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In 2000, three pioneering papers launched a new era in Rydberg physics. One predicted the blockade
mechanism where extremely large Rydberg-Rydberg interactions only allow a single excitation in a given
volume. A second envisioned how strong long-range interactions between ground-state atoms could be induced
via admixing with Rydberg character with dressing lasers. The third foresaw the existence of a new type of
molecules bound by the Rydberg electron, namely, ultralong-range Rydberg molecules (URMs), sometimes
known as trilobitelike molecules. We predict a new molecular binding mechanism between ground-state atoms
based on the combination of aspects of each feature. By using lasers to dress interactions with a URM state,
within a blockade volume, we find that pairs of atoms can be bound in potential wells at separations of thousands
of Bohr radii. We show how the wells’ properties can be tailored by laser fields. The bound levels produced have
unique properties, such as very long bond length and much longer lifetimes than their URM “parents,” and,
contrary to standard molecular levels, they can be adjusted easily by the appropriate choice of laser parameters
or Rydberg dressing state. Furthermore, the spatial orientation and even the geometry of those molecules can be
designed and controlled. This approach could also be employed to generate correlated pairs, allowing to engineer

atoms’ spatial distributions to explore many-body dynamics in ultracold samples.

DOI: 10.1103/PhysRevResearch.2.023019

I. INTRODUCTION

A key contribution of ultracold systems is the unprece-
dented control over interactions. For example, advances in
cooling and trapping of atomic samples allow temperatures
in the nanokelvin regime and densities in the 10'>~10'> cm—3
range, providing an ideal platform to explore quantum phe-
nomena such as Bose-Einstein condensation (BEC) [1-3].
Magnetically tunable Feshbach resonances [4-6] to control
the interactions between atoms ultimately led to a variety
of studies, from many-body physics such as the BEC-BCS
crossover regime [7-9] or soliton physics [10,11], to few-body
physics such as the observation of Efimov states [12] or the
universality of three-body physics near thresholds [13—15].
Similarly, employing periodic potentials like optical lattices
[16] allows investigations of quantum phase transitions [17]
as well as quantum simulations [18,19].

Another tool to “engineer” interactions relies on ultracold
Rydberg atoms and their extreme properties, which scale
rapidly with their principal quantum number 7, such as their
radius and dipole moment, n?, polarizability, n’, energy level
spacing, n=2, or lifetime, n* [20]. In 2000, three pioneering
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articles predicted the blockade mechanism [21], Rydberg
dressing of atoms interactions [22], and ultralong-range Ryd-
berg molecules (URMS) such as trilobite states [23], following
the initial studies of resonant excitations [24] and excitation
transfer [25]. Since then, entanglement using strong dipole-
dipole interactions was realized [26] and generalization of
the Rydberg blockade to ensembles was proposed [27]. The
implementation of Rydberg dressing is discussed in detail
in Ref. [28]. While Rydberg dressing faces several technical
difficulties such as dissipation and spontaneous scattering, it
has been recently observed in optical tweezers [29] and optical
lattices [30] after some earlier efforts to overcome these
difficulties [31]. Applications of Rydberg dressing have been
proposed to achieve three-dimensional self-trapping of matter
waves [32], to tune chemical reactions [33], and to model
frustrated quantum magnets [34], and more recently Rydberg
dressing was achieved in a Ramsey interferometer and elec-
trometer experiment [35]. Other approaches to achieve Ryd-
berg dressing such as using Forster resonances have also been
proposed [36]. Rydberg atoms have also found applications in
quantum information and quantum computing [37], in quan-
tum optics [38], and in chemical systems with the emergence
of new types of bonds, such as the URM [23] or the even more
extended macrodimers [39-41] recently detected [42—44].
The URM states arise when the effective interaction of the
highly excited electron of a Rydberg atom colliding with a
ground-state atom is attractive. Originally formulated using a
Fermi pseudopotential model [45] for s-wave scattering [23],
it has been extended to p-waves [46,47] and is known as
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butterfly states. The initial observation of these URM states in
RbD [48] has been followed by investigations of their properties
in Rb [49-52], Cs [53,54], and Sr [55]. Recently, predictions
[56] and observations [57] of optical Feshbach resonances
(OFRs) based on coupling to URM states have been made.

In this work, we describe how we can control the inter-
action between ground-state atoms by partially imprinting
the scattering of a Rydberg electron between them. We ex-
plore how a new binding mechanism between ground-state
atoms, based on Rydberg dressing, can lead to ultralong-range
molecules, which we call ultralong-range Rydberg-dressed
molecules (URdMs). We show that by using far-detuned
lasers to couple a small but adjustable Rydberg component
to the ground-state atom, localized long-range potential wells
that support molecular bound levels can be created. These
potential wells and URdAM states can, in some cases, possess
very different character than their parent URM states. We also
note that our system, although seemingly similar to OFRs
presented in Refs. [56,57], differs in subtle but important ways
from OFRs as we detail later.

We apply this concept to Rb, as it is the workhorse of
ultracold Rydberg physics, and consider dressing by s, p,
and d Rydberg states using different photon polarizations. We
find that each Rydberg-dressing type can sustain bound levels,
with linear polarization leading to larger binding energies, and
show that the spatial arrangement of this new type of molecule
can be controlled via laser polarizations. We also extend the
treatment from diatomic to polyatomic systems, where even
the geometry of these molecules can be engineered.

II. MODEL

We first describe the dressing schemes by s, p, and d
Rydberg states, followed a discussion of URM potential ob-
tained from Fermi pseudopotentials. We then present how the
Rydberg dressing of ground-state atoms using URMs leads to
URdMs, first within a simplified treatment and second in a
two-channel model treatment.

A. Rydberg dressing

Rydberg dressing is currently a very active field of inves-
tigation that has been extensively explored both theoretically
and experimentally. The basic idea can be understood via a
simple two-level atom model, with its ground state |g) coupled
to a Rydberg state |e) by optical fields. In particular, we
consider specific Rydberg states |e) = |nfjm;) of an alkali-
metal atom with sizable quantum defect §,,,; corresponding to
the ns; state (£ = 0), np; state (£ = 1), and nd; state (£ = 2)
[23,58]. Here, n is the principle quantum number, £ (j) is the
orbital (total) angular momentum of the Rydberg electron, and
my (m;) denotes the projection of £ (j) on the quantization axis
defined by the dressing laser polarization. The spin s = 1/2 of
the Rydberg electron has a projection m;, on the same axis, and
we assume a small bias field along that quantization axis, so
that ground-state atoms with £, = 0 and spin s, = 1/2 can be
prepared in spin-up projection (m;, = m;, = 1/2) states, e.g.,
lg) = [Ss1/2, +1) for *’Rb.

