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We report on the creation of a degenerate dipolar Fermi gas of erbium atoms. We force evaporative
cooling in a fully spin-polarized sample down to temperatures as low as 0.2 times the Fermi temperature.
The strong magnetic dipole-dipole interaction enables elastic collisions between identical fermions even in
the zero-energy limit. The measured elastic scattering cross section agrees well with the predictions from
the dipolar scattering theory, which follow a universal scaling law depending only on the dipole moment
and on the atomic mass. Our approach to quantum degeneracy proceeds with very high cooling efficiency
and provides large atomic densities, and it may be extended to various dipolar systems.
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Identical fermions with short-range interaction do not
collide at very low temperatures [1]. According to the rules
of quantum mechanics, the requirement of antisymmetry of
the fermionic wave function causes the scattering cross sec-
tion to vanish in the ultracold regime. This makes ultracold
fermions special in many respects. For instance, they real-
ize perfectly noninteracting quantum systems, which can
serve for sensitive interferometers [2] and ultraprecise
atomic clocks [3]. From another point of view, the absence
of collisions means that direct evaporative cooling
cannot work.

The inapplicability of direct evaporative cooling to fer-
mions challenged scientists to develop alternative strate-
gies. The common solution is to use mixtures of two
distinguishable atomic components [4]. In this scheme, fer-
mions are sympathetically cooled through elastic s-wave
collisions with fermions in other spin states [4—8], with
atoms belonging to a different isotope [9—13], or with
atoms of a different chemical element [14—17].

The scenario is completely different in the presence of
the long-range dipole-dipole interaction (DDI). While
the effect of the short-range van der Waals interaction still
freezes out at low temperatures, as it does for nondipolar
fermions, the DDI prevents the elastic cross section
between identical fermions from vanishing. The corre-
sponding Wigner threshold law, governing the threshold
behavior of two-body scattering, gives a finite and
energy-independent elastic cross section [18-20]. As a
key consequence, identical dipolar fermions can collide
even in the zero-temperature limit.

Ultracold dipolar scattering is currently attracting a
renewed interest in connection with recent experiments
on polar molecules [21,22] and strongly magnetic atoms
[13,23,24]. Early theoretical work on H atoms and atoms
in electric fields suggested that dipolar scattering could pro-
vide an elastic cross section that is large enough for direct
evaporative cooling of identical fermions [25-28]. Recent
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theoretical work has elucidated the universal character of
the dipolar scattering [29-31] and found that the elastic
dipolar cross section is determined only by the mass and
the dipole moment of the particles [30]. Recent experiments
on fermionic ground-state polar KRb molecules have tested
this prediction and have obtained evidence for the aniso-
tropic character of the DDI [21]. Experiments on using
dipolar scattering for evaporative cooling have been
reported for fermionic Dy [13] and KRb molecules [32],
both reaching temperatures on the order of the Fermi tem-
perature T'f.

In this Letter, we report on the creation of a quantum
degenerate dipolar Fermi gas of '%’Er atoms. We demon-
strate a powerful approach in which the underlying cooling
mechanism relies solely on dipolar scattering between spin-
polarized fermions. We observe a remarkably high cooling
efficiency, leading to very dense Fermi gases with typically
6.4 x 10* atoms at a temperature of 7/T; = 0.2 and a peak
density of 4 x 10" cm™. Finally, we confirm the predic-
tion of the universal dipolar scattering theory [29,30] by
measuring the Er elastic cross section in spin-polarized fer-
mions via cross-dimensional thermalization [33]. Our work
opens up a conceptually novel pathway to quantum degen-
eracy in dipolar systems that can be generalized not only to
other strongly magnetic atoms but also to ground-state
polar molecules, for which the implementation of sympa-
thetic cooling might be difficult.

The strong dipolar character of Er originates from its
large magnetic moment p of 7up, where up is the Bohr
magneton, and its large mass [20,34]. Among the six stable
isotopes, Er has one fermionic isotope, 1676 with a large
natural abundance of 23%. While the bosonic isotopes
have no hyperfine structure, '’Er has a nuclear spin
I = 17/2, giving rise to a manifold of eight hyperfine levels
and 104 magnetic sublevels in the electronic ground state
[35]. In spite of the much more complex energy structure of
the fermionic isotope, our approach to quantum degeneracy
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is very similar to the one we have successfully used to con-
dense the bosonic isotope '®8Er [24,36]. It consists of a
laser cooling stage followed by direct evaporative cooling
in an optical dipole trap (ODT). The fundamental differ-
ence with respect to the bosonic case is that the thermal-
ization between spin-polarized fermions proceeds solely
through dipolar elastic collisions. In the present work,
we focus on spin-polarized fermions in the lowest hyper-
fine sublevel |F =19/2,mp = —19/2), where F is the
total spin quantum number and my is its projection along
the quantization axis.

