PHYSICAL REVIEW LETTERS 120, 223001 (2018)

Accurate Determination of the Dynamical Polarizability of Dysprosium
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We report a measurement of the dynamical polarizability of dysprosium atoms in their electronic ground
state at the optical wavelength of 1064 nm, which is of particular interest for laser trapping experiments.

Our method is based on collective oscillations in an optical dipole trap, and reaches unprecedented
accuracy and precision by comparison with an alkali atom (potassium) as a reference species. We obtain
values of 184.4(2.4) and 1.7(6) a.u. for the scalar and tensor polarizability, respectively. Our experiments

have reached a level that permits meaningful tests of current theoretical descriptions and provides valuable
information for future experiments utilizing the intriguing properties of heavy lanthanide atoms.
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The dipole polarizability is a quantity of fundamental
importance in light-matter interaction, as it characterizes
the linear response of a neutral particle to an electric field.
The polarizability is related to other important physical
quantities, like the van der Waals dispersion coefficient, and
its knowledge is of great relevance for a deep understanding
of many-electron systems, for example, in heavy atoms,
molecules, and clusters [1]. The static polarizability char-
acterizes the response to a constant electric field by a single
real number. The dynamic polarizability (DP) describes the
response to an oscillating field and is represented by a
complex frequency-dependent function. Naturally, the DP
is much richer and contains much more information on the
properties of a particle, in particular on its resonance
behavior. While various different methods have been
established to measure the static polarizability with high
accuracy [2,3], measurements of dynamic polarizabilities
are notoriously difficult. Accurate laser-spectroscopic
methods only provide access to differential polarizabilities,
whereas other methods like deflection from a laser beam
suffer from the problem of characterizing the interaction
region well enough.

In the realm of ultracold atoms, both the real and
imaginary parts of the DP play an essential role for
controlling the external and internal atomic degrees of
freedom. The imaginary part is related to the absorption and
scattering of light. The real part gives rise to Stark shifts,
which are primarily utilized for constructing optical dipole
traps [4] in a wide range of different geometries. Zero
crossings of the DP, which occur at tune-out wavelengths,
can be used to engineer species-selective traps [5]. Optical
lattice clocks operate at a so-called magic wavelength,
where the differential DP between the two relevant atomic
states vanishes [6]. The DP also enables coherent spin
manipulation, which is the basis of many spin-orbit
coupling schemes [7].

0031-9007/18/120(22)/223001(6)

223001-1

The optical manipulation of ultracold magnetic lantha-
nide atoms has attracted considerable interest [8—16]. Their
exceptional magnetic properties arise from a partially filled,
submerged 4f shell. They feature a very rich atomic
spectrum, including narrow optical transitions, and a large
orbital angular momentum gives rise to substantial non-
scalar contributions to the polarizability. These special
properties make magnetic lanthanide atoms excellent can-
didates to implement advanced light-matter coupling
schemes, such as spin-orbit coupling [17,18], and to realize
novel regimes of quantum matter. The electronic configu-
ration makes advanced calculations of the DP very chal-
lenging and interesting [19-24]. To benchmark theoretical
models, measurements are highly desirable with uncertain-
ties on the percent level. Experimental results have been
reported for dysprosium [9,25,26], thulium [21,24], and
erbium [27], in the latter case also demonstrating the
anisotropic nature of the DP. However, all these measure-
ments have been subject to large systematic uncertainties,
imposed by the methods at hand.

In this Letter, we report on the accurate determination of
the real part of the DP of a magnetic lanthanide atom at a
wavelength of particular interest for cooling and trapping
experiments. We investigate dysprosium atoms and utilize
an idea often applied in precision metrology, performing a
measurement relative to a known reference. As a reference
species, we use potassium atoms, for which the DP is
known on the permille level, and measure the trap frequen-
cies of both species in the same single-beam optical dipole
trap (ODT). The frequency ratio is then independent of
major experimental systematics and imperfections. In a
further set of experiments, we determine the tensor con-
tribution to the DP. .

The interaction of atoms with the electric field E of laser

light is described by the Hamiltonian H = —1E' G E,

where @ is the dynamical polarizability tensor operator
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[28]. The energy shift for a given quantum state corre-
sponds to the optical trapping potential and is

3
2ray

Ur,op) = ———I(r)a(wy). (1)
where w; is the laser frequency, I(r) the position-dependent
intensity, aq the Bohr radius, and c the speed of light. Here
we define @(w; ) as a dimensionless quantity corresponding
to the real part of the DP of the quantum state of interest in
atomic units (1 a.u. = 47r€0a3, where ¢, is the vacuum
permittivity). For a Gaussian laser beam, the central region
(trap depth /) can be approximated by a harmonic potential.
The corresponding radial trap frequency

16a0 P a(wy) 2)
mwo c wy

is determined by the laser beam parameters (power P
and waist wy) and atomic properties (polarizability @ and
mass m) [4].

