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The Structure of low-lying electromic states of the polar Rb2Cs trimer
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Ab initio quantum chemical calculations of the electronic structure of the ground and low-lying doublet and
quartet states of the Rb,Cs molecule were performed, as a result of which 3D potential energy* ' surfaces (PES)
were obtained simulating the approach of a Rb atom towards a RbCs dimer aimed at bothe the Cs atom and the
Rb atom at different angles of attack varying in the range from 10° to 180°. It is shown that the ground state of the
heteronuclear trimer (1)*A’ exhibits an avoided crossong with the first excited (2)>A’ state near the equilibrium
geometry, therefore the ground state of Rb,Cs cannot be described within the framework of the traditional adiabatic
approximation. For all 12 electronic states studied, equilibrium parameters corresponding to the C,, point group
were determined. The constructed PES can be used for quantum calculation of collision cross sections and rate
constants for the reaction of an RbCs dimer with a Rb atom, as well as conducting detailed analyses of the
rovibronic structure of the trimer by solving the 3D vibrational-rotational Schrodinger equation in order to find
optimal ways for laser synthesis, cooling and manipulation of the ultracold ensemble of this atomic-molecular

system.
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1. Introduction

Creating the most effective optical paths for the direct
synthesis of stable polar molecular ensembles with ultralow
translation and internal temperature is of key importance
for the further development of several fundamental and
applied fields of molecular physics and physical chemistry
beginning from laser-induced chemical reactions controlled
by an external electromagnetic field with reagents at
submicron temperatures [1-3] to ultraprecision metrological
measurements and the creation of hardware components
(qubits) for quantum computers [4-7).

Laser assembly and the spatial confinement of ultracold
atomic-molecular-level ensembles, with high spatial particle
density, are known to be complicated by a considerable
dissipation of energy induced by elastic and inelastic
collisions between individual atoms and the molecules
they form [8]. Therefore, extensive experimental and
theoretical studies are currently underway to reduce
self-induced dissipative (collisional) energy loss as much as
possible [9,10] to increase laser synthesis efficiency.

The focus of fundamental studies of ultracold molecules
has shifted accordingly over recent years from di-atomic [11]
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to tri-atomic [12] systems. Thus, numerous theoretical and
experimental studies have emerged addressing homonuclear
trimers such as Rbs, K3 and Naj [13,14]. Studies gradually
begin to emerge addressing A,;B type heteronuclear
molecules where a heteronuclear dimer, AB, collides with
its constituent atom, A (molecules of this type can be,
for example, formed during laser assembly of alkali metal
dimers) [15-20]. In particular, there are several quantum
chemical studies addressing three-atom systems consisting
of rubidium and cesium: [20-22] addressed only lower
doublet and quartet states, [23] addressed the asymptotic
behavior of potential energy surfaces (PES) at large
internuclear distances, [23] simulated reactions between two
dimers, and the experimental study [8] addressed collisional
loss rates in reactions between RbCs dimers and constituent
Rb and Cs atoms.

2. Equilibrium geometries of the ground
and excited states of the Rb,Cs
molecule

Similar to previous calculations [24-27], quantum-
chemical calculations have been conducted in this work
using effective core potentials (ECP) for the Rb and
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Table 1. Energetic minimums of low-lying doublet and quartet
states of the Rb,Cs molecule. The distance between atoms A
and B Rap and the angle at the Cs atom 6c¢s are given in A and
degrees, respectively. Energy is given in cm™' with respect to the
energy minimum in the electronic ground state (1)?A’

State Rro-cs, Rrb-Rb» Ocs, Emin,
A A deg em™!
(1)? A 4.54 523 70 0
(22 A/ 481 443 55 602
(3% A 456 5.94 81 5966
(4 A 507 481 57 7109
(52 A/ 4.80 441 55 7793
(6)* A/ 476 524 67 11348
(1) A" 446 422 56 4546
(22 A" 445 491 67 9596
(H)* A/ 547 5.29 58 4794
(24 A’ 4.60 773 114 9549
(3)* A’ 4.58 9.15 180 | 11867
(1)*A” 451 5.35 73 8861
a b

RbCs+Rb

Figure 1. Geometries corresponding to the Rb atom approaching
the RbCs dimer (a) in direction of the Cs atom (b) and in the
direction of the the Rb atom.

Rb+RbCs

Cs atoms using the Stuttgart basis sets ECP28MDF and
ECP46MDF, respectively [28]. These basis sets consist of
uncontracted Gaussian basis functions [13s9p5d3flg] and
[12s11p5d3f2g], respectively, and they leave 9 electrons
each (1 valence and 8 subvalence electrons) to explicitly
account for electron correlation. Core-valence correlation ef-
fects were considered using the Miiller—Meyer type model
core-polarization potential (CPP) [29]. CPP parameters
were selected in [24,30] in such a way as to reproduce
the first dissociation limits of the molecule corresponding
to the atomic transitions Rb(5s)—Rb(5p) 12737.34 cm™!
and Cs(6s)—Cs(6p) 11547.63cm~! [31]. Static dipole
polarizabilities necessary for the CPP parameterization were
assumed equal to 9.096 and 15.687a.u. for the singly
charged Rb™ and Cs* , respectively, and cut-off radii are
0.373 and 0.2697 a.u.

