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Proposal for a controllable chip-based electrostatic double well for cold-molecule trapping
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Over the past two decades, a chip-based atom double well has matured as a powerful art with many
applications in modern science. However, its molecular counterpart, which holds potential for higher precision
and broader science, has been little studied. In this paper, we propose a scheme for chip-based electrostatic
double-well potential for polar molecules. The structure consists of two square wires and three square electrodes
deposited on an insulating chip. By adjusting the applied voltages, versatile operations on the double well can
be easily realized, such as precisely changing the depth and height of the double well, dynamically deforming
the double-well potential to a single well and vice versa, and adjusting the double well from symmetric to
asymmetric. We have developed numerical and analytical methods to verify the feasibility of our scheme with
both light (*’NDs) and heavy (**Hg'°F) polar molecules. The microscopic integrated double-well potential
presents a promising platform for confined molecule interferometry. Also, it provides new perspectives for the
study of cold collisions, sympathetic cooling, quantum information processing, and quantum simulation.
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I. INTRODUCTION

Matter-wave interference experiments provide definitive
evidence that reveals the wave nature of matter, such as
electrons [1,2], neutrons [3], atoms [4], and molecules [5].
Additionally, such experiments offer a unique and subtle
probe into the fundamental properties of matter at quantum
level [6]. Over the last three decades, atom interferometry
has given rise to numerous scientific and technical advance-
ments [7,8] in areas such as frequency metrology and inertial
and gravitational field sensing. Moreover, there is an increas-
ing interest in investigating matter-wave interference with
more massive and more complex particles, such as molecules
[9,10]. This is driven by the potential for higher precision,
broader applications, and the exploration of unexplored ter-
ritories where new physical phenomena might be discovered
[11,12]. Examples include the search for the permanent elec-
tric dipole moment (eEDM) of electrons [13,14] and the
possible time-dependent variation of fundamental constants of
nature [15] fifth forces [16,17] and dark matter [18].

In parallel, microscopic integrated matter-wave interfer-
ence on a chip is attractive for its implementation, since it
provides control over quantum systems in compact, robust,
and scalable setups [19,20]. Over the past two decades, chip-
based atom interferometry has been sophisticatedly developed
as an essential tool for both fundamental and applied research
areas [21]. In contrast, chip-based molecule interferometry re-
mains in its infancy stage. This situation arises partly because
the complexity of the internal structure of molecules makes
the preparation and manipulation of ultracold molecular
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samples challenging. However, recent substantial advance-
ments in the field of cold molecules [22-32], particularly
the realization of long-lived degenerate Fermi gases [33-35]
and Bose-Einstein condensates [36] of polar molecules, have
paved the way for molecule interferometry on a chip. Pio-
neering works in cooling and manipulating molecules on a
chip [37-44] lay the foundation for exploring new frontiers in
molecule chips.

Stimulated by the advancements in molecule cooling tools
and state-of-the-art microfabrication technology [45], we pro-
pose a chip-based electrostatic double well for molecule
interferometry. Note that its counterpart, chip-based double
well for atom interferometry, has been extensively inves-
tigated over the last two decades [46-51]. The double
well serves as a fundamental configuration for studying
matter-wave dynamics [48], wherein a single trap is initially
transformed into a double well, followed by the recombination
of the two wells to observe interference. Our scheme com-
prises two square wires and three square electrodes deposited
on an insulating chip, characterized by robustness, scalability,
and versatility. It not only allows for the dynamic deforma-
tion of the double-well potential into a single well and vice
versa, but also facilitates the transition from a symmetric to an
asymmetric configuration. We have developed numerical and
analytical methods to validate the feasibility of our scheme
using both light (ND3) and heavy (***Hg!°F) polar molecules.
202Hg!%F is selected as it is a promising candidate for eEEDM
measurement and is suitable for laser cooling [52].