The optical fields are described by a Rabi frequency €2,
a detuning A, and a polarization o. A one-photon scheme
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FIG. 1. Sketch of excitation schemes in a single-atom basis. The
ground state is coupled to the Rydberg np (ns or nd) state by one-
photon (two-photon) schemes with (effective) Rabi frequency €2 and
detuning A.

characterized by these parameters can accomplish the dress-
ing with a Rydberg np; state directly as depicted in Fig. 1,
while two-photon excitations are required for ns or nd states.
A first laser couples |g) to an intermediate n'p level (where
n' =5 for ¥Rb), with Rabi frequency €2, detuning A, and
polarization o, while a second laser couples this intermediate
level to |e) with Rabi frequency €2, and polarization o,
leading to a total detuning A from e and an effective total
polarization o = o0, + o,. For large enough A, the interme-
diate state can be eliminated, leading to an effective Rabi
frequency Q = ©,£2,/2|A,|. The polarization of the dressing
lasers defines the polarization axis as our quantization axis and
determines m; = m;, + o. As discussed later, the selected m;
ultimately leads to the angular momentum dependence of the
dressed interaction in the laboratory frame.

For a single atom, the Hamiltonian can be written as a two-
level system Ale)(e| + %(|g)(e| + H.c.) within the rotating-
wave approximation. The dressed ground state is therefore
given by a|g) + Bile), where b; = |B]* ~ |Q2/2A[? in the
far-detuned limit 2 < A describes the probability to find the
atom in Rydberg states |e). The subscript 1 is used to explicitly
indicate that the coefficients are for a one-atom dressing case.
Such a state would only have a fraction of the Rydberg
character and a much longer lifetime determined by the mix-
ing parameter b;. In particular, the interactions between the
Rydberg-dressed atoms is approximately proportional to by,
which is the underlying physics of URdMs studied in this
work.

B. Fermi pseudopotential and URM potential

Another important ingredient in this work is the URM
potential based on the Fermi pseudopotential description of
electron-atom scattering originated from Fermi’s idea [45].
Following Eq. (9) of Ref. [58], the Fermi pseudopotential that
includes all the spin effects and the singlet (triplet) s-wave
(p-wave) scattering is given by (in atomic units)

Vi(r,, R) = Z Z AéLCZ{/[AS/II{/Ig.

J.L.S Mg, M}, M;

x IS, Ms)(S, M§|VE 8(r, — RV, (1)
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M, M, JM; : _ _
where CM_;MA;_CLML,SMSCLML,SME with M; = M; — M,

M; =M; — Mg, and CZAA,}ILSMS being the Clebsch-Gordan
coefficients. Here, A%, = (2L + 1)2maj ((kg) depends on the
momentum kg and is given in terms of the energy-dependent
scattering length (s wave with L = 0) or volume (p wave
with L = 1) agL(kR) corresponding to a singlet (S = 0) or
triplet (S = 1) interaction between a quasifree electron and
an atom including the spin-orbit splitting characterized by
the total angular momentum J. Correspondingly, M;, M,
and My are the projections of J, L, and S. Here, R and r,
are the position of the neutral atom and the Rydberg electron
with respect to the ion core, and the relative electron-atom

semiclassical momentum kg = ~/2/R — 1/n2, depends on R
with ny being the principal quantum number of the nearest
hydrogenic manifold [23,58]. The scattering length and
volume are given in term of the scattering phase shift n7; (kg)
via kzFtal, (kg) = — tan nf; (kg) [46].

A commonly adopted simplified treatment for a qualita-
tive understanding is to include s-wave scattering (L = 0)
only. Moreover, we consider alkali-metal atoms such as 8'Rb,
for which singlet (S) scattering lengths are positive (a5 =

aizgy s—o > 0) and triplet (T') scattering lengths are negative

(al = aj=s_, < 0)[46,59,60]. Since only negative electron-
atom scattering lengths lead to URM trilobitelike wells [23],
we keep exclusively the triplet s-wave scattering described by

a’’, so that

Vi (r,, R) =~ 27Taf(k1e)5(l'e—R)Z 11, Mg)(1, Mg| (2)

Ms

is our approximate pseudopotential. This approximate treat-
ment, qualitative for alkali-metal atoms like 87Rb, is more
quantitative for bosonic alkaline-earth elements, such as 865
or 8Sr, which possess no hyperfine structure and negligible
p-wave scattering [61], in addition to having only one doublet
S = % spin state and corresponding scattering length.

Under this approximation, the two-body interaction op-
erator between atoms A and B is given by V,/* =
er V;pp(l‘?, R)|F?>A<rﬁ| ® |SS|/2>B<5S1/2| + (A = B). The
Born-Oppenheimer potential between a ground-state atom
and an atom in a specific Rydberg state selected by a laser
can be obtained as a first-order perturbation Vyrm(R) =
(gelV,i"|ge), which gives

Virm(R) = 27a’ (kg)R2,(R)O(R), A3)

where v =n — §,; is the effective principal quantum num-
ber with §,,; being the quantum defect. The radial wave
function R, is the Coulomb function with vanishing bound-
ary condition as R — oo, i.e., R,¢((R) = W(R, v, £)/R with
W (R, v, £) being the “energy-normalized” Whittaker function
[62]. Contrary to the URM potentials in previous studies
such as Ref. [23] (where the Rydberg state is not coherently
coupled to the ground state by laser), Eq. (3) shows an angular
dependence

OR) = |V, R)|",

my

“

since the m; of the Rydberg state here is coherently selected
by the laser polarization, where Y;,, is the usual spherical
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FIG. 2. Sketch of interaction (E.qw = i?/mR2%y,) between
(a) two Rydberg atoms (e +e), (b) a ground-state atom and a
Rydberg atom (g + ¢), and (c) two ground-state atoms (g + g). These
curves are weakly coupled by the dressing laser blue of frequency w
red-detuned by A from g + e with Rabi frequency 2. The trilobite-
like potential located near 10R,qw is well separated from the ground-
state molecular potential relevant below R,qw and the macrodimer
curve (important around 100R,qw); near the trilobitelike well, the
g + g interaction is essentially zero while the e 4 e channel is within
the Rydberg blockade region and can be neglected.