During the optimization of the molecular orbitals
(MO) using the complete active space self-consistent field
(CASSCF) method with spin averaging, all electrons in the
subvalence shells remained in 12 doubly occupied MOs:
9 MOs belonging to the symmetry group A’ and 3 MOs
belonging to the symmetry group A”. Three valence
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Figure 2. Cross-sections of PES for RbCs+ Rb correspond-
ing to the (2)*A’ state of the Rb,Cs trimer obtained at
fixed distances between the first Rb atom and the Cs atom
(RX'=" (RbCs) =4427A). Each curve corresponds to the inci-
dence angle of Rbfcs = 10°, 20°, 30° at the Cs atom. The
cross-sections are shown as functions of the distances between
the incident Rb atom and the Cs atom, Rcsrp. The vertical dashed

blue line marks the distance at which Regry = szly.

electrons of the Rb,Cs molecule remained available for
excitation to higher MOs. The active space consisted of
16/4 MOs belonging to the A’/A” symmetries (this slash
designation is used hereafter for orbitals belonging to the
two symmetry groups in this order). Dynamic correlation
effects were accounted for only for the three remaining
valence electrons of the molecule using the multireference
configuration interaction method with single and double
excitations (ic-MR-CISD).

The search for the equilibrium geometries of the ground
and excited states converging to the first dissociation
limit was conducted in several stages. First, coarse-grid
(AR = 0.5A) computations were conducted, where all
three interatomic distances varied within (3—10) A. Almost
all local minima occurred at geometries where all three
internuclear distances fall within (4.5—6) A. Then the grid
was condensed 5 fold up to a step of AR= 0.1A. As a
result, it was found that, for the studied states, potential
minima are observed on the PES for geometries where the
distances between the Cs atom and both Rb atoms either
coincide or differ by the minimum step used for the grid.
Therefore it was concluded that that the equilibrium geom-
etry of all studied states belonged to the C,, point group.
For all studied states, the geometry was optimized using
the MOLPRO program package [32] using the quadratic
steepest descent method. Optimization was performed us-
ing the initial geometry of an symmetric isosceles triangle by
varying two parameters: the internuclear distance between
the Cs atom and Rb atoms and angle on the Cs atom. To
ensure that the optimized geometry actually corresponds
to any equilibrium, several analogous computations were
performed for each state by choosing a different starting
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Figure 3. PES cross-section for Rb+RbCs at the fixed distance in the RbCs dimer R?lv = 4.427 A as function of the distance between
the incident Rb atom and the Rb atom in the Rgprp dimer at the incidence angles (a) Orp, = 180°, (b) Orp = 90°, (¢) Orp = 60°.

geometry far from the equilibrium one (for example, by
increasing the distance Rcsrp from 4.1 to 7,&) as the
initial geometry. All computations performed for identical
states converged to the same equilibrium parameters. For
additional verification, the optimized parameters belonging
to the symmetry group C,, were used as the parameters
for the initial geometry, but the geometry optimization was
performed for three geometrical parameters (the symmetry
group reduced to the Cs symmetry at program-level). This
procedure allows for the distances between the Cs and two
Rb atoms to differ from each other, if such geometry was
really more favorable — however, this was not the case. The
final results are shown in Table 1.

For almost all studied states, the equilibrium internuclear
distances remain within the distances typical of the alkali
metal atom bonds (ie. within 4—6A). For all states, the
isosceles triangle geometry (where the distances between
the Cs atom and each of the Rb atoms are identical)
appeared to be the most energetically favorable, moreover,
for most states, the optimal geometry is close to the
isosceles triangle geometry. Thus, for example, seven states

have equilibrium geometry angles deviating from 60° by
less than 7°. However, most states (also 7 of 12) the
exhibited equilibrium distances between the Rb atoms and
Cs atom remains within 4.5+ 0.1 A. This aspect might
be critically important, because the ground state of the
RbCs dimer has an equilibrium distance of 4.427 A, which
is conducive to the formation of Rb,Cs trimers when Rb
atoms collide with ground state dimers. Note that two
states can be highlighted among the examined states: the
(3)*A’ state — as the only state with a linear equilibrium
geometry, and the (2)*A’ state, for which the angle on the
Cs atom is 114.49°. The optimum geometry of the (1)2A’
ground state has been already addressed in [22], where the
same isosceles triangle geometry belonging to the symmetry
group Cy, with Rrprp = 5.5A and Rpp.cs = 4.6 A, which
corresponds to Ocs = 73.4°, was the optimum one. The
authors of [22] had determined that the atomization energy
(ie. the energy needed to break all bonds) was equal to
5781 cm~!. These results agree quite well with the present
data (Table 1). The only deviation, of 0.3 cm, can be seen
in the Rgrprp state. To compare these results, the well
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Figure 4. PES (bottom) and their cross-sections (top) at different incidence angles for the ground state (1)*A’ in the case of ()

Rb+RbCs and (b) RbCs+Rb. The values were obtained at Ré‘lZ+ = 4.427A. The vertical white lines in the diagrams on the bottom
correspond to positions where the distance between the incident and attacked atoms is equal to Re. Each outline corresponds to a step of

1000 cm ™.

depth of the ground state with respect to the dissociation
limit for RbCs(X'=*)+Rb(5s) can be used, which in the
present work is equal to 2053 cm™! and to this add the
dissociation energy for the RbCs dimer (3845cm™~! [33]).
Thus, one obtains 5898 cm, which differs from the value
obtained in [22] by less than 2%. In [20], for the (1)*A’
quartet ground state, the equilibrium geometry was equal
to 546 A and 58°, which agrees perfectly with the results
obtained in this study — (5469 A, 57.82°).

