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We propose and analyze an electrostatic-optical nanoscale trap for cold diatomic polar molecules. The main
ingredient of our proposal is a square array of ferroelectric nanorods with alternating polarization. We show
that, in contrast to electrostatic traps using the linear Stark effect, a quadratic Stark potential supports long-lived
trapped states. The molecules are kept at a fixed height from the nanorods by a standing-wave optical dipole trap.
For the molecules and materials considered, we find nanotraps with trap frequency up to 1 MHz, ground-state
width ~20 nm with lattice periodicity of ~200 nm. Analyzing the loss mechanisms due to nonadiabaticity,
surface-induced radiative transitions, and laser-induced transitions, we show the existence of trapped states with
lifetime ~1 s, competitive with current traps created via optical mechanisms. As an application we extend our
discussion to a one-dimensional (1D) array of nanotraps to simulate a long-range spin Hamiltonian in our structure.
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I. INTRODUCTION

Ultracold atoms and molecules trapped in optical potentials
constitute a versatile toolbox for simulating a plethora of
Hamiltonians [1]. The energy scale for such trapping is set by
the optical wavelength and laser strength. To go beyond this
energy scale, there is arecent surge in investigations of trapping
atoms in subwavelength lattices. Most of these studies concen-
trate on hybrid atom-dielectric systems and the use of vacuum
forces to achieve lattice constants on the order of ~50 nm
[2,3]. Naturally, a pertinent question in this regard is to extend
such trapping schemes for polar molecules, which because of
their rich internal structure and potentially strong interactions
have raised considerable interest as a basis for quantum com-
putation and simulation [4—-6]. Additionally, the presence of a
permanent dipolar moment in such molecules is responsible
for a plethora of exotic physics with applications in quantum
engineering [7-10] and precision measurements [11]. The use
of a nanoscale trap can be beneficial for these applications
because of its increased energy scale. For a comparison, in typ-
ical optical lattices (A ~ 1.06 wm) with a microwave-coupled
RbCs molecule, the maximum nearest-neighbor interaction
energy is on the order of ~0.5 kHz (30 nK). Since the dipolar
interaction falls off as a cubic power of distance and a threefold
decrease in lattice constant will result in a 27-fold increase of
interaction strength. This energy scale can potentially give rise
to ~10* gate operations, within a typical molecule lifetime
of ~1 s, for quantum information processing applications.
Another advantageous consequence of nanoscale confinement
originates from the reduced tunneling and overlap between
neighboring sites, a possible mechanism for suppression of
molecular complex formation [12]. We propose a setup to
create a subwavelength trap for cold rovibrational ground-state
polar molecules which are prepared, e.g., in optical lattices
[13,14]. Ferroelectric materials can provide a natural basis for
such traps. Nanoscale ferroelectricity is a source of intense re-
search because of its potential application as nonvolatile mem-
ories, sensors, etc. [15]. It has been found that monodomain
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ferroelectricity survives for nanorods with radius down to
~20 nm [16-18]. Taking advantage of state-of-art lithography
and nanotechnology [19-25] techniques, it is possible to create
a periodic array of ferroelectric nanorods. Moreover, using
cantilever tips or external loads, polarization of each nanocell
can also be controlled externally [26,27]. This enables, in
principle, the design of potential landscapes to trap polar
molecules.

In this paper, we propose an electrostatic-optical trap for
rigid-rotor ' ¥ diatomic polar molecules. The subwavelength
trap is provided by the electric field created by a periodic
arrangement of ferroelectric nanorods. An optical potential
is used to prevent the molecules from moving away from
the nanostructure. We show that it is possible to obtain a
nanometer-sized trap for molecules in high-field-seeking states
with a lifetime on the order of seconds. Such lifetime is
achieved by the virtue of two ingredients: (i) the existence
of a trapped state with negligible nonadabatic (Majorana) loss
and (ii) the suppression of additional losses due to hyperfine
mixing by applying a strong magnetic field on the order of a
few Tesla for 1D trapping.

At this point, we like to stress that trapping molecules using
electrostatic force has a long history [28]. In most of these
studies, the molecules are trapped using linear Stark shift.
Such traps suffer from Majorana losses near the trap center
owing to their kinetic origin [29]. Therefore, reducing the trap
size to the nanometer (nm) regime in general will make the
molecules extremely short-lived (lifetime on the order of few
microseconds or less). In our proposal, the trapping potential
originates as a second-order perturbative effect (quadratic
Stark shift). By analyzing the quantum motion, we show
the presence of motional states in which the nonadiabatic
coupling is weakened considerably by destructive interference.
Additionally, we discuss molecule loss due to both vacuum
photons and thermal phonons in the presence of a substrate.
We finish the article by a proposal to simulate a long-range
X X spin Hamiltonian.

©2018 American Physical Society
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The paper is arranged as follows: We present the hyperfine
and rotational structure of a 'S molecule in Sec. II; in
particular, we consider 8Rb'**Cs (RbCs) as a paradigmatic
example. In Sec. III, we present our ferroelectric structure
corresponding to a 0D arrangement of nanorods. Section IV
contains a detailed analysis of the OD electric field and its
trapped states. In Sec. V, we close the trap in the Z direction by
adding a suitable laser field. Additionally, we sketch a method
for electrostatically trapping the general molecules. The main
loss mechanisms (nonadiabatic and hyperfine-induced losses
and losses due to nanostructure and laser field) are discussed
and shown to be small in Secs. VI and VII. Sections VIIT and IX
consider the extension to a 1D system and propose a quantum
simulator using our traps.

II. MOLECULAR HAMILTONIAN

Here we consider a rigid-rotor 'S diatomic molecule
amenable to laser cooling. The molecular Hamiltonian in the
electronic and vibrational ground state is given by [30]

Hpo = iB,N* + ) ;i - N + oIy - I + Ho + Hingg,

>i(eqQ)i[3U; - N + 3I; - N) — N*I?]
27,2 — DN — DN +3) ’
Hmag = _ngNN ' é — UN Zgi(l —o)l; - é,

1

Hq = (D

where the first term gives the rotational spectrum where N is
the total angular momentum operator and B, is the rotational
constant. The second term takes into account interaction of the
rotational angular momentum with the nuclear spins and the
third term denotes the direct interaction between the nuclear
spins. As we are interested in diatomic molecules, the total
nuclear spin operators of the two atoms are denoted by I .
The Hamiltonian Hq denotes quadrupole interaction with
coupling constants (eq Q); ». The last term in the Hamiltonian
denotes the Zeeman term in the presence of a magnetic field
B where g, is the rotational g factor of the molecule and
g1.2 are the nuclear g factors with typically g, > g,. In the
present paper, we apply a magnetic field along the Z direction,
B = ByZ. A full description of the internal molecular state is
then denoted by |N, My, Z;, Mz, ,T>, Mz,), where, N*|\,
Mpa)=NN+DIN Mp) Nz IN Mpy) =My N My),
Nel[0,1,2,...], =N > Mu >N and the same for the
nuclear spin operators.

As afirst step, we diagonalize the Hamiltonian in Eq. (1) for
the ¥’Rb'*3Cs molecule (Z; = Zcs = 7/2,T> = Irp = 3/2).
The hyperfine constants are taken from Ref. [31]. We are
especially interested in the rotational levels NV = 1, My =
+1. This justification for choosing such state will be clarified
in Sec. IV. Moreover, for the present purpose we ignore
coupling to the N = 1, M = 0 state, which can be detuned
by application of laser fields (see Sec. V A). For concreteness,
we chose the magnetic field B = By such that the two lowest
energy states are almost degenerate. These states are

lwo) = 11,1,7/2,3/2) ,

Bo) ~ (1 = 8%/2)11,—1,7/2,3/2) = §1,1,7/2,~1/2) ,
2

where § < 1, and |ap) is the maximally polarized state
which has no quadrupolar coupling. On the other hand,
the |1,—1,7/2,3/2) state is coupled to |1,1,7/2,—1/2) via
Hg. Without the magnetic field, such coupling will lead to
an equal superposition of these states. Moreover, the Hpq
eigenvalues for the states |ag) , |Bo) are &2hB, — Eg — Ane/2,
and ~2hB, — Eg + Aps/2, where Ej is the energy and Aps
is the detuning due to hyperfine and Zeeman Hamiltonian of
Eq. (1).

For future use (see Sec. IV), we will also consider the
energy eigenstates in which |1,£1,7/2,—1/2) has the majority
contribution:

o) ~ (1 —8%/2 —81/2)11,1,7/2,—1/2) + §;]1,1,5/2,1/2)
+8[1, —1,7/2,3/2),
1B1) ~ (1 —81/2)|1,—1,7/2,—1/2) + &|1,—1,5/2,1/2),
3)

where§; < land |ay), | 1) are Hpo eigenstates with eigenen-
ergies 2hB, — Ey — Ans/2 =~ 2hB, — E| + Aye/2, where E;
is the energy contribution from the hyperfine and Zeeman
Hamiltonian. In Sec. IV, we will see that these states are
coupled to |ap) , |Bo) by the electric field of the ferroelectric
rods. For future use, we introduce a shorthand notation for
the nuclear spin quantum numbers by the collective symbol,
Teol = {Zes, M1, Irb, M1, }, and as a result a general state is
written as

|N7MN7ICOI> = |N7MN71-1 7MII 7127-/\/111)' (4)

III. POLAR MOLECULES NEAR 0D FERROELECTRIC
NANOSTRUCTURES

Our system consists of a symmetric arrangement of polar-
ized ferroelectric nanorods. The elementary structure consists
of four cylindrical nanorods centered around each corner of
a square as shown in Fig. 1(a). Each nanorod has a radius
rq and height h > ryq. Within a cell, neighboring nanorods
are separated by a distance ag. The unit vectors X and ¥
along the plane of the cell are shown in the second panel of
Fig. 1(a). We measure Z from the top surface of the nanorods
and denote the centers of the four rods by (m,,m,)a,/2 =
ﬁm,mi = =£1, respectively. We consider an antiferroelectric
arrangement where polarization of each rod is given by Py, =
(—1)tm+m)/2 P From now on, we scale all distances by the
nanorod radius r4 unless otherwise explicitly specified. In this
paper, such nanorod arrangement is referred to as 0D structure.

We study polar molecules near such ferroelectric nanos-
tructures. In general, our model Hamiltonian is given by
Hgys = Hyin + Hpol + Hye, where Hyg, is the Kinetic energy
of the center of mass of the molecule, Hy, is given in Eq. (1)
and H,,s denotes the interaction between a single molecule and
a nanostructured cylinder.

A. Molecule-ferroelectric interaction

First, we set the notation for the molecular position as
p = (R,Z), where the transverse vector R = (X,Y). The
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FIG. 1. (a) Left panel: Side view of our primitive cell is shown.
Each nanorod is made of ferroelectric material. The red and blue
colors of the rods denote the +Z direction of the ferroelectric
polarization, respectively. We place a dipolar molecule at a height
Z above the top of the nanorods. We illuminate the system by
counterpropagating optical laser fields, which provide a trap for the
molecule along the Z direction. Moreover, we apply a static magnetic
field ByZ to minimize hyperfine loss. Right panel: Top view of our
primitive cell. We define the local polar coordinate system. (b) We
arrange the primitive cells periodically along the X axis. Notice the
7 /2 rotation of the ferroelectric arrangement between neighboring
cells. The periodicity of the cells is denoted by ajy.

molecule-ferroelectric interaction is given by the dipole Hamil-
tonian and expressed as

N - Ti - Tl—l
Hye = —amf|:EZ[,o]T0 + Ef[p]ﬁ + E+[P]ﬁj|, ()

where T} = cos 6, T, = sin@;,e*%n //2 are the spherical
tensors of rank 1 denoting the internal coordinates of the
molecule and only act on the rotational states |, M ). The
molecular axis in the laboratory frame is defined by the angles
to the Z axis and its projection to the X axis, 6i,,¢i,. Here,
Ez[p] is the Z component of the electric field and E.[p] =
(Ex[p] £iEy[p]) are its azimuthal components. We should
note that electric fields are dimensionless in our units. We
define the effective molecule-ferroelectric coupling strength,
Apf = %, where p is the permanent dipole moment of the
molecule. For RbCs molecules, the dipole moment is given by
u = 1.22 Debye [32].