harmonic with  angles . R={6r, ¢r}, and ¢, =
Jjm; SMj Jjm; :
Comp sm, g Sy Here, C,,' ~is a Clebsch-Gordan

coefficient, Mg = my + ms,, ms=m;—mg, mg, =1/2 is
selected as initial ground-state spin of atoms in the gas,
mj =ms, + o is determined by the polarization of the
dressing lasers, and S =1 since we only consider triplet
scattering. This angular dependence gives an anisotropic
potential for £ > 0, with the direction determined by the
laboratory-frame quantization axis defined by the dressing
laser’s polarization. This anisotropy, as we show later, is
essential for controlling the direction of molecular axis.
We can also see that the potential still possesses azimuthal
symmetry and is independent of ¢g; therefore, we only need
to calculate the potential at ¢g = 0. The form of Vyrym also
implies a reflection symmetry, i.e., Vurm(R) = Vurm(—R).

C. Simplified picture: Perturbation treatment

We are now ready to study how to apply Rydberg dressing
and the URM potential to manipulate interactions between
Rydberg-dressed atoms. To investigate the interactions be-
tween Rydberg-dressed atoms, we consider two atoms in
their ground state |g) weakly coupled by a laser to a specific
excited Rydberg state |e). Such a system shows a well-defined
separation of length scales between interactions correlated to
the g+ g, g+ e, and e + e asymptotes. Figure 2 sketches the
relevant scales for e corresponding to a Rydberg ns state,
where n ~ 30, with lasers characterized by Rabi frequency 2
and red-detuned by A from e. The g+ g interaction is only
significant in the length scale of Rygw; Ryaw ~ 82.58 Bohr
radii (ap) for ¥Rb is a length scale defined from the van der
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Waals interaction strength [4]. The e + e interaction is domi-
nated by dispersion interactions at a much larger distance R >
100 Ryqw associated with Rydberg macrodimers [39]. The
effects of these long-range interactions have been observed as
molecular resonances [63—65]. Dressing the e 4 e interactions
has been explored theoretically [22]. Here, we propose to
manipulate long-range molecular bonds by dressing the g + e
trilobitelike interaction at intermediate distances.

The g+ e interaction, characterized by Vyrm(R), dom-
inates at intermediate distances around 10R,qw. At such
separations, the doubly excited state |ee) corresponding to
macrodimers can be safely omitted due to the now familiar
Rydberg blockade mechanism. In addition, the antisymmetric
state |A) = JLE(l ge) — |eg)) is uncoupled and can be ignored

as well [66]. The Hamiltonian dictating the dynamics of
the system can thus be described in the basis |G) = |gg)
and |S) = %ﬂge) + |eg)). Here, we use the notation |aa’) =
la); ® |a’), to mean that atom 1 is in state |a) and atom 2
isin |d').

We first introduce a qualitative description for alkali-metal
atoms which considers the URM interaction induced by the
Rydberg electron-atom scattering as a first-order correction,
and apply the approximate two-body interaction operator V;g’p
from the previous section. A full treatment including p-wave
scattering, electron-atom singlet channels, and spin-orbit
splitting, as well as the effect of the hyperfine structures is also
described later in Sec. III D. If we neglect the URM interac-
tions first (and treat it as perturbation later), the effective two-
level Hamiltonian reads as A|S) (S| + %(IS)(GI + H.c.). The
dressed ground state is given by |G*) = «|G) + BIS), with
le|> + |B]? = 1 and b = | 8)?. In the far-detuned limit Q@ < A,
the mixing parameter b ~ |Q2|?/2A% = 2b,, where the factor
of 2 indicates a collective enhancement. The first-order pertur-
bative energy correction gives the Born-Oppenheimer (BO)
potential for a pair of Rydberg-dressed atoms separated by
R,ie.,UR) = (G*|\72'fp(R)|G*) = bVurm(R). The physical
interpretation is clear and simple; the system has a probability
b to be in e 4 g, and hence only feels a fraction b of the e + g
trilobite potential Vyrm(R).

D. Two-channel model treatment

The perturbation treatment above assumes a weak dressing
(2 < A). To account for stronger dressing, we adopt a two-
channel treatment. The Hamiltonian describing the coupling
between g+ g and g+ e then has a simple 2 x 2 matrix
representation in the basis |G) and |S) [33], given by (in
atomic units)

P =

[WﬂR) Q/V2 } )

Q*/v/2 A+ Virm(R)

As discussed above and shown in Fig. 2, the interaction
Ve(R) between two ground-state atoms is shorter range and
negligible where Vyrm(R) is dominant, and thus can be
set to zero in a simplified treatment. The lower eigenvalue
E(R) obtained by diagonalizing H; at fixed R gives the
BO potential energy surfaces (PESs) for a pair of Rydberg-
dressed atoms. Correspondingly, the normalized eigenvector
[¢c(R), ¢5(R)]T gives a local mixing parameter h(R) =

|¢s(R)|>. When the dressing laser is far-detuned every-
where so that Q < A + Vurm(R), the BO curve becomes
ER) ~ —QZ/Z[A + Vurm(R)]. If the detuning also satisfies
Vurm(R) < A, we recover the mixing probability b(R) —
b = |Q|*/2A? from the previous perturbative treatment, and
the BO curve is further simplified to £(R) =~ bVyrm(R) —
bA = U(R) — bA, the perturbative result with a mere shift
of the threshold. We note that we select 2 and A such that the
average mixing parameter b (defined below) is smaller than
10%; in this regime, the perturbative treatment agrees well
with the two-channel model.

II1. RESULTS

We present the results for dressing ground-state atoms first
with ns, then np, and nd Rydberg states, using the simplified
interaction treatment. This is followed by a section where the
effect of the extended interaction is investigated. Finally, we
explore how polyatomic URdMs could be created and studied.

