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Macrodimers: Ultralong Range Rydberg Molecules
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We study long range interactions between two Rydberg atoms and predict the existence of ultralong
range Rydberg dimers with equilibrium distances of many thousands of Bohr radii. We calculate the
dispersion coefficients Cs, Cs, and Cg for two rubidium atoms in the same excited level np and find
that they scale like 18, n'!, and n'>, respectively. We show that for certain molecular symmetries these
coefficients lead to long range potential wells that can support molecular bound levels. Such macrodimers
would be very sensitive to their environment and could probe weak interactions. We suggest experiments

to detect these macrodimers.
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New techniques used for cooling and trapping of atoms
[1] and molecules [2], and which led to the realization
of atomic Bose-Einstein condensation [3], have also been
applied to experiments with ultracold plasmas [4] and ul-
tracold Rydberg atoms [5]. The exaggerated properties of
Rydberg atoms provide a fertile ground for new physics.
For example, transport properties of ultracold gases doped
with ions were recently explored and extended to cold
Rydberg samples [6], while entangled states relevant for
quantum computing can also be produced with ultra-
cold Rydberg atoms [7]. Finally, the creation of “trilobite”
Rydberg molecules was proposed [8], where one atom of
the dimer remains in its ground state while the second one
is excited to a Rydberg state.

In this Letter, we explore the interactions between two
Rydberg atoms. We show that long range wells support-
ing several bound levels exist for certain molecular sym-
metries. We explore the sensitivity of these wells to the
particular asymptotic form of the potential long range ex-
pansion and show that their existence is robust. We also
estimate the effect of retardation as well as the validity of
the Born-Oppenheimer approximation. We give numerical
examples for the case of rubidium (Rb) and discuss ex-
perimental schemes to detect these macrodimers. These
molecules could lead to measurements of very weak inter-
actions, such as vacuum fluctuations, and provide a unique
tool to study quenching in ultracold collisions.

We consider two atoms each excited by one photon from
their ground state into the same Rydberg state np [9],
where n is the principal quantum number. For Rb, this
corresponds to the 55 — np transition [10]. At large sepa-
ration R, the potential energy between two atoms can be
expanded in powers of 1/R [11]. For two identical atoms
in the same np state, it takes the form [12]

VR) = =% — ¢ - o (1)

where the dispersion coefficients Cs, Cg, and Cg depend
on n. For the np — np asymptote of the homonuclear
dimers, we have in total six pairs of degenerate molecular
states with identical coefficients for each pair: 'A, and
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PACS numbers: 32.80.Rm, 32.80.Pj, 34.20.Cf
3A,, IHg and °11,,, 3Hg and 'T1,,, 325 and '3, and two

u>’
pairs of 12; and *3 " [12]. Note that the degeneracy of
any pair of molecular states is lifted by the exponentially
decaying exchange interactions, which can be neglected at
large enough R.

The numerical values of Cs, Cg, and Cg [13] were cal-
culated using the expressions of Marinescu [12]. The sums
over the electronic states were evaluated directly, and us-
ing the n scaling of the dipole (= n?), quadrupole (= n*),
and octopole ( 1°) matrix elements and the energy differ-
ences (« n~3) involved, we obtained the following scaling
laws: Cs5 « n8®, Cg = n'!, and Cg =« n'>. The magni-
tude and sign of the dispersion coefficients depend on the
molecular symmetry considered, and it is possible to obtain
a long range potential well with an attractive long range
R > contribution and a repulsive shorter range R ® or R ™8
contribution (see Fig. 1). For the np — np asymptote, we
found that three pairs of degenerate molecular states give
long range potential wells: 'IT,-*IT,, 3257'12_ and one
of 12; 33

For the system to be adequately described by Eq. (1),
the exchange energy must be negligible. To estimate the
region of validity of Eq. (1), we use the Le Roy radius Ry g
[14] as a measure of the electron wave function overlap

u>’

o 1/2
between the two atoms: it is given by R g = 2(<r2)A/ +
(rz)}g/z), where <r2>/14{12; is the rms position of the electron
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FIG. 1. Comparison of the potential curves for the three pairs

of states that sustain a well for Rb (n = 20). Inside the shaded
area we have R < Ry g, and Eq. (1) is not adequate.
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of atom A (B) [15]. If R < RyR, exchange and charge-
overlap interactions become important and Eq. (1) is not
adequate to describe the system.

