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We have experimentally observed and theoretically identified a novel class of purely long-range
molecules. This novel purely long-range state is formed due to a very weak hyperfine interaction that
is usually treated only as a small perturbation in molecular spectra. Photoassociation spectroscopy of
ultracold ytterbium (!7'Yb) atoms with the !S,-*P; intercombination transition presents clear identifica-
tion of molecular states and the shallowest molecular potential depth of about 750 MHz among the purely

long-range molecules ever observed.
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Photoassociation (PA) spectroscopy of ultracold atoms
has become a powerful tool for the investigation of so-
called long-range molecules with the classical outer turn-
ing points of several to hundreds of nanometers [1]. In the
long-range molecules, properties of the molecular states
are closely related to properties of their constituent atoms.
A special class of long-range molecules is called a purely
long-range (PLR) molecule. It has a classical inner turning
point at a long internuclear distance where the short-range
interaction due to the overlap of atomic electron clouds is
negligible. Therefore, rovibrational levels of the PLR states
are precisely calculated without information of the un-
known short-range interaction.

The possibility of observing the bound levels in PLR
molecules was already discussed about 30 years ago [2,3],
and the development of laser cooling techniques has at last
enabled the experimental observations of the PLR states
for alkali-metal atoms [4—9] and metastable helium [10]
with PA spectroscopy. For these atoms the PLR molecules
are formed due to the interplay between a resonant dipole
interaction and a spin-orbit interaction. The spin-orbit
coupling causes an avoided crossing between attractive
and repulsive potentials correlating to different asymptotes
of the fine structure, and this results in the formation of the
potential minimum at a long internuclear distance r. The
potential curves of the PLR states are shown in Fig. 1. PA
spectroscopic studies of these states have been performed
to verify a retardation effect [11] and to precisely deter-
mine radiative lifetimes.

A similar avoided crossing occurs due to a hyperfine
interaction. Although the hyperfine interaction is usually
treated only as a small perturbation in molecular spectra, it
plays an important role in the PA spectroscopy probing
near the dissociation limit [12—15]. It is possible at a very
long r that the total electronic angular momentum J, is
much more strongly coupled with the nuclear spin than
with the internuclear axis. This coupling order of angular
momenta is different from that of the usual Hund’s case (c),
where the coupling between J, and the molecular axis is
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much stronger than the hyperfine interaction. The coupling
scheme changes from this unusual one to the usual Hund’s
case (c) with decreasing r. In the transient region, PLR
states are expected to be formed due to the interplay
between the hyperfine interaction and the resonant dipole
interaction. However, such states have not been experimen-
tally observed so far, since the hyperfine splittings of
alkali-metal atoms are small and it is difficult to resolve
resonance lines locating within several hundreds of mega-
hertz from the dissociation limit for the dipole-allowed PA
transitions with large natural linewidths. It should be noted
that molecular states in which the hyperfine splitting is
much larger than the binding energies have been normally
studied for the electronic ground S + S asymptotes of
alkali-metal atoms. The van der Waals interaction for these
molecules is replaced with the resonant dipole interaction
in the present case. Since the resonant dipole interaction
can be both repulsive and attractive, being different from
the attractive van der Waals interaction, the PLR states are
formed in the present case.
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FIG. 1 (color online). Potentials for PLR states of various
atoms. The potential curves for alkali-metal atoms correlate to
the 2§ 12 + 2P3 P atomic states, and that for helium correlates to
the S, + 3P, state. Except '"'Yb, only the resonant dipole
interaction and the fine-structure splitting are taken into account
to calculate these potentials. The potentials of heavy alkali-metal
atoms (Cs, Rb), which are not shown here, have deeper wells
than those of K and Na.
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In this Letter, we report the first experimental observa-
tion of this hyperfine-structure-induced PLR state by car-
rying out high-resolution PA spectroscopy of a fermionic
isotope 17'Yb with the ' S,-* P, intercombination transition.
Using the intercombination lines, one can resolve rovibra-
tional levels very close, even about 1 MHz, to the disso-
ciation limit [16,17]. The molecular potential depth is
about 750 MHz, which is shallowest among the PLR
molecules ever observed as shown in Fig. 1. We have
also observed other states lying within 1 GHz of the
dissociation limit, and have assigned all the PA resonances
by considering the rovibrational level structure and chang-
ing the temperature of atomic clouds. These results in this
Letter provide a foundation for many applications of ultra-
cold '71Yb atoms. Efficient optical control of a scattering
length is expected for the use of the intercombination
transition [18]. Based partly on this work, two-color PA
spectroscopy has recently been performed to precisely
determine the ground-state Cg potential coefficient and
the scattering lengths of all isotopic combinations [19].

