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Resonant coupling effects on the photoassociation of ultracold Rb and Cs atoms
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In the polar RbCs molecule, the strong spin-orbit coupling between the A IS* and b 11 diabatic electronic
states correlated to the Rb(55)Cs(6p) dissociation limit is at the origin of a global mixing of the two vibrational
0*(Py2.312) series coupled radiatively to both X 'S*and a *3* states. This so-called “resonant coupling” plays
a crucial role in the formation of ultracold stable RbCs molecules through photoassociation into 0% levels
followed by stabilization through spontaneous emission. We analyze quantitatively the mechanisms of photo-
association and stabilization through 0% levels, starting from and leading to either the singlet or the triplet states
and we compare the efficiency of the four paths leading to the formation of stable RbCs molecules. Compari-
son between the two isotopomers 87Rb'**Cs and Rb'*Cs is also reported: the overall process of formation of
stable molecules is one order of magnitude larger for 87RbCs. The simple two-channel model presented here
yields the general rules for a standard analysis of the effects of resonant coupling between electronic states. To
underline the specificity of heteronuclear molecules, the 0* coupled system of the RbCs molecule is compared

to its analog, the 0} system of the Rb, molecule.

DOLI: 10.1103/PhysRevA.80.032511

I. INTRODUCTION

In recent years, in view of both their internal properties
and their mutual interactions, there has been a great interest
in producing dense samples of heteronuclear molecules at
ultralow temperature (7<<1 mK) (for a recent review of ul-
tracold dipolar molecules see [1,2] and references therein). In
particular, heteronuclear alkali-metal dimer molecules can
possess a large permanent electric dipole moment [3], which
offers unique possibilities for fundamental physics experi-
ments, such as the search for a permanent dipole moment of
the electron or parity violation [4,5]. Furthermore, in these
systems, the existence of nearly degenerate pairs of vibra-
tional levels associated with different electronic potentials
renders possible high resolution studies for testing the varia-
tions of fundamental constants [6—8]. The long-range inter-
action between two polar molecules is governed by the an-
isotropic electric dipole-dipole interaction, which gives rise
to many unique phenomena typical of highly correlated
quantum many-body states, which are observable in Bose-
Einstein condensates [9] or in molecules trapped in optical
lattices. There are also possibilities for quantum computation
[10-12], for cold chemistry [13,14] or for the realization and
the control of different phase transitions, including super-
fluid, supersolid, and Mott insulating phases [15-19], for
example.

Many of these experiments require dense and ultracold
samples of molecules in a deep well-defined rovibrational
level of either the stable ground electronic state X ‘2(;) (X)
or the metastable lowest triplet state a SEZ'M) (@) (the “gerade”
g and “ungerade” u symbols label symmetry under the ex-
change of nuclear centers and apply only to homonuclear
species). In fact, samples of molecules in the “absolute
ground level,” i.e., the X ! Z’g) level with vibrational v”=0
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and rotational J”=0 quantum numbers, are the most desir-
able. Such samples cannot readily be obtained by direct cool-
ing of ground-state molecules through buffer gas cooling
[20] or Stark deceleration [21] methods, for example. In con-
trast, neutral alkali-metal atoms can be trapped and laser
cooled at ultracold temperature (80—100 uK) and, to date,
the coldest and highest-density samples of stable alkali-metal
dimers in the X or a state have been created by the associa-
tion of ultracold atoms via magnetic-field Feshbach reso-
nances [22], photoassociation in an excited electronic state
followed by stabilization through spontaneous emission [23]
or, more recently, radiofrequency magnetic-dipole transitions
[24,25].

However, these molecules are generally not formed in the
lowest lying level v”=0, J”=0 of the ground electronic state
but in highly excited levels of either the X or the a state.
Processes for transferring these excited stable molecules to-
ward lower lying levels have been investigated. In homo-
nuclear molecules, due to the g« u selection rule for electric
dipole transitions, a two-step optical excitation-deexcitation
process permits only a vibrational cooling [26,27] (for mol-
ecules created in an incoherent superposition of vibrational
levels) or a coherent transfer (for molecules created in a
single level), such as stimulated Raman adiabatic passage
(STIRAP) [28,29] within the X or the a electronic state. For
heteronuclear species, a two-step “‘conversion process” from
the a state toward the X state is allowed through excitation of
intermediate levels with a mixed singlet-triplet spin charac-
ter. Such conversion processes have been recently investi-
gated theoretically [30,31] and experimentally [32,33].

Ultracold stable polar molecules in their vibronic ground
level have been produced for the first time by Sage er al. for
the RbCs molecule using a four photon process (photoasso-
ciation and radiative decay followed by a two-color incoher-
ent transfer) [32]. Recently Deiglmayr ef al. [34,35] directly
obtained ultracold "Li'**Cs molecules in the absolute ground
level via a single photoassociation step at large laser detun-
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ing followed by spontaneous emission. Using a STIRAP pro-
cess, Ni et al. [33] transferred extremely weakly bound
stable “°K®"Rb molecules, obtained through Feshbach reso-
nance in the a electronic state, toward the lowest vibrational
level of either the stable X state or the metastable a state.

An efficient scheme for the obtention of cold molecules
consists of starting from cold and dense atomic samples to
form molecules by photoassociation (PA) of atom pairs.
Spontaneous radiative stabilization (RS) of the short-lived
photoassociated molecules leads then to cold stable mol-
ecules. However, the photoassociated molecule generally de-
cays through transition at large internuclear distance, popu-
lating mainly continuum levels, i.e., giving back pairs of hot
atoms and eventually molecules in a few of the uppermost
bound levels of the ground electronic state. When stabiliza-
tion occurs at shorter distance, especially close to the inner
wall of the excited potential, deeper bound levels are popu-
lated. The efficiency of the formation of highly bound mol-
ecules depends critically on the properties of the excited
electronic state at intermediate distances. For homonuclear
species such as Cs,, two efficient schemes have been under-
lined, photoassociation toward double-well excited potentials
and toward excited electronic states interacting through so-
called “resonant coupling” [36]. In both cases, the density of
probability in the photoassociated level presents additional
maxima at intermediate or small internuclear distances, re-
sulting in an enhancement of the stable molecule formation.
The stabilized molecules are obtained in deeper vibrational
levels, as observed in Rb, [37].

For several years, our team is analyzing theoretically, for
Rb, and Cs,, PA schemes using chirped laser pulses [38—40].
In the resonantly coupled 0} system of Rb,, the coherent free
evolution of the population after the end of the photoassoci-
ating pulse has been analyzed in detail in order to optimize
the stimulated radiative stabilization step [41,42] in a two-
color pump-dump experiment [43]. In a near future, we plan
to design schemes using femtosecond chirped pulses or
trains of coherent femtosecond pulses for producing transla-
tionally cold v"”=0 ground-state RbCs molecules. Photoasso-
ciation of ultracold Rb and Cs atoms followed by spontane-
ous or stimulated radiative stabilization would produce stable
molecules in excited levels of the X or a states. Then, a
coherent population transfer converting these molecules to-
ward the X 'S*0”=0 level would be implemented. The pre-
requisite to this study is a detailed knowledge of the spectro-
scopic properties of the excited electronic states reached in
the PA and RS steps or involved in the “conversion process.”
The motivation of the present paper is to the analyze the
spin mixing in the Rb(5s)Cs(6p;/5.3,,) 0" levels below the
Rb(5s5)Cs(6p,/,) dissociation limit and its effects on the
Franck-Condon factors (FCF). A forthcoming paper [44] will
compare the properties of the Rb(5s)Cs(6py 3,) 0%, 07, and
1 levels in the same energy range and their possible contri-
bution to efficient conversion schemes from the a state to the
X state, forming RbCs molecules in the absolute ground
level.

The detailed analysis of the sometimes subtle manifesta-
tions of the coupling in the 0* system is of a particular in-
terest. Indeed, the Rb(55)Cs(6p) 07 coupled states result, in
the diabatic picture, from the strong coupling of the
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Rb(55)Cs(6p) Hund’s case a (or “diabatic”) A 'S* and b °II
electronic states through electronic spin-orbit interaction.
Consequently, electric dipole transitions connecting the 0*
states to either the X or the a states contribute to the PA and
RS processes and efficient spin-changing population transfer
from the state a (X) to the state X (a) through the 0* state is
expected. Furthermore, in the adiabatic description, the ra-
dial nonadiabatic coupling between Hund’s case ¢ (or “adia-
batic”) 0*(P,,,) and 0*(P;,) electronic states is a typical
example of the so-called resonant coupling [45]. Its influence
is crucial to determine the efficiency of the four possible
paths allowed for the PA followed by RS steps and to predict
the vibrational population distribution of deeply bound stable
molecules for the two isotopomers SRb'**Cs and ¥Rb'*Cs
[46]. A comparison with homonuclear molecules allows us to
underline the specific behavior of heteronuclear species. In
addition, whereas the radial coupled Schrodinger equations
describing the 0" system are solved in the diabatic basis, the
resonant coupling effects are better analyzed using a descrip-
tion in the adiabatic basis. To obtain quantitative information
on the nonadiabatic coupling and on the adiabatic channel
mixing, we introduce explicitly the “adiabatization transfor-
mation” in the two-state configuration space. It is empha-
sized that the analysis presented here provides the general
rules for the study of resonant coupling in any homonuclear
or heteronuclear species. Some results presented here have
already been discussed [46]. In the latter paper, analysis of
the resonant coupling in the RbCs molecule was a prerequi-
site to the optimization of a two-color pump-dump scheme.

