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Rapid progress in cooling and trapping of molecules has enabled first experiments on high-resolution
spectroscopy of trapped diatomic molecules, promising unprecedented precision. Extending this work to
polyatomic molecules provides unique opportunities due to more complex geometries and additional
internal degrees of freedom. Here, this is achieved by combining a homogeneous-field microstructured
electric trap, rotational transitions with minimal Stark broadening at a“magic” offset electric field, and
optoelectrical Sisyphus cooling of molecules to the low millikelvin temperature regime. We thereby reduce
Stark broadening on the J = 5 « 4 (K = 3) transition of formaldehyde at 364 GHz to well below 1 kHz,
observe Doppler-limited linewidths down to 3.8 kHz, and determine the magic-field line position with an
uncertainty below 100 Hz. Our approach opens a multitude of possibilities for investigating diverse

polyatomic molecule species.
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Precise measurements of atomic transition frequencies,
now reaching relative accuracies below 107'8 [1,2], have
enabled groundbreaking progress in science and technol-
ogy, ranging from optical clocks [3] to tests of fundamental
physical theories [4]. Despite the lower accuracy achieved
with spectroscopic investigations of molecules so far, the
structure and symmetry of molecular systems can often
provide a more sensitive probe of fundamental physics
[5,6]. A prominent example is the search for a permanent
electric dipole moment of the electron [7,8]. Molecules are
also used to test parity violation [9] and to measure
fundamental constants [10,11] and their possible time
variation [12,13]. Moreover, precise knowledge of molecu-
lar constants is required in cold chemistry and collision
studies [14,15] as well as for the interpretation of astro-
physical spectra [16].

In the past, precision spectroscopy on neutral molecules
has typically been performed on beams of cold particles,
limiting interrogation times to a few milliseconds [13,17—
21]. Performing spectroscopy on trapped molecules can
provide substantial benefits, including increased interaction
times and the ability to probe the same molecule repeatedly
to investigate weak transitions. Here, the development of a
variety of techniques to generate ensembles of molecules at
submillikelvin temperatures [22—25] provides new perspec-
tives. Already a number of groups have observed
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millisecond or longer timescale coherence with Ramsey
spectroscopy in optical dipole or magnetic traps on a
variety of diatomic molecule species, including KRb
[26], NaK [27], Sr, [28], and CaF [29].

Extending similar methods to polyatomic molecules is of
great interest. Symmetric-top and near-symmetric-top
energy level structures provide closely spaced parity
doublets with applications to quantum simulation [30],
quantum information processing (QIP) [31], and precision
measurements [32]. The internal vibrational degrees of
freedom of large molecules have been proposed for single
molecule QIP [33]. Many molecules found in astrophysical
sources possess three or more atoms [34], with formalde-
hyde, the molecule investigated here, being of particular
interest [35]. Polyatomic molecules are necessarily
required for investigation of parity violation in chiral
molecules [36]. All these applications rely on or would
greatly benefit from precisely controlling molecular tran-
sition frequencies in a trap environment.

In this Letter, we advance the ability to perform few-kHz
resolution spectroscopy on trapped molecules to include
polyatomic species. This is achieved based on three main
ingredients. First, molecules are trapped in a microstruc-
tured electric trap providing tunable homogeneous electric
fields in a large fraction of the trapping region to reduce
Stark broadening. Second, Stark broadening is further
reduced by using suitable molecule transitions with vanish-
ing variation in the differential Stark shift at a “magic”
value of the applied electric field. Third, Doppler broad-
ening is reduced by cooling molecules to the low milli-
kelvin temperature regime. We demonstrate this approach
on formaldehyde, cooled via optoelectrical Sisyphus cool-
ing. Stark broadening is suppressed to a subkilohertz level,
allowing us to measure a spectrum with a FWHM linewidth
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of 3.8 kHz, dominated by Doppler broadening. We model
the observed line shape based on measured electric field
distributions and energy distributions of molecules inside
the trap, allowing us to closely reproduce the observed line
shape. This allows us to determine the line position of the
magic-field transition to within less than 100 Hz based on a
statistical and systematic error analysis.

The first ingredient for our high-resolution spectroscopy
is the use of our microstructured electric trap [37,38]. The
key elements for this trap design are a pair of capacitor
plates holding an array of parallel electrodes and a
perimeter electrode as sketched in Fig. 1(a). This arrange-
ment produces strong electric fields at the boundaries of the
trapping volume (~50 kV/cm, corresponding to a nominal
trap depth of ~1 K) and a tunable offset electric field & e
in the trap center, resulting in a three-dimensional boxlike
potential for molecules in low-field-seeking states. Stark
broadening is caused by residual variations in the field
strength in the trap center, with the homogeneity charac-
terized by a roughness o, The electric field distribution
inside the trap for the voltage configuration used for the
main measurements in this Letter are shown in Fig. 1(b),
and the main features of the trapping potential are visu-
alized in Fig. 1(c). The trap design as well as its integration
into the experimental apparatus and performance have been
described earlier [38,39]. Cooled molecules can be stored
in the trap with 1/e decay times of up to one minute [24].