II. DESIGN

Figure 1 provides a schematic diagram of the experimen-
tal setup for the proposed chip-based electrostatic double
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FIG. 1. Proposed experimental setup and chip design. (a) A supersonic beam is generated via a pulsed valve, slowed down by the
subsequent Stark decelerator, and then coupled into an electrostatic (double) well on a chip. (b) Expanded view of the electrostatic (double)

well structure, together with applied voltage and dimension parameters.

well. Figure 1(a) illustrates a supersonic polar molecular
beam being formed via a pulsed valve, passing through a
skimmer, and then decelerated by a Stark decelerator. Sub-
sequently, the molecular beam is coupled in the vicinity of
the molecule chip. An expanded view of the electrostatic
double-well chip is shown in Fig. 1(b), with the substrate
being a thin insulating plate. Two square wires and three
small rectangular electrodes are deposited on this plate. The
outermost square measures 130 um x 150 um in the x and y
directions, respectively. The specific dimensions are as fol-
lows: a; = a3 =30um, a; =5um, by =5um, b, = by =
1Sum, by =20wm, ¢y =10 um, c¢; =15um, and c3 =
5 um. The voltages applied to the different electrodes are
labeled as U; to Us. The coordinate system is also depicted
in Fig. 1, with the z axis being perpendicular to the molecule
chip surface and directed opposite to the molecular beam.

III. THEORETICAL ANALYSIS

Let us derive the electric field distribution on the surface
of the chip. In a space devoid of electric charges, the elec-
tric potential ®(x, y, z) must satisfy Laplace’s equation. The
expression for the electric potential of our designed chip is
given by

00
q)(x’ y, Z) — Z Amne[—z«/ (mkx)z-&-(nkx)z]x[cos(mkxx)cos(nkyy)]‘
m,n=0

(D

Here, k, =27 /L, and k, = 27 /L,. L, and L, represent
the periodicity (or length) of the potential in the x and y

directions, respectively. The coefficients A,,, are determined
by comparing numerically calculated fields along lines in the
x (y) direction, utilizing the same methodology as in Ref. [53].
Weselect m =n =0, 1, 2, 3, 4, 5 to generate quadrupole
potentials in the transverse directions. As long as the electric
potential is constrained, the electric field strength is given by
99
Ei = —, 2
i )
with i = x, y, z. The magnitude of the electric field near the
chip is then derived using the following equation:

Il = () + (B + (E). 3)

The interaction between polar molecules and electric fields
can be described as follows:
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where W is the Stark potential. For 'Y'ND; molecules in the
|J, KM) = |1, —1) state, the Stark potential W (|E|) can be
expressed as

W(El) = \/ (%) s Q) (%)

Here W, represents the zero-field inversion splitting and
denotes the dipole moment. For '>NDjs, the inversion splitting
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FIG. 2. The distributions of electric field strength along the z axis for the single well (a) and at x = 23 um along the z coordinate for one
of the double wells (c). The electric field distributions and the equipotential lines in the x-y plane through the minima of the single well (b)
and the double well (d). The minima of both the single and double wells lie on the x axis. Violet indicates higher strength and yellowish green

indicates lower strength.

is 1430.3 MHz, and its dipole moment is identical to that of
YND;, i.e., 1.48 D [54].

The electric field distribution on the chip, as derived from
Egs. (1)—(3), is depicted in Fig. 2. In our design, either a
single or a double potential well could be formed by apply-
ing appropriate voltages on the electrodes. For a single well,
the applied voltages are set as follows: U; =200 V, U, =
—200 V,and Us = Uy = Us = 60 V. The electric field dis-
tributions along the longitudinal direction (z axis) and in the
x-y plane through the minimum of the potential well are
shown in Figs. 2(a) and 2(b), respectively. The trap depth
in the longitudinal direction reaches 0.15 cm™ !, enabling the
confinement of "ND; molecules with a maximum velocity
of 13.1 m/s. The height of the potential well (i.e., the dis-
tance from the minimum of the potential to the surface of
the chip) is ~14 um. When the voltage of U, is switched
from 60 to —200 V, and the voltages of the other electrodes
remain unchanged, a double potential well is formed on the
chip surface, as shown in Figs. 2(c) and 2(d). The trap depth
in the longitudinal direction reaches 0.30 cm~ !, enabling the
confinement of "ND; molecules with a maximum velocity
of 18.5 m/s. The height of each potential well is ~13 um.
Figure 3 illustrates how the single potential well deforms into
a double well by gradually changing the voltage of Uy from
60 to —200 V, which causes a barrier to smoothly rise in the
center of the single trap, ultimately resulting in a double trap
on the chip, and vice versa. At the same time, the distance be-
tween the two minima of the double well gradually increases
to ~45 um.