After carrying out integration over the height of the
nanorods, the field strength at o due to the ferroelectric nanorod

at position (m,aq,myag) reads

Ez[m;p] = —fd?(ZE[Z] —(Z+h)E[Z + h)),

E_[m: ] = —¢~i%m / dF(E[Z + h] — E[Z))

X (R — re_i(¢_¢m))’
1= 1
(22 R~ TP

E[Z (6)

where 13,,, =R-— ﬁm, m = (my,my) and tang,, = (¥ —

myaq)/(X — myag) and we have defined a local polar coor-
dinate around each nanorod axis 7 = (r,¢). The integral is

defined as [ dr = fol rdr 02” d¢. The total field components
are given as the sum of the contributions of all nanorods by
Ez[pl.E-[p]:

my+my

Eypl=) (=1) >

E)m;pl m=2,—). (1

For the azimuthal electric fields, E_[p] = E*[p]. From the
expression in Eq. (6), it is clear that each ferroelectric nanorod
can be effectively substituted by opposite surface charges at
the top and bottom of the nanorods.

To treat the effect of ferroelectric nanorods on the molecular
motion and identify the trap provided by the proposed arrange-
ment, we operate in a regime with anye| Ex[0]],ame| Ez[0]] <
h B, which allows us to carry out a second-order perturbation
analysis for each A/ manifold. Note that selection rules imply
that (V| Hye IN7) o¢ Sarar+1. Moreover, we neglect the detun-
ing effect of hyperfine splitting as c; 2,c4,(eq O)12,unBo K
B, and suppress the hyperfine structures of the molecular state
in the notation. From the Hamiltonians in Egs. (1) and (5), we
derive an effective potential of the form

2
o e - - - >
vV o (ELBIE-[B1VY + E2[5IV]Y + E2[pIVY

~ 2hB,
+ EZ[51VE + EZIB1E-[BIVy, + EZ[BIEL[5IVE).
(8)
where Vﬁ‘/ = [Vi\/]f,Vé\C = [Vé‘i]T and
oA Ty IN' My) (N My | TL,
=3 2 Ev—Ev :
7]=:‘:1N/,MA// N N
Vo Y TN My) (N M| T}
JF - 9
N My EN - EN’
-y Ty IN M) (N My | T
7 - )
Nty Exn — En
Vo Ty IN'  My) (N, My | T},
V=D ) v O
n0'=0.1 N My N N

n#n’

While deriving Eq. (8), we have made the assumption that the
molecular center-of-mass motion is adiabatic; i.e., it is slow
compared to the rotational splitting. In Appendix B, we discuss
the nonadiabatic corrections to this approximation.
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FIG. 2. Electric field distribution of the 0D nanorods arrangement as in Fig. 1 with Ny = Oand a; = 2.25. (a) The magnitude of the azimuthal

field distribution E_[p] in the XY plane is shown for Z =

15. At the center of the square, the electric field vanishes due to the reflection and 77 /2

rotational symmetries. Moreover, we define a local polar coordinate from the center of each square: (R,¢). For R < 1, the E| 5] field magnitude
grows linearly with R. The black dashed lines denote boundaries of the nanorods along the XY plane. (b) The argument of E_[p] is shown.

We clearly see that in terms of the local polar coordinate, E_[0]

~ ie'?. (c) The field distribution of E is plotted. The Z field has maximum

magnitude along the two diagonals and has a angular distribution o sin 2¢. (d) |E_[p], Ez[0]] are plotted as a function of distance along the

diagonal from the center.

IV. 0D NANOTRAPS FOR MOLECULES

First, we investigate the simplest ferroelectric geometry
consisting of only four nanorods; i.e., the OD structure intro-
duced above, cf. Fig. 1. As we shall see, this configuration can
laterally confine molecules in a suitable internal state to the
center of the arrangement; hence we call it a 0D nanotrap. To
obtain this result, we consider the form of the electric field
at the center of the square. We can gain useful insights from
symmetry arguments: The field sources change orientation
under rotation (around the Z axis) by m/2 as well as under
reflections either at ¥ = 0 or at X = 0. This constrains the
Fourier series of the azimuthal field component (written using
in-plane polar coordinates R,p, collectively referred to as
R) E_(p,R.Z2)=), ci/(R,Z)e™" (cf. Appendix A): Only the
coefficients ¢; with [ = 4 + 1 may be nonzero and they are
imaginary and odd functions of R. Specifically, we have that
c_1[R,Z] = 3[R, Z] = 0.

Moreover, note that as the electric field is nonsingular,
we have in general that c¢,[R,Z] « R" as R — 0. Thus,
ci1[R,Z] « R for small R. For the Z components, we can
similarly show that it contains only even powers of R and
by Gauss’s law V - E = 0 we have Ez[¢,R,Z]  O[R?] for

small R. Such electric fields resemble a traditional quadrupolar
field configuration. For illustration purposes, we plot the field
distributions in Fig. 2. In Figs. 2(a) and 2(b) amplitude and
argument of the azimuthal field is shown. For R < a,/2, we
indeed notice that E_[p]  ie'?. The linear dependence of
E_[p] with R is clearly seen in Fig. 2(d) as is the angular
dependence of Ez[5]in Eq. (10) in Fig. 2(c). Moreover, Ez[ o]
depends quadratically on R to the leading order as can be
verified from Fig. 2(d).

Thus we find for small R for the field given in Eq. (7) that

E_[p]l = iR(f.lag. Z] + filas. ZIR?) explig]
+if_slas, Z]exp[—3ip]R* + O[R?],

Ez[p] ~ f.las,Z1R?sin[2¢] + O[R*], (10)

where Gauss’s law leads to the form of E,[p] with
0z fzlaa, 2] — 3Q2 firlaa, Z1 + f3laq,Z]) =0. We use
filaa,Z], firlaq,Z], f—s3laq,Z] as fitting functions which
we obtain numerically and which are shown in Fig. 3.
It is clear that the largest parameter is f)[a4,Z],
corresponding to the linear dependence of the azimuthal
electric field with R as fi,[aq,Z]/f1laq,Z] ~ 1072, and
foslaq,Z1/f1laq,Z] ~ 5.0 x 1073, Moreover, we see that
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FIG. 3. We plot the fitting functions in Eq. (10) as a function of a, and Z. Left panel, f,[a,,Z]; middle panel,

right panel, f_3[as,Z]/f1[a4,Z].

by increasing the lattice constant one increases f[ag4,Z]
and simultaneously one decreases the relative strength of
the fitting functions associated with R® scaling, whereas by
increasing Z, we see a decrease in each fitting function due to
the scaling of the dipolar interaction.

As the electric fields vanish as R — 0, we can write the
effect of the ferroelectric nanorods within perturbation theory
as presented in Eq. (8). We consider the first excited rotational
level N' = 1 manifold with M| = £1. The M, = O state is
excluded from further consideration due to its large shift in en-
ergy from the My = %1 as will be shown later. Moreover, for
R < ay/2,the E+[p]field components are dominant compared
to Ez[p], which is then neglected at first. Subsequently we
only keep the V|, V. from Eq. (8). Using the state description
of Eq. (4), we find that the effective potential is

M}# Z (11, My Zeqr) (1, M1, Zeqll
401 B, ’ ’

M=
Zcol

_3€2iMl(p|],MlyIcol> (1, _MI’ICOH)’ (D

where we have used the expression for E4[p] from Eq. (10),
retaining the leading term o R. By inspecting Eq. (11), it is
clear that for each 7., a trapped state can be formed by the
superposition:

V]

rad —

—@)= > LML) e™9/V2. (12)
Mi==%1 |
r A AT 2R
Hyy = _K(8R+FR - )+ - IIOthf
A
! 2K~
r 2 49 (6—3)2+1 (f1lag, Zlow)* R?
Hy = —K (9% + 7 )+ Tong,
A
! 2K -
38(fLlag, Zlam)* R JO 1
Hy = — )
40h B, 10

and Hjp = Hy;, where we have introduced the unit for kinetic energy K =

_EO

—E

—firlas, 21/ f1laq,Z]; and

We are now ready to consider the joint effect of the internal
Hamiltonian Hy,, in Eq. (1) and the effective potential in
Eq. (11). Specifically, we will transform to the diagonal basis
of Hpo1 and consider the states |cg,1) , | Bo.1) in Egs. (2) and (3).

Exploiting the approximate cylindrical symmetry of our
problem, we write down explicitly the position dependence of
individual internal states as (R | o, =Y, al[Rle™ /21
and (R | Bj) = Ze bé [R]e”e“’/m, where j = 0,1 denotes
the molecular internal state and £ =0, = 1, =2, ... repre-
sents the center-of-mass angular momentum around the labora-
tory Z axis. Additionally, for the time being, we neglect motion
of the particle along the Z axis (see Sec.V A) and as a result the
Z dependence is implicit in the coefficients. We use the trans-
formed coefficients ¢} [R] = (a)[R] — b} _,[R1)/~/2,u¢[R] =
(alf [R]+ bé_z [R])/ /2. Moreover, to simplify the notation, we
introduce the array ¢;[R] = [#][R] u}[R]]". In terms of the
transformed coefficients, the Schrodinger equation in closed
form reads

Hoo  Ho || £[R] — t)[R] (13)
Hyo Hy |[t; ,[R] t)_,[R1|
where the matrices are given by
2K - by ]
P 12 32 R2 ’
_[{(812e + L%R _« 11€)2+1) _ (fL[a(gOZ]g:m) R” Eo
272 — 2
2
K (92 4t _ =1+l (fulaw, Zlow)R® o | (14
- (R+7_ R? )_ 204 B, -l
2m_2 and neglected terms with strength o §2. To

solve Egs. (13) and (14), as a first approximation we neglect the off-diagonal elements Hy;,Hyp, and Ay, since § < 1. Later onin
Sec. VI, we consider the consequence of Hy;, Hio, and Ay # 0 on the trap lifetime. Within this approximation, the Schrodinger
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equation becomes

[—1{(8,2e + % —

—1)>+1 (filaa, Z)owm)*R® 1=
R? ) + 104 B, EJ

2K L

Note that the nanorod-dependent potential term (that depends
on f ) describes a harmonic trap for the upper part of Eq. (15),
while it comes with the opposite sign in the lower block.
Consequently, we divide Eq. (15) in two parts, the diagonal
part where te’ [R] denotes bound (trapped) states due to the
R? potential and ué [R] denotes untrapped states with positive
energy (¢ > 0). A coupling between the two is given by the
off-diagonal term. We notice in Eq. (15) that apart from the
diagonal energy shift £ ;, the equation of motion is independent
of the hyperfine internal index j. For £ = 1, the off-diagonal
part vanishes. Neglecting it at first for all ¢, the differential
equation for tzj [R] = t;,[R] can be transformed to associated
Laguerre equations with known solutions. The eigenvectors
and eigenenergies are given by

[t Ns N = 1) = V21, UN) |—,9),

- D @cff _ D2 eeff D2
(B | 1.LN) = V2(R)r expl—R2/21L5" (R ], 6)
(T[N + Legs + 1]/ND/2
€rnlaa, Z]1 = QN + L + Dhiowlay, Z],
where
R = R/olay,Z], (17)

Lot = /(£ — 12+ 1, (18)

and I'[- - - ]is the I" function. The quantum number of the radial
motion of the trapped molecules is represented by non-negative
integers N, with N = O representing the lowest energy state.
The Z-dependent oscillator width (o [ay,Z]) and frequency
wlag,Z] have the form

o100, 2] = o121y = WOKMEI
el  filaa, Zlowme”

K\ 12
5hB) ’ (19

From Eq. (16) it is clear that £=1 s
in energy and 1is nondegenerate. All other
are twofold degenerate between the pair of states,
[t/;—€+2;N; N =1), |t/;¢; N;N =1),£ > 1. Looking
into the radial distribution of the trapped states in Eq. (16), we
see that the wave function vanishes at R = 0. As a result, the
effect of the cross term in Eq. (15) will be small. Moreover,
for N = 0, the excitation energy from the lowest energy state

hw[advz] = |amt|fl[advz]<

lowest
levels

TABLE 1. Ferroelectric parameters for OD and 1D traps.