The paper is organized as follows. In Sec. II, we discuss
the model used to calculate the FCFs in the diabatic repre-
sentation of the 0% states. In Sec. III A, we define the adia-
batic representation. The nonadiabatic couplings are dis-
cussed in Sec. III B. We analyze the manifestations of the
resonant coupling in the spectroscopic as well as in the dy-
namical properties of the vibrational levels of the 0* coupled
system: distribution of vibrational levels and isotopic effect
(Sec. TMIC), spatial localization of wave functions (Sec.
III D) and FCFs for photoassociation (Sec. IIT E) and radia-
tive stabilization (Sec. III F). In Sec. IV, we finally analyze
the vibrational distribution of stable molecules in the X 'S*
and a*37 electronic states after photoassociation followed
by radiative stabilization.

II. MODEL
A. Photoassociation and radiative stabilization

In photoassociation, two free colliding cold atoms reso-
nantly absorb one photon from a cw laser red detuned by A,
with respect to the atomic resonance line and produce a mol-
ecule in a well-defined vibrational level |ev’) of an excited
electronic state e. Within the Franck-Condon picture, PA is
considered as a resonant vertical transition at the classical
outer turning point (Condon point) of the photoassociated
level, i.e., at the internuclear distance R‘é”’ where the photon
energy matches the difference between the energy e~0 of
the scattering state |ge) describing the two colliding atoms in
the ground electronic state g and the energy of the |ev’)
level. The PA probability, proportional to (ge|D(R)|ev’)?
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FIG. 1. (Color online) Photoassociation and
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radiative stabilization in RbCs: (a) Ground-state
potentials a 5" (blue dot-dashed line) and X 'S*
(red double-dot dashed line) converging to the
Rb(55)Cs(6s) dissociation limit at 0 cm™!. Diaba-
tic excited state potentials A D (blue dot
double-dashed line) and b °II (green long-dashed
line) converging toward the Rb(5s5)Cs(6p) thresh-
old located at 11547.65 cm™' (horizontal green
dashed line). Adiabatic potentials 0*(P;),)
(red thin solid line) and 0*(P3/,) (black heavy-
dotted line) converging toward the two
Rb(55)Cs(6p1/2.3/2) limits, split by 554 cm™" and
indicated by the horizontal red continuous and
black dotted lines. The Rb(5s)Cs(6p;,) limit is
located 369.406 cm™! below the Rb(55)Cs(6p)
limit. Density of probability (black continuous
lines) in the isotopomer 85Rb!*3Cs for a particular
vibrational level, \er) see Table I, located
72.2 cm™! below the Rb(5s)Cs(6p,,,) limit, and
for the initial scattering state X '>* with a colli-
sion energy E;, with E;/kp=75 uK. The base line
of each density of probability corresponds to its
energy. The long-range behavior at R>Ry
=89ay (see text) of this scattering wave function
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R (p1/232) [see inset (b)] turning points of the
|0*v") level in the adiabatic potentials are sym-
bolized by vertical continuous lines. Stabilization
at Rié'(p,,z) is not possible, as indicated by the
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R [ Bohrradiia; ]

[D(R) is the electronic transition dipole moment], is approxi-
mately equal to D(R%")*(ge|ev’)?, where (ge|ev’)* denotes
the FCF. Radiative stabilization generally occurs at the inner
Condon point R} of the |ev’) level. The efficiency of the
formation of stable molecules can be estimated from the
FCFs (gv"|ev’)* involving the photoassociated level and
bound vibrational levels |gv”) of the ground electronic state.

Efficient PA and RS processes require a large density of
probability at RZ" and at R{, both in the ground state (|ge)
and |gv”)) and in the excited state |ev’) wave functions. In
homonuclear and heteronuclear alkali-metal dimers, ground-
state potentials are dominated at large distance by the van
der Waals interaction, proportional to 1/RS. Two different
behaviors, roughly limited by a characteristic position Ry
(depending on the C4 van der Walls coefficient and on the
scattering length ag; [40]), are observed in the |ge) wave
function. For R <Ry it oscillates rapidly with a small ampli-
tude, the e-independent nodal structure being determined by
the potential energy —Cq/R®, and for R > Ry it presents slow
oscillations with a large amplitude governed by the kinetic
energy. For the *Rb'*’Cs molecule, using Cq=5284 au [47]
and ag;=—1.87a, for the X state, one obtains Ry=89.2a,. A
smaller value Ry=69.54j is obtained for the **Rb, molecule

0 100 200 300 400 500 600 700 800 900 1000

vertical dashed blue line.

using the Cg and ag; values of Ref. [48]. In heteronuclear
(homonuclear) molecules, because of the short-range charac-
ter «1/R® (much larger range 1/R?) of the excited poten-
tial, low (much larger) PA rates are observed, PA occurring at
R<Ry (R=Ry). In contrast, the similar 1/R® asymptotic
behavior of the ground and excited potentials in hetero-
nuclear systems favors the RS process [49] toward deeply
bound vibrational levels.

The main characteristics of the potential curves and wave
functions involved in PA and RS through the coupled 0"
electronic states in the *Rb'**Cs molecule are presented in
Fig. 1. The vibrational level |V?) is the level with the largest
0*(P5,) adiabatic component in the energy-domain experi-
mentally investigated in Refs. [50,51]. Photoassociation oc-
curs at the outer turning point of the V,, adiabatic potential
[RE“(p1/5) ~23ay<Ry]. The presence in the wave function
of four maxima, located at the inner and outer turning points
of the two adiabatic potentials, is a signature of the resonant
coupling. Three main types of stabilization populating bound
levels of the X or a electronic states are expected. At large
distance, around R¢“(p,/,), RS populates levels very close to
the dissociation limit. Lower (a or X) levels can be populated
through RS at intermediate distance ~R%"(p3,,) [36]. In ad-
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dition, tightly bound levels of the X state are populated at
short distance ~R¥(ps,), i.e., at the inner turning point of
the V3, potential, which has at this internuclear distance a
nearly pure A 'S* singlet character [52]. Note that no vertical
transition is possible at R?(pl 1), which is smaller than the R
domain corresponding to the binding parts of the X and a
potentials.

B. Diabatic description of the coupled system

The hyperfine interaction is neglected. Indeed, the 0* lev-
els have no observable hyperfine structure [50] and we are
interested in the formation of stable X and a molecules with
binding energies |E,»| much larger than the ground-state hy-
perfine splitting and in photoassociated levels with binding
energy of several wavenumbers. We also suppose that only s
waves contribute to the PA reaction and we neglect the rota-
tional structure.

The X and a electronic states are described in a single
channel picture, with Hamiltonian H,=Ty+V,(R). Vi(R)
(i=X or a) is the Born-Oppenheimer diabatic potential in-
volving electrostatic interactions, u is the reduced mass, and

Ty is the nuclear kinetic-energy operator, Ty=—(%2/2u)
[(?/9R*)+(2/R)(9/ dR)].

In the two-channel diabatic representation of the 0* states,
the resonant coupling [36,45,53,54] results from the spin-
orbit electronic interaction WéO(R), with diagonal (j=dia)
and off-diagonal (j=off) terms, coupling Hund’s case a elec-
tronic states A 'S* and b 11,

i - (721\/+ Vi (R) = W5G(R)
e Wel(R)

WS(R
ol ) (1)
Ty+ V4(R)

The decomposition of the |0*v’) levels, labeled according to
increasing energy E, [with E, =0 at the Rb(5s)Cs(6p,,»)
limit], on the two diabatic electronic channels with electronic
wave functions |b) and |A) (depending on the electronic vari-
ables and on the internuclear distance R) writes

1 1
070") = IS (R)|b)+ 7 VA (R)[A), (2)

The diabatic vibrational wave functions \I’Z’(R) and WX’(R)
solutions of the coupled radial equations resulting from Eq.
(1) satisfy [o[(¥Y )2+ (W, )*JdR=1. Information on the ra-
dial localization of the density of probability can be obtained
from the rotational constant,

B, ={(0"v'|h*/(2uR?)|0%0’

oe) ﬁz , ,
= f ZMRZ[(«P,’; )%+ (¥4 )*1dR. 3)
0

Levels associated with large B, values correspond to a small
elongation of the atom pair.

The Hamiltonians are represented using the mapped Fou-
rier grid Hamiltonian method [55]. The extension of the box,
L=17 000ay, is sufficiently large to allow a reliable descrip-
tion of scattering states with collision energy, E=kgT, in the
uK range (kg is the Boltzmann constant). The step of the
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grid is adjusted to the local de Broglie wavelength allowing
the reduction in the number of points down to N= 1000
[55,56]. Rather than the usual plane-wave expansion (Fourier
expansion), we use basis sine functions with zero boundary
condition [56], which is one of the various methods devel-
oped to eliminate ghost states [57].