A. s-type URAM

We first consider dressing a pair of ground-state atoms by
a Rydberg ns state. Since the trilobite potential Vyrm(R) =
VurMm (R) is isotropic and independent of R for ns states, the
radial R dependence is sufficient to illustrate the effect of
Rydberg dressing. The left panel of Fig. 3 shows Vg (R) be-
tween a pair of ground-state atoms and the dressing scheme by
the Rydberg state with the corresponding potential Vyrm (R).
As a practical example, we consider a pair of spin-up 5s1,2
ground-state 8’Rb atoms dressed by 30s, 2 with m; = 1/2,
which can be achieved by using two linearly polarized lasers
(see Fig. 1) with chosen parameters 2 = 25 x 27 MHz and
A =100 x 27 MHz. Diagonalization of Eq. (5) leads to the
BO potential U (R) for the dressed-pair ground state depicted
in Fig. 3(a). If the mixing parameter b is chosen appropriately,
this potential can support vibrational bound levels v which are
obtained by solving the effective radial Schrodinger equation

1 a°
[_ZW + U(R)}/fu(R) =E,Yu(R), (6)
where m is the atomic mass. We define the average mixing pa-
rameter indicating how much Rydberg character is imprinted
onto the ground-state atoms by b = [ |y,(R)|*»(R)dR. For
our chosen parameters, the binding energy is |E,| ~ 1.11 x
27 MHz with the average mixing parameter b &~ 6.89%. We
note that a small b implies a much longer bound level lifetime
T, than that of the trilobite molecule tyrMm, With T, ~ TyrMm/ b;
in the example above, roughly 15 times longer. Since tyrm <
7, and the lifetime 7,, of the Rydberg level n can be estimated
by 1, = Tov*, where 1y and A are obtained by experimental
fit [67,68], we write T, < tov*/l_). For Rb in 30s;,, with
v = n — §; (quantum defect §; ~ 3.14, tp = 1.4 ns, and A =
2.99 ~ 3 [68]) we have 7, &~ 26.2 us, so that with b ~ 6.89%,
7, < 0.38 ms. The lifetime 7, might also be heavily reduced
by chemical reactions [69] in alkali-metal atomic gases such
as Rb, while such chemical reactions will be absent in Sr.
Figure 3(a) also depicts |, (R)|> of the molecular bound
state; although extended over roughly 400 Bohr radii (ag), it
is still well localized, which favors its detection (see Sec. IV C
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FIG. 3. Left: Sketch of the (a) potentials and (b) dressing lasers. Right: (¢) The BO potential U (R) between Rydberg-dressed atoms as
a function of interatomic distances R. The lowest vibrational level at about 1.11 x 27 MHz (solid black line) and the corresponding wave
function probability (area plot) are also depicted. (d) The binding energy E, = |E,—o| of the ground state as a function of the Rabi frequency
Q2 for a specific detuning A. (e) E, as a function of A for a specific value of 2.

below). In fact, the two atoms are always separated by roughly
1000ay, their oscillation never reaching the shorter range
where standard chemical bonds take place, as opposed to the
very extended bound states realized in Feshbach molecules
[4] which span the full range of separations, including short
distances.

Rydberg dressing also allows to easily change the mixing
parameter b and hence the depth of the BO potential U (R). By
either tuning the Rabi frequency €2 or the detuning A or both,
binding energies of the molecular states can be controlled.
Binding energies of a few megahertz can be achieved by
varying the parameters of the dressing lasers, as shown in
Figs. 3(b) and 3(c), where the Rabi frequency 2 (detuning
A) is changed for a fixed detuning A (Rabi frequency €2),
respectively.

B. p-type URAM

As opposed to isotropic ns trilobite potentials, the angular
dependence becomes important when dressing with np or
nd states. It manifests itself by the formation of anisotropic
potentials which leads to control over the spatial orientation of
the dressed ground state (discussed below). We first examine
np states, and focus on dressing with the Rydberg 30ps»
state using a one-photon excitation scheme (see Fig. 1) with
Q =25 x2m MHz and A = 135 x 27 MHz. The left-hand
panels of Fig. 4 show the dressed potentials produced by
dressing lasers with polarization o = 41 [Fig. 4(a)], 0 =0
[Fig. 4(c)], and 0 = —1 [Fig. 4(e)]. The polarization is defined
along the z axis, and the cylindrical symmetry about that axis
allows for the description of the BO-PES as two-dimensional
potential surfaces. We illustrate the BO-PES as a function of
x = Rsin6 cos ¢ and z in Fig. 4, setting y to the specific value
y=Rsinfsin¢ =0 (i.e., ¢ = 0), with the Rydberg ion core
sitting at the origin. In Fig. 4(a), m; = m,, + o = 3/2 gives
Cm, = 6m,1 in Eq. (4) and ® = |Y}; R sin?(6g), leading to
a potential minimum at 6g = /2 (on the x axis in the xz

plane) that can support a localized bound state as shown in
Fig. 4(b). The azimuthal symmetry gives a torus about the
z axis, sketched between Figs. 4(a) and 4(b), together with
the corresponding light polarization in the xz plane. A pair
of ground-state atoms can be bound, with one atom at the

U(2rMHz)

FIG. 4. The Born-Oppenheimer potential surface (with contour
projection in the xz plane) and wave functions between two Rydberg-
dressed 30ps;, *’Rb atoms, with x and z axes in units of 1000ag.
(a) The potential surface U(x,y =0, z) in units of 27 MHz and
(b) the wave function |y, (x,y = 0, z)|*> for ¢ = 41 polarization,
(c), (d) for linear polarization o =0, and (e), (f) for 0 = —1,
respectively. The sketches between the left and right plots depict the
wells in space.
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FIG. 5. BO-PES (with contour projection in the xz plane) for o =2, 1, 0, —1, and —2 in (a), (c), (e), (g), and (i), respectively, and
corresponding wave functions for Rydberg-dressed 30ds,» 87Rb atoms in the xz plane in (b), (d), (f), (h), and (j), where z is the polarization
axis. x and z axes are in units of 1000a,. The sketches between the top and bottom plots depict the wells in space.

origin and the other in the torus; this molecular state has a
binding energy of |E,| = 0.517 x 20 MHz and an average
mixed parameter b=3.29%. With 7o = 3.5 ns, A = 2.90,
and_S,, = 2.64, we have, for 30p3/2, 7, ~ 51.49 us and 1, <
7,/b ~ 1.6 ms, or roughly 30 times larger.

The linear polarization case with o =0 gives m; = 1/2
and leads to two local minima at 6 = 0 and 7 shown in
Fig. 4(c). These isolated and localized potential wells can
support two near-degenerated symmetric and antisymmetric
wave functions, though only the symmetric one is permitted
for identical bosons such as Rb atoms. Figure 4(d) shows
the symmetric state density with |E,| ~ 1.10 x 27 MHz and
b ~ 6.30%. The sketch between Figs. 4(c) and 4(d) shows the
result due to the azimuthal symmetry about the z axis.