P(Cm™) ry (nm) @ (nm) hg (nm) - g s

58x10° 1.2 x 1073
2.9 x 10* 2.2 x 1073

0D 107! 60 00 180
ID 2.5 x 107! 45 200 135

2,9 e=17+1 (f1laq, Z]otg)* R
_K(8R+FR_ R? )_ - 20

2K

_ fé’i[R]] Is
_@} ELum’ (1

is given by de =egolaq,Z] — €1olaq,Z] = explaq, Z] —
€10laq, Z] = (V2 — Dhwlag,Z]. Next, we discuss the
properties of the trap. It is clear that as the molecule is held
closer to the surface, the trapping frequency increases as noted
in Fig. 6(a). For such states to be trapped along Z, one needs
an external force to keep the molecule near the nanostructure;
this matter will be addressed in the next section. Additionally,
by increasing the lattice constant a, up to a certain value, one
can also increase the trap frequency.

To qualitatively characterize the number of trapped states

present, first we define the effective potential without the

=112 y2
quadratic approximation as Vip[ 0] = %. As seen from
Fig. 2(a), the trap height is minimal along ¢ = 0 or /2, and

consequently the trap depth is defined as
Vdepth[adaz] = Vtrap[R = ad/Z,(P =0,Z]. (20)

e

(

Then the quantity Nyax = Viepmlaa,Z1/2hwlaq,Z] gives an
estimate for the number of trapped states; it is plotted in
Fig. 6(b). We see that as the lattice constant decreases, the
trap becomes shallow. For a fixed lattice constant, as expected,
bringing the molecule closer to the surface results in an
increased number of trapped states. Approximately, the trap
ceases to exist as Z increases and fiw|ag, Z] ~ Vyepmlaa,Z] is
reached. For the parameters given in Tables I and II, and using
Eq. (19), we find that for a; = 2.25 and at Z = 16 the trapping
frequency is w[2.25,16] ~ 0.5 MHz; cf. Fig. 6(a).

V. TRAPPING THE MOLECULES ALONG Z DIRECTION

In this section, we explain the mechanisms for providing
trap for molecules along the Z direction.

A. Optical trapping mechanism

From the trapping energy, Eq. (16), it can be noticed that as
the molecule in the (laterally) trapped state moves closer to the
surface, the trap energy increases. Hence, the molecules will be
pushed away from the surface. To prevent such an escape, we
locally trap the molecules along the Z direction by employing
a standing-wave optical laser field far red-detuned from the
excited electronic states. Via the AC Stark effect, this attracts
the molecule to the high-intensity region of the beam. However,
the presence of such a field can lead to loss of molecules as
components of the laser field polarized in the XY plane will
strongly mix the trapped and untrapped internal states [33]
described above. To prevent such polarization loss, we propose

TABLE II. Molecular parameters for RbCs

1 (Debye) Mot (1072°kg) B, (GHz)

1.22 37 0.5
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to use light beams propagating along the +Z direction with a
focused waist along the Y direction and a longitudinal field
component along the Z direction. Moreover, the longitudinal
field component needs to be much stronger than the transverse
field component in the trapping region. Furthermore, we keep
in mind that we want to generalize our trapping geometry from
0D to 1D, which means that the property of the beam should
be approximately unaltered by translation along either the X
or Y axis. To realize such a beam, we pass a Hermite-Gaussian
wave through a cylindrical lens to focus at Z = Z; along
the Y axis. As a zeroth-order approximation [34] (as/A < 1,
where X is the laser wavelength), we neglect the effect of the
nanostructure on the laser field at the molecular position so long
as A/ay > n,where n is the refractive index of the ferroelectric
substrate. This condition is equivalent to the physical situation
that only the zeroth-order diffraction mode exists and the
coupling to the guided modes of the periodic dielectric system
is minimal due to normal incidence. For the incident field,
we assume i = +/P;,(0,2Y /wo,0)exp[—Y?/wi £ ikZ —
iQ,st], where Py, denotes the laser power, wg is the beam
waist, and k = 2 /A. Such a mode can be created by passing
a Gaussian wave through a w-phase plate [35]. Along the X
direction, we have assumed a uniform field distribution. The
time-independent contribution of the light field after focusing
through a cylindrical lens (cylinder axis along X) is given

yEE = (0,8 i,é’;) (apart from a position-independent phase

las —

factor) [35,36],

2 =¥
EElY.Z) = ﬁ%/ F[y] cos® [y ] sin[v/]
x exp[ikY sin[y] £ ik(Z F Zy) cos[y]ld,
2 =1
P2 / Fly]cos' [y ]sin[y]
Wy )

x exp[xikY sin[y] £ ik(Z F Zy) cos[y]1d ¢,
21

ELIY,Z] =

where F[y] = exp[— f? sin[y¥/]?/ wo] is the window function
of the lens and f is its focal length. The numerical aperture
of the lens is given by sin[y/|] = ag/f, where aq is the
width of the pupil. The total laser field is given by adding
two counterpropagating fields in Eq. (21) and defined as
EalY,Z] = (0,& t[Y VAR t[Y,Z]). The total Z field shows a
maximum at the focal line Z = Zy, Y = 0 asseen in Fig. 4(a).
From Eq. (21), it is clear that at ¥ = 0, E5[¥,Z] = 0 as the
integrand is odd under v — —. From Fig. 4(b), we see that
at the line Z = Zj,Y = 0, the Y component of the total field
vanishes. This is due to the out-of-phase oscillation of the Y
field as a function of Z. As aresult, for Z ~ Z,,Y — 0, we are
always in aregion where the longitudinal Z component is much
stronger than the transverse component and for Z — Z;,Y =
0, the laser intensity is approximately quadratic: |EZ[0,Z]]* ~
Io(1 — B(Z — Zo)*/32),EY, = 0, where B &~ 47? is a constant
denoting curvature of the intensity profile near Z = Z, and I,
is the total intensity of the lasers after focusing.

Next, we consider the effective laser-induced potential for
N = 1 molecules. The laser-molecule interaction Hamiltonian
projected onto the Myr—; € {0,£1} subspace is given by (apart

tot [Y Z
(a) |8m Sl

tot[Y Z]
(b) =araal

0.08
0.06
0.04

0.02

FIG. 4. (a) Plot of the longitudinal Z component of the total
electric field. (b) Ratio between the transverse Y component and
the longitudinal Z component is shown. The limits on the axis are
different in panels (a) and (b). The parameters are, ¥, = /3, f/wo =
1.15.

from a constant shift in energy = —o; ly) [33,37,38] by

Vl
=5 = a0 ) (1.0, Zear) (1.0.Zea
col

+aiVz Y LML) (LM Tl (22)

M=+l
Zeol

where Vy = sin® [M], and «; is the polarizability of

the |+1) states for a Z-polarized light field, which can be
expressed as oy = (o + 41 )/5, where o), are anisotropic
polarizabilities of the molecule. Similarly, g = 2(ot) — «1)/5,
which shows that the M = 0 state will be detuned in en-
ergy from the M, = %1 states. Moreover, we consider laser
strengths such that the detuning o/, is much larger than the
transverse trap frequency fiwl[ay,Z]. For a laser strength of
Ip ~ 0.1 MW cm~2 and the trap frequency range considered
in the present paper, typically, agly/(hwlag,Z]) ~ 20 will
exponentially suppress the loss rate to the M; = 0 state by
an approximate factor e~%%/(ivlas.Z) The exponential factor
arises due to the overlap integral between the trapped and the
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continuum state with energy ~wgIy. Then, combining Egs. (16)
and (22), the total effective potential along the Z direction seen
by the trapped state is given by

. 2n(Z — Z
Velff[Z] = ey N[ Z] + a1 Iy sin® [M}

A
LV41Z]

~ 1
~ eff[Zl]"f‘ ZdZZ

(Z=2Z, (23
7=2,
where in the second line we have Taylor expanded the potential
around the local minimum Z; (the subscript 1 is to keep
track of the rotational level). We find that for the region of
Z with minimized loss rate (discussed in the next section) the
local minimum of Eq. (23) coincides with Z; ~ Z for a laser
with wavelength A = 1090 nm with focal plane Z; ~ 16 and
Iy ~ 0.1 MW cm~2. The approximate ground state along the
Z direction is expressed as

o 1\ (Z — Zp)?
=|— exp| ——— |,
4 7T0'22 P 20’22

where the wave-function width is given by o, =

dZVl VA .
(= jfélz J| 7=7,) For the parameters considered here,

a1 Io(ra/2)? > wlag,Z] and as a result the trap frequency in
the Z direction is given by wz = 4w /o [nK (r4/A).

1. Laser-induced loss

Because of the red-detuned nature of the laser light, we
trap the molecule at an intensity maximum. This can lead to
molecular loss due to the imaginary part of the polarizability
[37]. For a laser wavelength of 1pum, the imaginary part
is 1077-10~® times weaker than the real part. Thus a laser
intensity of Iy ~ 0.1 MW cm™2 gives a lifetime in the order
of 1-10s. One way to further increase the lifetime is by
increasing the laser wavelength to around 1.5 um, where one is
off-resonant from all excited states and as a result the imaginary
part should decrease exponentially with respect to frequency
shift: As seen in Ref. [37], the real part of the polarizability
remains the same, but the imaginary part decreases by an
order of magnitude or more. As a result, one can increase the
molecular lifetime to tens of seconds although the trapping
along Z direction becomes shallow.

B. Electrostatic trapping along Z axis

As an alternative to optical trapping along the Z direction,
we also sketch a purely electrostatic proposal involving two
0D structures, as shown in Fig. 5(a). The distance between
the two structures is given by L. Following Eq. (10), the
total azimuthal electric field E_[p] then can be written as
E_[p]l ~ifilaq,ZIRe'*. In Fig. 5(b), we plot f [ay,Z] for
aqg = 2.25and Lz = 32. We clearly see that along Z direction,
the potential increases from the center of the trap Zy =
L7/2. From using the parameters in Table I, we find that the
corresponding trap has the following parameters: w[2.25,7] =
0.5 x 107*B,,wz =~ .5 x 107 B,, where wy is the frequency
along the Z direction.

Though the optical trapping maybe preferable for loading
from ultracold samples, the electrostatic method is preferable
for molecules for which optical preparation is not available.

<

< L Z >
- \ »
. \e"—LZ
D
< Bo Z

x10°

4.5

14 15 16 17 18
A

FIG. 5. Electrostatic 0D trap: (a) Two 0D structures facing each
other and the corresponding Z axis. Nanorods of similar polarization
in both nanostructure is aligned with each other. (b) We show the
effective shape of the electric-field fitting function.

Moreover, it can be readily extended to 2D array structure as
unlike the optical trapping, we are not constrained by special
polarization properties of the laser. A detailed analysis of such
2D array is beyond the scope of the present paper.

VI. MOLECULE LOSS RATES DUE TO NONADIABATIC
AND HYPERFINE COUPLING

Next, we discuss various couplings that can transfer trapped
states to untrapped states. The first approximation arises as
a nonadiabatic effect to the Hamiltonian due to the position
dependence of the perturbation in Eq. (8). As discussed in
Appendix B, in the present case, such corrections are found to
be negligible.