Electric dipole transitions toward [0*v’) levels are al-
lowed from both the [X 'S*v") and the |a *>*v") levels. Due
to the spin selection rule, the radial matrix element for the
electronic transition dipole moment (0*v’|D(R)|iv"), with i
=X (i=a) involves only the component \If}’/ j=A (j=b) of
the |0*v’) wave function. Neglecting here the R variation in
D(R), the above matrix element is proportional to overlap
integrals.

C. Potentials

For the X and a potentials, we use at short and interme-
diate distances the ab initio potentials constructed by Al-
louche et al. [58]. These potentials are connected to the mul-
tipolar expansion describing the long-range interaction
Co/RO+Cyg/ R +C,y/R" with the C, coefficients found in
[47]. A smooth matching was achieved at R=15.3q, includ-
ing the exchange potentials given as form I in Table 2 of Ref.
[59]. In order to better describe the collisional properties, we
have slightly modified the repulsive wall of the potentials to
match the observed scattering length ag; in the potential
a *3* for the ¥RbCs molecule [60]. The ag; values used here
are 14.28a, (-1.87ay) for the X 'S* potential of ®’RbCs
(®RbCs) and 710a, (18.72a,) for the a 33" potential of
*’RbCs (*RbCs).

The potentials V,(R) (i=A,b) and the spin-orbit coupling
functions W.,(R) have been obtained by Bergeman et al.
[61-63] making use of the spectral transitions observed by
DeMille and combining them with ab initio calculations
[58,64]. These potentials have been connected to the
asymptotic expansions including the Cg and Cg terms [47] at
R=24.17a, and 23.07a for the V, and V,, potentials, respec-
tively.

III. RESONANT COUPLING

In our calculations, the coupled levels [0*v”) are obtained
in Hund’s case a representation using the basis of the diaba-
tic electronic wave functions |A) and |b). In heavy species
such as Rb, or RbCs, because of the large value of the fine
structure splitting, the vibrational levels of the 0* coupled
system are more suitably analyzed in Hund’s case ¢ repre-
sentation by decomposing the coupled wave functions |[0*v")
on the basis of adiabatic electronic wave functions |P|; 3/)
[65]. The two-channel transformation from diabatic to adia-
batic representation is summarized in Appendix A 1. The
radial nonadiabatic coupling operators are determined in
Appendix A 2.

A. Adiabatic electronic potentials

The properties of the adiabatic electronic states
0%(P/2.3/2) and of their vibrational levels, the “pure adiabatic
levels” |Py3,0s) [see Eq. (A2)] are analyzed in this
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- = B dotted line). (b) The Vj,, potential connected
E E to the Rb(55)Cs(6ps;,) dissociation limit at
1 B - 185 cm™! (horizontal black thin line) crosses the
5/61- ] Rb(5s)Cs(6p,,,) dissociation limit located at
& 230 ] -369.4 cm™! (horizontal red heavy line) at Rp .
NEE 125 s (c) R-dependent spin character of the adiabatic
» - - electronic states [Eqs. (A1)]; variation with R
8 13- ] of cos? 6, @ being the rotation angle between
(1]/6__ ] diabatic and adiabatic channels. (d) Electronic
E F — transition dipole moment D(R) for excitation
g 10~ ] from X 'S* state toward adiabatic states 0(P,,)
, 8 -] (full red line) and 0*(P3/,) (blue dashed line) or
g 6— I = from a 3% toward 0*(Py,) (blue dashed line)
— 4 I I — and 0*(Ps,) (full red line) in arbitrary units and
@ 2 r : : : N assuming no R dependence for the electronic
o oL I I I h transition dipole moment D(R) between diabatic
R states. (¢) Nonadiabatic coupling [Eq. (A4)];
TS o = (e) I = 3 variation w1th' R 9f 00/ QR either for a
«© S I 3 R-dependent spin-orbit coupling [61] (red con-
E'-o_s - I = tinuous line) or for a constant spin-orbit coupling
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S 15 = of 5, are represented by the green long-dashed
n 2 Evovava v d v v b b by Lo o 03 and black double-dot dashed lines.
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section. The upper panel of Fig. 2 presents the two diabatic
potentials V4(R) and V,(R)=V,(R)- Sig(R), the latter po-
tential including the diagonal part of the spin-orbit interac-
tion. These diabatic potentials present two crossings, the first
at short distance Rxl=9.94a0 and the second at larger dis-
tance R, =21.46a, [see Fig. 2(b)]. The two adiabatic poten-
tials Vy,, and V3, deduced from V, and V;, by the rotation
O(R), converge toward the two dissociation limits
Rb(55)Cs(6p1/5.3/,) and present two anticrossings [see Fig.
2(a)]. The R variation in cos® 6, i.e., of the weight of the
triplet (singlet) component in the 07(P;,) [07(P5,)] elec-
tronic channel, is presented in Fig. 2(c). It is equal to 1/2 at
the two crossings R, . The lowest adiabatic channel 0*(P,,,)
presents a predomiﬁant triplet character both at short (R
<Rx1) and at large (R>R, ) internuclear distances. There is
a steplike variation in the spin character of the adiabatic elec-
tronic channels for R~Rxl, where the diabatic curves cross
each other abruptly. For R= 174, cos® # increases slowly
toward 2/3, the anticrossing at Ry, being not precisely local-
ized. This anticrossing controls the properties of the coupled
0* levels and FCFs close to the Rb(55)Cs(6p,,,) threshold
(see Sec. NI E).

In the adiabatic single-channel representation of the
excited electronic states, there is a strong R dependence of

the electronic dipole transition moment D(R) for excitation
of the 0*(P,,) state either from the X state [D(R)

=D sin O(R)] or from the a state [D(R)=D cos 8(R)] [see
Fig. 2(d)]. Similar dipole moments are obtained for the ex-
citation of the 0(Ps),) state from the a state or from the X
state. For each adiabatic level |P,v_) (|P3,v,)), it is pos-
sible to determine, at the Condon point Ric’””l”(pl )
[RE(p3;p)], the triplet (singlet) character of the 0*(P;,)
[0*(P3,,)] electronic channel, and to infer the stable state
(a or X) preferentially populated by RS from this level. In
particular, the potential Vj,, crosses the dissociation limit
Rb(55)Cs(6p,) at Rp =15.57ag<R,,, where cos® 6(Rp)
=0.125 is much smaller than 1/2. Therefore, in this energy
range, the wave functions of pure adiabatic levels possess, at
their outer Condon point, a predominant b 3T1 character, with
a weight equal to 2/3 (0.875) for the levels |Py,v_)
(|P5/5v,)), which favors PA and RS processes from and to-
ward the a triplet state (see Sec. IV). We emphasize that the
previous weights being evaluated at different positions, re-
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spectively R~ and (R=Rp ), there is no relation between
them.

The wave functions for the pure adiabatic vibrational lev-
els have very different spatial extensions: the |P;,v_) levels
have a broad extension, from R%(p;,,) to R%(p,), mean-
while the |P5,v,) wave functions are located in a reduced
spatial range, R¥(ps,) to R%‘(ps;). Decomposing these
wave functions in the diabatic basis using Egs. (Al), the
steplike variation in cos (R) at R, curves out a “hole” in the
b3 (A'S*) diabatic radial component ¢in(R)cos A(R)
[@55(R)cos B(R)] of the |Py,v_) (|P3v,)) level which ex-
tends in two distinct spatial domains R<R, and from R
~R,, to R (p12) [RE“(p3j2)]. In the diabatic representation
of the 0" coupled states, the observation in the wave func-
tions of a similar switchover from singlet to triplet character
around R, allows one to conclude that nonadiabatic cou-
plings are negligible. Such an argument has been used in
Ref. [46] to demonstrate qualitatively in RbCs that introduc-
ing spin-orbit functions Wéo fixed to their asymptotic values
leads to a near-adiabatic 0* system (see Fig. 9 of that paper).
A quantitative evaluation of the adiabatic 0%(Py, 3,) channel
mixing in the [0*v") coupled levels is obtained quantitatively
in the present paper from the norm of the adiabatic vibra-

tional wave functions ‘I’lf/,m/z(R) [see Eq. (A3)].

B. Adiabatic analysis of the coupled system

Analytical formulas for the radial coupling between adia-
batic electronic states in Hund’s case ¢ description of the
0" system are derived in Appendix A 2 without neither
introducing the electronic wave functions {|A),|p)} or
{|P12),|P3)} nor their derivatives.

