)].
We note that, although very long for our purpose, we

always record shorter lifetimes for a j↑i BI with respect to
the ones measured for a j↓i BI. Differently from the j↓i
case, two-body relaxation processes for j↑i are allowed. At
our magnetic fields, this process converts Zeeman energy
into a large enough kinetic energy to let the atoms escape
from the lattice [13,40] and requires the particles to collide
at short distance (on site) [17,41]. In the spin-polarized
cases (e.g., δ ¼ −1; j↑i), double occupancy necessarily
involves population in higher bands since the Pauli exclu-
sion principle forbids doublons in the lowest band. In our
system, a continuous transfer of a small fraction of atoms
into higher bands might be driven by intensity and
frequency noise of the lattice beams [28]. In the case of
j↑i, this would lead to subsequent fast relaxation and
justify the observed difference in the lifetimes.
With our spin-preparation method, we are now able to

conduct high-precision Feshbach spectroscopy in an ODT
[4 in Fig. 1(a)] in search of interspin loss features. For this,
we first prepare the spin-1=2 mixture in a deep lattice at
the desired B value. We then transfer the mixture back into
the ODT, hold the atoms for 500 ms, and finally measure
the spin populations. Figure 3 exemplifies the high-
precision Feshbach spectroscopy for three values of δwithin
a narrowmagnetic field range fromB ¼ 550 to 750mGwith
a resolution of 1 mG. A lower-resolution and larger-range
scan is shown in the Supplemental Material [29].
As expected [23,24], the atom-number trace as a function

of B shows a high density of resonant loss features on top of
a constant background. By controlling δ, we are able to
distinguish the spin nature of each of the observed FRs.
In the excerpt shown in Fig. 3, we identify three narrow
homospin FRs in a pure j↓i sample [Fig. 3(a)] and four in a
quasipure j↑i sample [Fig. 3(b)]. In the spin-polarized

cases, all FRs exhibit widths of the order of our magnetic
field stability of ≈1 mG. Thanks to our lattice-preparation
technique, the shape and thewidth of the FRs are not affected
by the magnetic field ramps, namely, we do not observe
neither broadening nor fictitious asymmetry in the loss
peaks. For the 50%–50% spin mixture (δ ¼ 0), we observe
five additional interspin FRs [Fig. 3(c)], where atoms in the
two spin states are simultaneously lost. Because of the
complicated scattering behavior of Er, standard coupled-
channel methods to assign the leading partial-wave character
of the FRs are currently not available [42]. However, the
width of the FRs can give indications on the strength of
the coupling between open and closed channels [43].
Among the observed interspin FRs, the one at about

0.68 G stands out from the forest of narrow FRs. This FR is
almost 2 orders of magnitude broader, making it a promising
candidate for Fermi-gas experiments in the strongly interact-
ing regime. We further investigate this FR by performing
modulation spectroscopy on the lattice-confined spin-1=2
mixture [3 in Fig. 1(a)] to extract the interspin on-site
interaction energy, U↓↑ ¼ Uc þUdd, given by the sum of
the interspin contact interaction Uc and the DDI Udd [37].
Thanks to the precise knowledge of Udd and to its angle
dependence, we are able to directly extract the interspin
scattering length,a↓↑ ∝ Uc ¼ U↓↑ −Udd, both in amplitude
and in sign (for details, see Supplemental Material [29]).
Figure 4(a) summarizes our results, showing the tunability

of a↓↑ from positive to negative values across the interspin
FR. As a first estimate of the B-to-a↓↑ conversion, we use
the simple single-channel formula, leading to a↓↑ðBÞ ¼
abgð1 − Δ=ðB − B0Þ − Δ0=ðB − B0

0ÞÞ [43]. From the fit to
the data, we extract the background scattering length
abg ¼ 91ð8Þa0, the position of the comparatively broad
FR B0 ¼ 687ð1Þ mG, and its width Δ ¼ 58ð6Þ mG. Note
that our fitting function also accounts for a nearby interspin
FR at B0

