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Ab Initio Relativistic Study of Formation of Ultracold Polar
Molecules

Svetlana Kotochigova

I. STATEMENT OF THE PROBLEM STUDIED

In this report we provide theoretical information on polar KRb and RbCs molecules,
which are proposed as good candidates for ultracold experiments. Our goal is to realistically
estimate the effect of optical dipole traps and photoassociation laser fields on ultra-cold
molecules formed by Raman photoassociation. We assume production of translationally
cold molecules by a stimulated Raman process to specific target ro-vibrational levels of
electronic excited states. In two-color Raman photoassociation the effect of excited state
spontaneous decay can be strongly suppressed. Finally, we perform a quantitative estimate of
the dynamic polarizability of alkali-metal polar molecules in an optical domain to determine

a depth of the trapping potential as well as laser induced decoherence.

II. SUMMARY OF THE MOST IMPORTANT RESULTS

We start with a molecule in the lowest rovibrational level of the ground electronic poten-
tial, created by Raman photoassociation from its individual atoms. We envision that the
photoassociation experiment might be done in an optical dipole trap where a focussed laser
beam holds both atoms and molecules.

An important aspect of photoassociative formation of ultracold molecules is the behavior
of molecules in presence of optical dipole traps and photoassociation laser fields. If an optical
dipole or photoassociation laser (with a frequency between 800 nm to 1000 nm) is nearly
resonant to some molecular transition, this leads to transfer of population from the lowest
rovibrational level of the ground potential to the rovibrational level of an excited potential,
which then by spontaneous emission can decay to many rovibrational levels of the ground
potential. As a result, we lose control over the molecule in a trap. In addition, spontaneous
decay can cause a momentum transfer and change the position of the center of mass of the
molecule, leading to a motional decoherence. This effect might be small as the distance

traveled by the molecule over the natural life-time of the rovibrational state of an excited



potential is small. However, this needs to be confirmed. On the other hand, when a molecule
is in the electronic excited state and has a different polarizability than in the ground state,
which in turn implies a different trapping potential, we can again loose the molecule from
the trap.

The property of a molecule relevant to photoassociation, that can help us to understand
coherent and decoherent effects in an optical trap, is the molecular dynamic polarizability
as a function of laser frequency. The real part of the molecular polarizibility determines
the depth of the trapping potential while the imaginary part contributes to laser-induced
decoherences. The contribution to the dynamic polarizibility of the ground state is due to
the dipole coupling to other rovibronic states of the ground and excited potentials.

Assuming that the alkali-metal molecule is in a rovibrational state of the ground X'X*
potential, its dynamic polarizibility in SI units is given in terms of the dipole coupling to

other rovibrational states of the ground and excited potentials as

(hu &) = (1)
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where c is the speed of light, ¢, is the electric constant, R is the orientation of the interatomic
axis, ¢ and f denote the initial [vJM) and intermediate [v'.J'M') rovibrational wavefunctions
of the [X'XT) and |Q) electronic states, respectively. Here, 2 labels either the X'X state
or any excited state and (f|d|i) are R-dependent permanent or transition electronic dipole
moments. The quantities M and M’ are the projections along a laboratory fixed coordinate
system of J and J' , respectively. The energy Ej; is a rovibrational energy in the XX state
and Ey is the rovibrational energy of the intermediate (2 states. Finally, the line widths v
describe the spontaneous and any other decay mechanism that leads to loss of molecules.
Equation 1 includes a sum over dipole transitions to higher excited rovibrational levels within
the X'3* potential as well as to rovibrational levels of excited potentials. The sum excludes
the initial state. Contributions from scattering states or the continuum of the () states
must also be included. This sum, however, can be truncated assuming that transitions may
have zero or near zero electronic dipole moments and/or are far detuned. Nevertheless, a
significant number of excited potentials and vibrational states have to be included.

The calculation of the molecular dynamic polarizability includes a summation over dipole

transitions to higher excited rovibrational levels within the ground potential as well as
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FIG. 1: Real (black line) and imaginary part (red line) of the dynamic polarizability of the v =

0,J = 0 level of the X!3F state of KRb as a function laser frequency.

to rovibrational levels of excited potentials and its continua. The precise calculation of
molecular polarizability requires knowledge of molecular potential surfaces, transition dipole
moments and Franck-Condon factors. We performed ab initio numerical calculations of
KRb and RbCs polar molecules using our relativistic configuration-interaction valence bond
method for electronic properties combined with a nuclear dynamics method (discrete vari-
able representation DVR for the Schrodinger equation) for the rovibrational motion of the
molecules. The relativistic Hamiltonian with Dirac-Fock and Sturmian basis sets allows us
to include major relativistic effects nonperturbatively.

Figures 7?7 show the real and imaginary parts of the polarizability of KRb and RbCs
in the infrared and optical domain. The imaginary part of the polarizability is basically
due to spontaneous emission from excited states and is much smaller than the real part of
polarizability. The ratio is about seven orders of magnitude and decoherence is expected to

be small and manageable. The resonant-like features in Figs. ?? are due to bound states of
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FIG. 2: Real (black line) and imaginary part (red line) of the dynamic polarizability of the v =
0,J = 0 level of the X!X1 state of RbCs as a function laser frequency. Practical laser frequencies

are indicated.

excited potentials and their locations are closely related to the shape of the excited potentials.
The vibrational wavefunction of the v = 0 and J = 0 level of the X state is highly localized
around the minimum of the ground state potential and, hence, a large vibrationally averaged
transition dipole moment occurs when both the electronic dipole moment is large and excited
vibrational levels have good overlap with this level. Rapidly oscillating polarizability above
10000 cm ™! for KRb and 9000 cm~! for RbCs are due to dipole transitions to rovibrational
levels of the 3(0") potential. The polarizability below these regions varies relatively slowly
and Franck-Condon factors are small.

Using our results we propose two frequency intervals in which resonant excitation is un-
likely and are most easy to work with experimentally. We suppose that experimentalists
want to stay away from resonant frequencies, as spontaneous emission is large there and

we might have unwanted population in electronically-excited vibrational states. We suggest



10_ : T T T T I T T T T I T T T T T T T T E
— ]
E B i
§ L 789 nm i
X 10°F T 3
I N ]
é Z /r'/jl ]
gz | = ‘
10° 2
| | — RbCs
Rb
10'6 L L L L l L l 1 L L L l L L L L
0 5000 10000 15000 20000
-1
hv (cm ™)

FIG. 3: Comparison of molecular and atomic dynamic polarizabilities of the ground states of RbCs
(black curve), Rb (green curve) and Cs (red curve) as a function of laser frequency. Practical laser

frequencies are indicated.

lasers with wavelengths between 680435 nm for a KRb and 790+40 nm for a RbCs exper-
iment. In addition, telecommunication wavelengths between 1.0340.05 pm seem practical
for both molecules.

In addition, it is important to investigate and compare the strength of dipole forces due
to the optical trap as seen by free atoms and molecules. For example, we want to find
laser frequencies at which a laser field creates the same trapping potential for both colliding
atoms and molecule in order to avoid possible loss of molecules during photoassociation.

The result of our investigation is shown in Fig. 3. We compared our data for the molecular



polarizability with the published data on the dynamic polarizability of Rb and Cs atoms by
Sofronova et al. [arXiv:physics/0508087 (2005)]. This comparison allows us to determine
so called "magic” wavelengths (between 789 nm and 767 nm), where atoms and molecules

have almost the same trapping potentials.