For o = —1 with m; = —1/2, two local minima exist at
0r = 0 and m, as shown in Fig. 4(e); those wells are wider
in both R and 6 when compared to the o = 0 case. The
corresponding bound state shown in Fig. 4(f) has a shallower
binding energy |E,| ~ 0.136 x 27 MHz and smaller average
mixing b~ 2.12%. The sketch between Figs. 4(e) and 4(f)
shows the result due to the azimuthal symmetry about the z
axis.

C. d-type URAM

Finally, using nd dressing states provides additional polar-
ization options. Figure 5 shows the BO-PES in the xz plane
fixing y = 0, with a Rabi frequency 2 = 25 x 2 MHz for
o=2,1,0, —1, and —2 in Figs. 5(a), 5(c), 5(e), 5(g), and
5(i), and corresponding detunings A = 120 x 2w, 100 x 27,
150 x 2, 100 x 2w, and 80 x 2w MHz, respectively. In
particular, for o0 = 1 and —2, the potentials have two local
minima at 6g = 7 /4 and 3w /4. The azimuthal symmetry
leads to a single torus for o = +2, double torus for o = +1
or —2, and double oblate spheres for o = 0 and —1. We note
that for the last two cases 0 = —1 and —2, the wells are
less tight than for the other polarizations. The correspond-
ing molecular wave functions are shown in Figs. 5(b), 5(d),
5(f), 5(h), and 5(j), with binding energies |E,| &~ 0.93 x 27,
0.99 x 27, 1.34 x 27, 0.87 x 27, and 0.50 x 2w MHz and
average mixing parameter b & 5.53%, 7.07%, 7.78%, 6.67%,
and 6.47% respectively. The additional polarizations provide

more structure for the dressed potentials and could allow more
complex polyatomic systems (see below).

D. Extended model

In this section, we establish a more sophisticated model
including all the spin effects and the singlet and triplet
s- and p-wave scattering, justifying the validity of our
perturbation and two-channel approach. As a concrete
example, we study here the case of dressing the hyperfine
ground state of S'Rb |g.) = |5s)|F< =2, m =2) =

|Ss1/2,m%" = 1/2)[I¥ =3/2,m{" =3/2) with Rydberg

leys) = 30812, m ) I" =3/2,m]")  and
polarization o = 0. Since m;7 - mf = o and the dressing
laser should not affect the nuclear spin, i.e., m;’* =mj " only
one Rydberg state with mj =1/2 and m] = 3/2 is directly
coupled. We also focus on systems of two atoms, indicated
by A and B, in this section. The adiabatic Hamiltonian
for the dressed system (at fixed R) can be expressed
as HR) = 1-71(2) + ﬁl(f) + V5,(R). Here the single-atom
Hamiltonian H;, under the rotating-wave approximation is
given by

states laser

Hip = Hyr + Hyya + Hp, @)

where Huyr = Aurl - S|55)(5s| denotes the hyperfine inter-
action for a ground-state atom. The hyperfine Hamilto-
nian is diagonalized in the basis of |g.) = |5s)|F“m}),

where |[Fm§) =Y, e cf;;’gfk,mf |s“m<)|I“m¥). The cor-
responding eigenenergy is E; = (Aup/2)[F*(F* +1) —I*
(I 4+ 1) — s°(s“ + 1)]. In contrast, the hyperfine interaction
for Rydberg states is negligible, and we include in ﬁRyd the
effects of core electrons and the Rydberg spin-orbit splitting
that is typically parametrized by measured quantum defects
from atomic spectroscopy. To be specific, |e7) are eigen-
states of ﬁRyd, where (r.|e,) = (Pn([rrsn)jnm;{ (r.)|I"m]), where
o
Buncersnyjint (€)= X Coort 1y Ronen (r)Yonn (P)] 5"
with v7 = n" — §,menjn. The corresponding eigenvalues are
E" —E, where E"=—0.5/(v")?, and E is an energy
shift that satisfies E” —E =E} + A for the target
states |g.+) and |e,). The coupling term is given by
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Hp = (22/2)|551/2)(30s1 2| + H.c. The two-body trilobite in-
teraction is given by Vs,(R) = py Ve(rd, R)|rd), (rd| ®
|551/2) 5(5s1/2] + (A < B), where VAr2,R) is given by
Eqg. (1). In the example here, the semiclassical electronic mo-
mentum kg is determined by ny = 27, the principal quantum
number of the nearest hydrogenic manifold to the 30s;,, Ryd-
berg state. The quantum defects §,;, electron-atom scattering
phase shift 77 ¢, and hyperfine strength Ayr are all taken from
Ref. [58].

Due to the Rydberg blockade mechanism, we can ne-
glect double excitations, and expand the Hamiltonians
with basis of both atoms in the ground state |o.) =
(18:)al8e)s + 18:)alge)8)//2(T ¥ 8.r) or one atom in the
ground state and the other one in an excited state |B,) =
(Igc)alen)s + |e,,)A|g,<)B)/«/§. Numerically, we restrict our
basis set to the states energetically close to ny = 25-28. We
can further reduce the size of the basis due to the spherical
symmetry of s states. Under this spherical symmetry, the
direction of quantization is no longer relevant, and we choose
the molecular axis to be the z axis for convenience. The spher-
ical symmetry of the system also ensures the total hyperfine
projection mg, 4+ mp, is a good quantum number, where the
quantum number of hyperfine spin and its projection of atom
A (B) are denoted as Fy (Fp) and my, (mg,). This restriction
allows only one g + gbasis |a*) = |+ ) With total hyperfine
projection equal to mpg, + mp, =4 in our example. For the
g + e basis | B,,), the good quantum number of the combined
system is mq = m{ + mj + m?, which should be equal to the
ground state mq = mg, + mg, — mj *. The dressing laser does
not affect the nuclear spin, m}7 = mf* = 3/2, which leads to
mg = 5/2. For convenience, we also denote the special basis
that can be directly coupled to the ground state as |8*) =
|,8K*77*)'

Using this two-atom basis, the Hamiltonian for the dressed
system can be expressed as

Ha = ®)
eg ee
where Hgo = Ey+|a*) (a*| is the Hamiltonian for two ground-

state atoms with E « = Eg e E; *. H,, is the same trilobite
Hamiltonian of a Rydberg atom and a ground-state atom
perturber as in Ref. [58] (with a proper symmetrization and a
constant energy shift from the rotating-wave approximation),
which can be diagonalized and gives H,, = Zy E, |y (yl.
The eigenvalues E, = U, (R) +E£* + A, where U, (R) are
the trilobite potentials for mg = 5/2 calculated using the same
method as in Ref. [58], are shown in Fig. 6. The corresponding
eigenvectors |y) = > 8 <I>(V)| B) are obtained from diagonal-
ization and give the form of H,, as

Z f¢;z>|a )yl ©)

Therefore, |<I>/(3}fk)|2 characterizes how strongly a trilobite po-
tential U,, is coupled to the ground state, indicated by the
color scheme in Fig. 6. One can see that only one trilobite
potential curve is strongly coupled to the ground state (in
blue), justifying the two-channel approach.