Our laser cooling scheme relies on a Zeeman slower
operating at 401 nm and on a magneto-optical trap
(MQT) based on a narrow line at 583 nm [36]. Both light
fields act on transitions with quantum numbers
F=19/2 - F' =21/2, which are sufficiently closed
for laser cooling. In our scheme, fermions in the MOT
are naturally spin-polarized into the lowest magnetic sub-
level [19/2,—19/2) because of a combined effect of grav-
ity and the MOT light [36]. We typically capture 1 x 107
atoms at 7 =7 uK in the MOT. All measurements in the
present work are performed by absorption imaging on the
401-nm transition.

For evaporative cooling, we first transfer the atoms from
the MOT into a single-beam large-volume ODT at 1064 nm
and then into a tightly focused ODT at 1570 nm. The first
trap is used as an intermediate step to increase the transfer
efficiency from the MOT. It consists of a single horizontal
beam with a power of 20 W and elliptical focus. The beam
waists are approximately 20 and 200 um in the vertical and
horizontal direction, respectively. The corresponding trap
depth is roughly 100 xK. From the large-volume trap,
the atoms are loaded into a tightly focused ODT at
1570 nm. This second trap is made of a single horizontal
beam, which is collinear to the large-volume trapping beam
and has a waist of 15 um. The initial power of the 1570-nm
beam is 1.8 W, corresponding to trap frequencies of
(vy.vy,v,) = (2147,51,2316) Hz and a trap depth of
about kp x 190 uK. Here, z is the direction of gravity.
At this stage, we have 1.5 x 10 atoms at /T = 4.4 with
T = 28 uK and a peak density of about 1.2 x 10 cm™3.
The Fermi temperature is defined as T = h(6N)'/3 kg,
where 7 is the geometric mean of the trap frequencies and &
is the Planck constant. We force evaporation by reducing
the power of the horizontal beam in a near-exponential
manner. When 7' is reached, we introduce a vertical beam
at 1570 nm to confine the fermions into the crossed region
created by the two beams and to preserve the atomic den-
sity. Its power is gradually increased and reaches 1.2 W at
the end of the evaporation. The vertical beam has a beam
waist of 33 ym. During evaporation, we apply a homo-
geneous guiding magnetic field to maintain the spin polari-
zation in the system. At high temperature, the magnetic
field value is about 1.7 G, which is large enough to avoid
any thermal excitation into higher spin states. For

temperature below 3.2Tp, we decrease the value of the
magnetic field to 0.59 G, where we observe a slightly better
evaporation efficiency. After 10 s of forced evaporation, we
obtain a deeply degenerate Fermi gas.

Figure 1 shows a typical time-of-flight (TOF) absorption
image of a degenerate dipolar Fermi gas of N = 6.4 x 10*
and a peak density of ny=4x 10%cm™> at T/Tp =
0.21(1) with T = 1.33(2) uK. At this point, our trap
frequencies are (470,346,345) Hz. Fermi degeneracy
reveals itself in a smooth change of the momentum distri-
bution from a Maxwell-Boltzmann to a Fermi-Dirac distri-
bution [37]. Correspondingly, the atomic density profile is
expected to change its Gaussian shape into a polylogarith-
mic one. A fit to TOF images reveals that at temperatures
above ~0.5Tr the Gaussian and polylogarithmic function
are hardly distinguishable from each other and both
describe the data well. By further decreasing the tempera-
ture, we observe a gradually increasing deviation from the
Gaussian shape. This deviation is evident in Fig. 1, which
shows a density profile at T/T; = 0.21(1). A Gaussian fit
to the outer wings of the cloud, i.e., outside the disk with
radius w, with w being the 1/e diameter of the Gaussian fit
to the entire cloud, clearly overestimates the population at
the center of the cloud. This is a fingerprint of Fermi degen-
eracy, meaning that the population of low-energy levels is
limited by the Pauli exclusion principle.

In all our measurements, we extract T /T from fits to the
density profiles by using either a polylogarithmic or a
Gaussian function. In the former case, the fit gives both
the fugacity { and the parameter o characterizing the
width of the distribution. The fugacity directly gives
T/Ty = [—6 x Liz(—¢)]~'/3, with Li, being the nth-order
polylogarithmic function [7,9]. The parameter ¢ is related
to the atomic temperature by T = mo?/(kptiop), Where
trop is the time of flight and m is the mass of '®’Er,
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FIG. 1 (color online). Time-of-flight absorption image of a de-
generate Fermi gas of Er atoms at 7/T = 0.21(1) after trop =
12 ms of expansion (a) and its density distribution integrated
along the z direction (upper panel) and x direction (lower panel)
(b). The observed profiles (circles) are well described by fitting a
polylogarithmic function to the data (solid lines), while they sub-
stantially deviate from a fit using a Gaussian distribution to the
outer wings of the cloud, i.e., w (dashed lines). The absorption
image is averaged over six individual measurements.
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and together with T, calculated from N and 7, gives a
more indirect value for T/T . We determine T/ T i by using
both methods, which show well consistent results.