In the remaining part of this section, we describe important
loss mechanisms.

A. Loss due to intrastate coupling

The next correction arises due to the nonzero off-diagonal
elements of Hy; in Eq. (15). These elements couple the trapped
state |t/;£; N; N = 1) to the continuum states |u/; £; N = 1)
with same angular momentum ¢ as described by the off-
diagonal terms in Eq. (15). It is readily seen that a special
situation arises for £ = 1 as the off-diagonal term vanishes and
there is no coupling to the untrapped state. This exact decou-
pling of trapped and untrapped states no longer holds for £ # 1.
To qualitatively describe the effect of the untrapped states, we
invoke Fermi’s golden rule by considering resonant coupling
of the trapped state |t/:0; N; N = 1) to the continuum states
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wlag,Z]
(a) B,
24

22

16 18 20 22 24

FIG. 6. (a) The trap frequency is shown as a function of Z and a, for the parameters listed in Tables I and II. (b) Relative trap depth Ny,
is shown as a function of Z for a, = 2.25 (solid line), 3.0 (dashed line), and 4.0 (dash-dotted line). (c) The decay rate y,[£,N] from Eq. (24) is
plotted as a function of £ for N = 0(0),1(J),2(A),3(x). (d) Total nonadiabatic and hyperfine-induced loss rate yt? is plotted as a function of Z
for a;, = 2.25 (solid line), 3.0 (dashed line), and 4.0 (dash-dotted line). The parameters are shown in Tables I and II.

with energy €, y > 0 via the off-diagonal term in Eq. (15). The

solution for the untrapped state then becomes (R|u,tM) =
2Ty Lot m R/ Rol/(Ro| Ty 11lete m11), where Ji[] denotes
the Bessel function of order £. We use a cylindrical hard-wall
boundary condition with radius Ry — ocoand a ¢.m 1s Mth zero
of the Bessel function, Jy, [xa, p] = 0. The resonant energy
condition is given by a7 ,, /R} = 22N + e + 1) + R?/2.
The decay rates for the trapped state |t/;2; N; N = 1) reads

1[¢,N] L
rosia 71 = 2Pl NN | R L tMes) P, 24
where the density of states in dimensionless units is Do, y] =
R2/(2m oy p). The use of Fermi’s golden rule remains valid
as long as the decay rates are lower than the minimum
energy gap, |€g.n+1 — €o.n| = 2hwlaq,Z] > y1[£,N], which
is fulfilled for all £. We plot the decay rate in Fig. 6(c)
for various ¢,N. Because of the symmetry around ¢ = 1,
y[—€,N] = y[£ + 2,N]for £ > 0. We find that the decay rate
is maximal for £ = 5,—3 and then decreases for larger £. Note
that as the effective potentials are always of finite height, as
a result the decay rates are valid as long as €; y S Viepin- We
point out that trapped states with this kind of long lifetime
(It; £ = 1; N; N = 1)) do not exist for traps using the linear
Stark shift (e.g., for asymmetric-top molecules). As a result,
for those traps, one needs a larger trap size (which decreases K)
to suppress molecule loss. The reason behind this is that there

exists no angular momentum channel for which the coupling
to untrapped states vanishes.

B. Loss due to hyperfine-structure-induced coupling

Hyperfine-induced coupling has two contributions. The first
one induces intrastate transitions due to the presence of Ay in
Hyy and H;; in Eq. (14). From Table III and Fig. 6(a), we
find that the trap frequency is much larger than the detuning
(Ane/wlay,Z] ~ 0) and as a result we neglect its effect. The
next correction arises due to the matrix elements of Hyy, Hjo
in Eq. (14) which are of order § < 1 (cf. Table III) and induce
coupling between different internal states denoted by j. As the
off-diagonal elements of Hy;, Hj are nonzero, these elements
can couple a trapped state to continuum states belonging to a
different hyperfine structure. On the hand, there is a detuning
due to the presence of a magnetic field with magnitude |Ey —
E\|. As a result, for a sufficiently strong magnetic field, the
transition is suppressed for |Ey — E;|/wlag,Z] > 1. Such a

TABLE III. Parameters representing molecular states in Egs. (2)
and (3) and the corresponding magnetic field and energy scales.

By (T) 8 81 T T
0D 0.1 0054 0058  5.5x 1073 0.0
1D 2.0 0003 0003 55x107'  37x 107
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suppression occurs as the trapped |¢°, 10) state is confined deep
inside the classically forbidden region of the continuum states
lul,—1).

Though for magnetic fields available in a laboratory, one
cannot reach a regime of complete suppression. As a result, we
calculate the transition rate from the trapped state (for details,
see Appendix C), which we denote by y;;. Their definitions are
given in Egs. (C2) and (C3). The most important thing to notice
by dimensional analysis of Hy;, Hjo is that yﬁ’f x 8%wlay,Z].

C. Loss rate due to the R* dependence of electric field

Additional loss channels are also present due to the second
term ocR> exp[—3i¢] in Eq. (10) which modifies the E.
electric field components. As a result, the effective potential
in Eq. (11) will be modified with an additional term ocR*. As
shown in Appendix D, the correction leads to coupling within
the same hyperfine manifold j between states belonging to
different £ quantum number. The modified decay rate due to
coupling of £ = 1, N = 0 motional state to other lossy trapped
state is given by (for details, see Appendix D)

foailaa, ZIK >
yf:(f[ Tt Z]) 2 2
1l44, wlagq, 0=—3,5 N’
V 2
x e yle NN (25)
N +1 -/ =12 +1

We like to point out that the use of perturbation theory may
become invalid for calculating the decay for states with higher
£ due to the presence of nearby degenerate states. In that case,
one can get the decay rates by concentrating on the degenerate
subspace. If that is not the case, we find that the sum in
Eq. (25) approximately converges for |[N’| < 2. As aresult, for
a consistent decay rate from N = 0 state, one needs to have a
trap with Ny ~ 2. Otherwise, one also need to consider the
continuum states due to the finite hight of the trapped potential.

The next source of loss originates from coupling of the £ =
1 state to continuum states with different £ quantum number
as shown in Appendix D. The loss rate for the N =0,£ = 1
state consequently is given by

_2]1( 3f3laq.Z] )21(21?[@.%]
Ve =S\ 4t lag, Z1holag, 21 )~ holag, 7]

X Y AN | R |, M) P, (26)
{=-3,5

with the resonant energy condition afq M/ Rg =20ler + 1)+

R?/2. To find the lifetime, we assume the parameters as in
Tables I and II and the unperturbed loss rate from Eq. (24).

D. Total trapped molecule loss rate

To find the total loss rate, we notice from Egs. (26) and (25)
and Sec. VIB that the hyperfine-induced rate of level j scales
as yhjf & w[ay,Z]. On the other hand, from Egs. (25), (26), and
(24), we find that higher order correction to the electric field
gives rise to loss rates y; . o~ 'ay,Z]. As a result, once we
fix the ferroelectric polarization and the nanorod dimensions,
by changing the position of the molecule along Z, one can find

an optimum solution. To this end, we define the total molecule
loss rate by adding Eqgs. (25) and (26) and hyperfine-induced
loss rate,

V=it ve 27)

which is pictorially shown in Fig. 6(d). From Figs. 6(b) and
6(d), we find that fora,; = 2.25 (a; = 135 nm for parameters in
Table I) and with Ny, & 10, the loss rate is minimized around
adistance Z ~ 16.0 (~0.96 um) with decay rate y,) ~ 0.2 Hz
(lifetime of ~5s). By increasing the distance between the
nanorods, one sees that the lifetime is increased up to ~10 s for
ay = 4.0. Another way to increase the lifetime is by increasing
the magnetic field which will increase |E; — Eg| between the
hyperfine states j = 0,1 and decreasing the hyperfine loss rates
in Sec. VIB. In Appendix E, we show the effect of increased
magnetic field with increased lifetime of ~20s for Z = 14.

We find that the remaining nonadiabatic loss channels due
to the Ey field in Eq. (8) give a much longer lifetime and as a
result they are discussed in Appendixes F and G.

VII. LOSS DUE TO SURFACE PROXIMITY

The present section considers the loss of trapped molecules
due to thermalization in the presence of the substrate surface.
Such losses exist irrespective of the presence or absence of
a trapping potential. The loss rates arise from two primary
sources: (i) photon fluctuations of the vacuum-substrate inter-
face and (ii) phonon fluctuations in the surface of the substrate.

A. Radiative loss

A source of loss of molecules is the coupling of rotational
levels to the black-body radiation modified by nanorods and
surface of the 2D substrate. The coupling frequency then
corresponds to a rotational transition which for ! & molecules
generally lies in the GHz region and subsequently we neglect
the hyperfine splitting. The coupling wavelength corresponds
t0 Aror ~ 10~'m. The height of the nanorods is negligible com-
pared to the coupling wavelength, i /Ao < 1. As aresult, from
the viewpoint of effective medium theory, the Fresnel reflection
coefficients only get modified by a negligible amount, oA /Ao
[39], and we can neglect the effect of the periodic nanorods.
Moreover, the lifetime of the molecule is dominated by the
surface and, as a result, we neglect the free-space contribu-
tion. Assuming that the substrate- and free-space photons are
in equilibrium with temperature k, T > hB,, and following
Refs. [40,41], the rotational heating rate for a molecule from
the |V = 1, M = =%1) state is given by

w? kT Qf Rele,]

Y=t e 73 2B, 2B, (Re[e,] + 1)

mol—sub

4.2 —\2 DZ 2

2

where yy is the free-space heating rate, Z,o1—sup 1S the distance
of the molecule from the substrate, ¢, is the dielectric constant
of the substrate, and the D;; are dipole matrix elements

(Dyy) = (N =0, My =0| T IN = 1My =1),
(D3)) = N =2,My =2|THN = ILMy =1),
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N =2My=0|TLIN=1My=1),
N =2My=1TyIN=1My=1).

(Dyp) =
(Dz1) =

Hence, the total heating rate is given given by the sum of
the free-space and substrate-induced heating rates [40]. The
lifetime of a RbCs molecule at 4K is on the order of ~10% s
[40], and as a result we can practically neglect the free-
space heating rate compared to the substrate-induced rate.
To estimate the latter, we use fused quartz as an example
whose dielectric properties are given by [42] Re[e,] ~ 3.83
and Qf ~ 10° GHz. The molecular heating rate then becomes
¥h &~ 0.02 s~! at a distance of 1 um (equivalent to Z ~ 16 in
the unit of nanorod radius for the parameters in Table I) from
the substrate for liquid helium temperature of 4K. The role of
Casimir forces in such distance is negligible and is discussed
qualitatively in Appendix H.

One possible way to extend the lifetime can be achieved by
a 1D substrate with thickness dg,;, near an integer multiple of
27 Clight / (Rsub Be), where ciig is the speed of light and ngy, is
the refractive index of the substrate. This reduces the reflection
coefficient for light waves with perpendicular incidence (polar-
ized inthe XY plane). As aresult, the important substrate effect
comes from the electromagnetic waves with polarization along
the Z direction, a change from the vacuum structure, which can
increase the lifetime by a factor of 2. Another possible way to
increase lifetime can be achieved be use of a glassy substrate
with thickness dg,;, < Be_1 , where B, is givenin cm~!. In such
cases, due to the long wavelength of the resonant light, the
substrate will be invisible. Such a substrate can stand on thin
pillars and as a result any macroscopic object will effectively
be far away from the molecule.