0 ¼ 480 mG (out of range of Figs. 3 and 4) of
width Δ0 ¼ 29ð4Þ mG, whereas narrower interspin FRs are
neglected. Based on the extracted values, we can estimate an
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FIG. 3. High-resolution Feshbach spectroscopy for three different population imbalances in an ODT (illustrations): atoms in j↓i
(squares) and j↑i (circles) for δ ¼ 1 (a), −0.6 (b), and 0 (c) as a function of B. The determined width and spin nature of the FRs are
indicated by the blue (j↓i), orange (j↑i), and green (j↓i–j↑i) shaded regions. Each data point is the mean of 2–4 repetitions.
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order of magnitude for the effective range of the FR, R� ¼
ℏ2=ðmErΔabgδμ) [43]. Here, mEr is the mass of 167Er. The
differential magnetic moment between the open and closed
channel δμ is not known for the considered FR. However,
taking δμ ¼ 3μB, which is the typical value measured on
bosonic Er2 [42], we estimate R� on the order of 1000a0.
With this order of magnitude, our typical two-component
Fermi gases verify 1=kFR� ≳ 1, with kF being the Fermi
wave vector [29]. This identifies the intermediate strength of
the FR [44], for which the gas is expected to remain strongly
interacting at unitarity [45,46].
For strongly interacting alkali Fermi gases, the large

collisional stability in two-component mixtures has been
essential for observing the crossover from a superfluid of
delocalized pairs along the Bardeen-Cooper-Schrieffer
(BCS) mechanism to a Bose-Einstein condensate (BEC)

of bound molecules [47]. As a direct consequence of the
Pauli principle, three-body recombination occurs primarily
on the repulsive (BEC) side of broad s-wave FRs, where a
weakly bound molecular level exists [48], whereas on the
attractive (BCS) side, large scattering lengths coexist with a
remarkable collisional stability [49–52]. Such an asymme-
try in the scattering behavior is identified as an essential
attribute of BEC-BCS physics.
We investigate this aspect in a second set of experiments.

We prepare an equally populated spin mixture (δ ¼ 0) in an
ODT [4 in Fig. 1(a)] and probe the time evolution of the
spin population as a function of the holding time in the
trap for various B across the FR. Exemplary decay curves
are shown in Figs. 4(b) and 4(c). On the BEC side, at
a↓↑ ¼ 880ð140Þ a0, we observe a fast decay of both j↑i
and j↓i atoms [Fig. 4(b)]. A simple exponential fit to the
data gives lifetimes of τ1=e ≈ 150 ms. In contrast, on the
BCS side at a↓↑ ¼ −1500ð500Þ a0 [Fig. 4(d)], the spin
mixture shows a large collisional stability with lifetimes
exceeding τ1=e ¼ 1200 ms [Fig. 4(c)].
To get deeper insights, we systematically study the initial

decay rate _N=N0 as a function of B. We determine the rates
by using a linear fit to the data for the initial time evolution.
Figure 4(d) summarizes our results, plotted in terms of the
dimensionless coupling constant 1=ðkFa↓↑Þ. We observe
an asymmetry of the loss rate curve, indicating that the
Fermi mixture is remarkably stable in the unitary and
strongly attractive regime. We note that both the qualitative
shape and the quantitative values of the loss rates in 167Er
show strong similarities to the ones measured in 40K [51].
The existence of a comparatively broad interspin FR and

our demonstration of the interaction tuning across this
resonance make fermionic Er gases a promising system
for accessing BEC-BCS crossover physics within a distinct
scattering scenario. Indeed, our mixture adds both the DDI
and an intermediate effective range in the short-range
scattering compared to the alkali cases [46,47], paving the
way for studying exotic Cooper pairs and molecular BECs
[19,44,53] and calling for new theory developments [54].
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FIG. 4. Interspin scattering length and collisional behavior of
the strongly interacting Fermi mixture (a) a↓↑ extracted from
modulation spectroscopy in the lattice. Error bars are smaller than
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position of narrow interspin FRs as identified in Fig. 3(c). The
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(d) Initial decay rate _N=N0 of the normalized atom numbers as a
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coupling constant are deduced via standard error propagation.
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