In Fig. 1, we illustrate the wells for the three pairs of
degenerate states 'T1,->I1,, 325-12;, and 12;-32; of
Rb with n = 20. The Le Roy radius Rpr is equal to
1902ag, where aq is a Bohr radius. The well of the pair
of states 12;-32;’ is very deep (potential depth D, =
4.5 X 10° cm™!) but is located at a much shorter distance
than the Le Roy radius (equilibrium distance R, = 240ay):
the interactions for these states are not well described by
Eq. (1), as opposed to the two other pairs. The well of the
pair 'T1,-*TI,, has a depth D, = 3.74 X 1072 cm™~! and
an equilibrium distance R, = 2509a,. By comparison, the
well of the pair 3257-12; is much shallower and farther
away, with D, = 6.88 X 1079 em™! and R, = 4956ay.
In Fig. 2, we compare D,, R,, and Ry r for the three pairs
for various values of n and find the same general behavior.
For the remainder of this Letter, we focus our attention on
the deeper wells described by Eq. (1), i.e., the 'TI,-*II,
pair, since the much shallower wells of the 3 EQ-IE; pair
may prove more difficult to detect.

In Fig. 3, we illustrate the scaling of the dispersion
coefficients, equilibrium distance, and well depth of the
I g-3Hu pair as a function of n. In atomic units, the
coefficients are given approximately by Cs ~ 3n8, C¢ ~
—0.7n"', and Cy ~ —50n" [see Fig. 3(a)]. Neglecting
Cg in Eq. (1) and setting the derivative of V(R) to zero, we
find that the equilibrium distance scales as R, ~ 0.3n3a0,
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FIG. 2. In (a), comparison of D, as a function of R, for the

three pairs supporting long range wells, for various n. In (b),
R, is compared to Ry g for the same states. The shaded area is
defined by R, < RiR.
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in good agreement with the numerical values shown in
Fig. 3(b). The scaling of D, is 1087277 cm™!, as expected
[see Fig. 3(b)]. Note that other pairs may have different
R, and D, scaling, depending on the relative magnitude
of the dispersion terms. The wells for the 'T1,-*TI, pair,
although shallow, support many vibrational bound levels.
In Table I, we list the two lowest and highest levels found
for n = 20, 40, and 70 [16], which support 143, 125, and
107 bound levels, respectively. While the wells for high
n are much shallower than those with smaller n (e.g., see
n = 20 and 70 in Table I), their larger extension leads to
denser energy levels, and hence they also support a large
number of levels.