IV. TRAJECTORY CALCULATIONS

In addition to the aforementioned theoretical analysis,
the trajectory calculation is employed to quantitatively char-
acterize the microscope compact double-well scheme. For

subsequent calculations, two molecular species are chosen as
testers: °’NDj in the |/, KM) = |1, —1) state as a typical light
molecule, and HgF in the X?Z; (v =0, N=2,Ny; =0)
state as a heavy one. The calculations do not take into account
molecular losses due to background collisions and nonadi-
abatic transitions, nor the interaction of molecules with the
chip surface due to their significant distances. The trajectory
calculations commence with the molecular beam loading onto
the chip, proceed through the dynamic processes from a single
well to a double well, and end with the adiabatic cooling of
molecules within the trap.

x (um)

FIG. 3. Smooth deformation from a single trap to a double trap
on the chip. The electric field distributions along the x axis through
the minimum (minima) of the well(s) as a function of U, is presented.
As the voltage of U, decreases, the barrier in-between the two poten-
tials rises, and the interval between the two minima of the double
well increases as well.
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FIG. 4. The electric field distributions of loading (a), single trapping (b), and double trapping (c) in the x-z plane through the center(s)
of the potential well(s). (d) Loading and trapping electric field strength in the z axis. In the color bar, violet indicates higher strength while

yellowish green indicates lower strength.

A. Effectively loading beams into microtrap on a chip

In order to enhance loading efficiency, a specialized load-
ing electric field configuration was designed that not only
enables stopping molecular beams with higher kinetic energy,
but also facilitates phase-space matching between the beam
and the trap. Figures 4(a)—4(c) depict the distribution of the
loading and the trapping electric fields in the x — z plane
through the minima of the potential wells. The strength of
the loading electric field along the z axis is shown by the
blue line in Fig. 4(d). When a packet of slowly moving
cold molecules approaches the chip surface, traversing from
point A to point B, the loading electric field is consis-
tently active and precisely sufficient to bring the molecular
packet to a standstill at point B. This necessitates the pre-
cise determination of applied voltage values beforehand. In
Figs. 4(a) and 4(d), the set voltages are as follows: U; =
0V, U,=-150V, and Uz = Uy = Us = 150 V, which
enable the deceleration of a '"ND3; molecular beam trav-
eling at ~5 m/s to a standstill at point B. Upon reaching
point B, the loading electric field is promptly switched to
either a single-well or a double-well electric field configu-
ration, as shown in Figs. 4(b) and 4(c), respectively. Based
on this description, we performed a trajectory simulation
for the ND; molecule. The electric fields near the chip
and the force experienced by each molecule at any given
location were calculated using Egs. (1)—(4). The initial molec-
ular beam’s position and velocity distributions are Gaussian

in all directions, with a six-dimensional (6D) emittance of
[60 um x 3 m/s] x [60 um x 3 m/s] x [10 um x 3 m/s] (in
the x, y, and z axis, respectively). The beam contains
1 000 000 molecules with the initial distribution centered
at x =0 um, v, =0m/s, y=0 um, v,=0m/s, z=
1 mm, and v, = 10-30 m/s . The simulation starts at the exit
of the hexapole downstream from the Stark decelerator, ap-
proximately 1 mm from the chip surface. Point B lies roughly
14 um above the chip surface. For the single-well electric
field configuration, the electrode voltages are set as follows:
U1 =200 V, U2 = —200V, and U3 = U4 = U5 = 60 V. For
the double well, the voltages remain consistent with those of
the single well, except for Uy, which is adjusted to —200V.