3. Potential energy surfaces of the
convergence of the Rb atom and
RbCs dimer

Since the main interest in alkali metal trimers is at-
tributable to the fact that unwanted loss of molecules is
observed during the laser assembly process, and one of
the possible mechanisms behind this loss being collisions
between the dimer and a free alkali metal atom, spatial
scanning of the PES was performed in this work primarily
in a way that simulates these collisions. Thus, two cases,
shown in Figure 1, were addressed. Case (a) is the attack by
the free Rb atom of the RbCs dimer’s constituent Cs atom
(designated hereafter as RbCs+Rb). Case (b) is the attack
by the free Rb atom of the RbCs dimer’s constituent Rb
atom (designated hereafter as Rb+RbCs).
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In both cases, the internuclear distance in the Re
dimer is fixed and corresponds to one of four values
RXZ = 4427A, RET =6.219A, RAZ =5122A or
RE“ = 4.314A that are equal to the equilibrium positions
of the corresponding electron states of the RbCs dimer
Then, calculations were conducted at different incidence
angles 0 € [30°, 180°] at 10° intervals and at different
distances Rgry.a between the incident Rb atom and attacked
A =RDb,Cs atom in the dimer. Re values were chosen
according to the potential curves plotted earlier for the RbCs
dimer: the chosen distances correspond to the minimum
energy positions on the potential curves of the RbCs dimer
in the ground state (X'X*) and three lowest excited states
a’Tt, A'Z*, b’Il. The corresponding quantum chemical
calculations of the dimers were carried out using a scheme
identical to the trimer calculation scheme. However, these
calculations used larger atomic basis sets [30], and the active
space consisted of the first 10/5/5/2 MOs corresponding
to the a;/b;/by/a, symmetries. All sixteen subvalence
electrons remained on the doubly occupied 4/2/2/0 orbitals.
Cut-off parameters for the CPP potentials were taken to be
equal to 0.392 and 0.2765 a.u. for the Rb™ and Cs* cations,
respectively.

Let’s first consider the behavior of the approach PES of
the Rb atom and the RbCs dimer at small angles in 10°, 20°
and 30° as shown in Figure 2 for the first doublet state A’
when the attacking Rb atom approaches the Cs atom. At
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Table 2. The spectroscopic constants R, (A), D4 (cm™") for the triatomic Rb,Cs system at some incidence angles 0, of A=Rb,Cs

in the RbCs dimer attacked by the third Rb atom. Te is the value of the PES at the dissociation limit corresponding to the Rb+RbCs
or RbCs+Rb system with a constant internuclear distance Re in the RbCs dimer. The chosen incidence angles correspond either to the
minimum value on the PES or to a saddle point with respect to the incidence angle (marked with )

RYZ" — 4427

State Te’ Grl}l?n > Rﬁ?ﬂ > D gb > Grglfn > jon > D gs State Te > Grl}l?n > Rﬁ?n > D sb > ergjn > jon > D g,s
em™! | deg A |em™! deg A |em™! em™! | deg A |em™! deg A |em™!
(12A"| 0 60 | 501 | 1998 | 50 | 5.63 | 1924 | (1)2A” | 9094 | 60 | 426 | 6579 | 60 | 438 | 6537
70" | 4.63 | 1876 | 60* | 5.00 | 1886 180" | 4.15 | 2345 | 180* | 435 | 1860
80 | 439 | 1924 | 70 | 459 | 2035 | (2)A” | 12743 | 60 | 478 | 5166 | 70 | 441 | 5187
180" | 431 | 1430 | 180" | 4.53 | 1294 180* | 4.25 | 4077 | 130" | 443 | 4421
(2)%A’ | 4861 | 40* | 7.38 | 2435 | 30* | 8.00 | 2465 180 | 443 | 4470
60 | 435 | 5678 | 60 | 460 | 5737 | (1)*A’ | 4862 | 70 | 504 | 1424 | 60 | 535 | 1424
120" | 4.69 | 2455 | 100" | 4.88 | 2435 180" | 6.07 | 314 | 180" | 6.21 | 320
180 | 470 | 2613 | 180 | 4.85 | 2694 | (2)*A’ | 9086 | 30 | 7.88 | 1548 | 30 | 7.92 | 1231
(3)*A’ | 9085 | 50 | 593 | 5149 | 50 | 6.06 | 6644 80" | 638 | 516 | 70" | 6.63 | 530
70* | 5.11 | 4655 | 60* | 5.53 | 6481 150 | 450 | 1321 | 120 | 4.64 | 1555
90 | 448 | 4870 | 80 | 4.63 | 6967 180" | 449 | 1280 | 180* | 475 | 1050
180% | 4.16 | 2340 | 180" | 4.35 | 3678 | (3)*A’ | 14057 | 70* | 5.09 | 2620 | 70* | 524 | 2610
(4)A’ [ 10903 | 70 | 462 | 5428 | 60 | 5.02 | 5471 120 | 476 | 2778 | 180 | 4.53 | 4208
130" | 470 | 3067 | 130* | 497 | 2843 160™ | 4.55 | 2754
180 | 4.70 | 3528 | 180 | 5.09 | 3209 170 | 4.51 | 2756
(5)2A’ | 12736 | 40* | 7.27 | 4295 | 40" | 698 | 4659 180" | 4.50 | 2754
60 | 438 | 6186 | 60 | 4.65 | 6321 | (1)*A” | 9094 | 30* | 7.82 | 1457 | 70 | 4.54 | 2268
100" | 4.59 | 4645 | 100™ | 4.79 | 4286 50 | 5.69 | 2217 | 180" | 4.76 | 1055
120 | 451 | 4766 | 130 | 4.68 | 4468 180" | 4.50 | 1287
180" | 4.26 | 4073 | 180" | 443 | 4460
(6)*A’ | 12746 | 40* | 7.74 | 1406 | 30* | 8.39 | 1548
70 | 485 | 3550 | 60 | 5.28 | 3534
120" | 4.82 | 1500 | 100" | 491 | 1399
180 | 5.03 | 2519 | 180 | 5.34 | 2341

such incidence angles, the attacking atom and the second
(not attacked) dimer atom pass by each other at extremely
short distances when Rcsrp (Or Rgrprp) is approximately
equal to the internuclear distance Re in the dimer. Thus,
at the incidence angles of 10°, 20° and 30°, the Rb atoms
come within distances of 0.772, 1.537 and 2.292 ,&, up to
the second dimer atom, which is much lower than the
internuclear distances typical of the ground state and excited
states of Rby, that are approximately within 3.5—5.5 A [34].