The nonadiabatic coupling is larger near the crossing
points R, of the diabatic potentials, where it is equal to
a;/ 4W§Jg(in) [a; is the slope of the vertical separation be-
tween the two potentials see Egs. (A4) and (A5)]. As shown
in Fig. 2(e), the first contribution d6/JR to the radial cou-
pling is very weak around R, and much larger around R, ,
especially when a R-dependent spin-orbit coupling [63] is
considered (see Fig. 2 in Ref. [46]). In the contribution
7”0/ IR? [see Eq. (A4)] the R dependence, shaped like a dis-
persion curve, introduces cancellation effects. In all the cases
encountered in our study, this second contribution is smaller
than the first one by one order of magnitude.

Whereas the spin-orbit interaction between Hund’s case a
electronic states is completely delocalized in the R domain,
the nonadiabatic coupling between Hund’s case c states is
strongly localized at short range, around R, . where the en-
ergy dependence of the adiabatic radial wave functions is
given by the normalization factor, i.e., by the density of
states in the 0*(Py/,3,,) channels. Therefore, the matrix ele-

ment (Py,v_|Ty|P3,v,) varies slowly with v_ and v,. The
multichannel quantum defect theory (MQDT) [54,66,67],
which introduces the adiabatic channels 0*(Py,3,,) and the
short range interaction localized around RX|’ would be suit-
able for describing the coupled 0" levels. However, the in-
terest of this method is in practice limited by the strong
energy dependence of the MQDT parameters [68]. It is re-
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called that such a global description of channel coupling,
more appropriate than a detailed local description in terms of
mixing between individual levels, is at the origin of the name
“resonant coupling” [45,54].

The matrix element [see Eq. (A4)] of the nonadiabatic
coupling depends on the overlap of the vibrational wave
functions ¢{7 3/,, more specifically on their relative phase in
the range R~R, . Considering the first term in Eq. (A4),
maximum level mixing is obtained when the two wave func-
tions oscillate with phases differing by 77/2 at this distance.
In the WKB description of the wave functions, the local
difference of the phases of the wave functions at R, is equal
to the difference of the classical actions, calculated in the
two adiabatic potentials between the inner turning point and
R, . These quantities depend on the local de Broglie wave-
length and therefore on the reduced mass [69], which ex-
plains the spectacular isotopic effect discussed in the next
paragraph.

C. Irregularities in the 0* states: Isotopic effect

In this section, we discuss the irregularities observed in
the rotational constants B, [see Eq. (3)] [53] of the 0* levels
due to the channel mixing (either in Hund’s case a or in
Hund’s case ¢ descriptions).

Figure 3 presents the variation in B, as a function of the
energy of the coupled levels of the two molecules $5RbCs
and *'RbCs. The “resonant” behavior of this quantity, with
abrupt oscillations, is due to the presence of two series with
different properties. Levels with the largest B, values have
wave functions strongly localized at short internuclear dis-
tance, i.e., possess the largest 0*(P5,) weight [see Eq. (A3)].

For the studied levels, R2(ps,) varies from 16.27a, to
17.57a, and, at this distance, the b 1 character of the
0*(P3),) state is very large, decreasing from 95% to 87.5%
[see Fig. 2(c)]. Consequently, levels with a high 0%(Ps),)
character, and therefore an important density of probability
around R%(ps,), possess a strong b *II character (see in Fig.
3). On the other hand, for levels with E,,>-130 cm™!, the
b Tl character of the 0%(P,,) state at R%(p,,) increases
from 50% to 66%. The predominant b TI character of these
0* levels explains the large distribution of population in the
a *37 state after PA and RS (see Sec. IV A).

Very different behaviors are observed in the two isoto-
pomers. For ®*RbCs, well pronounced oscillations occur, the
coupled |[0*v’) levels with a large (>80%) 0*(P,,,) charac-
ter being easily identified. For the ’RbCs, the effects due to
the nonadiabatic couplings are stronger: the oscillations are
very smooth and the 0*(P5,) character is spread across a
large number of |0v’) levels. For the two isotopomers, the
coupling between the two adiabatic channels is described by
the same R variation in the 8 angle. However, the importance
of the cancellation effects occurring in the integrals involv-
ing the ¢}, and ¢} adiabatic vibrational functions [see Eq.
(A4)] is very different for the two isotopomers.

Comparative experimental study of ultracold ground-state
molecule formation in the ®Rb, and ¥'Rb, isotopomers has
been recently presented [71]; most differences were ascribed
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FIG. 3. (Color online) Irregularities in the 0* spectra and isoto-
pic effect. For the two isotopes, (a) 8RbCs and (b) *’RbCs, varia-
tions as a function of the energy E,, (in cm™") of the [0*v') level of
the rotational constant B, (in units of 1072 em™!, black circle), of
the weight of the b 311 diabatic state (red square), and of the weight
of the 0*(P3,) adiabatic state (blue cross). The Rb(5s5)Cs(6p;,,)
dissociation limit is indicated by the vertical black dashed line. The
vertical blue segments indicate the quantum numbers v’ of the
|07v") levels with the largest 0*(P5,,) weight.

to isotopic effect in the resonant coupling in the photoasso-
ciated 0; coupled states.

D. Wave functions

The wave functions of the 0* coupled levels are analyzed
both in Hund’s case a and in Hund’s case ¢ descriptions to
obtain information on the most efficient stabilization pro-
cesses and on the R localization of nonadiabatic couplings,
respectively.

Two typical examples are presented in Fig. 4 for the
8RbCs molecule: the |0"v'=354) level with a dominant
0%(Ps3,) character, noted by |V.), and the nearly pure
0*(P,,) level with v’'=360, noted |V’). Both levels have a
predominant b °I1 character, especially the |V!) level. The
characteristics of these levels are reported in Table 1.

For both levels, the total density of probability [panels
(a)] extends from R%(p,,) to R%'(p,;) and presents four
maxima at the inner and outer turning points of the adiabatic
potentials Vj,, and V3, which is a manifestation of the nona-
diabatic effects. The maximum of the density probability at
R%"(p3),) is well pronounced for |V}) and almost unnotice-
able for |V').

PHYSICAL REVIEW A 80, 032511 (2009)

~ ~ ‘\ iy ~ ~ ™
S § 3 g &
& e 5= 5= &2 5 =
S0S0 _x 3o 3o SO0 X 3o 3o
T (14 3 T

T 1T 04

R
—==—o R

I
I
o

N
| 048 &
I
I
I

5 10 15 20 25 30
R [ Bohr radii a; ]

10 15 20 25
R [ Bohr radii a ]

FIG. 4. (Color online) Wave functions for the |V;) (left column)
and |V') (right column) [0%v") levels in $RbCs (see Table I). Panel
(a): total density of probability. Panels (b) and (c): diabatic vibra-
tional radial wave functions |\I’Z,| and \‘l’;ﬂ. Panels (d) and (e):
adiabatic vibrational radial wave functions |‘I"f//2| and |‘lf’§/’2\
Maxima of the total density of probability occur at the inner and
outer Condon points RZ”‘""(pl n32) of the adiabatic potentials
Vi/2.3/2- Nonadiabatic radial couplings between the adiabatic com-
ponents induce destructive or constructive interference effects
(black arrows) at the crossing point R, of the diabatic potentials
V4(R) and Vi(R).

In the Hund’s case a basis representation, the diabatic

radial wave functions \I’X:b [panels (b) and (c) of Fig. 4]
present a very irregular behavior with a noticeable amplitude
increase at R2'(ps),). They cover the complete R domain up
to R3(py,), where the adiabatic electronic wave function
|P,,,) corresponds to a strong mixing of |A) and |b) diabatic
electronic wave functions. For both 0% levels, the wave func-

tion \I’X’ with a low amplitude for R%(p,,) <R<R%(ps;)
presents a sharp increase at R%(ps;,), where the 0%(Ps,)
adiabatic state changes into an almost pure A IS* diabatic
state. As shown in Sec. IV A, this explains, especially for the
[V!) level, the large value of the RS probability toward low
lying levels of the ground X state through vertical transitions
around R%(ps,). The absence of drastic change in the ampli-
tudes of ‘I’Z:h(R) at R, is a signature of the large nonadia-
batic coupling effects (see Sec. II[ A).

The relative weight of the two 07(P )5 3,,) channels can be
deduced from Hund’s case c representation of the wave func-
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TABLE 1. Spectroscopic and dynamical properties of two typical [07v') levels with v’=354 (|V})) and
v'=360 (|V')) in 35RbCs. The weights of diabatic {|{A),|b)} and adiabatic {|P,,).|P3/,)} electronic states are
indicated (in percent) in lines 1 and 2. The detuning A, and the rotational constant B, are reported in lines

3 and 4. The branching ratios E;(v ") [Eq. (4)] for radiative stabilization toward stable i=X and i=a electronic
states are respectively reported in lines 5-9 and 10-13. The characteristics of the different types j of stabi-
lization (specified in column 1) are presented: position R (in unit of Bohr radii a,) of the Condon points in
the V3, potentials (columns 2 and 5), branching ratio toward bound levels in percent (columns 3 and 6),
approximate energy, EUM,,~ ViR¢) (in cm™), of the stable v” level populated by a vertical transition at R
(columns 4 and 7). The branching ratios for formation of molecules in bound vibrational levels (of atom
pairs) in the X or a states are indicated in lines 8 and 12 (9 and 13). The branching ratio (stable molecules
plus atom pairs) for molecule formation in singlet or triplet levels is equal to the weight of the |A) or |b) state

PHYSICAL REVIEW A 80, 032511 (2009)

in the wave function of the [0*v") level.