100
(a)
ny =27
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0 0.8
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FIG. 6. (a) Trilobite potential curves for 8’Rb with mg = 5/2
near the ny = 27 perturbed hydrogenic manifold. All spin effects
and s- and p-wave scattering are included. The color indicates the
probability of each eigenstate projection onto the 30s + Ss basis,
determining the Rydberg-dressing coupling strength to the two-body
ground-state 5s + 5s channel. (b) Zoom of the potential curves near
the 5s + 30s threshold.

Nevertheless, we diagonalize the Hamiltonian in Eq. (8)
with all channels and obtain BO potentials, shown in Fig. 7 for
the parameter 2 = 20 x 27 MHz and A = 120 x 27 MHz.
Although including the p wave can significantly affect the
shape of potential, it is still deep enough to support localized
molecular state. Here, to ensure the validity of the adiabatic
approximation, we directly solve the full coupled equations
for the bound state, i.e.,

1 d*
+H, H,
e - [ig}zE[\‘ff} (10)
Hy, —Lld 11 H, |LYe e

T mdR

200 400 600 800 1000 1200 1400 1600 1800 2000
R(a.u.)

FIG. 7. The BO potentials U between Rydberg-dressed atoms
as a function of interatomic distance R. The ground-state atoms are
dressed by the trilobite potentials shown in Fig. 6. A vibrational level
at about 1.37 x 27 MHz (solid black line) and the corresponding
wave function probability (area plot) are also depicted.

023019-7



JIA WANG AND ROBIN COTE

PHYSICAL REVIEW RESEARCH 2, 023019 (2020)

The area plot in Fig. 7 shows the wave function |\I/g(R)|2
with the base line indicating the bound-state energy at |E,| =
1.37 x 2 MHz. The averaged mixing can now be given
by 1 — de|‘~IJg(R)|2 ~ 6.65%. Although the details of the
URdM potential, bound level, and wave function are differ-
ent from the simpler treatment of the previous sections, the
qualitative picture remains valid. In fact, we obtain a small
averaged mixing parameter b of roughly 7%, a binding energy
of the same order as before, and a well-localized bound state,
confirming the validity of the results of the simpler treatment.

E. Polyatomic molecules

In previous sections, we showed that by choosing particular
laser polarizations, e.g., dressing np3;, states with o =0
as shown Figs. 4(c) and 4(d), the corresponding BO-PES
can have separated local minima. Hence, a trimer state can
exist, with each local minimum binding one ground-state
atom to the central Rydberg atom. As in the diatomic case,
the interaction Vi between the two, three, or more ground-
state atoms can be neglected. Moreover, by using additional
dressing lasers, more complex PESs can be engineered with
more local minima for polyatomic molecules.

We illustrate the concept within the perturbation treatment,
by considering multiple lasers characterized by €, A, and
oy dressing to different Rydberg states |¢®)). We also focus on
the case where the spatial overlapping between these selected
Rydberg states can be neglected, i.e., (e®|r,) (r,]e®)) ~ 0,
which can be fulfilled by selecting Rydberg states with
distinct n and m;. Neglecting the trilobite interaction (zero
order), the collective ground state of N Rydberg-dressed
identical atoms within one Rydberg blockade domain can
be written as |Gy) = an|Gy) + D, ,B(k)|S(k)) where |Gy) =
181,82, - gn) and |Sy) = < D7 1|E<">> with [E) as

a shorthand notation for |g;, g2, ..., ( ), ..., 8gn). When all
the detunings are large enough that Qr K Ay, we have

(k) =N NS4 /2Ak, where the factor +/N indicates a col-
lectlve enhancement, which gives the mixing parameter
(k) |,3(k)|2 :N|Qk|2/4A%. For Rydberg states with low
angular momentum (£ < 2), the trilobite interaction can
be written as Vi = Zk’i’#, é’l;)M(RU)lE(k))( (k>| where
the couplings between different Rydberg states are ne-
glected due to their negligible spatial overlap. In the
spirit of Born-Oppenheimer approximation, for a fixed
set of {R;;}, the adiabatic potential surface is there-
fore given by (G Vil G) = % Yk by 35 i Vi (Ri) =
Y ki< DV Rij), where by = [Q]?/2A7 is the two-body
mixing parameter for the kth laser. Therefore, the polyatomic
BO-PES can be regarded as a summation of the two-body
single-laser BO-PES, so that the corresponding binding en-
ergies can be roughly given by the summation of the dimer
binding energies as long as the local minima are well sepa-
rated.

Figure 8 shows the two-body BO-PES for a two-color
dressing scheme, with one laser dressing the ground state
with the 30p3/, Rydberg state (A = 135 x 27 MHz, Q| =
25 x 2mr MHz, and o; = 0), and a second laser dressing
with 35p3/5 (Ay =50 x 27 MHz, 2, = 15 x 27 MHz, and

FIG. 8. Two-body BO-PES for Rydberg-dressed atoms with two-
color dressing scheme. One o; = 0 laser dresses the 551/, ground-
state atom with the 30p;,, state, while the other laser o, = +1
dresses to the 35p;,, state. The BO-PES shows multiple local min-
ima, implying that polyatomic states with corresponding geometry
can be supported.

= +1). The potential exhibits two minima at R ~ 1400a,
and O = 0 and 7, respectively, and another local minimum
at R ~ 2000ay and 6g =~ 7 /2. Therefore, this configuration
could sustain a tetramer state, with one atom (Rydberg core)
in the center, one in the torus, and one in each sphere. More
complex structures can be engineered by selecting different
dressing states or laser parameters (e.g., o) and/or additional
dressing states.