The PES corresponding to the incidence angle of 10°
has several features. As expected, a very high peak
(2.60479 x 106 cm~!) is observed at Regry ~ RX =", How-
ever, there are also two deep minima — one at 3.3 and
the other at 54A. Despite the significant great depth of
these minima (—140.75 x 10® and —150.9 x 10®cm™1!),
these configurations will be achievable only in the case
of very high collision energies, because, when the atoms
approach the dimer from infinity, the Rb,Cs molecule passes
the stable configuration Resrp = 8.7 A and Rrpry = 4.4 A,
which is typical of the valence bond lengths between two
alkali metal atoms. To exit this geometry by decreasing
the distance between the attacking Rb atom and the farther
atom in the dimer, a potential barrier of 26.2 - 103 cm™!
must be overcome first.

An interesting behavior is also observed for the PES
corresponding to the incidence angle of 20°, where the
deeper minimum of —61.4-103cm™! is observed, on the
contrary, at Rcsrp = 4.1A. However, as for the previous
case, in order to arrive at this potential minimum, a barrier
of 26.3 - 103 cm~! must be overcome first.

The potential energy surface corresponding to the inci-
dence angle of 30° starts exhibiting the behavior typical of
all higher incidence angles for which one potential minimum
is observed in the region where all three internuclear
distances remain in the region of typical equilibrium states
for alkali metal dimers. The features described above are
observed for all examined states. Excluding, now, small
incidence angles of 10° and 20° as special cases, only angles
from 30° to 180° shall be considered further.

Let us examine, now, the topological features of the the
PESs relative to each other at different incidence angles
Figure 3 shows the PESs of the Rb atom approaching the
RbCs dimer from the Rb side (the Rb+RbCs case) at
three different incidence angles. At Og, = 180°, the highest
degree of degeneracy is observed: all the A” symmetry
states coincide with one of the A’ symmetry states of the
corresponding multiplicity. In particular, (1)>A” coincides
with (3)2A’, except in the region where the latter exhibits

Optics and Spectroscopy, 2024, Vol. 132, No. 7
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Table 3. Spectroscopic constants Rhy;, (A), D4 (em™!) for the triatomic Rb,Cs system at some incidence angles 64, of A=Rb,Cs in

the RbCs dimer attacked by the third Rb atom. Te is the energy at the dissociation limit corresponding to the Rb+RbCs or RbCs+Rb
systems with constant internuclear distance Re in the RbCs dimer. The chosen incidence angles correspond either to the minimum on the
PES or to a saddle point with respect to the incidence angle (marked with *)

RIET — 62194

State Te > 9[1‘}1?11 > Rﬁll)n b D gb b grslfn > jon 3 D gs State Te 2 9[1‘}1?11 2 Rﬁll)n 2 D gb > 01?1?[1 > jon 3 D gs

em™! deg A em™! deg A em™! cm ™! deg A em™! deg A em™!

(1*A"| 0 50 | 428 | 4359 | 40 | 460 | 4244 | (1)°A” | 9884 | 50 | 424 | 7816 | 40 | 447 | 7812

180" | 4.16 | 3232 | 180" | 4.37 | 3043 180* | 4.14 | 3718 | 170% | 4.29 | 4042

(2)’A’ | 1204 | 50 | 481 | 2833 | 50 | 520 | 2942 180 | 4.29 | 4044

110* | 543 | 1047 | 100" | 5.60 | 1059 | (2)*A” | 12141 | 50 | 428 | 6416 | 40 | 4.50 | 6346

180 | 540 | 1097 | 180 | 5.55 | 1135 180* | 423 | 4498 | 180* | 4.61 | 3906

(3)2A7 | 8570 | 50 | 439 | 6797 | 50 | 445 | 6799 | (1)*A’ | 1204 | 60 | 546 | 853 | 60 | 560 | 810

180* | 4.54 | 3349 | 180" | 5.01 | 3063 150 | 595 | 285 | 140" | 6.14 | 290

(4)*A’ | 9880 | 50 | 478 | 6530 | 50 | 499 | 6535 180" | 595 | 286 | 180 | 6.14 | 291

180% | 4.12 | 3721 | 130" | 458 | 3789 | (2)*A’ | 9880 | 30 | 840 | 4098 | 40" | 4.69 | 3295

180 | 445 | 3985 60* | 412 | 3188 | 100 | 433 | 4095

(5)*A’ | 10660 | 50 | 471 | 5528 | 50 | 5.05 | 5521 120 | 4.17 | 3597 | 180* | 4.31 | 3899
180* | 5.10 | 3038 | 140" | 5.08 | 3103 180* | 4.17 | 3543

180 | 527 | 3169 | (3)*A’ | 10660 | 50 | 491 | 2129 | 40* | 5.12 | 1254

(6)*A" | 11040 | 50 | 462 | 4219 | 50 | 491 | 4164 70* | 580 | 1333 | 50 | 503 | 2138

100" | 4.82 | 2426 | 100" | 490 | 2048 120 | 525 | 1857 | 70" | 561 | 1583

180 | 461 | 3215 | 180 | 4.62 | 2808 180* | 524 | 1754 | 100 | 547 | 1901

180" | 549 | 1701

(1)*A” | 9884 | 50 | 432 | 5072 | 50 | 439 | 5091

180* | 4.16 | 3539 | 170* | 4.32 | 3901

180 | 4.32 | 3902

an avoided crossing with (4)2A’, where (1)2A” and (4)2A’
coincide. Similarly, (2)>A” coincides with (5 — 7)?A’, and
(3)2A” coincides with (7 — 9)?A’ in different regions Rrp R
(Figure 3,a). The same picture is observed for quartet
states: before the avoided crossing between (1)*A’ and
(2)*A’, (1)*A” coincides with the former state, and after
the avoided crossing — it coincides with the latter one.