The DP can generally be decomposed into the three
irreducible contributions &g, @y, and &y (scalar, vector, and
tensor polarizabilty), with weights depending on the
angular momentum quantum numbers and the polarization
of the trapping light. In our work, we focus on the
elementary case of linearly polarized light and atoms in
a stretched state [29], where we can decompose & into

2
a(wp) = as(or) + %5@(“&); (3)
here 6 is the angle between the polarization axis and the
quantization axis, the latter being defined by the magnetic
field. Note that within a hyperfine manifold &g and &7 only
depend on the wavelength.

The usual method to measure the dynamical polariz-
ability in an ODT [9,21,24,25,27] is to determine the trap
frequency o, by observing collective oscillations in a trap
with a given power P and a well-defined waist w,, and to
use Eq. (2). A major complication arises from the strong
dependence & wé. An accurate determination of w at the
position of the atoms is crucial, but very difficult to achieve
in practice. In addition, any aberrations from an ideal
Gaussian beam are not accounted for. Moreover, a real
cloud with its finite spatial extent will experience some
anharmonicity, which will alter the measured oscillation
frequency. The combination of these systematic problems
typically limits the accuracy of such DP measurements to a
few 10% [27].

The above limitations can be overcome by referencing
the trap frequency of the particle of interest (or state [30]) to
a species with a known polarizability [31,32]. Figure 1
illustrates the situation for two species in the same optical
trapping field, where different potential depths result from
the different polarizabilities. Within the harmonic trap

FIG. 1. Schematic illustration of the species-dependent optical
trapping potential U filled with potassium or dysprosium atoms
in a beam with a Gaussian profile. Here, in the ideal case, the ratio
T/U is equal for the two species, the atoms explore exactly the
same region in the trap, and thus experience the same anharmo-
nicity and beam aberrations.

approximation, the DP of the unknown species, in our
case Dy, is then obtained as

~ . Mpy (opy)?
o). o
where ay is the polarizability of the reference species (in
our case K), and mp,/mg is the known mass ratio.
Experimentally, one only has to measure the frequency
ratio wp, / @k, which eliminates the need to determine w, or
P. This scheme also removes the effects of anharmonicity
provided that the ratio of the temperature to the trap depth is
the same for both species. In this ideal case, illustrated in
Fig. 1, the two thermal clouds fill exactly the same region in
the trap, and thus experience the same relative effect of
anharmonicity. Introducing another species with a different
mass may lead to a different gravitational sag and thus to a
shift of the frequency ratio. This effect, however, can be
suppressed by using a sufficiently deep and tight trap.

In our experiments, we use the isotopes '®Dy and “K,
with a mass ratio mp, /mg =4.102. For trapping we use the
standard near-infrared wavelength of 1064.5 nm. At this
wavelength the polarizability of potassium is ax =598.7(1.1)
[33-35]. Based on the available theory values for Dy [19,22],
we can estimate ag /dp, ~ 3.2 and wg /wpy ~ 3.6.

We produce a thermal cloud of either '*Dy or 4°K atoms
in a single-beam ODT. For dysprosium, we employ a laser
cooling and trapping scheme similar to Refs. [16,36]. After
loading the ODT and some evaporative cooling, we
typically trap 10° atoms, spin polarized in the Zeeman
substate |J = 8, m; = —8), at about 8 uK. For potassium,
after a sub-Doppler cooling stage [37] which also enhances
ODT loading, we have 3 x 10° unpolarized [35] atoms at
~30 uK. The trapping laser (Mephisto MOPA 18 NE)
operates on a single longitudinal mode, is linearly polar-
ized, and its power is actively stabilized. All measurements
reported here are performed with P = 2.5 W, wy =~ 30 um,
and a magnetic field strength of 250 mG.

We measure the trap frequencies by exciting a center-of-
mass (c.m.) oscillation, the so-called sloshing or dipole
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mode. In a harmonic potential, this mode does not involve a
compression of the cloud and the frequency is thus not
affected by the interactions within the cloud or by its
quantum statistics [38]. We excite a pure radial sloshing
oscillation by displacing the trap position abruptly in the
vertical direction using an acousto-optic modulator. The
displacement amounts to approximately 2 ym, which is
smaller than the in-trap radial cloud size of about
o, = 6 ym. After a variable hold time we switch off the
trap and perform standard time-of-flight (TOF) absorption
imaging. The cloud position is extracted from the images
by performing a one-dimensional Gaussian fit to a vertical
slice taken from the central part of the elongated trap. Both
species are imaged using the same optical path and camera.