IV. DISCUSSION

In this section, we first elaborate on the difference between
the URdMs obtained by the proposed Rydberg dressing, and
the OFRs using URM states recently explored. We then dis-
cuss the scaling of our results with levels #, to finally describe
detection schemes.

A. Difference between URAM and OFR

Recently, OFR based on coupling two scattering ground-
state atoms to a URM state via lasers has been explored
both theoretically [56] and experimentally [57]. When the
detuning is relative large (i.e., off resonance), the real part of
the scattering length can be tuned to some large value while
the decay remains small. Although that URM-OFR scheme
seemingly shares similarities with our URAM proposal, there
are several subtle but important differences that are worth
discussing here.

Comparing with the OFR studies, the detuning in our
scheme is much larger. While this seems only to be a slight
technical difference, the resulting mechanism is actually very
different. In OFR studies, the detuning from a URM state can
be either red or blue and is usually smaller than the zero-point
energy near the local minimum that supports the correspond-
ing URM state. Therefore, the laser-dressed g 4 g threshold
can cross the URM potential near that local minimum. As
a consequence, a Feshbach molecule formed by this OFR
mechanism would strongly couple with a URM state and be
dominated by the Rydberg component. In contrast, the detun-
ing from the URM potential threshold in our URAM scheme
is always red and larger than the local minimum that supports
the URM states. For such large detuning (and consequently
large Rabi coupling frequency), we expect that the coupling
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to other URM states can no longer be neglected, and a formal
treatment that considers the full potential calculation as our
approach is necessary. As a consequence, our potential well
is weakly coupled to the URM potential near the minimum
locally, and hence the URAM states have a small Rydberg
component even when it is tuned near the threshold. This
implies that URAM states have a much longer lifetime than
the Feshbach molecule states in the OFR scheme for the
same 2/A. From the scattering perspective, the OFR is a
closed-channel dominated resonance, while the corresponding
scattering resonance associated with URAM states is an open-
channel dominated potential resonance.

The physical picture here is that the ground-ground interac-
tion Born-Oppenheimer potentials are modified by mixing in
some of the URM character, but the URM states supported by
those URM potentials are, to a large extent, irrelevant. This
point becomes more obvious for the p- and d-wave URIM
potentials and states. Notice that the p- and d-wave URM
potentials are spherically symmetric, while the p- and d-wave
URdM potentials are anisotropic, since the coupling laser
breaks spherical symmetry. The corresponding URdM-state
wave functions are therefore very different than those of URM
states. The spatial orientation of URAM states, as a result,
can be controlled by the laser polarization. The polyatomic
URdMs studied here are also completely different than the
polyatomic URMs bound by mainly a single Rydberg state,
where the binding mechanism of the former is based on laser
coupling to different Rydberg states (of different Rydberg
manifolds).

B. Variation with level n

By selecting Rydberg-dressing states with various n, we
can take advantage of the rapid scaling of the position, spatial
extent, and lifetime of the trilobitelike states. For simplicity
and to avoid the influence of the precise choice of A and €2,
we focus on cases where A is large enough so that the per-
turbation treatment is appropriate, and choose a fixed mixing
parameter 2/2A? = 8%. Figure 9 shows the dependence of
binding energy E, on the effective principle quantum number
v =n — §,¢j, with Fig. 9(a) depicting the 0 = 0 cases for n¢;
states. For a given £ value, the o = 0 dressing gives deeper
bound states than the other polarizations, as the corresponding
potential wells are sharper and deeper (see Figs. 4 and 5).
These o = 0 polarization wells support levels bound by (1-
5) x2x MHz for v ~ 30. Figures 9(b) and 9(c) show the
o dependence for nps;, and nds;, states, respectively; in
both cases, 0 = 0 gives more deeply bound levels. Similar
results (not shown here) are obtained for np;,, and nds)
states.

As shown in Fig. 9, the binding energy scales roughly as
v~%. This can be understood via Eq. (3), as the dressed well
is proportional to Vyrm o R?;z- Since R,r = W,¢,(R)/R x
CyeR73/*, where C,y x v™3/% is a constant [62], then R2,
v3R™32, where R ~ v? for the outer wells. As a result,
Vurm o v~% and so is Ep. This can also be understood noting
that the trilobite wells scale as the electronic density, itself
scaling as the inverse of the Rydberg volume or R™3 oc v=°.
Other details, such as how the scattering length a! depends
on v, explain the slight deviation from the v~ scaling.

—_
(=]

—

Binding energy E, (2 MHz)

0.1

1
26 28 30

25 30 35
Effective quantum number v

32 34

1 | 1 1 1 1

FIG. 9. The binding energy E, for Rydberg dressing with dif-
ferent principle quantum number n with a fixed mixing parameter
Q?/2A? = 8% in the perturbation treatment: (a) o = 0 only for
nt; (b), (c) results for different polarizations o for nps,, and nds,,,
respectively.

C. Detection schemes

A variety of schemes could be employed to detect the new
ultralong-range dressed ground-state molecules. We describe
two straightforward approaches relying on spectroscopic mea-
surement of atomic hyperfine population, using two-step and
state-selective detection schemes. Figure 10 sketches the de-
tection scheme for one of them: as before, we focus on ¥’Rb
as a specific example, which has hyperfine ground states
|F, mp) labeled by the quantum number F = 1 and 2 and its
projection mg onto the quantization axis, where F =i+ s is
the total spin with i and s being the nuclear and electronic spin,
respectively.