Figure 5 illustrates the distribution of the ND3 molecular
sample in phase space, which has been confined within the
trap(s) for approximately 1 ms. Figures 5(a)-5(c) and 5(d)—
5(f) correspond to single and double traps, respectively. The
separatrices (depicted in red lines) represent the phase-space
acceptance of the trap(s) in various directions. The molecule
number density is depicted using different colors, with red and
blue indicating higher and lower densities, respectively. It is
evident that the molecular beam emittance matches well with
the acceptance of the trap(s) in any direction.

The loading efficiency is strongly dependent on the veloc-
ity of the incident molecular beam. We have quantitatively
investigated the relationship between the loading efficiency
and velocity for two different electric field configurations,
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FIG. 5. Calculated phase-space distributions of ND; molecules confined in a single well (a)—(c) and in a double well (d)—(f) near the

surface of the chip.

i.e., single trap and double traps. The results are presented
in Fig. 6, where the loading efficiency n is defined as the
ratio of the number of the confined packet(s) to the number of
molecules in the incident beam. It is found that the maximum
loading efficiency of the single trap is 0.58% when the central
velocity of the molecular beam is 24 m/s. In the case of the
double trap, the maximum loading efficiency reaches 0.42%
when the central velocity of the molecular beam is 26 m/s.
Figure 6(b) shows the number density of molecules confined
in either single or double traps as a function of trapping
time, indicating stable confinement of ND3; molecules. The
temperature of the confined cold molecular packets is 41.1
and 83.6 mK in single and double traps, respectively. The tem-
perature T is defined by (3/2)kgT = (1/2)kgT, + kgTr [55],
where 7} and T are the corresponding longitudinal and trans-
verse temperatures of the molecular packets and are given by

06l —® Single well @)
' —@— Double well
S 03t
=
00F
10 20 30

v, (m/s)

Ty =mAv; . /81n2kp [56] with m being the mass, Av, .
the velocity spread (full width at half maximum), and kg the
Boltzmann constant.

B. Transformation between single and double well

In many application scenarios, such as confined molecule
interferometry and two-qubit gate operation, the ability to
bring molecules very close together and subsequently sep-
arate them is required. To verify the ability of our scheme
to dynamically control double-well potentials, we utilize the
method of trajectory calculation to prove this. The applied
voltages for the electrodes are the same as described in the
above section. A '"’ND3 molecule is used and the position and
velocity distributions of the initial molecular beam are Gaus-
sian in all directions with the six-dimensional (6D) emittance
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FIG. 6. (a) Calculated results for the loading efficiency of a single (blue) and a double well (red) as a function of the velocity of the incident
molecular beam. (b) Calculated results of the time dependence of molecular number density for a single (blue solid line) and a double well

(red dashed line).
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FIG. 7. Calculated results of the evolution of molecular number density from a single well to a double well (a)—(e), together with the

reverse process (f)—(j).

[60 um x 3 m/s] x [60 um x 3 m/s] x [10 um x 3 m/s] (in
the x, y, and z axis, respectively). The beam contains 100 000
molecules with an initial distribution centered at x = 0 pm,
vy =0m/s,y=0um, vy =0 m/s, z=14 um, and v, =
0 m/s. The molecular packet is first confined in the single
trap for 1 ms, followed by a soft transformation into a double
trap within 50 us. As can be seen in Figs. 7(a)-7(e), it is clear
that the molecular packet is gradually split into two separated
packets with a 45 um distance apart, resulting in a 26% loss of
molecules during the splitting process. The primary cause of
molecular loss during the splitting process is the emergence
of a central barrier. As the cloud of molecules is gradually
split into two packets by the emerging central barrier, some
molecules initially populated at the center of the single well
are expelled from the trap in the z direction and subsequently
lost. After holding molecules in the two traps for 1 ms, we
take another 50 us to reverse the process by merging the two
wells into one well. As can be seen in Figs. 7(f)-7(j), the
two separated packets gradually move together and eventually
merge into one, preserving all the molecules without any loss.
In comparison to the original single well, the volume of one
of the double wells is significantly diminished. Alongside
this reduction, the potential depth is doubled, resulting in an
increased number density of molecular samples within one
of the double wells during both the splitting process and the
subsequent evolution stages, as illustrated in Figs. 7(b)-7(f).
The above splitting and merging processes are also carried out
for the HgF molecule and show similar results, which are not
presented here.