When using the expression for V(R), the Born-
Oppenheimer approximation is assumed valid. To verify
that it is the case, we compare the vibrational period
Tvin(v) of a given bound level v with the typical time for
the electron motion 7, = h/|E,| = (47 /ac)n’agy, where
E, is the electron binding energy. If 7,/7yip, < 1, the
Rydberg electrons of both atoms easily follow the motion
of the ions, and the Born-Oppenheimer curve V(R) needs
no further diabatic corrections. Taking the levels in Table I
as examples, for n = 20, we find 7./7yip ~ 1.5 X 10°°
for the lowest level v = 0, and 2.2 X 10~'! for the
highest level v = 142: the electrons follow adiabatically
the ions for all vibrational levels. For n = 70, the ratio
becomes 6.8 X 107 forv = 0 and 4.5 X 1074 forv =
106. Naturally, the Born-Oppenheimer approximation
gets better for the higher vibrational levels, since they are
more extended and therefore take more time to make a full
oscillation. However, the spontaneous decay of one of the
excited Rydberg atoms will limit the lifetime of these long
range molecules and prevent the existence of the upper ly-
ing vibrational bound levels. Although the lifetime of the
excited atoms is long, scaling as 7, ~ Ton’, where 7y ~
1.4 ns [17], it is much shorter than the vibrational period
for high v. For example, for n = 20, we find 7, ~
11.2 us and 7y, = 0.083 us and 5.58 ms for v =0
and 142, respectively, and for n = 70, 74 ~ 480 us
and 7vip = 220 us and 32.8 s for v = 0 and 106, re-
spectively. In effect, the upper vibrational levels can be
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FIG. 3. Scaling of (a) Cs, Cg, Cg for the ll_[g—3l_[u pair and
(b) R, (left scale) and D, (right scale), as a function of n.
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TABLE I. Sample of vibrational bound levels for the 1l_lg—3 IT, pair. The top corresponds

to n =20, with R, = 2509a9, D, = 3.740 X 1072 cm™!, the middle to n = 40, with
R, = 2014lay, D, = 4.060 X 107* cm™!, and the bottom to n = 70, with R, = 103 380ay,

D, =1.042 X 107% cm™!.

Eh E(U) Rl R2 Tvib

v (cm™!) (em™) (ao) (ao) (s)
0 —-3.70 [-2] 4.01 [—4] 2454 2571 8.3 [—8]
1 —3.62 [-2] 1.19 [-3] 2417 2623 8.4 [—8]
141 —3.46 [—8] 3.74 [-2] 2142 49 859 1.2 [-3]
142 —3.89 [-9] 3.74 [-2] 2142 77220 5.6 [—3]
0 —4.01 [—4] 5.04 [—6] 19651 20701 6.6 [—6]
1 —3.91 [—4] 1.50 [—5] 19331 21163 6.7 [—6]
12:.’) —3.27 [—10] 4.06 [—4] 17111 431262 0.1
124 —1.91 [—11] 4.06 [—4] 17111 762169 0.8
0 ~1.03 [-5] 152 [-7] 100 574 106 629 22 [—4]
1 —9.97 [-6] 4.51 [-7] 98 762 109 334 2.3 [—4]
105 —-1.02 [—11] 1.04 [-5] 87306 2211658 3.1
106 ~3.57 [~13] 1.04 [-5] 87306 4337482 32.8

considered as quasicontinuum states since only a fraction
of an entire oscillation will take place before deexcitation.

Another effect limiting the existence of Rydberg long
range molecules is autoionization. When two excited
atoms interact, one atom can decay to a lower excited
state while the second atom is ionized, the free electron
picking up most of the kinetic energy. However, if the
separation between the Rydberg atoms is larger than Ry g,
there is little overlap between their electronic clouds, and
one expects the autoionization probability to be small (the
atoms interact via their electric dipoles at such distances).
Note also that for alkali dimers in general [18], and Rb in
particular, avoided crossings with the ionic curves (here
correlated to Rb™ + Rb™) perturb the lowest asymptotes
such as 5p — 5p. However, for the case where the
Le Roy radius condition is satisfied, i.e., for n = 20 [see
Fig. 2(b)], the np — np asymptotes are much higher
than the ionic curves, and no perturbation from avoided
crossings will occur.

The density of electronic states in the Rydberg region
is very large, and avoided crossings from potential curves
correlated to other asymptotes with the same symmetry
could perturb the shallow wells. However, the closest
asymptotes are generally separated by several times the po-
tential depth D,, and no avoided crossing in the well region
occurs [19]. Figure 4 illustrates the well for 40p — 40p
and the two nearest curves correlated to 36s — 47p and
425 — 36, for the 'T1,-*II,, symmetries. The separation
between them is much larger than D, and no crossings oc-
cur. Although the various asymptotes become denser as n
increases, the potentials become very shallow (D, o n7),
and generally no crossing is found. Note that avoided
crossings from a lower asymptote repulsive curve and a
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higher asymptote attractive curve (with the same symme-
try) could, in fact, produce deep wells.