As depicted in Fig. 10(a), we consider two hyperfine
ground states that can be rf coupled, such as |g;) = |1, 1)
and |g2) = |2, 2). Other hyperfine states could be considered;
however, |2,2) provides a cycling transition with the Sp
excited hyperfine state |3, 3), thus fixing |1, 1) as the other
hyperfine ground states. A pair of ground-state atoms will
have three energies Ei.;, Ei4+2, and E,,, corresponding to
both atoms in |g;), one in |g;) and one in |g;), and both in |g>),
respectively. The large hyperfine splitting between the F = 1
and 2 ground states of ’Rb atoms AEy; = hvy = 6.83 GHz
[70] allows to dress a particular pair of ground-state atoms
without greatly affecting other combinations of hyperfine
states of ground-state atoms. By selecting the parameters
A and Q of the dressing laser carefully, a specific dressed
pair |gg) will support molecular bound levels, while the
other combinations will be too shallow. Figure 10(a) shows a
red-detuned laser from a Rydberg state |e), e.g., |ns), with A
such that |g,) has the strongest coupling to |e). Figure 10(b)
depicts how the trilobitelike state correlated to g+ e will
dress the ground-state pairs with different strengths, with
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(a) single atom: dressing g, (b) atom pair: dressing g,
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FIG. 10. Detection scheme. (a) Single-atom picture: hyperfine
ground states |g;) = |F = lmp = 1) and |g,) =|2,2) dressed by
the Rydberg state |e) = |ns) using a laser of Rabi frequency €2. The
detuning A for |g,) is much smaller than the detuning A + AE¢
for |g1). (b) Atom-pair picture: the trilobitelike state corresponding
to |g, e) is coupled to the three ground-state combinations, with
the strongest coupling corresponding to |g,g>) supporting a bound
level, while the weaker coupling for |g1g,) and |g,g1) does not
sustain a bound level. (c) rf spectroscopy of the dressed-bound level:
sample prepared purely in |g;) is swept by rf photon of frequency v
red-detuned from the |g,), populating the bound state at v = vyq).
(d) Corresponding signal showing a small molecular feature red-
detuned from the atomic line at vy.

g>» + g» having the strongest coupling, g; + g» a weaker
coupling, and g; + g; a much smaller coupling, due to larger
detuning A + hvys of g;. Correspondingly, the pair g, + g2
has a long-range well deep enough to support a bound state,
while the other combinations g; + g> and g; + g; do not
support bound states.

In an atomic sample initially prepared in |g;) = |1, 1), a
rf photon can transfer population into the higher hyperfine
state |g>) = |2,2) as shown in Fig. 10(c). By scanning the
frequency v of the rf radiation, the dressed molecular bound
level will be populated and a red-detuned signal from the
atomic line vy corresponding to the bound level vy, should
appear as depicted in Fig. 10(d). The cycling transition be-
tween |g2) = |2, 2) and the atomic excited 5p hyperfine state
|3, 3) can be used to detect the population in |g;) via atomic
fluorescence of the sample. We note again that different sets
of hyperfine states could be employed that would affect the
detection scheme, e.g., by using ionization of ground state
levels instead of optical cycling.

The second approach is based on Coulomb explosion.
After creating a dressed molecular ultralong-range ground

level as described above, one could ionize both atoms of a pair
which would then fly apart due to Coulomb repulsion. Similar
to the observation of macrodimers [42] using grids to detect
the ions with both temporal and spatial resolution, information
about the atoms’ separation in the bound state could be gained
from correlation in the time of flight, in addition to the number
of pairs from the integrated signal.

These two-step (separated-in-time) detection schemes rely
on rf spectroscopy to populate the bound level, and state-
selective detection. Besides using the optical 5p cycling
transition, one could also use the narrower 6p state, or an
intermediate Rydberg state followed by field ionization. Fi-
nally, one could always use a nearby URM populated level
and let it decay into the URAM as a means to produce
them.

V. SUMMARY AND CONCLUSIONS

We have explored the possibility of imprinting Rydberg
character to ground-state atoms using lasers detuned from
highly excited Rydberg states. In particular, we showed that
Rydberg trilobitelike potentials could be mapped onto the
interaction potential of a pair of ground-state atoms, leading
to ultralong-range wells. By selecting appropriate laser pa-
rameters, we predicted that those wells could sustain bound
levels, giving rise to a new type of ultralong-range molecular
state. Indeed, as opposed to extended Feshbach molecules for
which the bound state can cover a wide range of separations,
this new binding mechanism provides localized levels at very
large separation. By varying the laser parameters (including
their polarizations) and the dressing Rydberg level (ns, np, or
nd), one can control not only the binding energy and lifetime
of these molecules, but also their geometry and orientation. In
fact, we showed that np or nd states can give multiple wells in
specific orientation with respect to the laser polarization. This
furthermore provides multiple wells to create ultralong-range
polyatomic molecules. In addition, by considering multiple
Rydberg dressing states, more complex long-range structures
can be engineered.

We described detection schemes based on two-step ap-
proaches, relying first on rf spectroscopy to populate the
bound level followed by a state-selective detection. The sig-
nature of the molecular state will be a feature red-detuned
from the atomic line, with its magnitude proportional to the
number of pairs of ground-state atoms located at the proper
separation corresponding to the location of the dressed long-
range well. The probability of having a pair of distinguishable
atoms separated by a distance r in a homogeneous gas of
density p is given by P(r)dr = 4mp r e3P dr [71], and
for p & 10'2 cm~3, the well corresponding to 30s (see Fig. 3)
located at r ~ 1350ay and spread over Ar = 100a, gives
roughly P(r)Ar ~ 3 x 10~*. For a small sample containing
10 000 atoms, roughly three pairs could be formed. Natu-
rally, increasing the density would lead to more pairs and a
stronger signal; e.g., with p &~ 10'* cm™3, P(r)Ar =~ 0.003
and roughly 30 pairs could be formed, while p ~ 10'* cm™
would lead to P(r)Ar ~ 0.03 and roughly 300 pairs (however,
at such high p, the density shift would make the experiment
challenging).
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We note that one could use Feshbach resonances to in-
crease the probability of pairs at shorter separations near
the trilobitelike well. While larger densities lead to larger
signal, the particle statistics afforded by quantum degenerate
atomic gases would also affect the results. As recently re-
ported in Ref. [72], trilobitelike states can probe two-body
correlation functions in degenerate Fermi or Bose gases as
well as for distinguishable particles. Additional information
about anisotropy in interactions or distributions could poten-
tially be probed by the spatial dependence of the dressed
ultralong-range molecular states like np or nd, or polyatomic
cases.

Finally, by producing bound pairs or even large polyatomic
molecules by Rydberg-dressing ground-state interactions, one
could also engineer correlation functions in the gas. As the
dressing lasers are turned off, the new distribution would
retain the signature of the dressed molecules, and hence could

be used to design particular two-body, three-body, or more
correlation functions, and even create real three-, four-, or
more-body interactions [73]. Overall, Rydberg-dressed sys-
tems would enable further studies of many-body phenomena
in ultracold gases, in addition to the investigation of peculiar
chemical bonds.
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