The particle-based simulation described above does not
account for coherence effects, as Stark-decelerated cold sam-
ples are relatively “thermal” (short de Broglie wavelength)
and thus not ideally suited for molecular interferometry.
Nonetheless, these simulations suffice to accurately validate
the scheme’s capability for preparing and manipulating cold
molecules on a chip surface. Ultracold molecular samples or
even molecular Bose-Einstein condensates are optimal can-
didates for implementing molecular interferometry. A critical
aspect of an interferometer is the quantum dynamics during
the splitting and recombining process. The adiabatic evolution

of quantum states in a varying potential is essential to maintain
coherence [6]. In other words, the ramping time should be
sufficiently long for molecules to follow the potential change.
It is important to note that the central barrier in this study is
linearly increased. However, there are optimization methods
[57] that facilitate the acceleration of both splitting and merg-
ing processes while preserving sample coherence.

The asymmetry double well is of significant interest due
to its ability to produce fractional molecule distribution be-
tween the left and right wells. This feature renders numerous
benefits for a series of researches with neutral molecules. For
example, using an asymmetry double-well potential enables
the creation of higher precision sensors for atom (or molecule)
interferometry [58]. Additionally, the asymmetry double well
offers opportunities for advanced Hamiltonian design, such as
extended Bose-Hubbard models [59]. Figure 8(c) illustrates
the characteristics of the asymmetry double well. The volt-
age (Uz) dependence of the barrier height (8) and the trap
asymmetry A are shown in Figs. 8(a) and 8(b), respectively.
By decreasing the voltage of U; (or Us), the asymmetry of
the double well can be altered, transitioning from a sym-
metrical double well to a singular one. In our design, an
asymmetrical double well can be readily formed by apply-
ing appropriate voltages to each electrode or by modifying a
symmetrical double well. We verify the process of obtaining
asymmetrical wells by reducing the depth of either the left
or the right potential well from a symmetrical double well.
We use ND3 and HgF molecules as testers. The results of
these calculations are presented in Fig. 9, where the top row
displays the configurations of the asymmetrical double well,
and the corresponding molecule populations are depicted in
the middle (*>NDs) and bottom (HgF) rows. Initially, the
number of NDj5 (or HgF) molecules in both traps is identical,
as shown in Fig. 9(a). However, as the asymmetry A increases
(with the left trap being optionally selected), the population in
the left trap diminishes and eventually disappears completely.
Note that there exist subtle distinctions between the evolution
of the two molecular species from a symmetric double well
to an asymmetric configuration, as illustrated in Fig. 9. This
phenomenon can be attributed to the different forces expe-
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FIG. 10. The temperature of molecular samples as a function of |U| for a single (a) and a double well (b), respectively. The insets depict
the calculated results of ’NDj; density versus the voltage magnitude |U|.

the left trap for '>’ND; are more concentrated towards the trap
center compared to HgF. As the barrier height 8 reaches zero,
the symmetrical double well transforms into a single entity,
and the fractional number difference AN/N also varies from 0
to —1, as depicted in Fig. 8(d).