To get deeper insights into the evaporation process and
the underlying collisional properties, we study the evapo-
ration trajectory. Figure 2 summarizes our results. We
observe that the evaporation first proceeds with high effi-
ciency down to temperatures well below 7 and then pla-
teaus at about 7/Tr = 0.2. The latter behavior suggests
that further cooling is limited by Pauli blocking [4.,6,7,9]
and that more thoroughly optimized evaporation ramps
might be needed to reach even lower temperatures. The
deepest degeneracy we attained is 7/Tr = 0.19(1) with
N = 4.0 x 10*. From the slope of the evaporation trajec-
tory, we obtain the efficiency parameter y. This parameter
quantifies the gain in phase-space density (PSD) at the
expense of the atom number and can be written as
y = —d(In PSD)/d(InN) = =3 x d(InT/T)/d(In N).
From a linear fit to the data down to T/T = 0.2, we find
y = 3.5(2). This remarkably large number is in the league
of the best evaporation efficiencies observed in experiments
with ultracold atoms based on s-wave scattering, including
our experiments with the bosonic '®Er [24] and experi-
ments on strongly interacting two-component Fermi gases
[5,38,39].

Our interpretation of the cooling process in terms of
dipolar scattering relies on the full spin polarization of
the sample. Another spin state being present would lead
to s-wave collisions in the sample. Therefore it is important
to make sure that we do not have any other spin state
present. For this reason, we carry out a dedicated set of
Stern-Gerlach-type measurements at various stages of the
evaporation. During the whole evaporation sequence, we
never observe any population in spin states different from
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FIG. 2 (color online). Evaporation trajectory to Fermi degen-
eracy. (a) Temperature evolution during the evaporation ramp
and (b) corresponding T/Tf versus N. The ratio T/Tf is ob-
tained from the width ¢ of the distribution (triangles) and from
the fugacity (circles); see the text. The error bars originate from
statistical uncertainties in temperature, number of atoms, and
trap frequencies for the width measurements and the standard
deviations obtained from several independent measurements
for the fugacity. The solid line is a linear fit to the data for
02 <T/Tp <4

the mp = —19/2 state. Figure 3 show the relevant portion
of the TOF image, where atoms are observed. To identify
unambiguously the spatial positions of the different spin
components, we intentionally prepare a spin mixture by
radio-frequency (rf) transfer; see Fig. 3. It is worth men-
tioning that we observe fast spin relaxation when a multi-
component mixture is prepared [40].

The effectiveness of our evaporative cooling scheme
suggests a very favorable ratio of the elastic scattering
rate to the inelastic one. We explore elastic scattering by
measuring the elastic dipolar cross section o, in our
spin-polarized fermionic sample via cross-dimensional
thermalization experiments [33]. We compress the system
in one spatial direction by increasing the power of the ver-
tical beam by about a factor of 3. We then monitor the time
evolution of the temperature in the other direction, as
shown in the inset in Fig. 4. The time constant 7 for
cross-dimensional thermalization is directly connected to
o6 through the relation 7 = o/ (7i6yv), where « is the num-
ber of collisions required to thermalize, 7 is the mean den-
sity, and v = 4./kgT/(7wm) is the mean relative velocity. A
delicate point of our analysis is the estimation of a, which
depends on the underlying scattering mechanism. We
employ a = 4.1, which has been numerically calculated
for nondipolar p-wave collisions and has been applied to
KRb polar molecules [21]. Although p-wave collisions
are expected to be the leading term in dipolar scattering
of identical fermions, more detailed calculations of @ might
be needed to fully account for the mixing of partial waves
resulting from the DDI [41].

In this way, we explore elastic scattering over a wide
range of atom numbers from 3 x 10* to 1.1 x 10° and
for various final temperatures ranging from 300 to
600 nK. Our findings at 0.59 G [42] are shown in
Fig. 4. In the nondegenerate regime (7" 2 Tr), we obtain
a constant elastic cross section with a mean value of
2.0(5) x 1072 cm?, corresponding to [2.7(3) x 10%a)?,

T/T, = 0.90(6)

0.71(1)