When the incidence angle is 90°, all above-mentioned de-
generacies are removed which is clearly seen in Figure 3, b.
Note also that many avoided crossings also either disappear
or are shifted. For example, (1)*A’ and (2)*A’ don’t exhibit
an avoided crossing at all, and the same goes for (3)2A’
and (4)2A’. Looking at the incidence angle of 60°, the
reverse can be seen; an increase in the number of avoided
crossings. Particular focus should be put on the double
avoided crossing of the ground state (1)2A’ with the next
highest state in energy of the same (2)?A’ symmetry, one of
which occurs near the equilibrium position of both states.
This means that even the lowest in energy ground state of
the Rb,Cs trimer cannot be considered without accounting
for nonadiabatic intramolecular interactions.

Let’s now consider the obtained potential energy surfaces.
Figure 4 shows that results for the ground (1)2A’ state
for the cases (a) Rb+RbCs and (b) RbCs+Rb, when the
distance in the RbCs dimer is fixed and equal to the equi-
librium distance of the dimer in the X!+ state at 4427 A.
The curves shown in the diagrams on top correspond to
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cross-sections with constant incidence angle (i.e. along the
horizontal axis of the surfaces shown in the figures on the
bottom). Note that, for the doublet ground state (1)2A’
the equilibrium geometry corresponded to Re = 4.543 A,
Rrb-rb = 5.232,&, Ocs = 70.3°, and the Rb,Cs molecule
actually has the lowest energy for (b) at an incidence angle
of 70°. This topology of the PES is typical for this molecule:
for the majority of states, a boomerang-like well is observed
and can be clearly seen on these graphs. The vertical portion
is always near Rarp = Re (marked with a vertical white
line in the diagrams), the boomerang’s corner is within
60°—80°, then a downward sloping tail is observed close
to 8 A at 30°. The latter is associated with the characteristic
equilibrium internuclear distances that are observed in alkali
metal dimers as mentioned above. Table 2 shows the PES
minima and well depth positions with respect to the first
dissociation limit for those curves that have a local or global
minimum or represent a saddle point with respect to the
incidence angle.

Table 2—5 shows the well depths, equilibrium distances
and dissociation limits for individual cross-sections. Note
that deep (deeper than 5000 cm~!) wells are observed for
half of states. At the same time, for (3)2A’, (4)?A’, (5)2A/,
(1)2A”, (2)*A”, such wells are observed at all four values
of Re, that were considered in this work. It can be also
seen from the tables that almost for all states the optimum
incidence angle does not depend on which of the dimer
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Table 4. Equilibrium spectroscopic constants R,

(A), D (cm™!) for the triatomic RbyCs system at some incidence angles 02, of

the Rb atom attacking the RbCs dimers’ constituent atoms A =Rb, Cs. Te is the PES value at the dissociation limit corresponding to the
Rb,Cs or RbCs+Rb system with the internuclear distance ReCs fixed in the RbCs dimer. The chosen incidence angles correspond either
to the minimum on the PES or to a saddle point with respect to the incidence angle (marked with *)

RO — 4.314A

State Te > Gl’l}'l?n > Rﬁ?ﬂ 3 D gb 2 01?1?[1 > jon 3 D gs State Te 2 Gl’l}'l?n > Rﬁ?ﬂ b D gb b 01?1?[1 > jon b D gs
cm™! deg A |cem™! deg A |cem™! cm™! deg A |em™! deg A |cem™!
(12A"| 0 60 | 505 | 1969 | 50 | 5.65 | 1882 | (1)?A” | 9065 | 60 | 429 | 6494 | 60 | 4.40 | 6500
70* | 468 | 1863 | 60* | 5.06 | 1870 180 | 4.15 | 2342 | 180" | 4.38 | 1831
80 | 441 | 1884 | 70 | 462 | 1984 | (2)*A” | 12748 | 60 | 481 | 5161 | 70 | 445 | 5174
180" | 432 | 1378 | 180 | 4.55 | 1251 180* | 4.24 | 4025 | 130" | 4.41 | 4401
(2)*A’ | 5097 | 40* | 7.33 | 2510 | 30* | 7.90 | 2539 180 | 4.39 | 4456
70 | 424 | 5693 | 60 | 4.58 | 5824 | (1)*A’ | 5097 | 70 | 502 | 1462 | 60 | 539 | 1450
120% | 469 | 2535 | 100" | 4.87 | 2510 180* | 605 | 313 | 180" | 6.22 | 319
180 | 4.68 | 2681 | 180 | 4.83 | 2760 | (2)*A’ | 9063 | 30 | 7.85 | 1462 | 60* | 723 | 533
(3)*A" | 9063 | 50 | 592 | 5069 | 50 | 6.04 | 4764 80" | 639 | 521 | 120 | 470 | 1471
70* | 512 | 4631 | 60" | 555 | 4624 140 | 4.56 | 1249 | 180" | 482 | 985
90 | 449 | 4804 | 80 | 4.64 | 5050 180 | 4.52 | 1217
180" | 4.15 | 2342 | 180" | 4.37 | 1832 | (3)*A’ | 14425 | 60" | 576 | 2843 | 70" | 523 | 2836
(4°A" | 11174 | 70 | 464 | 5549 | 60 | 504 | 5561 70 | 5.10 | 2854 | 180 | 4.50 | 4505
130% | 4.72 | 3226 | 130" | 496 | 3040 80* | 491 | 2848
180 | 472 | 3623 | 180 | 5.10 | 3298 180 | 4.48 | 2988
(5)%A | 12744 | 40 | 621 | 4233 | 30 | 7.71 | 4629 | (1)*A” | 9065 | 60 | 506 | 2158 | 70 | 4.60 | 2197
70 | 431 | 5988 | 40" | 6.99 | 4540 180 | 4.52 | 1217 | 180" | 4.83 | 985
100* | 460 | 4535 | 60 | 463 | 6110
130 | 4.38 | 4651 | 100" | 4.82 | 4179
180 | 4.25 | 4025 | 180 | 4.48 | 4434
(6)>A’ | 12748 | 40* | 7.71 | 1261 | 30* | 8.19 | 1374
70 | 481 | 3482 | 60 | 526 | 3480
120* | 477 | 1309 | 100" | 4.88 | 1251
180 | 5.02 | 2263 | 180 | 535 | 2112