A typical measurement run for both dysprosium and
potassium is shown in Fig. 2. The magnetic field is chosen to
be parallel to the polarization of the trapping light (6 = 0),
and therefore from Eq. (3) we get & = ag + a7. We fit the
oscillations with an exponentially damped sine wave to
extract the frequency @ and the damping time 7 of the
oscillation. The two species oscillate at different frequencies
because of their different mass and polarizability. By relative
scaling of the horizontal axes of Fig. 2 with the expected
factor of 3.6 the oscillations exhibit a nearly identical
behavior. This already confirms that the theoretical values
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FIG. 2. Radial sloshing mode oscillation for potassium
and dysprosium. The cloud position after TOF is plotted
against the hold time in the trap after the excitation. We obtain
wi!/2m = 2140(10) and wp, /27 = 601(2) Hz, 7x = 0.8(1) and
tpy = 2.9(1) ms. The temperatures are Tk = 36(3) and
Tpy = 8.3(2) uK, and the TOF is 0.3 ms for K and 2 ms for
Dy. Note that the time scales for K and Dy differ by a factor of
3.6. The error bars show the sample standard deviation of five
individual measurements at the same hold time.

of Refs. [19,22] provide a good estimate for the Dy polar-
izability. The identical damping behavior, with @'z being
the same for both species, is consistent with our assumption
that the main source of damping is dephasing resulting from
the trap anharmonicity [39].

The measured frequency ratio exhibits a residual anhar-
monicity effect. After trap loading, plain evaporative cool-
ing reduces the temperature to a certain fraction of the trap
depth. This effect is similar, but not exactly equal, for both
species. We take this into account by a small correction to
the dysprosium oscillation frequency. For a given potas-
sium temperature Tk the corresponding dysprosium tem-
perature would be (apy/ax)Tx. A deviation from this
ideal value can be quantified by ATy =T, — (apy /dg ) Tk
The anharmonic frequency shift depends on the slope
p = dwpy/dTpy, which gives a corrected frequency ratio

Wk it

. )
y  @py = BATp,

@p
With this correction, Eq. (4) allows us to determine ap, /g
in an accurate way.

In order to determine 8, we vary the temperature of the
dysprosium atoms and measure the oscillation frequency.
The temperature, determined by standard TOF expansion,
is changed by an evaporation ramp down to a variable trap
power followed by a recompression to the standard power
and a hold time for thermalization. We observe a frequency
decrease with increasing temperature, as is shown in Fig. 3.
From this set of measurements and a second one taken
under similar conditions (not shown in Fig. 3), we obtain
the combined result /27 = —4.5(4) Hz/uK. Note that the
anharmonicity shifts the measured Dy frequency, for our
typical temperatures and trap depth, by about 5% as
compared to the harmonic approximation of Eq. (2).

Possible remaining systematics affecting the frequency
ratio could include density-dependent interactions, the
finite excitation amplitude, and the effect of gravity. We

N 620+
S
>
O
S 610}
Sy
<]
&

600 ¢

4 5 6 7 8 9
temperature (uK)
FIG. 3. Anharmonicity effect on the trap frequency. The Dy

c.m. oscillation frequency is plotted as a function of the cloud
temperature. The weighted linear fit takes both frequency and
temperature errors into account, and for the displayed set of
measurement yields a slope /2x = —5.1(7) Hz/uK.
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do not observe a density dependence of the oscillation
frequency of Dy when varying the atom number over a
wide range [39], confirming that the frequency shift
observed in Fig. 3 can be fully attributed to a change in
temperature. The frequency ratio should not be affected by
the excitation amplitude, because, for an equal amplitude,
both species are affected in the same way. In addition, we
varied the excitation amplitude for a single species (Dy)
and we did not observe any significant shift for the
amplitude used here. The estimated gravitational frequency
shift in our trap is ~0.1% [40], which we neglect in our
analysis. Moreover, we noticed that the fitted frequency may
slightly depend (on the subpercent level) on the time interval
chosen for the analysis. To avoid systematic deviations in the
comparison of both species, we choose the time intervals to
follow the scaling factor of 3.6. With 0-2.2 ms for K and 0-
8 ms for Dy, the intervals then correspond to about twice the
respective 1/e damping time 7 or 7p,.