To further suppress Stark broadening, the second ingre-
dient for our high-resolution spectroscopy is to perform
spectroscopy on pairs of states for which the differential
Stark shift (meaning the difference in Stark shift between
the two states) has an extremum (maximum or minimum)
versus electric field. By setting the offset field to this value
and for a sufficiently flat extremum, this can further
suppress Stark broadening by many orders of magnitude.
The offset electric field must be nonzero to avoid Majorana
losses, and the pair of molecular states must be low-field-
seeking to provide trapping.
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FIG. 1. (a) Illustration of the microstructured electric trap (not
to scale). (b) Electric field distribution in the trap, based on a 3D
electrostatic field simulation. The vertical lines mark the electric
field range of the inset in Fig. 2(b). (c) Simplified sketch of the
position-dependent electric fields.

While pairs of states with an extremum in the differential
Stark shift are present in all polar molecules, a generic
scheme exists to identify such pairs of states for a (near-)
symmetric-top energy level structure. This is specifically
the case when corrections to the symmetric top energy level
structure, e.g., due to hyperfine structure or rotational
asymmetry, are small compared to the rotational spacing.
In this case, linear Stark shifts extend over a large range in
electric field, with the average near-constant orientation of
the molecule symmetry axis with respect to the electric
field direction given by (cos) = KM /J(J + 1) for usual
symmetric-top rotational quantum numbers J, K, M. The
orientation and thus the slope of the linear Stark shift is
equal for states |J, K, M) and |J +1,K. M + 1) with J =
|2M| for arbitrary values of K and M, resulting in small
variation in the differential Stark shift over a large range in
electric field. An extremum in the differential Stark shift is
reached due to the competition between two effects, as
illustrated in Fig. 2(a). For low electric fields, additional
splittings, e.g., due to hyperfine structure and in the case of
formaldehyde due to K-type doubling, must first be over-
come before the Stark shift becomes linear. For large
electric fields, coupling between neighboring rotational
states results in higher order Stark shifts.

The final ingredient for our high-resolution spectroscopy
is to reduce Doppler broadening. In our case, this is
achieved by cooling molecules via optoelectrical
Sisyphus cooling [24,37,40]. In this cooling scheme,
molecules are optically pumped to strongly trapped states
in weak electric fields inside a trap and are coupled to more
weakly trapped states in strong fields in the trap. Molecules
thereby lose more kinetic energy while traveling from low
electric fields to high electric fields than they regain while
traveling back to low electric fields, resulting in an overall
reduction in energy. This cooling scheme has been dem-
onstrated for methyl fluoride and formaldehyde [24,40],
resulting in temperatures as low as 420 uK for an ensemble
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FIG. 2. Illustration of concepts used for magic-field spectros-
copy. (a) A very flat extremum in the differential Stark shift
between a pair of states with the same first-order Stark shift is
achieved due to the competition of splittings at very low electric
field and higher order Stark shifts at very high electric fields.
(b) Differential Stark shift of the transition |4, 3,2) <> |5,3,3) of
formaldehyde vs electric field. The minimum is marked with a
dashed line in the inset.
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of about 300000 formaldehyde molecules. Since the
scheme does not rely on fast electronic cycling transitions
but also works for molecules with sufficiently strong
vibrational transitions, it can be applied to an extremely
broad range of molecules.

We demonstrate magic-field spectroscopy on the
J,£K,F M) =14,3,2) < |5,3,3) transition of formal-
dehyde. This is the most easily accessible low-differential-
Stark-shift transition from the state |3,3,3) in which
molecules are prepared after cooling. The differential
Stark shift for this transition is shown in Fig. 2(b), with
a minimum at a field of about & = 1.05 kV/cm. A
1.1% variation about this field minimum, corresponding to
the HWHM of the field distribution in our trap, causes a
20 Hz variation in the differential Stark shift. In contrast,
the overall Stark shift of both states at this field is about
370 MHz, demonstrating the degree to which this choice of
states reduces the differential Stark shift.