At long r the interatomic interaction can be treated as a
perturbation and the molecular state is well represented by
products of atomic states (Movre-Pichler model). An atom
pair in the electronic ground state is expressed as

lg) = 1SSl L, o dnuer, )

where subscripts 1 and 2 refer to the atoms and |/ o Podnucl
represents the wave function of the nuclear spins with @,
the axial projection of the total nuclear spin I,. "' Yb has a
nuclear spin i = 1/2, and thus s- and p-wave collisions
occur for I, = 0 and 1, respectively, due to the antisym-
metry of the total wave function. Since all of the observed
spectra are identified to the transitions from the s- and
p-wave scattering states as described later, we do not
consider the other higher partial-wave states. The elec-
tronic excited states are also written as
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where ¢ is the projection of the atomic total angular
momentum f onto the molecular axis for the 3P1 state,
and 7 is the projection of the nuclear spin i for the 'S,
state. Here we classify these states into two sets, |a) and
| B), which are symmetric and antisymmetric for the ex-
change of atoms, respectively.

Adiabatic potentials of 17'Yb, correlating to the 'S, +
3P, atomic state are obtained by diagonalization of the
following Hamiltonian:
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where a = 3957 MHz is the atomic hyperfine coupling
constant [20], and dy, d,,, iy, and j, are the transition
dipole moment, the axial component of d;, the nuclear
spin, and the electronic total angular momentum of the
atom k (k = 1, 2), respectively. The value of the transition
dipole moment is 0.311 a.u., which is calculated from the
radiative lifetime of 874 ns for the 3P1 state [21]. Since the
3P, and 3P0 states are energetically separated more than
700 cm™! from the 3P, state, the mixing of these states is
negligible. V,4w(r) represents the van der Waals interac-
tion. Since this interaction is much weaker than the other
interactions in the interested range of r, we adopt an
approximation that it is given by —Cg,/r® with only one
parameter Cg,, which is later used for a fit of the observa-
tions. Higher order dispersion terms are negligibly small in
the range » = 3 nm. The potential matrix from Eq. (4) is
diagonalized at fixed internuclear separations, and this
result is shown in Fig. 2. Since the interaction given by
Eq. (4) does not couple the basis sets |a) and |B), the
potentials are accordingly classified into two groups. The
axial projection ®, of the angular momentum F = j; +
Jjo ti; +i,, namely ®, = ¢ + 7, is a good quantum
number. Note that the axial projection ) of J, is not a
good quantum number at all. The selection rule of the PA
transition is understood by considering the nonrotating
states. The molecular transition dipole moment d; + d,
does not couple |a) to |g) of I, = 0, and does not couple
|B)to |g) of I, = 1. Therefore, the electronic excited states
constructed from the basis sets |a) and |8) are optically
accessible only from the p- and s-wave ground-state scat-
tering states, respectively.