atoms the Rb atom approaches — the optimum incidence
angle remains within 50°—80° or is close to the angles
obtained during geometry optimization. In all cases (for
example, for (3)2A’) when a difference between (a) and (b)
is observed, two minima are observed for a particular state,
and the former or the latter will be local or global depending
on which of the dimer atoms is attacked.

Numerous avoided crossing were also reported before.
Let’s consider the way they look like on the PES and on
cross-sections for (3)*A’ at different values of Re (Figure 5).
This state exhibits an avoided crossing with (4)*A’ at
Rcsrp ~ 6,&, where an inflection point can be seen on the
top graph in Figure 5. It can be also seen that, when
the incidence angle varies, the point of avoided crossing
shifts towards greater internuclear distances. The other
graphs in this figure show the PES at other values of
Re (indicated on the graphs). With shorter internuclear
distances in the dimer (Re), the optimum geometry of the
Rb,Cs molecule is linear — this is clearly seen in the
second graph from the top, where a deep well occurs
with a minimum at Ocg = 180° and Rcsrp = 4.53 Aand
a depth of more than 4000 cm~!. When Re increases,
the distance Rcsgrp, Where the minimum is observed,
increases too, which is clearly seen in Figure 5, were

the PES minimum region shifts together with the vertical
white line. A significant decrease in the well depth and
incidence angle, at which the PES minimum occurs, is also
observed.

4. Asymptotic behavior of the PES at the
dissociation limit and at different
values of R,

As expected, the 3D PES functions corresponding to
different equilibrium distances Re converge to different
dissociation limits, which can be clearly seen by comparing
the values of Te listed in Table 2—5. These values of Te
should correspond at the dissociation limit to the Rb+RbCs
system where the internuclear distance is equal to Re.
Figure 6 shows the potential energy curves of the RbCs
molecule, vertical lines in the figure mark the equilibrium
positions and their length is equal to the Rb atom excitation
energy from the ground state to the first excited state 5p.

Note, here, the typical behavior patterns of pair inter-
atomic potentials of the alkali metal dimers: the b’IT and
X!+ states have very close equilibrium positions; inter-
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A

Table 5. Spectroscopic constants Ry, (in A), D4 (ecm™!) for the triatomic RbyCs system at some incidence angles of the third Rb atom

attacking the RbCs dimer’s constituent O/

min

A =Rb,Cs atoms. Te is the value of the PES at the dissociation limit corresponding to the

Rb+RbCs or RbCs+Rb systems with constant internuclear distance Re in the RbCs dimer. The chosen incidence angles correspond either
to the minimum value on PES or to a saddle point with respect to the incidence angle (marked with *)

RA'S" = 5.120R
State Te’ er]r{\’:n > Rﬁ?ﬂ > D sb s ergjn > Rglsm s D gs State Te’ 0:}:“ > Rﬁ?ﬂ > D gb s Grglfn s jon s D g,s
cm ™! deg A cm ™! deg A cm ™! em™! deg A cm ™! deg A em™!
(1)*A"| 0 50 | 513 | 2614 | 60 | 440 | 2640 | (1)*A” | 9263 | 60 | 416 | 6982 | 50 | 4.52 | 7043
180* | 422 | 2013 | 180" | 444 | 1826 180* | 4.15 | 2609 | 180« | 429 | 2420
(2)2A’ 3245 | 40" | 7.81 | 1931 50 | 498 | 4785 (2)2A” 12746 | 50 | 485 | 5659 60 | 433 | 5686
60 | 4.64 | 5099 | 110* | 5.09 | 1931 180* | 427 | 4567 | 150" | 458 | 4645
110" | 489 | 1933 | 180 | 5.04 | 2155 180 | 4.59 | 4655
180 | 4.89 | 2076 (1)4A’ 3245 60 531 | 1192 60 538 | 1211
(3)2A’ 9258 50 5.73 | 5803 40 | 6.62 | 5374 170 | 6.06 | 309 | 160* | 6.15 313
60" | 538 | 5140 | 50" | 6.00 | 5241 180 | 6.00 | 310 180 | 6.15 314
80 | 443 | 5403 80 | 446 | 5799 (2)4A’ 9258 | 70" | 695 | 522 60" | 7.46 523
180* | 4.63 | 3039 | 180" | 5.04 | 2693 140 | 431 | 1993 | 110 | 445 | 2334
(4)2A’ 9504 60 | 4.89 | 5188 60 5.00 | 5146 180* | 430 | 1943 | 180" | 4.42 | 1922
130 | 429 | 2580 | 130" | 4.58 | 2233 (3)4A’ 12179 | 70" | 494 | 1758 30 8.66 | 2256
180 | 4.19 | 2805 | 180 | 4.50 | 2603 110 | 496 | 2270 | 60" | 540 | 1632
(5)2A’ 12179 | 40* | 7.29 | 4440 | 50 5.04 | 6655 180" | 463 | 1706 | 180 | 476 | 2768
60 | 461 | 6947 | 90" | 4.66 | 4443 (1)4A” 9263 50 522 | 2959 70 | 438 | 2950
180% | 426 | 4009 | 120 | 4.86 | 4546 70% | 4.16 | 2353 | 180" | 442 | 1925
180" | 4.58 | 4086 80 | 425 | 2402
(6)2A’ 12571 | 40* | 744 | 2313 | 30" | 8.67 | 2542 180* | 430 | 1947
70 | 431 | 4241 50 5.58 | 4191
110" | 485 | 2415 | 100* | 498 | 2256
180 | 498 | 3788 | 180 | 5.31 | 3648