B. Loss induced by vibrational modes of the substrate

The presence of long-wavelength vibrations in the 2D
substrate also induces vibrations of the nanorods. This leads
to an phonon-assisted coupling between the molecular rota-
tional levels. As a result, there will be transitions between
rotational levels leading to heating (similar to the radiative
loss due to electromagnetic coupling). To gain a qualitative
understanding, we model the surface of the substrate as a square
lattice of atoms. Moreover, we also consider that the underlying
arrangement of atoms in the nanorods are also cubic. For
simplicity, we assume that atoms in both lattices have mass
M and lattice constant as. We denote the equilibrium position
of individual nanorod by b. For long-wavelength phonons,
vibrations of the atoms in the nanorods are all locked to the
surface vibrations of the substrate. We first consider the effect
of transverse acoustic phonon modes of the substrate surface.
The displacement of the atoms are normal to the surface with
magnitude U [b] In the second quantized form, we write the
displacement operator in momentum space [two-dimensional
momentum k = (k,,k,)] as

Ulbl = Y U™,
g

h
U;=42M. J%+ﬂ 2), (29)

where the appearance of r; is due to our choice of the unit of
distance. The phonon creation and annihilation operators are
denoted by aj;,a,; and the phonon dispersion relation is given
in the long wavelength limit as w; = ck, where c is the sound
velocity. In the limit where the molecules are far away from the
nanorods, the electric field components due to the transverse
displacement of a nanorod are expressed as E, = 0E,U [b]

wheren = +,Zand 0FE y = w1th the electrlc field given by
Eq. (6), and as we are using the expression for only a single rod,
my; = m, = 0 in this particular case. The total Hamiltonian is
given by

Hyo = Hot + th + HmO]—pha

Hiw =hB, Y N+ DIN My) (N Myl
N My

Hpp = Z(n,; +1/2)hey,

Himolph = ZU DV My I M) (N Mo

’\’J\/l
Ny

(30)

where in order to write the molecule-phonon interaction,
we have assumed that we are interested in the
long-wavelength  limit and the molecular matrix
element Vv MmN My = N My E;Ty+dE T} +
8E+T1_1 IN',Myp»). For our present paper, we are
specifically interested in transition rates from the molecular
states |N = 1,M, = =+1) which will couple to the
states [N =02,Muy =0),|N =2, My ==%£1,4£2) via
absorption or emission of phonons with energy corresponding
to the energy difference between the molecular levels. Similar
to the electromagnetic case in Ref. [43], we find for the
transition rate from [N = 1, My = +1) to |N, M)

Yol N Ml = ZZ S[N? + N —2)hB,
kK ninl,
+( /- )hwk]P[nk]H
meol_ph|1,1>|n£,) , (31)
where |n’;’f ) are phonon Fock states and |1,1) =

IN'=1,My = 1). The thermal distribution of the phonon
number nf is given by Pln ] = exp[—n%hw,;/(kg 7))/
(Z;Z:O expl—mzhwy/(kgT)]) w1th T being the temperature.
The 6 function in Eq. (31) represents the resonance condition.

For general ' & molecules, the rotational energy gap is in
the GHz range. For a substrate with sound velocity ¢ = 5 x
10°m s~', the corresponding phonon wavelength is on the order
of k=! ~ 10~%m which is much larger than the lattice constant
as. Using Egs. (29)-(31), we calculate the transition rates

hD[wp]|dE . |*

0,0] =
vonl0.0] 3Mr§a),;

Y (n+DPnl, wp=2B..

hD[w]|dEL|?
Mrfa),;

> nPnl. w;=4B.. (32)

n

J/ph[ZJI] = fﬂ
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where 1 =0,1,2, fo=1/15fi=1/5f=2/5 and
Dw;] = agw,; /(m%c?) is the density of states for the phonon.
The total transition rate from the |V = 1, M = 1) state is
given by ¥ = (0,01 + pn[2,01 + pnl2,2] + ypul2, 11,
For a quantitative estimate, we assume a sound velocity of
c=5x10’ms™! (similar to the one in a quartz crystal),
temperature 7 = 10K, an atom mass for the substrate
M =5 x 107?°kg (mass of silicon), and a typical lattice
constant of ag ~ 0.5nm. We place a molecule at a distance
VX% +Y2~1,Z~ 16, which is similar to the trapping
distance in our scheme with r; = 60nm. Inserting the
parameters in Eq. (32), for RbCs molecules, the transition rate
becomes y,p' ~ 0.01 s~!. To see the combined effect of the four
nanorods for atrapped molecule near the center of a square cell,
we find that the heating rates in Eqs. (32) are multiplied by a
factor |37, o/ j —sr1jp (=D expl—iaa(ky ji + ky j)11%.
This is due to the phase in phonon amplitude [Eq. (29)]
and the alternating polarization of the rods. For long phonon
wavelengths k! >> a,, this results in a destructive interference
and as a result the transition rate is decreased by a factor
~(kag)* ~ 10~*. Hence, near the center of the square cell in
Fig. 1, molecules are more stable than in the corners.

Phonons with energies in the range of the trapping frequency
can further heat up the molecules by coupling the motional
states. Following a similar procedure as above, we found that
the motional heating rate is dominated by the vibrations along
the surface of substrate. The heating rate is given by

hD[w; kgT
Ymotion X a)2 [ade]< [wk]] ) b

Mo?lay,Z]w; ) hoy’
wp = wlag,Z],

where the trapping frequency and width are given in Egs. (19).
The w? term on the right-hand side comes from the square of the
overlap of motional states. The second factor (in parentheses)
originates from the overlap between the resonant phonon
states, whereas the last fraction gives the thermal phonon
number at the resonant frequency. For a molecule trapped at
Z ~ 1 um (Z = 16in units of r;) from top of the nanorod with
radius ry; = 60 nm, from Eq. (19) we find that [2.25,16] ~
0.5 MHz. For a temperature of 7" = 4K, this given a heating
rate of Yimotion < 10728~

~

VIII. 1D NANOTRAPS FOR MOLECULES

Using our 0D nanorod arrangement as a building block,
we extend to a 1D structure by repeating the primitive square
cell with a lattice constant of aj, as shown in Fig. 1(b).
Additionally, the polarization arrangement in each square
cell is 7/2 out of phase with its neighbor. Each nanorod
is centered at Fq m= alaan + ad(mxX + myY)/Z where
q €[—Nys,— Nf+l -1,0,1,...,N; — 1,N]. The total
number of cells is glven by 2Ny + 1. The polarization of
each rod is defined as, P[R] = (=1)dtm+m)/2p 7 \when 0 <
|R Fym| < rq, —h < Z < 0;otherwise, itis zero. Also, the
0D structure can be considered as a special case of 1D structure
with ap, = 00.

In the 1D structure, we define electric ﬁelds eguivalent
to Eqgs. (6) by replacing R, = R, m With Ry m = R — Fy
and ¢m g ¢q,m with tan ¢q,m = (Y - myad)/(X — qQla —

myag). Similar to Eq. (7), the total electric field is given by

E,[p] = Z

g=—Ny m

(33)

To look for the properties of the electric field, we first
notice that the long-range nature of the dipole potential from
neighboring cells strongly affects the trapping potential and
lowers it significantly. Moreover, the absence of rotational
symmetry leads to additional loss terms. Each square cell
is centered at (q,0)ajy and is bounded by the lines X =
(gaiy £ aq/2),1Y| = ay/2 as shown in Fig. 1(b). The alternat-
ing orientation of the cells generate electric-field distributions
with out-of-phase neighboring square cells. Inside each square
cell, the trap potential close to the center depends quadratically
on |E_|, the same as in OD. In Fig. 7(a), we plot the | E_|? along
the X axis for a fixed Z with Ny = 10,a1,¢« = 2a4. It is clear
that there is a potential minimum at the center of each square
cell whereas there is a shift in the position of the minima for
the boundary square cells. Moreover, the trap height at the
boundary is higher, which will result in a reduced escape rate
of the molecules from the boundary traps.

For a quantitative study, we define a local polar coordinate at
each cell g as R} = (X — gaj)* 4+ Y? and g, = tan[m].
Similar to the OD trap, the 1D trap is symmetric under reflection
at the X or Y axes (and change of polarization) and the
Fourier coefficients of the azimuthal field E_ with even power
vanishes. The rotational symmetry about center of the square
is violated. However, as noted in Appendix I, the leading-order
termin E_ is still oc i Re'?. Thus we can write the electric field
at the center of the cell as

E_y[p] % iRy(F1[aa,a1u, Z]) explig,]

+i Y Fylag.aw. Z1R, expling,],
n==3

Flag.anu. Z1R; sin[2¢,], (34)

where R; < ay/2. In contrast with the OD case in Eq. (10), the
electric field contains both of £3 azimuthal components. The
fitting functions are shown in Fig. 7(b) for parameters in Table I.
Comparing it with the 0D case (Fig. 3), we see that for similar
aq, |Filag,a1a,Z]| < |f1laq,Z]| and as a result yields much
weaker potential. Only in the situation of @, — 00 do they
become equal as the 1D trap becomes equivalent to OD trap.
Otherwise, the magnitude of | F| [ay, a1, Z]| can be boosted by
trapping the molecules nearer to the nanorods and by increasing
the total polarization of the nanorods. Moreover, for fitting
functions to R? component (responsible for nonadiabatic loss),
compared to the OD case, % = % which
results in larger nonadiabatic loss rates.

For the 1D potential, using the fields in Eq. (34) we solve
the equivalent of equation Eq. (13) within the cell g. Following
Eq. (16), the lowest energy trapped state is

/4 NS N = 1), = [t AN) IN = 1,—,0,)
V2R exp [—R2/2] L[ R2]

(T[N + Lege + 1]/N D27
(35)

EZq[Rq’Z] ~

(Ry | 14,LN| =
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FIG. 7. (a) Shape of the trap potential due to the azimuthal field
for a lattice with Ny = 10, a; = 2.25, and ajy = 2ay4. (b) Plot of
fitting parameters F, defined in Eq. (34): F[2.25,4.5,Z] (solid
line), 10F5[2.25,4.5,Z] (dash-dotted line), and —10F_3[2.25,4.5,Z]
(dashed line). (c¢) The dashed line represents the zero-point trap
frequency ©[2.25,4.5,Z]/2 in units of 10 MHz. The solid line is

107y, the total molecule loss rate for the j = 0 hyperfine state
(in Hz).

©
©|
o

where Rq =R- q&lanX, with G = Alare /0 [Ag, Qae» Z], and
the Z-dependent oscillator width and frequency have the form
(10KhB,)'"?

2
o [advalattaz] = )
Filag, i, Z]oug

2k \ 12
holag,an, Z] = |amf|FL[adaalattsZ]<5hBe) . (36)
We plot the trap frequency for the parameters in Tables I and
Il in Fig. 7(c) (the dashed line).

A. Z trapping in 1D

To prevent the molecule from escaping in the Z direction,
we use the same laser setup as discussed in Sec. VA. As
an example, from Fig. 7(c), an optimum position to trap the
molecule will be around Z = 9.5 where the trap frequency
w[2.25,4.5,9.5] ~ 10 MHz. To look for laser parameters, we
use Eq. (23) as an expression for an effective potential along
the Z axis with Z; &~ 9.5. This is fulfilled for a total laser
power Iy = 1.0 MW cm™2 and the focal plane Z, = 7.65.
The corresponding Z-axis trap frequency wz = 0.5 MHz and
oscillator length oz = 0.2. Though the Z trapping is much
weaker than the radial trapping, the oscillator length is still
less than the nanorod radius. One important change from the
0D case is the laser induced loss rate, which will be around
~1s.