\@) V2
Channel mixing
{|A),|b)} 32.1 67.9 48.1 51.9
{1P12).|P32)} 41.9 58.1 91.5 8.5
Avr = |Evl| (Cm_]) 72.2 46.2
B, (1072 cm™) 0.646 0.404
xS+ Re R El, Rc RY Ey,
R (p1) 23.12 471 -10.2 24.63 10.98 -6.8
R (p3r) 17.09 4.30 —-100.0 17.26 0.97 -94.0
Rié’(p3/2) 6.74 1.55 -1850.0 6.73 0.22 -1800.0
Stable molecules 10.56 12.17
Atom pairs 21.54 35.89
a’st R¢ R EY, R¢ R EY,
R (pyn) 23.12 7.81 -9.9 24.63 16.78 -6.7
R (p3) 17.09 13.40 =774 17.26 1.91 -73.1
Stable molecules 21.21 18.69
Atom pairs 46.69 33.25

tions [panels (d) and (e) of Fig. 4]; ‘I"f/’m »(R) present a more
regular shape and extend in different R domains, due to very
different locations of the Condon points in the V,, 3, poten-
tials. Significant constructive or destructive interference ef-
fects, observable around the inner crossing point Rx1 [see the
arrows in Figs. 4(d) and 4(e)], are a consequence of the
nonadiabatic coupling effects mainly localized at this
distance.

E. Effects on photoassociation

The variation in FCF’s for PA as a function of the energy
E, of the photoassociated levels is analyzed. The strong
changes resulting from the spin-orbit coupling of the A and b
states are underlined.

In 85Rsz, the FCFs relevant to PA from the X state to-
ward pure |A 'S*v’) vibrational levels have been previously
analyzed and compared with the corresponding ones in 85Rb2
[46]. These FCFs show a typical oscillating pattern [see Figs.
5(b) and 8] reproducing the nodal structure (depending on
the scattering length ag;) of the scattering wave function.
The very rapid oscillations close to the dissociation limit are

due to the slow variation in the V;,, potential for R >40a,,.
The envelope of the oscillations decreases very rapidly when
|E,/| increases, the values of the FCF at |E,/_3qs| ~1 cm™!
(|E, —301|~0.05 cm™) being by more than one (three)
order(s) of magnitude smaller than the FCFs close to thresh-
old, at |E,_393] ~0.002 cm™!. Simultaneously R%“(p,) in-
creases very rapidly, being respectively equal to 45a, 80ay,
and 130ay. For all [0*v") levels, except for the three upper
ones below the dissociation limit, the rightmost turning point
lies in the inner domain R< R,, where the amplitude of the
scattering wave function is small, explaining the low effi-
ciency of the PA process. The major differences between
photoassociation in heteronuclear and in homonuclear mol-
ecules consist in a smaller amplitude of the scattering wave
function at R*"(p,»), resulting in a lower PA probability, in a
shorter spacing of the oscillations and in a smaller density of
excited levels. All these properties stem from the difference
in the long-range tail of the excited potential. For |E,| rang-
ing from 2 to 100 cm™!, the FCFs for PA from the X state
are larger by a factor of 4 in ®RbCs than in 8’RbCs; for PA
from the a state, the FCFs are twice as large in 87RbCs.
The originality of the present section is to show explicitly
the modifications induced by the resonant coupling in the 0*
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FIG. 5. (Color online) Resonant coupling in the 0" electronic
states: effects on photoassociation. (a) Scattering wave function
|XE;) in the ground state of 8RbCs for a scattering length ag;
=14.28ay. The scattering wave function is energy normalized [unit
(hartree)™"/?]. (d) Overlap integral (XE;|eE, ) between |XE;) and
excited levels with energy E,; the excited levels are either pure
diabatic e=A 'S* levels (green dot), pure adiabatic e=0*(P,,) lev-
els (blue square), or coupled e=0" levels with a predominant char-
acter either 0*(P,,,) (red star) or 0*(P3,,) (black triangle). The in-
dicated v'-values correspond to extrema of the overlap integral. (c)
Reflection principle either on the excited diabatic V, (green dashed
curve) or adiabatic V,, potentials (blue full curve), relating the
nodes in the scattering wave function to the nodes in the corre-
sponding overlap integral. (b) Absolute value of the overlap integral
between a scattering level with energy E;/kp=75 uK, either in the
ground g=X electronic state (full thin curve) or in the lowest triplet
g=a triplet state (full heavy curve), and coupled |[0*E,/) levels.

states. In 85Rsz, the variation with E,, of the overlap inte-
gral (XE;|eE, ) involved in PA from the X state toward ex-
cited levels with energy E, is reported in Fig. 5(d) for vari-
ous representations of the excited electronic states e. The
oscillations do not depend on the energy E; of the scattering
state, photoassociation occurring at R<Ry (see Sec. II C).
The overlap integral varies slowly with E,, when the |eE,/)
levels are pure diabatic levels (e=A 'S*). Much more rapid
oscillations appear for pure adiabatic levels (e=P,,;) or for
coupled levels (e=07%). The latter two calculations yield
nearly identical results. For [0*v') levels, there is no signifi-
cant difference in the PA excitation for levels with a pre-
dominant 0*(P,,,) or 0*(P5,) character.

PHYSICAL REVIEW A 80, 032511 (2009)

The variation with E,, of the FCF reflects the nodal struc-
ture of the ground-state scattering wave function [23]. From
the reflection principle, the FCF vanishes when R%", the
outer Condon point of the |eE, /) level, corresponds to a node
of the scattering wave function [see Figs. 5(a) and 5(d)]. For
|E,/| <200 em™, RE"(py)) is close to R, . Due to the cross-
ing at large distance, the asymptotic forms of the adiabatic
potentials V3, differ completely from the ones of the di-
abatic potentials V, and V. This explains the difference in
the energy dependence of the various overlap integrals re-
ported in Fig. 5(d) and the similarities in the results obtained
for adiabatic |P,,,v_) or coupled |0*v") levels. A description
of excited levels in the pure Hund case a representation
which would lead to transitions X —A and a— b is not at all
realistic.

Figure 5(b) summarizes the behavior of the overlap inte-
grals relevant to PA of [0%v’) levels from the stable X and a
states. The nearly identical energy dependence of the two
overlap integrals [Fig. 5(b)] is fortuitously due to very close
values of the scattering length in the Vy and V, potentials in
85RbCs, leading to singlet and triplet scattering wave func-
tions oscillating nearly in phase for R~RE“(pin3)
(~15-40a,). Furthermore, photoassociation from a *3* is
more favorable at |E, /| <20 cm™".

F. Effect on stabilization

We compare the stabilization processes from coupled
|0*v") and diabatic |P, 3,0 +) levels to underline the impor-
tance of nonadiabatic couplings. In Figs. 6(a) and 6(b), the
top panels display the overlap integrals I(0,v’) for RS from
the |V) and |V') levels, the OF coupled levels described in
Table 1. Overlap integrals 1(3/2,v,) and I(1/2,v_) for tran-
sitions from pure |P5,v,) and |P,,v_) adiabatic levels with
approximately the same energies as the corresponding |0%v")
levels are presented in the middle and bottom panels.

Stabilization from |P;,v_) adiabatic levels populates only
vibrational levels bound by less than 15 cm™' in both the
X("=122) and the a state (v”=33). Stabilization from
|P5,v,) adiabatic levels populates X levels bound by up to
2000 cm™! and an enhancement of the RS probability is ob-
served for X levels bound by ~90-100 cm~'. Concerning
the stabilization from |P5,v,) adiabatic levels toward a lev-
els, levels bound by ~70-80 cm™! are the most efficiently
populated.

Maximum values of the overlap integrals 7(0,v’) corre-
spond approximately to ‘“vertical” transitions, when they
exist, at the inner and outer turning points RZ"“(py/23,)
of the adiabatic V), 3, potentials, where the probability
density in the excited state wave function is the largest
(see Fig. 4). These transitions populate vibrational v” levels
in the X (a) state with energy ET,, approximately equal
to Vy(RE(p11232) [ViRE(p1132))], as indicated in
Table I.

Stabilization at R*'(p;,) populates X and a levels with
binding energy in the range of 2—15 cm™!. Stabilization at
R2'(ps/,) concerns X (a) levels with larger binding energy of
75—110 cm™" (50-90 cm™"). Stabilization at the inner turn-
ing point of the adiabatic potential is possible only from the
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V3, potential and toward the X state (see Fig. 1). It populates
deep |X 'S*v") levels, bound by up to 2200 cm™.