section of the b’IT and A!X* states near the equilibrium
position of the latter is observed; the intrusion (deep well)
of the C'=* state converging to the third dissociation limit
into the energy region containing the states converging to
the second limit.

Thus, it is expected that some PESs examined in the
previous section and obtained at different Re will converge
to the dissociation limits corresponding to different states of
the dimer+atom system. Since the state degeneracy should
be retained, it can be expected that only the A’ states will
converge to the limits corresponding to the system where
the dimer is in the excited state with the ¥+ symmetry and
the atom is in the ground state. On the other hand, if the
dimer at the dissociation limit is in the II state, then both
the A’ and A” states of the trimer converging to this value
are expected. If the dimer is in its singlet state —only
doublet states will be observed for the triatomic system
at the dissociation limit. And if the dimer is in its triplet
state, then both doublet and quartet states of the trimer
will converge to this dissociation limit. Three doublet states
of the trimer should converge to the limit corresponding
to the dimer in its ground state and the excited atom
s — p, where two states should have the A’ symmetry
corresponding to the p-orbitals in the molecular plane, and
one A’-state corresponding to the perpendicular p,-orbital.

42 Optics and Spectroscopy, 2024, Vol. 132, No. 7

The described qualitative patterns of the PES are illustrated
in Table 6.

The same table shows the calculated asymptotic values
of the PES at the dissociation limit and the list of states
converging to the corresponding values. The Energies
of the RbCs dimer at the corresponding Re or the Rb
atom excitation energy Rb(5s) —Rb(5p) are compared
with them. For Re = 4.314, 4427, 5.122, 6.219 A , mean
differences between the values for the trimer and the values
for the dimer+atom system is 51, 44, 40 and 34cm™!.
The minimum deviation is observed for all R for the
dissociation limit corresponding to the Rb atom excitation
Rb(5s) —Rb(5p) with the dimer in its ground state, where
the maximum deviation is only 7cm™! for Re = 5.122 A.
The maximum deviation for all Re is observed for the states
that converge to the B'TI+Rb(5s) and b*TI+Rb(5s) limits
and where results for the trimer exceed the values obtained
for the dimer+atom system by 164 and 104, 159 and 96,
142 and 98, 101 and 97 cm™!, respectively. The obtained
deviations are typical of the systems consisting of alkali
metal atoms. The previous works [24-26,35] that conducted
similar calculations of diatomic alkali metal molecules show
that such nonrelativistic potential energy calculations (even
before the curves are adjusted by accounting for the spin-
orbit interaction) yield an error not greater than the vibra-
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Figure 5. PES of the (3)*A’ state of the RbyCs trimer in the
RbCs+Rb case at different Recorresponding to the equilibrium
distances in the RbCs dimer in the X' =+, b’I1, A!X*, a’>T " states
(top to bottom). Vertical white lines correspond to positions when
the distance between the incident and attacked atoms is equal to
Re. Each outline corresponds to an energy interval of 1000 cm™!.
The value to which the (1)>A’ state converges at Rcsrp — 00
when Re = 4.427 A is taken as zero energy here.

Table 6. Value of the PES at the dissociation limit Te">** obtained
for the trimer with respect to the first dissociation limit, and the
combined energy of the RbCs dimer and Rb atom ER"C*R® where
the Rb atom in the ground state 5s and the dimer in the X'=™
state correspond to zero energy

Re, | States of RbsCs | EROCSHRO | Gpates of

A | RbyCs cm™! cm™!, | RbCs+Rb

4314 | (1)°A’ 0 0 | X!=" +Rb(5s)
(22A, (1)*A" | 5097 5122 | @’ +Rb(5s)
(3)%A%, (2)*A", | 9064 8960 | b’TT+Rb(5s)
(I)ZA”, (1)4A//
(4)2A’ 11174 11141 | A'S" +Rb(5s)
(5)%A, (6)°A, | 12744 12739 | X'Z"+Rb(5p)
(2)2A//
(7)?A, (3)°A” | 14054 13890 | B'IT+Rb(5s)
(8)%A’ 14326 14294 | C'=*+Rb(5s)
(9)°A’, (3)*A’ | 14425 14378 | ¢’ +Rb(5s)

4427 [ (1)°A’ 0 0 [ X"="+Rb(5s)
(22A%, (1)*A" | 4861 4895 | > +Rb(5s)
(3)%A%, (2)*A’, | 9085 8989 | b’IT+Rb(5s)
(1)2A//, (1)4A//
(4)°A 10903 10889 | A'S" +Rb(5s)
(5)°A/, (6)*A’, | 12736 12739 | X'=*" +Rb(5p)
(2)2A/
(7)?A’, (3)*A” | 13959 13800 | B'TI+Rb(5s)
(8)%A, (3)*A’ | 14057 14011 | *=*+Rb(5s)
(9)*A/ 14098 14065 | C'=*+Rb(5s)