For these extremely extended states, retardation effects
may become important. Again, to estimate the importance
of the photon time of flight, we compare the electronic time
7. with the time it takes a photon to cover the distance be-
tween the two centers: 7,, ~ R/c. For the highest levels,
the relevant distance is the outer turning point R;, but for
the deeper levels, a good estimate is obtained by using the
equilibrium distance R,. Using the scaling R, ~ 0.3n°,
we have 7pn/7, ~ (0.3a/47)n < 1 for n < 100. For
the highest vibrational levels v in Table I, we get 7py /7, ~
0.07 and 0.11, for R, of v = 141 and 142, respectively
(for n = 20), and 7, /7, ~ 0.26 and 0.51 for R, of v =
105 and 106, respectively (for n = 70). Although retar-
dation effects are not important for the lower vibrational
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FIG. 4. Nearest asymptotes to 40p — 40p for the 'II,-’II,
symmetries. Inset: convergence of Eq. (1) for n = 40. The
shaded area gives an estimate of the truncation error.
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levels (with R, slightly larger than R,), even for large
n, one needs to consider them for the higher vibrational
levels. The sensitivity of the interaction potential to retar-
dation effects could actually be used to detect these effects
using high precision spectroscopy.

We included three terms in the asymptotic 1/R expan-
sion (1), but one has to verify the effect of the truncation
on the well properties. The standard procedure to estimate
the maximum error due to the truncation of higher terms
is to include half of the last term [20]: here, Cs. In Fig. 4,
we illustrate the effect of such a variation for n = 40. The
well becomes deeper but is still located outside the Le Roy
radius; hence the existence of long range wells is robust to
the truncation of the 1/R expansion.

To detect these Rydberg macrodimers, one could pho-
toassociate them from the ground state (5s for Rb) to the
target molecular symmetry. After the photoassociation
pulse [10], one can field ionize the system and detect the
ions. The existence of the molecules should lead to small
peaks red-detuned from the atomic asymptote. Because the
spacing of the bound levels is small, individual levels will
be hard to detect (a laser width smaller than the spacing
A is needed: for n =20, A ~ 1073 ecm™! ~ 300 MHz
for the deepest levels), and the most probable signature
would be an overall red-detuned peak. The wells are shal-
low, and only those deep enough could be detected. To
enhance the sensitivity of the detection scheme, one could
also use radio frequency to excite a bound level to a con-
tinuum state corresponding to another asymptote [e.g., to
(n + 1)s — np]l. The detection of any (n + 1)s atoms
(e.g., by ramp-field ionization) would be attributed to the
existence of a long range bound molecular state, since the
rf field would not be resonant with free np atoms.

We have computed long range interactions between two
Rb atoms in the same np state and found that shallow long
range wells supporting several vibrational levels exist for
certain molecular symmetries. Although specific calcula-
tions were performed for Rb and np — np asymptotes,
the existence of these macrodimers is general: one can
expect them for various asymptotes n1€; — np€, and for
all alkali atoms. Furthermore, avoided crossing between
curves of the same symmetry with different asymptotes
could also provide deep long range molecular wells, in a
manner similar to the long range wells observed in many
alkali dimers [21]. The macrodimers are extremely sensi-
tive to their environment, and as such, they could be used
as probes for extremely weak interactions, e.g., to mea-
sure retardation effects and vacuum fluctuations, or any
weak electromagnetic interaction. Also, due to their very
small rovibrational energy splittings, macrodimers would
provide a unique tool to study quenching in ultracold col-
lisions, since they would remain trapped (as opposed to
usual dimers [22]). Finally, the detection of such exotic
molecules in itself would be a considerable achievement.
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