B. Molecular loss rate

Now, we estimate the molecular loss rate for 1D by fol-
lowing similar procedures as discussed in Sec. VI with the
fitting functions denoted by f replaced by the correspond-
ing 1D functions, F. For each cell, we calculate the 1D
equivalent of the molecular loss rate following the treatment
for Egs. (25) and (26). The total molecule loss rate for the
Jj =0 state ()/t?) is shown in Fig. 7(c). For the 1D case,
the calculation of the nonadiabatic loss rates due to the R*
potential gives results similar to Eqs. (25) and (26), with
F.3 in place of f_3. Again, we notice the interplay between
nonadiabatic loss (o< @™ '[ag,am, Z]) and hyperfine-induced
molecule loss (xw[ag,aia, Z]). Because of the relatively large
nonadiabatic coupling (compared to 0D), controlled by the
ratio %, we need a high trap frequency to minimize
the nonadiabatic loss rate. The hyperfine-induced loss rate
is controlled by the potential barrier between the j = 0,1
hyperfine states: |Ey — Ei|/wlag,a1a,Z], Which in turn is
controlled by the magnetic field. Accordingly, we need a
stronger magnetic field, see Table III, to increase the potential
barrier between the hyperfine states. The minimum loss rate we
obtain for the parameters in Table III: yt? ~ 0.8s7!forZ ~9.5.
One way to increase lifetime will be by increasing a; or aju,
which will result in increased lattice constant and lower the
energy scales.

Moreover, as we are in a lattice, we like to have a
stable local trap; i.e., we want to have a small tunneling
rate, which is guaranteed as long as ajy/o > 1 [7]. From
Eq. (36), we see that the ratio a;/0 ~ |F|[a4,d1, Z]|Gme,
where F | [a;,a1at,Z] is weaker than the corresponding OD fit-
ting function f [ay,ay, Z] for fixed ay,ajy, Z. As aresult, we
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need to increase the ferroelectric strength oy to get the same
Qlait/ 0 a4, a1are, Z]. Therefore, we chose in Table I the polariza-
tion strength for 1D stronger than that of OD. Consequently,
one needs to use ferroelectric material with high spontaneous
polarization like PZT (lead zirconate titanate compounds). For
such parameters, we find that aj /0 [2.25,5,9.5] ~ 102, which
implies an effectively vanishing tunneling rate.

Next we consider the substrate-induced loss rate as dis-
cussed in Sec. VII. Compared to the 0D case, the trap center is
closer to the surface at Z &~ 9.5. As aresult, for the parameters
in Table I, we obtain from Eq. (28) a loss rate y;, ~ 0.25~!
We also obtain a similar loss rate for phonon induced noise
from Eqgs. (32). From these discussion it is clear that the most
important loss mechanism originates from nonadiabatic and
hyperfine coupling with molecule lifetime on the order of 1s
[Fig. 7(c).

IX. SIMULATION OF QUANTUM SPIN MODEL

From the discussion in the previous section, it is clear
that each primitive cell of the ferroelectric lattice can trap
molecules. For the A/ = 1 manifold, the trapped state at a site
q is given by Eq. (35). By applying a laser field similar to
Sec. V A, we trap the molecule at Z = Zj.

To use the molecules as spins, we need a second trapped
state. We have carried out similar studies as in the previous
sections for the level N = 2. Let |£1) again denote the My =
+1 projection on the molecular axis. The quadratic Stark
shift for /' = 2 level is weaker than for A/ = 1. Numerically,
we find that the effective potential [Eq. (11)] is Vr/;é—z ~
Vr/;é /4. We then solve the equivalent of Egs. (13), (14),
and (F2), only changing the potential strength. We denote
the transverse trapping width for A/ manifold as oxr[ag, Z].
In relation to the oscillator width and energy for the N' =1
state, 02 (g, @i, Z1 ~ /201 (a4, a1, Z] and wslag, @i, Z] =
wilag,aa,Z]/2. For the laser-induced potential, as noted
in Ref. [33], the polarizability of the molecule is almost
independent of A and as a result we trap the N' =2 state
also at Zy. Following Eq. (35), the corresponding trapped state
is then expressed as

. V2R exp [—R2 /4157 [R2 /2
(Ry 11wy = Y2 PLERMIET (R 2],
q 2Lt/ 2T [N + Lege + 11/N D1/
(37)

For this section, we only consider the motional states £ =
0,N =0 and as a result omit these labels in our description
of the states. To simulate a spin model with long-range dipolar
interaction, we first consider just two cells at ¢ and ¢’ and
assume that each cell is filled with one molecule in the state
[t% N = 1) or |t°; N = 2). We introduce the spin operators,

SE=1%LON =2), (1% 1L,0N =1],,
Si= D (=D LOsN =), (% 0N =ql,. (38)

n=1,2

and S = [S+]2. The dipole-dipole Hamiltonian projected to
the subspace of interest is then given by

SES, +(S/S5+5,8,)/2
class = Vdd Z | |3
q97#q’ -4

+4hB, Z Sz, (39)
q

where dipolar energy is given by

12 Y et [N = LMEITHN = 2, M) 2

Vaa =
3
8 enaiyy

)

1 w?

R 40
54mepar, “0)

with the factor of 1/5 originating from the dipole matrix be-
tween the N' = 1 and NV = 2 states and the last term denoting
detuning between the two spin states. For the parameters con-
cerned, Vi <K hB,, SZ becomes a conserved quantity and as a

result, the pair creat10n and annihilation terms S +S +, 8,8, in
Eq. (40) are suppressed. Hence, one has a long- range cla551cal
Ising model.

To simulate a quantum model, one way is to couple the
119 1,0, NV = 2), 119 1,0, NV = 1), state by introducing a
linearly Z-polarized time-periodic microwave field Emw =
EcosQtZ, where Q = 4B, + A. The microwave coupling

Hamiltonian is given by Hyy = gmw cOs 2t Zq ;, where

Smw = % (t;,lO | t;,10). Going to the rotating frame and
projecting to the trapped state, the spin Hamiltonian has the

form (see Appendix J )

spm - Vdd E

+ngZSf,. (41)
q

,|3 + A(A — wilas. Zo1/2) Y _ SE
q

The second term in Eq. (41) originates from the detuning of
the microwave field and the difference in trap frequency of the
two trapped states. The microwave-molecule coupling gives
the last term, where we have assumed that the width of the wave
function in Z remains the same in both levels. The Hamiltonian
in Eq. (41) is an example of a long-range X X spin Hamiltonian
in atransverse and longitudinal field, both of which are tunable.

Note, however, that the presence of more than one molecule
and the dipolar interactions also lead to a new loss mechanism:
Dipolar collisions between two molecules can also resonantly
couple the states [t; N =2), [t; N = 1), to the untrapped
states [N =2, My = 0) |IN = 1,M = 0), where ¢,q’ are
two sites in the lattice. As discussed in Sec. VA, the My =0
state is detuned from the M = =1 state. As a result, the loss
rate is suppressed by a factor (see Appendix J) of

(Vaa/K) exp[ 20710] (42)

For a laser strength of Iy ~ 1.0 MW cm~?2 and the polarizabil-
ity taken from Ref. [38], and using parameters from Table I,
we find that ogly/K ~ 10%. We see that such a loss rate is
exponentially suppressed.
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Moreover, to suppress motional excitation, one needs to
make sure that the dipolar energy remains much weaker than
the local trap energy: Vgp < 2hiwlag,aia, Z]. This gives a
lower limit on the lattice constant ay, for a fixed molecule and
ferroelectric polarization. For the parameters in Tables I and II
with a molecule trapped at Zy = 9.5 [minimum loss rate from
Fig. 7(c)], we find that the dipolar energy Vi, ~ 6 kHz which
is small compared to the trap energy of ~1 MHz. Moreover, as
our trap is stable for around ~1 s, such a dipolar coupling in
principle allows us to perform around Vi, / min[y] ~ 7 x 10°
gate operations. If we use instead a 5T magnetic field to
suppress the hyperfine loss, we can gain an order of magnitude
in the number of gate operations by decreasing the nanorod
radius r; = 20nm. For a comparison to a possible optical
lattice trap, we assume a setup similar to Ref. [14] with an
additional microwave field to couple |[N =0, My = 0) to
IN'=1,Myu = 0). The resulting spin model permits gate
operation of order ~3 x 10%. Thus, in our setup we can expect
an increase in the number of potential gate operations by a
factor of ~20.

X. SUMMARY AND CONCLUSIONS

In summary, we have proposed nanotraps for polar
molecules near an array of ferroelectric nanorods. Our most
important finding is that in the proposed scheme there exist
trapped states with suppressed molecular loss rate even within
the regime of nanoscale confinement. The molecules are held at
acertain distance from the nanorods by the combined potentials
of the nanorods and a standing-wave laser field. Moreover,
we have shown that the trapping scheme can be extended
to a one-dimensional periodic structure with lattice constant
~200 nm. We carried out a qualitative analysis of the main
loss mechanisms, including nonadiabatic losses as well as
hyperfine-, laser-, and surface-induced losses. Considering, in
particular, RbCs molecules that have already been prepared
at temperatures below those corresponding to our trap, we
find that the main limiting process comes from the interplay
between nonadiabatic and hyperfine coupling and leads to a
lifetime of ~10 s for OD trap and ~1 s for 1D trap. This time,
in principle, can be increased by applying a stronger static
magnetic field. As an application, we have sketched a way to
simulate a family of long-range spin Hamiltonians using our
proposed 1D array of traps.

We like to point out that the present proposal can be applied
to all 'S diatomic molecules. Depending on the hyperfine
and rotational structure of the molecule, the dependence of
the loss rate on the magnetic field will change. Moreover,
one can exploit the possibility that for A > 1, there can be
more than one trapped state which can lead to more exotic
spin models. In addition, a difference in trapping properties
between different A/ manifolds can be exploited to generate
spin models by shaking the Z-axis optical potential without
using a microwave field.

While our proposal combining electrostatic with optical
trapping is restricted to 1D arrays, we note that a 2D geometry
can be realized by using a two-dimensional arrangement of
the purely electrostatic OD traps presented in Fig. 5, in which
there is no limitation due to optical trapping. Moreover, as no
special optical properties of the molecule are required, such a

scheme can, in principle, be used to trap general rigid-rotor-like
molecules.

More generally, the use of nanostructures for trapping
polar molecules opens several new directions. One possible
extension is to investigate its potential for trapping other
types of molecules such as, e.g., those of 2% type, which
have a richer fine structure due to an unpaired electron spin.
Furthermore, ferroelectrics in the nanoregime can have exotic
(e.g., vortexlike) polarization distribution [44,45], which can
be controlled in dynamical manner. Such control can poten-
tially give rise to a state-independent trap in a time-averaged
potential. Another direction will be to extend our trapping
scheme to open shell molecules, e.g., 2% molecules. Such
molecules have a magnetic moment and can then be trapped by
ferromagnetic nanorods [46]. Moreover, ferromagnetic states
can be switched in nanosecond rates [47], allowing for fast,
time-dependent potentials, which can again give rise to a novel
state-independent mechanism to trap open-shell molecules.