The existence of transitions toward levels with binding
energy larger than 15 cm™ is due to nonadiabatic coupling
between the 0%(Py/3,) channels. Such anomalous vibra-
tional distributions, which could not be explained using
FCFs calculated from pure adiabatic levels, were already as-
cribed to resonant coupling effects [37,70,71]. Comparing
the overlap integrals for RS from either coupled [0*v’) or
adiabatic |Py, 3,0 +) levels demonstrates that all [0*v’) lev-
els, even weakly coupled, possess properties arising from
both types of adiabatic levels [see left and right columns in
the first line of Figs. 6(a) and 6(b)]. There is in fact a global
mixing between the levels of both adiabatic series.

In RbCs, the large binding energies |E2{,| (see Table I) of
the X and a levels populated by RS at RZ"(py5) [R&(p3)]
are typical of a heteronuclear molecule. Indeed, due to the
R~® asymptotic form of the excited potential, stabilization
from levels with a binding energy in the range of
10—100 cm™" occurs at short range (R~ 15a,—25ay), i.e., in
a R range where the variation in the Vy and V, potentials
cannot be neglected. The |EY| energies have to be compared
to the corresponding ones, much smaller (respectively,
~1072 and 2-20 cm™!) in the homonuclear **Rb, molecule
[37,70]. In the latter case, stabilization from an excited po-
tential varying as R~ occurs at large distance, ~20a,—25a,
and 60ay—65ag, respectively, for R3“(ps3,) and RE(py)),
where the R dependence of the ground-state potential is al-
most negligible.

Concerning the FCFs (the square of the integrals / shown
in Fig. 6) toward X levels, they are maximum at R2(p;,),
even for the strongly mixed |V}) level. For the latter level,
the maximum FCF is only 2.6 times smaller than the maxi-
mum FCF for the |V”) level. For the |V?) level, the maximum
values of the FCF at R%/(p, ), R*(p3)), and RZ(ps,) are in
the ratio 1:0.33:0.17. A large 0*(P,) weight of the wave
function results in large values of the FCF for transitions
populating highly bound X levels (|E,»|>15 cm™'). The al-
most pure A character of the |Ps,) adiabatic electronic state
at R¥%(ps),) (see Fig. 2) is at the origin of the relatively high
value of the FCFs corresponding to transitions toward levels
bound by ~2000 cm™!. In contrast, for the |V') level, the
maximum values of the FCFs at the same three Condon
points as above are in the ratio 1:0.016:0.014, pointing out
the low probability of vertical transitions at R**"(p3/,). Sta-
bilization mainly populates high lying X levels.

Concerning RS toward a levels, at R3“(p,),), the FCFs
from |V”) are larger by a factor of 4 than the FCFs from |V}).
At RY"(p3),) they are smaller by a factor of 7.2. This reflects
the large difference in the adiabatic channel mixing of the
[V%,) levels.

Stabilization toward the a state is much more favorable;
the maximum FCFs are, in average, larger by a factor of
approximately 4 than FCFs for stabilization toward the X
state. For [0%v") levels close to the Rb(5s)Cs(6p,,,) dissocia-
tion limit, the enhanced stabilization toward a 33 results
simultaneously from the predominant weight (60%) of the
|b) diabatic state in the |P,),) adiabatic state at R2"(p;,,) and
from the nearly pure (90%) b character of the |P,) adiabatic
state at R((p3;,) ~Rp_(see Fig. 2).
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IV. FORMATION OF STABLE MOLECULES

The previous FCF calculations allow one to predict the
vibrational distributions of stable X or a molecules formed
after PA in the coupled 0" levels followed by RS. For an
initially unpolarized gas (Rb, Cs) mixture, the four total spin
states are equally distributed so that, for colliding pairs of
atoms, triplet states are three times more probable than sin-
glet states. This degeneracy ratio of 3:1 is not accounted for
in this section.

A. Branching ratios for stabilization

For a |0+v’> level, radiative stabilization toward X is the
most favorable for vertical transitions occurring at the three
Condon points RZ“(py23,) and RY(psp); stabilization to-
ward a state is the most favorable at the two Condon points
RZ(p1/2.32). Branching ratios for formation of stable mol-

ecules in bound levels ﬁ;(v’) characterizing these five differ-
ent RS processes are defined from the partial sums of FCFs,
Ups®")

Rw)= X

n_ij o1
v"=v,% (07)

|<O+v’|iv"> 2’ (4)

with
i=X,a and j=RE"(p1n30),

where i denotes the stable electronic state and j the Condon
point in the V3, adiabatic potentials at the energy E,, of
the |0*v’) level. The limiting values v’/ . (v') depend on
the position of the Condon points j and therefore on the
studied level v'. These limits have been deduced from the
systematic study of the variation with v" and v" of the FCFs
[{0*v"|iv")|> for RS. Linear variations with v’ have been
chosen (see Ref. [44]). Only stable bound levels below the
Rb(55)Cs(6s) dissociation limit have been introduced in
these branching ratios.

For a given electronic state i, the sum of the different
branching ratios j,

R =2 R0, (5)

gives the probability of formation of stable singlet or triplet
molecules by RS from the [07v’) level.

The N stable X (or a) levels calculated with the mapped
Fourier grid method define a complete set in the R space (N
is the number of points in the spatial grid) [56]. Conse-
quently, for a coupled level |0*v"), the sum of FCFs over all
the N singlet (or triplet) stable levels (0<v”<N-1), which
includes bound molecules and pairs of free atoms, is equal to
the weight of the singlet |A) (or triplet |b)) component in the
wave function of the |0*v’) level. The probability of forma-
tion of free atom pairs in the stable X or a state (indicated in
Table 1) is simply deduced from the Hund case a represen-
tation of the wave function [see Eq. (2)] and from the prob-

ability R'(v’) of formation of bound molecules.

The numerical values for E;(v’) obtained for the |V}) and
|V’) levels in *RbCs are reported in Table I. Concerning RS
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FIG. 7. (Color online) Radiative stabilization from the [0*v')
coupled levels in the 8RbCs (left column) and ¥’RbCs (right col-
umn) molecules: branching ratios for stabilization toward the i
=X 'S* [panels (a)] and the i=a 33" [panels (c)] states at the Con-
don points j=R%"(p, ). The transition probability I?;(v’) [Eq.
(4)] multiplied by 100 is drawn as a function of the energy E,. The
Rb(55)Cs(6p;/,) dissociation limit is indicated by the vertical
dashed line. (a) E;( stabilization toward bound levels of the X '3*
state; total probability of forming bound stable X molecules RX(v")
[Eq. (5)] (black triangles down), probability of stabilization at
R‘é’”(pl/z) (blue circles), at RZ"(ps,) (green triangles up) and at
R{(p3)) (red squares). (b) Weight of the 0*(P5,) adiabatic channel
[Eq. (A3)] (black circles) and weight of the b Il diabatic channel
[Eq. (2)] (red squares) in the [0*v’) wave function. (c) I?;’ stabiliza-
tion toward bound levels of the a >3* electronic state; total prob-
ability of forming bound stable a molecules R%(v") [Eq. (5)] (black
triangles down), probability of stabilization at Rg“(py,,) (blue
circles) and at R¢(p3;) (green triangles up). The |V}) and the |V')
levels (Table I) are indicated by the vertical black continuous lines.

toward the X state, it is roughly equally probable at the outer
Condon points of the V3, and V,, potentials for |V’); for
|[V'), it is ten times less probable at the outer Condon point of
the Vs, potential. The stabilization at R¥(ps,) is significant
for |VL) Concerning the stabilization toward the a state, the
0 level with a large | V) (|V')) character stabilizes mainly at

RE“(p3n) [RE“(p12)]-

A strong isotopic effect is observed, in Fig. 7, in the varia-

tion in the branching ratios E;(v’) as a function of the energy
E, of the level. For 0* levels with 2<E,, <150 cm™., the
Condon points R¥(ps), R%(ps,), and R*(py,,) vary, re-
spectively, in the range 6.76a,—6.72a,, 17.56ay,—16.67a,
and 41.5ay—-21.1a,. Consequently, stable triplet a levels with
binding energy increasing from 0.2 to 20 cm™' (from
50 to 90 cm™') are populated by stabilization at R%“(p,,)
[RZ“(p3p)].  Stabilization, respectively, at RE(pyp),
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R%!(p3),), and R%(ps,) populates X levels with binding en-
ergies in the range of 0.3-20, 70-120, and 1600—2200 cm™,

The stabilization from the uppermost 0 levels with
|E,/| <2 cm™! is very particular. The elongation of their out-
ermost turning point R2(p, ) increases rapidly with v’ up to
large distances of ~130aq, (see Sec. III E). Stabilization from
these levels mainly concerns the long-range part of the wave
functions and efficiently populates the X and a levels lying
very close to the dissociation limit.

Approximately 10%—15% of the molecules photoassoci-
ated in a |0*v’) level are stabilized toward the X state and
15%—-22% toward the a state. The remaining molecules yield
pairs of hot atoms either in the X or in the a state. For
¥’RbCs, the RS probability at R(p/3,) varies smoothly
with the energy of the |0*v’) level, all wave functions pre-
senting between these two outer turning points a similar
adiabatic channel-mixing character (see Sec. III D). On the
opposite, for *RbCs, the stabilization probability varies sig-
nificantly, the maxima at R3"(p3),) corresponding to minima
at R2"(py,) and vice versa; these variations reproduce the
variations in the 0%(Ps,) character of the levels. Further-
more, the total stabilization probability is maximum for lev-
els with the largest 0*(P5,,) character.