An experiment proceeds as follows. Molecules are
loaded into the electric trap from a velocity filtered source
and cooled via optoelectrical Sisyphus cooling. The final
molecule temperature can be varied by changing the
cooling duration. Molecules are then prepared in the state
3,3,3) via optical pumping [24,41]. Spectroscopy is
performed via the level scheme shown in Fig. 3. After
setting the offset field in the trap to the magic field value, a
pair of microwave fields coupling the states |3,3,3),
|4,3,2), and |5,3,3) is applied for a duration of
500 ms. Specifically, radiation at approximately 291 and
364 GHz is applied alternatingly for 4 and 6 ms, respec-
tively. The exact frequency of the 364 GHz radiation is
varied between individual shots of the experiment. This
transfers population to the state |5, 3,3) depending on the
strength of the |4,3,2) <> |5,3,3) transition at the given
frequency. The intensity of the 364 GHz radiation must be
strongly attenuated due to the narrow linewidth of the
transition. To measure the population transferred to the
state |5, 3, 3), molecules in the states J = 3 and J = 4 are
eliminated from the trap via microwave depletion as
described in Ref. [42]. The final population of molecules
in the trap is determined by unloading the molecules from
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FIG. 3. Level scheme for spectroscopy on the |4,3,2) <>
|5,3,3) transition. Microwave (MW) transitions are driven
between molecular states as shown.

the trap for measurement with a quadrupole mass
spectrometer.

Measured spectra for the |4,3,2) <> |5,3,3) transition
for different experimental parameters are shown in Fig. 4.
In particular, we show spectra for three values of the
molecular temperature with the offset field in the trap set to
the magic field of 1.05 kV/cm. Additionally, at the
intermediate temperature, we show measurements for a
higher and lower value of the offset field in the trap. The
linewidth of the measured transition depends strongly on

temperature, closely matching a /7 temperature depend-
ence. This suggests Doppler broadening as the dominant
broadening mechanism. For the lowest temperature, we
achieve a FWHM linewidth of 3.8 kHz.

For a lower or higher electric offset field, the spectra
broaden and are shifted to higher frequencies. This is
consistent with the expected field dependence of the
differential Stark shift shown in Fig. 2(b). Considering
the change in the offset field is over 200 V/cm, this
measurement directly demonstrates the low sensitivity of
our transition to the electric field.

The key goal for any spectroscopy experiment is not just
to obtain narrow lines to distinguish close-lying transitions,
but also to accurately determine the center line position. In
most spectroscopy experiments the desired line position is
that which would be measured for an idealized system free
from any interactions with the environment, since such a
line position is well defined independent of any specific
experiment. In our case, such a measurement is not
possible, since the magic field automatically introduces a
large interaction with the environment. However, the line
position precisely at the magic electric field is equally well
defined, and is thus an equally valid spectroscopic quantity.

To obtain the magic-field line position, we model our
line shape based on our experimental parameters. It turns
out that a fairly simple model only taking into account
Doppler broadening and Stark broadening is sufficient for
our purposes. While the simplification introduces some
systematic error in the measured line position, this etror is
smaller than the statistical error and is included in the
discussion on the systematic error of our measurement
below. To model Doppler broadening, the energy distribu-
tion of molecules in the trap is measured via rf knife
measurements as described in Ref. [24]. Doppler broad-
ening is calculated assuming an isotropic velocity distri-
bution based on the energy distribution at the homogeneous
field value in the trap. To model Stark broadening, either
the theoretical electric field distribution shown in Fig. 1(b)
or a measured field distribution based on a nonmagic
transition [42] is combined with the theoretical differential
Stark shift of our transition. The overall spectrum is
obtained from convolution of the Doppler-broadened with
the Stark-broadened spectrum.

The modeled line shapes are shown together with the
measured data in Fig. 4. The horizontal position and
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FIG. 4. Measured and simulated spectra for various molecule kinetic energy. Two measurements are performed at a higher and lower
electric offset field as indicated (center panel), all other measurements are performed at the magic offset field in the trap. The FWHM and
fitted magic-field frequency for the magic-field measurements are indicated. The horizontal lines mark the signals measured with the
microwave (MW) left off and determine the base lines of the modeled spectra. Error bars and shaded regions specify the

1o statistical error.

vertical scaling of the modeled line shapes are determined
from least-y> fitting to the experimental data, all other
model parameters are determined from independent
measurements. The model reproduces the observed line
shapes very well, demonstrating that Doppler broadening
and Stark broadening are the dominant broadening
mechanisms.