) e ——

( 9 (0_ \—3P1(f=3/2)
+1SO

;,\:T 1

Ch 172 2

3

S - 4tf[T 0"

C

L

3p.(F=1/2)
° % "¥s,

4 6 8 10 4 6 8 10
Internuclear distance (nm)

FIG. 2. Adiabatic potentials near the 'S, + 3P, dissociation
limit obtained from Eq. (4). (a),(b) The potentials for the states
composed of the basis sets |a) and | 8), respectively. The nuclear
spin i of '7'Yb is 1/2. The value of Cg, is set to be 2810 a.u., as
discussed later. The potentials are labeled by |®,|, and the +
superscript indicates the reflection symmetry with respect to a
plane containing the molecular axis.
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The rotational states of the electronic excited states are
specified by the total angular momentum 7',, which is the
sum of F and the rotation. Since ®, is the projection on the
molecular axis of T, as well as that of F, the condition
T, = ®, is imposed. The total angular momentum T, of
the electronic ground state is the sum of , and the rotation,
and the selection rules are |7, — T,| = land |, — @, | =
1. For each @, = 0 state only even or odd 7, are allowed,
because the wave function of the rotating states has to be
antisymmetric for the permutation of the fermionic nuclei
of 7Yb, [22]. For ®, # O states all T, are allowed, since
one of the parity eigenstates (|7, ®,) = |T,, —®,))/+2
fulfills this antisymmetric condition for a given T,.
Comprehensive discussions about the molecular symmetry
in the asymptotic region are seen in Refs. [13-15,23], and
the hyperfine structure has been analyzed in the region
where the binding energies are much larger than the hy-
perfine splitting and () is approximately a good quantum
number [12,14,15].

As shown in Fig. 2(a), the 0~ state potential curve
supports the PLR state. Other attractive potentials shown
in Fig. 2(a) and 2(b) correlating to the 'S, + 3P, (f = 3/2)
state are roughly proportional to 73, and thus the LeRoy-
Bernstein formula [24] is helpful for the assignment of the
rovibrational levels. The |®,| = 2 state shown in Fig. 2(b)
cannot be optically accessed from the electronic ground
state, since CDg = ( for the s-wave collision.

We have observed PA spectra at two different tempera-
tures of about 2 uK and 25 uK. Since the Cy potential
coefficient for the electronic ground state is about 2000 a.u.
[19,25], the height of the p-wave centrifugal barrier is
about 40 wK. Therefore, it is expected that only the
s-wave collision occurs at 2 uK and the p-wave collision
also becomes probable at 25 pK. The experimental setup
and procedure are similar to our previous experiment for
bosonic isotopes [16]. '7'Yb atoms are collected in a
magneto-optical trap (MOT) and then transferred into a
crossed optical far-off resonant trap (FORT). After evapo-
rative cooling of a spin mixture of !”'Yb atoms, typically
2 X 10* atoms at 25 wK remain in the trap. In order to
reach the temperature of 2 uK, we have performed sym-
pathetic cooling of "' Yb atoms with thermal contact with
evaporatively cooled '"*Yb atoms. The '"'Yb and '"#Yb
atoms are simultaneously trapped in the MOT and are
transferred into the FORT [26]. After the sympathetic
cooling, 2 X 10* 'Yb atoms are typically obtained at
2 puK. Then the PA light is applied to the trapped atoms.
We have observed PA signals by measuring the number of
the survived atoms with an absorption imaging method
using the strong 'S,-! P, transition.

Figure 3 shows the obtained PA spectra at 2 uK. We
have observed 8 PA lines up to 1 GHz detuning from the
atomic resonance. All these observed lines are assigned to
the transitions from the s-wave scattering state to the 7, =
1 states of the 0" state shown in Fig. 2(b). Note that only
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FIG. 3 (color online). PA spectra of !7!'Yb atoms at 2 wK. The
fraction of atoms remaining is plotted against the detuning from
the 'S, +3P,(f =3/2) asymptote. The lines are fitted
Lorentzian profiles to guide the eye. The labels show the
intensities and the duration times of the PA laser.

odd T, are allowed for this 0" state [22] and the s-wave
state has uniquely T, = 0. The vibrational progression is
well explained by the LeRoy-Bernstein formula [24].