For [0*v') levels with a large 0*(P5),) character, formation
of tightly bound X levels, through radiative stabilization at
R¥(p3,) can be as probable as the formation of weakly
bound X levels at R2'(p,,,). This property has already been
noted in Ref. [50]. It arises from the strong adiabatic channel
mixing and from the very similar energy variation at the
inner walls of the ground Vy and excited V, potentials, the
latter potential being at small R nearly identical to the V),
one.

For both isotopomers, the stabilization probability toward
X levels at R2"(ps)), proportional to the weight of the |P3,)
component in the wave function of the |0+v’) level, is much
smaller than the other two probabilities. For stabilization to-
ward a levels, the two types of stabilization have similar
probabilities for levels with a detuning larger than 100 cm™';
close to the dissociation limit, stabilization at R2"(p,,,) pre-
vails. As discussed above, 0 levels very close to the
Rb(55)Cs(6p;,,) dissociation limit stabilize only toward the
two highest levels of the X and a electronic states.

B. Vibrational distribution of stable molecules

There are four different paths for formation of stable het-
eronuclear molecules through photoassociation in the [0*v’)
levels followed by radiative stabilization. The initial pair of
atoms can be in a scattering level of the X or the a state and
the molecules can be stabilized in bound vibrational levels of
the X or the a state. For homonuclear molecules, because of
the g < u selection rule for electric dipole transitions, there is
no possible transfer of population between the X 12; and the
a’3} states.

The efficiency of the four different paths (S or T)
— (S or T) can be evaluated from the quantities

R;i(v") = [(jE;=175 uK[0"")PR(0"), (©)

where j and i denote the singlet X (S) or the triplet a (7)
state. A single energy is considered in the pair of colliding
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FIG. 8. (Color online) Formation of stable 3>RbCs (left column)
and ¥"RbCs (right column) molecules through photoassociation in a
|0*v") level followed by radiative stabilization R (") [Eq. (6)] as
a function of the binding energy A, =|E,/| of the level. Panel (a):
formation of cold X 'S* molecules from Rb and Cs atoms colliding
either in the X 'S* state (S— S path, red stars) or in the a °S" state
(T— S path, green squares). A variation proportional to Aj/é is
indicated by the blue dashed line. Panel (c): formation of cold a 33
molecules from Rb and Cs atoms colliding either in the X IS* state
(S—T path, red stars) or in the a°3* state (T—T path, green
squares). Panel (b): FCFs for photoassociation from a scattering
level with energy E;=75 uK either in the X 'S* (black stars) or in
the a 337 state (red squares).

atoms and the PA probability is given by the FCF only, the
degeneracy factor of 1:3 being not introduced. The RS prob-

ability is evaluated from the branching ratio R'(v’) [Eq. (5)].
Since the scattering wave functions are energy normalized,
R;_/(v') is expressed in units of (energy)™, i.., here, in
(E,)~". The variation of R, ,(v') vs the energy E, of the
photoassociated level is presented in Fig. 8 for the RbCs
and 3’RbCs molecules. It is compared to the variation in the
FCFs for photoassociation. Using the logarithmic scale al-
lows one to show the energy dependence close to the
Rb(55)Cs(6p;),) dissociation limit, where the FCFs for PA
present rapid oscillations with rapidly decreasing amplitude
(see Sec. IIT E). The overall process of formation of stable
molecules is larger for ¥RbCs than for 35RbCs, especially
for the T— T path and to a less extent for the 7— S one.
The global variation in R;_,(v") is determined by the en-
ergy variation in the FCFs for photoassociation, i.e., due to
the reflection principle on the V;,, adiabatic potential, by the
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nodal structure in the short-range part R<Rj of the initial
scattering wave functions (see Sec. III E). The nodal struc-
ture for the X and a scattering wave function is very similar
for ¥RbCs (see Sec. IILE), it differs for *’RbCs due to a
larger difference in the scattering length values in the X and
a state (see Sec. I1 C).

For sufficiently small detuning, the asymptotic behaviors
of the ground and excited potentials govern the variation in
the FCFs as a function of A,,. Using the phase stationary
approximation [73] and the asymptotic form of the ground-
state wave function, scaling laws have been obtained (see
Appendix B). In heteronuclear molecules, the decrease is

2506 .
R;_(v")*=A7”, slower than in homonuclear molecules,

where it varies as A;,% [23]. These scaling laws, valid for

A, <10 cm™ [R2(p,»>Ry], reproduce qualitatively the
differences in the power-law dependences, respectively, A;,l
(A;,1 ©) obtained from numerical values of FCF in *>RbCs

(*Rb,) calculated for 5<A, <1000 cm™" [46].

The path T— T is the predominant one, the path S — S the
smallest one. Among the two spin changing paths, the path
T— S is generally a bit larger than the path §— T, especially
for the ®’RbCs molecule. The predominance of the T— T
path is linked to the larger values for the FCFs for PA from
the lowest triplet ¢ *3* state and to the fact that the [0*v’)
levels corresponding to an enhancement of the stabilization
probability at R2'(ps/,) have the largest P, and also b char-
acter (see Fig. 3). Furthermore, as discussed in Sec. IIT A, at
the energy of the Rb(5s)Cs(6p,,,) dissociation limit, both
adiabatic channels 0*(P,,;) and 0*(P5,,) have a predominant
b *T1 character. The predominance of this path is confirmed
by the experiments of Kerman et al. [51], which show that
a’3" levels with low binding energy are mostly populated
through photoassociation in a laser-cooled mixture of 5Rb
and 3Cs atoms; this is true even at a sufficiently low fre-
quency of the photoassociating laser, where only the coupled
07 levels can by populated through PA.

V. CONCLUSION

In this paper, we have very carefully analyzed the some-
times subtle manifestations of the so-called resonant cou-
pling in the formation of ultracold ***’"RbCs molecules in the
stable X 'S* and a ** electronic states through PA in the 0*
coupled system followed by RS.

A mapped grid method was used to obtain the vibrational
wave functions involved in the determination of the FCFs
describing the PA and RS processes. Energies and wave
functions in the coupled 0" system were calculated in Hund’s
case a description, introducing the Born-Oppenheimer diaba-
tic potentials for the A 'S* and b *II electronic states and
their mutual electronic coupling through the R-dependent
spin-orbit interaction.

The channel mixing effects are made obvious by introduc-
ing the adiabatic 0*(P,,,) and 0*(P5,,) electronic states and
the pure adiabatic vibrational levels |P/,3,v+) and by the
analyzing the decomposition of the coupled |0*v') levels on
the Hund case ¢ representation. A special attention is paid to
the second crossing, which appears at RX2~21.5a0, of the
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diabatic V, and Vj potentials obtained when the diagonal
spin-orbit interaction is added to the diabatic electronic po-
tential V,,. The corresponding anticrossing between the adia-
batic potentials V,, and V3, has a strongly avoided character
and governs the properties of the levels involved in the PA
process up to relatively large detuning (~ 500 cm™') below
the Rb(5s)Cs(6p;,,) dissociation limit. Calculation of the
nonadiabatic couplings demonstrates their short-range char-
acter, mainly related to the presence of the strongly localized
crossing at R, ~ 10ay. Accounting in the model for a
R-dependent spin-orbit interaction, which induces a decrease
in the coupling strength at short distance (R NRXl)’ is neces-
sary to reproduce the experimentally observed “global” mix-
ing of the levels of the 0*(P;,,) and 07(P;,,) adiabatic elec-
tronic states. The interference effects occurring in the
calculation of the off-diagonal matrix elements of the nona-
diabatic couplings explain the strong isotopic effect observed
in the manifestation of the resonant coupling in the >RbCs
and 3’RbCs molecules.

The coupled 0* system cannot be correctly described nei-
ther by pure Hund’s case a levels nor by pure Hund’s case ¢
levels. Concerning the wave functions, there is a noticeable
increase in the probability density at the four turning points
R (py1p.3) of the two adiabatic V), and V3, potentials.
The relative importance of the maxima occurring at the outer
turning points is indicative of the 07(P,,,) and 0%(P5,,) adia-
batic states mixing.

As photoassociation occurs mainly at large R, where the
effects due to the crossing at R, prevail, a description of the
0* coupled levels as pure adiabatic ones provides a correct
estimation of the FCFs for PA. Their variation as a function
of the binding energy of the photoassociated level can be
related to the nodal structure in the initial scattering wave
function by using the reflection principle on the V,,, poten-
tial. In heteronuclear molecules, due to the short-range char-
acter of the R™® asymptotic form of the excited potentials, PA
mainly involves the short range part of the initial wave func-
tion which has a relatively low amplitude. It explains the
small values of the FCFs, except very close to the
Rb(55)Cs(6p,,) threshold (for A, <2 cm™'), where the
FCFs are larger and present rapid energy-dependent oscilla-
tions.