The horizontal fit of the model to the experimental data
determines the magic-field line position. The values
obtained for the magic-field measurements are indicated
in Fig. 4 together with the statistical uncertainty. These
values are affected by a variety of sources of systematic
error, and we estimate the magnitude of these errors for the
lowest temperature measurement. First, the center of the
electric field distribution in the trap might deviate from
the magic-field value by as much as 0.5%. This can
shift the fitted magic-field frequency by about 3.5 Hz.
Second, the electric field distribution in the trap can be
obtained both from simulations based on electrode geom-
etry and from measurements on nonmagic transitions
resulting in slightly different distributions. Switching
between these distributions for the line shape model shifts
the fitted magic-field frequency by about 34 Hz. Third, we
model our line shape by adding an offset and linear term as
independent fit parameters. This shifts the fitted magic-field
frequency by about 23 Hz. Fourth, to estimate the effects
of simplifications in our model, we construct a one-
dimensional position-dependent electric field roughly
matching the position dependent electric field along the
narrow dimension of our trap. We determine the line shape
for molecules trapped in the resulting one dimensional
potential both using our simplified line shape model as well
as for a full calculation based on the instantaneous Stark
shift and Doppler shift for molecules propagating in this
potential. This results in slightly different line shapes with a
frequency offset between the line shapes based on least rms
fitting of about 10 Hz. Finally, frequency calibration of our
measurement is based on reference to a hydrogen maser
with a relative accuracy of 3 x 1013, which thus does not

relevantly contribute to our error. We estimate our system-
atic error as the root-sum-square of the indicated frequency
shifts. This results in a value for the magic-field frequency
of 364, 282, 182, 197 + 38, & 42, Hz based on the
2.6 mK measurement.

From the measured magic-field transition frequency, the
zero-field frequency can be calculated based on rotational
constants of formaldehyde. We obtain 364, 288, 895.5 +
3 kHz for the |/, K4; K¢) = [4,3; 1) <> |5,3;2) transition,
limited by the accuracy of rotational constants in the
literature [43]. This is consistent with the most accurate
value of 364, 288, 884 + 30 kHz obtained previously for
this transition [44].

In summary, we have demonstrated magic-field spec-
troscopy on formaldehyde, obtaining a transition linewidth
of 3.8 kHz and determining the center line position to less
than 100 Hz. Future improvements will allow even nar-
rower lines. In particular, the temperature of the molecules
is currently limited by the large magic electric offset field,
which results in an increased roughness of the trapping
potential and thereby limits the minimal temperature. Using
different transitions with a lower magic field value would
allow the use of colder molecules with reduced Doppler
broadening. For formaldehyde and similar molecules, this
is systematically the case for magic-field transitions with
larger values of K. Various techniques from atomic physics
could be used to circumvent Doppler broadening [45].

Narrower lines would also be possible using a further
improved [39] or altered trap design. As an example, we
consider electrically trapping formaldehyde in an electric
field minimum using the present transition in fields varying
by 0.1% about the magic field value. This would result in
Stark broadening of about 200 mHz while providing a trap
depth of about 40 uK x kp.

Our approach is extremely general since magic field
transitions exist throughout the rotational, vibrational, and
electronic spectrum of basically any polar molecule spe-
cies. While the systematic approach we have discussed
to identify such transitions in formaldehyde and similar
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molecules does not work in general, Stark shifts are always
strongly nonlinear toward sufficiently high electric fields,
offering many pairs of states with equal effective dipole
moment at some field strength.

Measuring multiple magic-field transitions in a given
molecule species would allow a more precise determination
of spectroscopic constants. Thus, the energy shift between
the zero-field frequencies and the magic-field frequencies
predominantly depend on the rotational constants, with an
additional small contribution at the present resolution due
to the static polarizability. Fitting spectroscopic constants to
a set of magic-field frequencies or a set of zero-field
frequencies for different transitions would thus be similarly
valid. Accurate values for the zero-field frequencies could
thereby also be obtained.

Our experimental technique has applications to other
types of measurements. First, a reduction in the present
linewidth by about a factor of 10 would allow the hyperfine
splitting of formaldehyde to be resolved. Second, the long
interrogation time in our trap offers new possibilities for the
investigation of very weak forbidden transitions. Third, the
narrow transitions represent a major step toward coherent
control over the internal molecular states. Here, the narrow
linewidths observed indicate the existence of coherences on
a long us timescale. Demonstrating these explicitly would
be possible, e.g., by replacing the weak, long microwave
pulses used in the present experiment with pairs of short
intense Ramsey pulses. However, this would also require
illuminating the molecular ensemble with homogeneous
intensity, which is not the case for the present experiments.

Two more long-term applications include observing
parity violation in chiral molecules and placing more
stringent limits on time variation of fundamental constants.
The ability to circumvent Stark broadening to perform
precision spectroscopy on trapped molecules is a major step
for both applications. We emphasize that chiral symmetric
top molecules such as phosphoric acid (H;PO,) are directly
amenable to the same type of trapping and cooling
techniques as are used here. Additional work is required
to identify suitable molecular transitions.
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