We now turn our attention to an accurate and precise
determination of the frequency ratio wg /@py. We measure
the potassium and dysprosium c.m. oscillation frequency,
in the same trap, in an alternating fashion to eliminate
possible slow drifts over time, and repeat this 10 times. The
resulting frequency ratios, including small anharmonicity
corrections, are shown in Fig. 4. The data were taken on
two different days, which were one week apart, and the
consistency shows the robustness of the presented method.
The differential anharmonicity effect from Eq. (5) yields a
small correction of about 1.4% and 2.2% for the frequency
ratio of the two data sets. The combined result for the
frequency ratio is wg/wpy = 3.632(22); for details on the
error budget see Ref. [39].

In a second set of experiments, we measure the fre-
quency ratio @) /@, for Dy in a magnetic field parallel and
perpendicular to the polarization of the laser field. In this
way, we can identify the tensor part which is expected to be
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FIG. 4. Repeated measurements of the frequency ratio wg /wpy,
including small anharmonicity corrections. The two symbols
(blue dots and green squares) represent the data sets taken on two
different days. The error bars include the fit errors of the
frequency measurements and all uncertainties in the anharmo-
nicity correction. Because of the latter, the uncertainties are
partially correlated, which we properly take into account in our
data analysis when combining the individual results. The solid
line marks the final result wy /wp, = 3.632(22), with the dashed
lines indicating the corresponding error range [39].

more than 100 times smaller [22] than the scalar part. Here
we perform in total 11 pairs of measurements [39], alter-
nating the angle € between 0 and z/2. We obtain the
combined result @ /@, = 1.0070(24), which significantly
deviates from 1 and thus reveals a tensor contribution.

From the measured frequency ratios and Egs. (1)-(3), it
is now straightforward to derive the polarizability ratios
(as + ar)/ag = 3.217(40) and (a5 + a7)/(as — ar/2) =
1.014(5). Solving for the scalar and tensor part and using
the reference value for @y, we finally obtain ag =
184.4(2.4) and a; = 1.7(6).

Our result for the scalar polarizability lies between the
two theoretical values of 180 [19] and 193 a.u. [22], being
consistent with both of them within the corresponding error
estimates of a few percent [41,42]. For the small tensorial
part, our result is consistent with the theoretical value of
1.34 a.u. [22].

Already in its present implementation, the experimental
uncertainty of our method to determine the DP of a
magnetic lanthanide atom is smaller than the uncertainties
of theoretical calculations. This, in turn, means that our
new result already provides a benchmark and sensitive
input for refined theoretical calculations. In extension of
our work, much more information on the DP can be
obtained by measuring at other optical wavelengths [27],
which is straightforward to be implemented experimen-
tally. Furthermore, experimental uncertainties may be
reduced considerably by using the well-defined environ-
ment of optical lattices instead of macroscopic trapping
schemes. Further advanced DP measurements could pro-
vide a wealth of accurate information on the interaction of
light with atoms that feature a complex electronic structure,
which would go far beyond the present state of the art.

The presented technique should also be largely appli-
cable to the rapidly expanding field of ultracold molecules
[43,44], where diatomic molecules combining alkali and
alkaline earth atoms are produced routinely in numerous
labs. The increased complexity of the molecular structure,
relative to its atomic constituents, renders the precise
determination of the dynamic polarizability challenging.
Another emerging field aims at direct laser cooling and
trapping of more exotic molecules [45,46], with the benefit
of a larger ground state electric dipole moment or appli-
cability to precision measurements. In such systems sym-
pathetic cooling by ultracold alkali atoms [47,48] or even
by ultracold hydrogen has been proposed [49] as a route to
reach quantum degeneracy. In all of the above experiments
a spectroscopically well understood species exists either as
a constituent forming the molecule or as a coolant, naturally
enabling reference measurements of polarizability and
other physical quantities.

In our future experiments, we are particularly interested
in mass-imbalanced Fermi-Fermi mixtures and possible
new superfluid pairing regimes [50-57]. For the combina-
tion of '®'Dy and “°K and not far from our present

223001-4



PHYSICAL REVIEW LETTERS 120, 223001 (2018)

experimental conditions, a “magic” wavelength is expected
to exist where the polarizability ratio for the two species
corresponds to the inverse mass ratio. An optical dipole trap
operating at this particular wavelength would automatically
match the Fermi surfaces of both species after deep
evaporative cooling. Based on Refs. [19,22] for Dy and
[33] for K, we would expect this wavelength to be at 982 or
954 nm, respectively, and our present measurement sug-
gests it to be in between these two values. The precise
location will be subject of further studies.
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