Concerning stabilization, the enhancement of the FCF for
transitions 0" — X, due to the resonant coupling, is similar to
the enhancement previously observed for Cs, and Rb,
[37,45,70,71]. This effect is the largest for the |07v’) levels
with the largest 0*(P5,) character and induces the formation
of deeply bound X and a molecules. For instance, the FCFs
at R%(ps,) of transitions |[0*v')—|X 'S*v") for coupled lev-
els with 120=A,,=70 cm™' are larger by three orders of
magnitude than the FCF’s for RS from pure adiabatic levels
|0*(Py0)v_)— |X 'S*v"y. Similar enhancement is observed
for the RS at R¥(p3,) populating X levels with 2200= A,
=1600 cm™'.

Due to resonant coupling, levels reached by RS at
R%"(p3;;) have a much larger binding energy in RbCs
(~100 cm™) than in Rb, (~5-20 cm™'). The stable mol-
ecules formed in this way can be fruitfully used as starting
point in an additional Raman process leading to RbCs mol-
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ecules in the absolute ground level. As discussed for RbCs in
Ref. [44] and as suggested for Rb, in Refs. [37,72], it is more
efficient to start from these stable molecules than from that
ones, with smaller binding energy, stabilized at RZ(p;,).
The binding energy of the levels populated by RS at
R%(ps,), around 1500-2000 cm™, is very similar in RbCs
and Rb,.

For heteronuclear molecules, due to the absence of the
g—u symmetry, there is an additional possibility for produc-
ing stable molecules in the a *S" state, through stabilization
from the 0* levels. The resonant coupling induces a strong
enhancement of the 0* — a radiative decay, efficiently popu-
lating a levels bound by 50-90 cm™!. These levels could
provide a starting point for spin-exchange Raman transitions,
transferring the RbCs molecule toward low lying X vibra-
tional levels.

Finally, analyzing and comparing the four different paths
for the formation of stable RbCs molecules through PA of
ultracold Rb and Cs atoms in the 07 state followed by RS, we
have exhibited the predominance of the 7— T path and the
importance of isotopic effect, the overall process of forma-
tion of stable S’RbCs molecules being one order of magni-
tude larger than the formation of stable 3>RbCs molecules.

This work is a first step in a more general study aiming to
investigate the efficiency of the formation of stable hetero-
nuclear dimers in the absolute ground state. In a forthcoming
paper [44], we will present the formation of stable molecules
in PA through intermediate 1 or 0~ levels below the
Rb(55)Cs(6p,,) dissociation limit followed by RS. Like in
the 0* case studied here, we will show that this process es-
sentially populates high lying a 33" levels. We will also pro-
pose several efficient spin-changing Raman processes
through 0" and 1 intermediate levels. Using these Raman
paths, in a next future, we will study the dynamics of the
formation of ground-state molecules with tailored femtosec-
ond pulses or trains of femtosecond pulses. The efficiency of
these not yet investigated methods to form ground-state het-
eronuclear dimers will be compared to the efficiency of the
already used STIRAP method.
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APPENDIX A: ADIABATIZATION PROCEDURE

On the example of coupled 0* states, we recall in Appen-
dix A 1 the general formulation of the transformation be-
tween diabatic and adiabatic representations as a rotation in a
two-state model. The nonadiabatic couplings are analyzed in
Appendix A 2.

1. Adiabatic electronic potentials

The adiabatic electronic states 0¥(Py5 3/,) are obtained by
diagonalizing, at any distance R, the diabatic potentials V;(R)
(i=A or i=b) and the spin-orbit coupling WéO(R) [Eq. (D].
The R-dependent eigenvalues define the adiabatic potentials
Vi(R) and V3,(R) converging toward the spin-orbit split
dissociation limits Rb(5s,,)Cs(6p/5.3/2). The diabatic (adia-
batic) potentials present crossings (anticrossings) at R, and
R,,. The transformation from diabatic {|A),|p)} to adiabatic

{|P1)2).,|P3/,)} electronic basis is determined at each R by the
rotation R(6) with angle 6(R),
|Py2) =+ cos B(R)|b) + sin O(R)|A), (Ala)
|P55) = —sin O(R)|b) + cos O(R)|A). (Alb)

[cos? @ gives at the distance R the weight of the diabatic
triplet |b) (singlet |A)) component in the 07(P,,,) [07(P5),)]
adiabatic channel.

The “pure adiabatic levels,” in either the 0*(P;,) or the
0*(Ps,) channel, are the vibrational levels calculated in a
single potential Vy, 3/,

1

|P1ja30v) = §¢T5,3/2(R)|P1/2,3/2>, (A2)
The coupled wave functions |[0*v'), calculated in Hund’s
case a representation [see Eqgs. (1) and (2)] using the diabatic
|A) and |b) electronic wave functions, are decomposed on the
basis of adiabatic electronic wave functions |P;,,) and |P5,)
by introducing the rotation R(6). In this representation, the
two adiabatic channels are coupled by the nonadiabatic ra-
dial couplings (see Sec. Il B). The wave functions for the
|0*v") level can be written at a given R as

070") = WYL (R)|Py o) + W5)5(R)| Psn)

[+ \PZ’ cos 0+ ‘I’Z’ sin 4](R)|Py/»)

x| =

1 ’ ’
+ E[_ WY sin 0+ WY cos O](R)|Psp). (A3)

The radial functions ‘Iﬂf//z,s/z are the adiabatic vibrational
wave functions for the [0*v’) level. The norm of each com-
ponent gives quantitatively the weight of the adiabatic chan-
nels 0*(P,,,) and 0%(P5,) in the coupled level |0*v").

2. Nonadiabatic couplings

The nonadiabatic radial couplings can be expressed in
terms of A(R) [65,74] as
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They are predominant in the crossing regions R, where 6
varies rapidly. Expressing € in terms of the diabatic poten-
tials and couplings defined in Eq. (1), neglecting the varia-
tion in the spin-orbit coupling around R, and assuming linear
variations a,»(R—in) for the vertical energy separation be-
tween the two diabatic potentials in the crossing regions, one
obtains, near R ~in, a Lorentzian variation for the first con-
tribution in Eq. (A4),

a0 a; S}g(in)
R~ A WH(R,)P +a][R-R,T*

B <P§72> . (A4)

(A5)

with full width at half maximum &R, =4WZ(R,)/a;
=[6/dR|"*]™", equal to the inverse of the maximum value
of 96/ &R,lat R~R,. This width depends on the description
of the spin-orbit cotllpling.

APPENDIX B: SCALING LAW FOR
THE PHOTOASSOCIATION RATE

For a cw laser tuned at resonance, the PA rate is propor-
tional to the FCF |(gE|ev’)|? (see Sec. Il A). When PA oc-
curs at sufficiently large distance, the asymptotic behavior of
the potentials governs the process, resulting in scaling law
with respect to the detuning A, of the photoassociated level
in the excited potential —C%/R". The vibrational wave func-
tion in the excited state has a sharp maximum at the Condon
point Rq(e,v’), and in agreement with the image of a vertical
transition where the vibrational motion is stopped, the ex-
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cited wave function can be reduced to a 6 function. In the
stationary-phase approximation [73], the FCF is given by

€
v!

(gElev")* ~ ,))l‘P‘%(Rc(e,v’))lz- (B1)

dv' D(R(e,v

The level spacing in the excited state, dEi,/ dv’, is intro-
duced to account for the normalization condition of bound
states and D(Rq(e,v’)) denotes the difference between the
slopes of the two potential curves at the Condon point.
Using the long-range expression for W%, which is valid
for R-(e,v’)> Ry, the following scaling law has been ob-
tained for an homonuclear molecule (Eq. (45) in [23]):
|<gE|ev'>|2 o ,LLE”Z[Cg]ZBA_Wé.

v/

(B2)

Similarly, for an heteronuclear molecule, where both poten-
tials e and g decrease as R™%, we obtain

1

N2 o 4, VAT (eT1413 =5/6
[(gElev")|? = wE"[CE] oo CéA,ﬂ . (B3)
Numerical values can be obtained for the X 'E;—>0;(5p1 )
transition in  %Rb, [X 'S*—Rb(55)Cs(6p)0*(p,,) in
8RbCs] using C, coefficients given in [75] ([47]). We ob-
tain, at a detuning A,,=0.1 cm™!, the values of 1.81 X 10'3,
(2.27%10'? a.u.) and, at a detuning A,,=10 cm™!, the values
of 8.35%X10'%, (4.89%x10'° a.u.). The atomic unit for a
Franck-Condon factor is [E,]™!, where E,, is the atomic unit
of energy. Very close to dissociation threshold, the Franck-
Condon factor for the 85Rbg molecule is larger by a factor of
~8.0 than the FCF for the >RbCs molecule. The decrease in
FCF with the detuning (A;,m) is more rapid in Rb, than the
variation in RbCs A;,S/ﬁ. Consequently, at a detuning 100

times larger the FCF for Rb, is larger by only a factor of
~1.7.
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