Another route of further investigation will focus on the
usability of such traps for quantum information processing and
for precision measurements.
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APPENDIX A: SYMMETRIES OF THE TRAPPING
POTENTIAL

We consider the simplest ferroelectric trapping geometry
consisting of only four nanorods, i.e., Ny = 1, corresponding
to just one square in Fig. 1 as outlined by the dashed line.
The symmetry of the arrangement of ferroelectrics gives useful
insight into the properties of the electric field. There are three
relevant symmetries R;,J = 1,...,3 involved: reflection at
Y =0, reflection at X = 0, and rotation around Z by 7 /2.
Each of these operations moves a =+ polarized nanorod to a
polarized one. Therefore, the electric field E(R) changes sign
under each of the symmetry transformations Ry, i.e., [48],

R/E(R;'R)=—E(R)VJ =1,...,3. (A1)

We are interested at the field distribution close to the origin (the
center between the rods) but outside of the volume containing
the nanorods. Tllus, we can use a Taylor series in X, Y for each
component of E,

EJ(X,Y,Z) = Z ()XY, u=XY,Z. (A2
n,m=0
Then from R (reflection at Y = 0), we obtain
_EX(_Xv sz) N
EY(_X’Y5Z) = _E(X,Y,Z),
EZ(_X,Y,Z)
which implies ¢X = (=1)"¢) andc! = —(-1)"c! .ie.,

cX =0Vnodd, ¢! =O0Vneven, c¢Z, =0Vneven.
(A3)
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Similarly, reflection at X = 0 yields

¢l =0Vmodd, cZ, =0Vmeven.
(A4)
Thus, we can conclude that the only nonzero terms in the
Taylor series are €q even»Coven.odd> A1 ¢Zep even- Note that these
symmetries persist even in the 1D case and thus still apply to
the (center of) the 1D array of nanorods. Rj, in contrast, only
holds for the OD case (and would be restored for the (center

of) a full 2D arrangement that we do not discuss here):

X _
cphm = 0Vm even,

X = —(=1y"ct | (A5)
el =41y (A6)
et =—(=1)"cE,. (A7)

We are mainly interested in the azimuthal field component
E_ = Ex —iEy. Inserting the Taylor series for Ex y and
expressing X and Y in polar coordinates, we find

E_(R,¢,Z) = Z [¢X.(2) —ic) (Z)]R"™ cos" ¢ sin™ g.

n,m

Using that both ¢X and ¢! vanish whenever n + m is even,
we see that only odd powers of R appear in the series and
only powers of ¢//? with |I| < 2k1 appear. Therefore, we are

justified to make the ansatz

E_(R,9,Z) = Z cg(Z)R*H el = Z ¢ (Z,R)e'",
k20,2k+1211| 1

(A8)

where the ¢, (Z,R) are odd functions of R. While further

constraints on/ can be obtained (after some algebra) by relating

cX,c¥, and ¢, they are easier to see by applying the symmetry

operations directly to the Fourier series of E_ and using that

J

0,0) = N =0.My=0)— )

(N/vM./\//| Hmf |N = OsMN = O>

from the three symmetry operations, we get

E_(X,Y,2)=E*(—X,Y,Z)= E*(R, 7 — ¢,7), (A9)
=—FE*(X,-Y,Z)=—E*(R,—¢,2), (A10)
=iE_(Y,-X,2)=iE_(R,¢o —7/2,Z). (All)

This implies that¢; = (¢, )*e!™ = (¢] ) '™ = ¢/ e /m=D7/2,
from which we conclude that

¢ =0VIi#4J +1, (A12)
¢, =—(c;), (A13)
i.e,onlyc, with! =...,—3,1,5,... may be nonzero (neither

even powers of ¢/¢ in the Fourier series of E_ nor powers
4k —1).
Analogously, we find for the Fourier series of Ez(¢,R,Z) =

>, (R, Z)e"% that —cf = e'"c_; = %, = ¢'!"/2cZ, from
which we conclude that ¢ may be nonzero only for! = 4J + 2
and that ¢Z, = —cf; all ¢f are even functions of R.

Note that these considerations only apply to OD case or the
center of a 1D or 2D array. However, due to the diminishing
influence of the boundary, it will approximately hold also for
cells close to the center of such an array.

APPENDIX B: NONADABATIC CONTRIBUTION TO
POTENTIAL EQ. (8)

Here, we consider the nonadiabatic effect to the Hamil-
tonian due to the position dependence of the perturbation in
Eq. (8). The second-order energy corrections arise from a first-
order correction to the unperturbed states. The transformed
states related to our model are given by (we neglect the
hyperfine structure for this discussion)

IN/vM./\/’)3

o EBN'(N'+ 1)
My

SN = O My =0+ — (B N = LLMy=1)+E, N =1, My =—1)),

2./6hB,
= N My | Hpe IN = LMy = 1)
D=N=1My=1 § :
= n=ht 2 B2~ N7 = N')

“N =1 My=1)— —2
| x=1 4./5hB,

RV VI o

N My | Hog IN = LMy = 1)

|N/,MN’),

CaMy=2 4+ B __\E My =
<E_ N =2, Mpy =2)+ %lN—Z,MN—O) 3 E, |N—0,./\/l/\/—0)),

|N/’MN’> ’

NT#L,
Mypr

=IN=1My=-1)— ——
| N ) NT)

hB,(2 — N> = N")

Yt (E+ N =2, My =-2) + % IN =2,Mpy =0) — \/?E IN =0,My =0>>.

(B1)
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The nonadiabatic effect then can be estimated by employing the kinetic energy operator onto the states |0,0) , |£1). As we
have seen that the width of the trapped states are within the linear region of the electric field strength, we only consider the effects
of E, fields. The resulting kinetic operator reads K« = Ko + K; + K», where

Ko = K(10,0) (0,0 + |T) (1| + |-1) (=1V?,

2
K, = K( Omf ) > (E(VE)V10,0) (01| + E_o(VE_;)(V |01)) (0,01 + E_o(VE,) - (V [0,0)) (0,0]). (B2)

2J6hB, ) =i

2
Cmf ~ = ~ ~
K)y=K|— E_(VE_,)V|ocl))(—0ol E,(VE_,)(V ol 1D,
2 <4mﬁ36> (;:i( ( YV ol) (—ol|+ Es( YV ]ol)) (o))

where a derivative on a internal state is used as a expression for derivative on the position wave function of that internal state.
The first term, Eq. (B2), is the adiabatic part of the kinetic operator. K| denotes the nonadiabatic contribution and couples the
N =1 states to A = 0 level. Such a transition has energy gap of % B,. In the present case, we find that || K, ||/(AB.) ~ 10~ and
as a result its effect can be neglected. The operator K, in Eq. (B2) denotes nonadiabatic corrections leading to coupling between
the trapped states. In the linear field regime, (E_ oc —ie'?), this term can be shown to be proportional to (V |—¢)) (—¢|. Again
as || K»||/K ~ 107#, we can neglect its effect compared to the adiabatic contribution.

Similarly, one can show that the nonadiabatic coupling between the other states also results in small corrections to the kinetic
operator.

APPENDIX C: LOSS DUE TO HYPERFINE STRUCTURE INDUCED COUPLING

We give the detailed derivation of the hyperfine structure induced loss rates as presented in Sec. VIB. The loss rate arises
due to the off-diagonal elements of Hy;, Ho in Eq. (14) which are of order § < 1 (cf. Table III) and couple each trapped state
to a continuum state with different hyperfine structure. We are interested in a regime where the energy of j = 0 trapped state
2wlay,Z] — |Eg — E1| < 0. Moreover, we are interested in a regime where the width of the trapped state is much smaller than
the classical turning point radius. Away from the size of our square cell, R > a;/2, we assume that the untrapped state is
essentially a free particle with respective energy-independent two-dimensional density of states. Assuming such density of state
is an approximation which can drastically change in presence of a resonance. In such cases, one can use the magnetic field to
tune |Ey — E| away from such a resonance.

The relevant equations for the j = 0 trapped state are derived from Eqgs. (13) and (14),

2 Jz 1 52 2F, 35R? -
3+ % - %)+ R - g - _ 2 19[R]
liwlag,Z] '

38R? 2, % 5 B 2E, 11
-7 (03 + % — =)+ VIR - it Ui [R]

(ChH

(

where M) = V2R2, T jslom R/ Ruax]/ T s5..1 [otar]. The den-
sity of states is then given by D[My] = R, /Qmany,).

Then using Fermi’s golden rule, we express the transition

We are interested in a region where |Eg — E1| > 2wl[ay,Z],
i.e., where resonant tunneling is possible when the energy
of the continuum state is €, = 2w[ay,Z] — |Eg — E1]|. This

corresponds to a situation where the center of the trap R = 0
is situated in a classically forbidden region of the continuum
state.

We first numerically calculate the position dependence
of |u',—1) with energy €., where we replace the shape of
the potential for the continuum state as V[R] = —R?/2,R <
dg/2 and VIR] = Viaq/2] = —sz/&ﬁ > aq/2. The reason
behind this substitution is that the potential for the continuum
state has a downward curvature near the center of the trap
with the minimum residing at the boundary of the square
cell. Our trapped states are concentrated near the center
of the square cell (o[ay,Z]/a; < 1) and we are interested
in classically forbidden energy regimes € ~ V[a;/2]. With
this substitution, we find the solution for |u',—1) inside
a region of R € [0,Rpax]. To find the density of states
at the resonant energy, we first notice that as R — oo,
the solution should approach the free-particle wave func-
tion 7 s5lay R/ Rmax], Where ay is the Mth zero of the
Bessel function J s5lx]. Here, we numerically find M, by
maximizing the overlap function: O[M] = |(M | u',—1)?

rate from the lowest energy trapped state to the continuum
as
0 2
9 8°DIM, -
ST S
hwlay,Z] 32
On the other hand, the transition rate from the trapped state
|#1,01) happens at a positive energy and is given by

(C2)

yhlf — 9”52D[Mres]
hwlay,Z] 32

l(u®,3IR*|t',01)%,  (C3)

where the resonant condition now reads aé M / ﬁg =4+
2|Ey — E|/(hwlaq,Z]) + RZ/Z; cf. Sec. VIB.

APPENDIX D: LOSS RATE DUE TO THE R® DEPENDENCE
OF ELECTRIC FIELD

1. Loss rate for 0D trap

Including the correction due to xR3 exp[—3i¢] in Eq. (10)
and going to the transformed basis, the equation of motion for
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the £ = 1 trapped state Eq. (15) reads

Ly PR SN s f-slaa, Z1K
2 G% R R ZR)“[R}+f;mmzquhz
54 e+ E; irs
o nzil <t1+4"[R] u'+4'7[R]) hwlag,Z] 1[R],
(DD

where R = R /olaq,Z] and the last term on the right-hand
side arises from the R* correction to the field. While deriving
Eq. (D1), we have neglected the effect of f, [a4,Z]in Eq. (10),
as we consider regions with Np,x > 1 where its effect is
negligible as it only renormalizes the trapping frequency by
a factor 1+ (fiilaq,Z1/fL[ lag,Z])* ~ 1 (cf. Fig. 3). As a
result, we only consider the effect of f_3[ay,Z] components
in Eq. (10). Next, we solve Eq. (D1) perturbatively with the
zeroth-order solution given by Eq. (16). The second last term in
Eq. (D1) couples j,1,N to |tl3N,) , |t51N,) states. As from Fig. 3,
| f=slaq, 21|/ filaq, Z] ~ 10

function as

~3, we express the perturbed wave

; ; f-3laq, ZIK
JINY = |t/,IN) +
AN = e Ziholac 21, Z

35
V |t N

y Z N | ) ’

AN N+ 1= =12+ 1

(D2)

where Vy.on = (t/,IN | R* |t/ {N’) is a dimensionless
number. These admixtures can have a strong impact on the
loss rate, especially for £ = 1, which is lossless to zeroth order
as seen from Eq. (24) and Fig. 6, but becomes lossy due to
the small admixture of the degenerate states £ = —3,5. It is
clear that the correction does not couple different hyperfine
manifolds, so we will drop the hyperfine subscript j. From
Eq. (D2), we find that the modified decay rate for the N = 0
motional state of £ = 1 is given by Eq. (25).

The next source of loss originates from the last term in
Eq. (D1), which couples the trapped ¢, state to the continuum
states ug+q4. Using Fermi’s golden rule, the loss rate for the
N = 0,¢ = 1 state consequently is given by Eq. (26).

2. Loss rate for 1D trap

For 1D trap, in the electric field expansion in Eq. (34), both
exp[£i3¢,] terms are present. As a result, the equivalent of

By using the fitting potential of Eq. (10), Ez[p] ~ f.[a4,Z
the transformed equation reads
[ T C=D*+1 o fllas,ZIK
R R2 2ftlaq, Z1howlay, Z]
_AatE)
= ——1/[R].
holaq,Z]

0.4 r

Yee(s™h)

14 16 18 20 22 24

FIG. 8. Total nonadiabatic and hyperfine-induced loss rate y is
plotted as a function of Z for a; = 2.25 (solid line), 3.0 (dashed line),
and 4.0 (dash-dotted line).