0.47(1) 0.33(1) 0.27(1)

rf spin flip

FIG. 3 (color online). Absorption images of the atomic cloud
with a Stern-Gerlach separation of the spin components. A mag-
netic field gradient of about 40 G/cm is applied during the ex-
pansion for about 7 ms. (a)—(e) Along the entire evaporative
cooling sequence, atoms are always spin-polarized in the lowest
hyperfine sublevel |F =19/2,mp=—19/2). T/T; of the
atomic samples are indicated in each panel. In (f), the image
is obtained right after rf mixing of the spin states for the sample
at T/Ty = 0.33(1). The three clouds correspond to the magnetic
sublevels my = —19/2, —17/2, and —15/2 from bottom to top.
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FIG. 4 (color online). Effective elastic cross section as a func-
tion of T/Tj after thermalization. In the nondegenerate regime,
the effective cross section is constant and gives a mean value of
2.0(5) x 10712 ¢cm?. The error bars for each point contain the
statistical uncertainties of the time constant for cross-dimensional
thermalization, of the trap frequencies, and of the temperature. A
typical cross-dimensional thermalization measurement with an
exponential fit to the data is shown in the inset. T, is the temper-
ature along the z direction.

where a is the Bohr radius. The error bar is mainly due to
systematic uncertainties in trap frequencies, temperature,
and number of atoms. Below T, the effect of quantum
degeneracy becomes visible through a suppression of scat-
tering events caused by Pauli blocking. In this regime, we
can interpret our measurements in terms of an effective
elastic cross section, which also includes the Pauli suppres-
sion factor. As expected, we observe a substantial decrease
of the effective o, for decreasing T/T, similarly to the
case of s-wave collisions between fermions in different spin
states [44].

Dipolar scattering theories predict an energy-independent
elastic cross section for identical fermions in the low-energy
regime [18-20]. The cross section is predicted to follow a
universal scaling law that is fully determined by a single
parameter—the dipolar length D [30]—and it reads as

6q = 6.702 x D2, (1)

where D = 27z°d?m/h?* with d*> = uyu?/(4r) and p, being
the vacuum permeability. This equation shows a clear anal-
ogy to the ordinary s-wave scattering, where D plays the
role of the scattering length. For the Er parameters, the uni-
versal theory predicts 6o = 1.8 x 1072 cm?, which is in
reasonable agreement with the measured value. The small
deviation might be due to the chosen value for a, to system-
atic errors, or to a residual effect of the short-range physics,
which is not included in the theory.

Our observations suggest that inelastic losses are very
weak. Since the atoms are fully polarized in the lowest spin
state, inelastic losses can be caused only by collisions with
the background gas and by three-body decay. To investigate
this more quantitatively, we carry out atom-decay measure-
ments by recording the number of atoms as a function of the
hold time in an ODT initially loaded with N =1 x 10’
atoms at T/Tp =0.47. In spite of the very high peak
density of 3 x 10 cm™3, we find the atom number to
decay in a purely exponential manner (time constant
40 s) without showing any signature of three-body proc-
esses. From this observation we can derive an upper limit
for the three-body recombination rate constant as low
as Ly <3 x 10739 cm®/s.

The remarkable efficiency of evaporative cooling in a
single-component Fermi gas of Er and the exceptionally
high densities together with low inelastic collision rates
can be understood in terms of a very favorable combination
of the DDI with the p-wave barrier. While DDI is strong
enough to provide us with a sufficient cross section for elas-
tic collisions, it is weak enough to preserve a substantial
repulsive barrier for any alignment of the colliding dipoles.
Even for the case of maximum dipolar attraction (head-to-
tail configuration), the effective potential, given by the
interplay between the p-wave barrier and the DDI, features
a repulsive barrier with a maximum height V(r.) =
2h%/(27mD?) at ry. = 3D. For Er, the barrier height
still exceeds kg x 7 uK, which is much larger than all col-
lision energies in the final evaporation stage. This prevents
atoms from getting close to each other, and three-body
decay, which requires short-range interactions, is strongly
suppressed.

In conclusion, we produce a degenerate dipolar Fermi
gas of '°’Er atoms. We demonstrate direct evaporative cool-
ing of identical fermions via universal dipolar scattering.
Our method provides two key advantages: feeble inelastic
losses and exceptionally high attainable densities. The for-
mer aspect is favorable for reaching low values of T/T,
which are ultimately limited by the so-called hole-heating
mechanism caused by inelastic losses [45,46]. The latter
aspect has important consequences for dipolar physics.
The relevant energy scale for dipolar phenomena at the
many-body level is given by nyd? [20,34]. Given the high
densities achieved here, our degenerate Fermi gas of Er cur-
rently is the most dipolar quantum gas available in experi-
ments, with nyd® being 0.92% of the Fermi energy. We
speculate that even much higher densities than the ones
here attained may be achieved, since we do not see any lim-
iting process. This may open a way for observing p-wave
pairing in dipolar gases and for the creation of an aniso-
tropic Fermi superfluid [47,48].
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