C. Adiabatic cooling in single and double wells

Recently evaporative cooling of molecules to quantum
degeneracy has been demonstrated [34]. It may be feasible
to utilize the chip for preparing ultracold molecular sam-
ples and even molecular Bose-Einstein condensates using
adiabatic cooling, Sisyphus cooling, or evaporative cooling
methods. These methods have been previously exploited for
atoms [60,61] and molecules [41] in a single chip-based
trap. In our proposed scheme, the controllability of the trap
depth of the microtrap on a chip facilitates adiabatic cool-
ing of the confined molecules and achieving colder samples.
We will provide examples of adiabatic cooling of trapped
molecules in single trap and double traps on the chip us-
ing Monte Carlo simulation. The initial beam contains 100
000 ND; molecules with an initial distribution centered at
z=14ym, v,=0m/s, y=0um, v, =0m/s, and x =
O um, v, = 0m/s. The position and velocity distributions of
the initial molecular beam are Gaussian in all directions with
a 6D emittance of [10um x 20m/s] x [60 um x 20 m/s] X
[60 um x 20 m/s] (in the z, x, and y directions, respectively),
which are larger than the acceptance of the chip. During the
adiabatic cooling process in a single trap, the voltages applied
to the chip are gradually decreased from their initial values
of U1 =200 V, U2=—200 V, and U3=U4=U5=60 A\
to lower values of Uy =20V, U, = =20 V, and Uz = Uy =
Us = 6 V over a duration of 500 us. These reduced voltages
are then maintained for an additional 500 ps. Subsequently,
the voltages are slowly increased back to their original values
over 500 us and held for 300 us. As the electrode voltage
decreases, as shown in Fig. 10, the trap depth becomes shal-
lower, allowing the hottest molecules to escape from potential
wells. When the initial voltage of the single trap is reduced to
10% of the original, the temperature of the molecular sample
decreases from 66.5 to 28.4 mK, as shown in Fig. 10(a). At
the same time, the number of molecules decreases to 7.2%
of the original, as shown in the inset of Fig. 10(a). Similarly,

the adiabatic cooling process in the double trap on the chip
surface operates in the same manner, with voltages chang-
ing from U; =200 V, U, = =200 V, U3 = Us = 60 V, and
Uy=-200Vto U =20V, U, =-20V, U3 =Us =6V,
and Uy = —20V, following the same time sequence described
above. When the initial voltage of the double trap is reduced to
10% of the original, the temperature of the molecular sample
decreases from 94.4 to 54.8 mK, as shown in Fig. 10(b).
Simultaneously, the number of molecules decreases to 8.0%
of the original, as shown in the inset of Fig. 10(b). It is worth
noting that during the adiabatic cooling process, the ramping
time is sufficiently long for molecules to follow the change in
potential, meaning that d7/dt<<1, where dT" and dr represent
the trapping period and ramping time, respectively.

V. CONCLUSIONS

In conclusion, we proposed a controllable chip-based elec-
trostatic double-well scheme characterized by its robustness,
scalability, and versatility. By controlling the applied voltages
on the electrodes, various operations on the double well can
be conveniently achieved, such as dynamically deforming the
double-well potential into a single well and vice versa, transi-
tioning from a symmetric configuration to an asymmetric one,
as well as implementing adiabatic cooling in either a single
or a double well. The feasibility of this scheme is confirmed
through methods involving theoretical analysis and trajec-
tory calculations for both light ('°’ND3) and heavy (***Hg!°F)
molecules.

The ability to isolate molecules in our controllable double-
well potentials is essential for testing a broad range of
molecule-based research, ranging from quantum sensors for
applications such as inertial and gravitational field sensing
[11,62] to quantum tunneling effects [63], quantum entangle-
ment [64,65], and collisions [66]. The design of the double
well, which is based on a chip and scalable, also has applica-
tions in diverse fields including molecule-surface interactions
[67,68] and extensions of the Bose-Hubbard model [59]. It is
interesting to combine optical tweezers [69,70] with the chip-
based double well, which facilitate loading and manipulation
of cold molecules. The microscopic integrated double well
may be utilized for applications in space-borne laboratories
[71], and for exploring new frontiers in chip-based molecule
science [12,72,73].
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