Eq. (D1),
-1 95 1 N\ . KR*
82+ _ —_ _2R?)/[R
> (“ R R Rt S ar Ziolan 2]

x Y ( slaa. 21t 4 [R1 + Filag, Z1t] ., [R]
n==x1

3 ; - 3 . -
+ 3 Foalaa Zhu ., [R] + ZFs[ad,Z]u{m[R])

€ +E, P~
=" HJIR].
howlag,Z]
Then we get the loss rates for 1D following the same
procedure in as the previous subsection.

(D3)

APPENDIX E: TOTAL MOLECULAR LOSS FOR A
DIFFERENT MAGNETIC FIELD

Here we show the total molecular loss rate y;, as defined in
Eq. (27) for a magnetic field By = 5T. For such a magnetic
field, the hyperfine parameters of Eqgs. (2) and (3) for the
Jj = 0,1 states are given by § ~ 0.01 and |E; — Ey|/(hB,) ~
0.027. For such parameters, along with the ferroelectric pa-
rameter of the OD trap from Table I, we plot the loss rate for
different values of a4 in Fig. 8.

APPENDIX F: EFFECT OF E; FIELD

An additional loss channel arises due to the second-order
Stark term in Eq. (8),

E7[plags

e
207 B,

D LML) (LM Teal . (F1)
M=%l

Zeol

|
R?sin[2¢],R — 0and going to the position basis as used for Eq. (15),

_ Plaa, 21K
J Z
} R S Py 2 Violag 2]

R (t({+4[1§] + tZLAR])

(F2)
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We solve Eq. (F2) perturbatively with the zeroth-order solution
given by Eq. (16). The attractive R* will lower the barrier due
to the quadratic potential for large R and will lead to tun-
neling loss. From a semiclassical Wentzel-Kramers-Brillouin
approximation, the tunneling loss rate is found to be negligible
compared to the other time scales involved in our system and
as a result we neglect this effect. The last two terms will
perturbatively couple #] to ¢/, 5. Again, there is no coupling
between different hyperfine j states and as a result we drop the
label for rest of the section. The perturbed state is given by

fPlaq, Z1K
4fj_[ad’ hw[adaz]

% Z Z Ve |t/ ,0'N')
=—35N;£N2(N_N/)+1_\/(£_1)2+1’

(F3)

t/,IN) = |t/,IN) +

where V., y is defined below Eq. (D2). Such a superposition
will have an impact on the loss rate, specially for £ = 1. In
the zeroth order, the £ = 1 is the only lossless state as seen
from Eq. (24) and Fig. 6. The loss rate is same as Eq. (25) with

Sfslaa, Z] fzlaa, Z] N2 felaq,Z] —1
Tilan 2] replaced by (5 fL[%Z]) We find that FilanZ] ~ 10

and the loss rate is ~1072s~! for a; = 2.25,Z = 16.

APPENDIX G: EFFECT OF COUPLING TO
N =1, M, = 0) STATE

One of the loss channels we have neglected so far is due
to the coupling between a |£1) = [N = 1, M = £1) and
|0) = |N = 1,Mpu = 0) states. Such coupling arises again
via quadratic Stark shift and the corresponding coupling
Hamiltonian is given by

2

a EZ
vV = ol =2 (g yN 4 gy, (G1)
o ﬁhBe( Tt )

where

THN Mp) (N', M| T!

V=Y > —— : <, (G2)

€=0.1 N, My Ex —En
THN' My) (N, Mp| T}

vil= > > = v <. (G3)

€=0,—1 N My

For the first rotational level A" = 1, the internal states
are characterized by |—1)=|N =1, My =-1),/0) =
N =1,Muy=0), 1) =|N =1,My = 1). With these ba-
sis states, the various components of the coupling matrices are
given by

0 3/20 0 0 0 0
Voo~ |0 0 3/20(, Vp_~|3/20 0 O].
0 0 0 0 3/20 0

By including the energy shift of the |0) state due
to laser potential, Ey = —aply [33], and using Fermi’s
golden rule, the loss rate is proport10nal to the cou-
phng constant, | (t;£; N; N = 1| V(u |0,k) |?, where |0, k)
¢ R |0y //A is a 2D free particle state with momentum &,
|k| \/(eg,N[Z] + Ey)/K. We find that specifically for the
£ =1 state, i.e., the state |£;£ = 1; N; N = 1), the above

integral vanishes, i.e., | (t;£ = 1; N; N = 1] V({X |0,k) | = Oas
E; o sin2¢ [Fig. 1(c)].

APPENDIX H: EFFECT OF CASIMIR-POLDER FORCE

Another possible modification arises from attractive
Casimir-Polder potential. Using similar effective medium ar-
guments, we can infer that the important contribution comes
from the substrate. For a planar substrate in the nonretarded
regime, from Ref. [49] we can write down the Casimir-Polder
potential for the level |N = 1, M = £1) as

3u? e —1 1
160mey € + 1 Z3°

where Z is the distance (not scaled with r;) and ¢ is the
static dielectric constant of the substrate (e, >> 1). As we
trap our molecule at a distance of Zy &~ 420nm from the
substrate, the strength of the Casimir-Polder energy for RbCs
molecule is Veasimir/fiB, ~ 1077 <« hiw[Zy], much weaker
than the trapping potential.

Veasimir = —

APPENDIX I: EXPANSION OF E_[m,,m,; R,Z] IN EQ. (7)
AND THE RESULTING TOTAL AZIMUTHAL FIELD E_[5]

To look for the behavior of the electric field, we first chose
a rectangular configuration from Fig. 1(b) with the nanorod
positions, [m,(gaia — aq),myay] and for a fixed g and m, =
£1,m, = £1. The electric field for such a configuration can
be written as

E_[q.m; ] = —(—1)" 7" ¢ i / dF(E[Z + h] — E[Z])
X (qum _ re_i(¢_¢q,m))’
E[Z) = (Z* + |R s — FI)) 2, (1)

where qu,m —R-— Ij"q,m, m = (my,my),and tan ¢ ,, = (¥ —
myaq)/[X — my(qane — aq)l. The total field components are
given as the sum of the contributions of all nanorods by E_,[5]:

E_g[p1 =) E-lg.m:p). (12)

1. Terms of order R

As we are interested in the field near the center of the
rectangle, we carry out the integration over r in Eq. (I1) and
we expand the resulting expression as a function of R < a;/2.
The electric field can be written as

my-+my
E_[gm;p]l=(-1)"7
x (14 i{m.aY —myasX}+ O[R}))
x (go[Rg.Z1 + g1[Ry. Z{mya, X + myasY}

+ O[R;.Z]). 13)

s e~ iSmxmy b0
My My

where we have defined a, = gajy —aq and R} = a} + aj
and go 1[R,] are functions resulting from the integration
which only depends on R, and Z. Moreover, we define
the angle tan ¢y = (ay/a,). The sign functions are defined
ass; =S8 1=1Ls1=s_1=—land §; =5§_; | =
15511 =311 =—1. Now from Egs. (I3) and (I2), by
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carrying out the summation for terms o< R, we find that E_, [p] o< Re'®. As aresult, to get the full electric field, one sums over
terms similar to Eq. (I2) over different g which only changes the strength of the leading-order term.

APPENDIX J: DERIVATION OF SIMULATION HAMILTONIAN

Here we derive the equation in Eq. (41). At first, we only consider a single molecule near the ferroelectric substrate in a linearly
Z-polarized microwave field Ey,,, = Eqcos QtZ, where Q = 4B, + A with A < B,. Such a frequency will resonantly couple
IN = 1) to |N = 2) state. Our Hamiltonian is then given by

H= Y ExINMy) N Myl+ Y HulN My N MyTIN M) (N, My

N, My IN=N|=1,
My My
+cos QY gmul NN MuTIN M) (N, My, an
IN=AN|=1,
My

where the molecular rotational energy Ex = B, N (N + 1) and the molecule-ferroelectric coupling Hpt [N, M/; N . My] =
(N " M| Hyg IN,Mpy) with Hpy; are defined in Eq. (5) and are position dependent. The microwave cou-

pling is given by guwlN' N, My]= pEyN' My|Ty|N,My). We apply the unitary transformation, U, =
exp [—i ZN,MV Ex IN, My) (N, M| 1], and carry out the transformation H' = U"HU, — iUI[drUt]. As a result, Eq. (J1)
becomes V

1
H' =AY 12 Mo) @Ml + 5 3 2 (gmal2 LM 12.M) (LM] + g [1.2Mi] [LM) (2. M)
Mz Ml

+ Z Ht [N, M) N My lexpli(Ex — Ex)t] N, M) (N, M|

IN=N|=1,
M -
My, My,

1 . .
+5 D (gmwl2, LM 1B 12, My) (1M | + gmul1,2,M11e ™5 |1, M4) (2, M)
M,

teosQ Y gmulN N Madexpli(Ex — Ex)IN' . Ma) (N Myl, 12)
NV -NI=1,
My

where in the first line we have defined the time-independent component in the transformed Hamiltonian and in the last line the
summation Y excludes transitions between A’ = 1 and A/ = 2 states. We carry out a Floquet-Magnus expansion [50] up to
second order (1/ ©Q?), which results in the effective Hamiltonian in the V' = 1,2 subspace

2
Hag = A ) M) 2Ml+g Y (12,M) (ILM] +h.c) +gv2/3(12,0) (1,0] + H.c.)

M==-2 M==1
+ Y VIMLMIILM) (LM + ) VM, M;l 12, M%) (2, Ma] d3)
My My My, M’y

where the matrix elements in V' are given by Eq. (8) and g = Eq/+/20. The first line represents the time-independent part
and the second line comes from the first term in the Magnus expansion [50]. As we noticed from our discussion of Egs. (8),
the terms of the last line will give rise to trapped states |¢; N = 1) and |t; N = 2) with energy fiw[Z,] and hiw[Z;]. Then, if
we project the Hamiltonian in Eq. (J3) to the motional ground states in the two A/ subspaces and define the operators S§* =
N =1 (6N =1, =tN =2 (6N =2 —|t; N =1) (1; N =1],and S~ = [ST]T, this gives rise to the last two terms
in Eq. (41), where we have introduced an additional subscript ¢ to denote the mean position of the trapped state. Next, we look into
the situation when each site in the periodic potential is filled with one molecule and consider the effects of the dipolar interaction.
Dipolar interaction between the two molecules is given by

Hy o = 3(pg - Pr2)(Rs - Pr2)
11213

where p, , are the dipole moment operators for molecules are position p1.2 and p12 = p1 — pr. Between molecules at sites g and
q’, the resonant dipolar interaction is given by

; (J4)

Vaip =

AN =2 Mp|THIN = 1, M) |?

16meglg — q’|3a3

(BN =20, (N =1, Vap [N =1), [EN =2), = > : as)

My==£1
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where we assume that 1 > o[ay,Z]/a, and give rise to the first term in Eq. (41). There will also be losses due to dipolar coupling
of untrapped state. After some algebra, one such lossy term can be written as

N =2, My =0kl (N = 1, My = ;K| Vi [N = 1), [15N =2,-),,

_ Plexp[—R?/2 —ip — ik - RI&*R|?

8meolg — q'Pa

N =2My =0T IN=1,My=1)

x (N =1,My =0T IN =2,My =1)

I
o exp[—k? /4] = exp |:_04[10_KO]’

Je)

where we have used for the untrapped state (N = 2, My = 0;k| = (N =2, My = 0] exp[—ilz -Rland 1 > olaq,Z]/aq. For
the last line, we have used the fact that due to laser light, the M s = O state is shifted by oy (see Sec. V A), and the resonant
condition reads k% = oyl /K. As aresult, the loss rate will be exp[—% .
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