Figure 4 shows the obtained PA spectra at 25 uK. We
have observed 20 PA resonances in this frequency range. In
addition to the lines denoted as S observed at 2 wK, also
several lines are observed. The lines denoted as P are
assigned to the transitions from the p-wave scattering state
to the |®,| = 1 state shown in Fig. 2(a). The total angular
momentum quantum numbers 7, for these lines are 1-3,
since T, = |®,| and the p-wave state can have T, = 0-2.
Above —400 MHz detuning another series of resonance
lines is observed. These four lines denoted as L are as-
signed to the transitions from the p-wave stateto 7, = 1, 3
rovibrational states of the 0~ PLR state shown in Fig. 2(a).
Only odd 7, are allowed for this state. All the resonance
lines observed at 25 wK are assigned to the transitions
from the s- and p-wave states, and the contribution from
the other higher partial-wave states is not recognized. Most
of the widths of the atom-loss PA signals for the s-wave
state are larger than those for the p-wave state, which
might be explained by a larger saturation effect for the
PA signals for the s-wave state.

To theoretically reproduce the four observed rovibra-
tional levels of the PLR state, we assume that the inter-
atomic potential V(r) is given by

W[T (T, + 1) + (F?) — 292
[T,(T, )2< ) e]’ )

V(F) = Vplr(r) + 2,UJ‘

where V() is the potential obtained by the diagonaliza-
tion of the Hamiltonian (4) and w is the reduced mass. The
expectation value (F?) of F? is calculated at each r. The
retardation effect on the resonant dipole interaction is
included [27]. The coefficient Cg, is the only free parame-
ter for this potential. We have obtained several data of the
resonance frequencies for different intensities of the PA
laser and the FORT laser at about 15 wK, and extrapolated
the data to the zero intensities of these lasers. The FORT
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FIG. 4 (color online).

PA spectra of '71'Yb atoms at 25 uK. The fraction of atoms remaining is plotted against the detuning from the

180 + 3P, (f = 3/2) asymptote. The lines are fitted Lorentzian profiles to guide the eye. The intensities and the duration times of the
PA laser are written below the spectra. The bars above the graph show peak positions of the PA lines. The symbols S, P, and L denote
the transitions from the s-wave state, from the p-wave state, and to the PLR state from the p-wave state, respectively. The numbers
indicate the values of T,. The insets show the spectra observed at about 15 uK.

laser causes a light shift of about 3 MHz to the blue side. A
frequency shift due to the finite temperature is estimated
from the numerical result of Ref. [28]. After compensation
of these shifts, the rovibrational levels are determined to be
—383.4(1.0) MHz (v =1, T, =1), —355.4(1.0) MHz
(v=1,T,=3), —234.0(1.0) MHz (v =2, T, = 1), and
—212.4(1.0) MHz (v = 2, T, = 3), where v is the vibra-
tional quantum number. All the four levels are reproduced
within the experimental uncertainty when Cg, is
2810(30) a.u. From this calculation the v = 0 levels are
expected to be found at —595 MHz and —561 MHz.
However, the spectral lines for these levels are not recog-
nized. This is probably because the Franck-Condon den-
sities for the transitions to the v = 0 states are very small.
A numerical calculation based on the recent result [19]
reveals that the Franck-Condon densities for the v = 0
states are smaller by about a factor of 100 than those for
the v = 1 states.

In conclusion, we present PA spectroscopy of a fermi-
onic isotope '"1'Yb for the 'S,-*P, intercombination tran-
sition. We have successfully observed a novel PLR
molecule originating from the hyperfine interaction. The
binding energies of the four observed states could be
accurately reproduced by the calculation only with the
hyperfine constant, the transition dipole moment, and the
dispersion parameter Cg,. In addition, we have assigned all
the observed PA lines.
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