5122 | (1)°A/ 0 0| X'=*+Rb(5s)
(2)2A7, (1)*A’ | 3245 3301 | a3Z*+Rb(5s)
(3)%A', (2)*A’, | 9258 9160 | b’ITI+Rb(5s)
(1)2A//, (1)4A//
(4)°A/ 9504 9481 | A'=*+Rb(5s)
(5)%A%, (3)* A’ | 12179 12138 | > +Rb(5s)
(6)?A’ 12571 12546 | C'=*+Rb(5s)
(7)2A, (8)*A, | 12746 12739 | X'Z"+Rb(5p)
(2)2A//
(9)2A/, (3)*A” | 13292 13150 | B'IT+Rb(5s)

6219 | (1)%A’ 0 0| X'="+Rb(5s)
(2)2A/, (1)*A’ 1204 1255 | 2= +Rb(5s)
(3)%A/ 8570 8570 | A'S" +Rb(5s)
(4)%A’, (2)*A’, | 9880 9783 | b’II+Rb(5s)
(1)2A//, (1)4A//
(5)%A’, (3)*A” | 10660 10610 | ¢*=*+Rb(5s)
(6)*A/ 11040 11005 | C'=*+Rb(5s)
(7)2A”, (2)*A” | 12141 12040 | B'TI+Rb(5s)
(8)2A/, (9)*A, | 12747 12739 | X'Z"+Rb(5p)
(3)2A//

tional quantum of the corresponding state despite the fact
that the spin-orbit interaction in the molecules containing
the Cs and Rb atoms is quite significant. The spin-orbit
interaction must obviously be corrected for to ensure a more
accurate description of states of this system, however, since
no experimental data for this system are available yet, it
has been decided not to conduct a nonadiabatic analysis
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Figure 6. Potential energy curves for the RbCs dimer depending
on the internuclear distance. Left to right, the vertical lines
mark the equilibrium state positions Re = 4.314, 4.427, 5.122,
6.219 A of the minima of the b’II, X'=*, A'S* and a’S™ states,
respectively. The vertical line length correspond to the Rb atom
excitation energy Rb(5s) —Rb(5p) in 12739 cm™~' [31].

of states within the scope of this study. Table 6 also
makes it possible to determine the approximate order of
accuracy of the obtained PESs. As mentioned above, the
maximum deviation of the asymptotic value for the trimer
in the dimer + atom limit from the direct dimer calculations
equal to 164cm™!, which is comparable with the mean
errors of 50—100cm~! observed in the potential energy
curve calculation for alkali metal dimers with respect to
experiment [24,35]. As a result, it can be expected that the
mean error of the obtained surfaces is at most 100 cm™!
and the error of the geometrical parameters will be approx.
0.02 - 0.05A.

Figure 6, as well as Table 6, clearly shows that at different
values of Re different dissociation limit orders are observed
in accordance with the electronic level orders in the RbCs
dimer at different internuclear distances. For example,
when looking at the vertical cross-section in Figure 6
at the internuclear distance of 5.122A corresponding to
the equilibrium distance of the RbCs dimer in its A'S+
state, it can be secen that the trimer will have three
dissociation limits lying approximately at 12500 cm~!: two
of them will correspond to the excited dimer (in the
¢*Z* and C!ZT states) + ground-state atom combination,
and one dissociation limit will correspond to the ground-
state dimer + excited 5p-state Rb atom combination. It
is important to note here: that the C!T* state at the
dissociation limit of three isolated atoms converges to
Rb(5s) + Rb(5s) 4+ Cs(6p) unlike other levels that con-
verge to the dissociation limit Rb(5p) + Rb(5s) + Cs(6s).
This means that, to describe the behavior of the PES of
the excited trimer states correctly, states converging to the
second and third dissociation limits cannot be considered
in isolation, on the contrary, they must be described
simultaneously.

42* Optics and Spectroscopy, 2024, Vol. 132, No. 7

5. Conclusion

Ab initio quantum chemical calculations of the electronic
structure for the ground state and some excited doublet
and quartet states of the heteronuclear Rb,Cs molecule
have provided the 3D potential energy surfaces of the
Rb atom approaching the RbCs dimer both towards the
Cs atom and towards the Rb atom at different incidence
angles varying from 10° to 180°. It has been found that
the (1)?A’ electronic ground state of the Rb,Cs molecule
exhibited avoided crossings with the first excited (2)2A’
state in the vicinity of the equilibrium geometry of the first
state, consequently the ground state of this trimer cannot
be described within the common adiabatic approximation.
For all 12 studied states, equilibrium geometries have been
determined and appear to belong to the symmetry point
group C,,. For all geometries, except the linear one, the
equilibrium geometry was found to be an isosceles triangle
geometry, where the distances between the Cs atom and
each of the Rb atoms coincide.

The PESs obtained in this study may be used for
rigorous quantum calculation of collision cross-sections
(depending on the energy level) and reaction rate constants
for reactions between the RbCs dimer and Rb atom. As
noted above, these reactions are one of the root cause of
concentration loss (breakdown) of alkali metal dimers in the
corresponding Bose—Einstein atomic-molecular condensate.
The calculated PESs may be used in future precision
analysis of the rovibronic structure of the Rb,Cs trimer by
solving the 3D-vibrational-rotational Schrodinger equation.
The rovibronic energies and wave functions obtained from
numerical calculation may be used (together with the
calculated eigen state dipole moment surfaces, electronic
transition dipole moments, and nonadiabatic spin-orbital
matrix elements) to forecast optimum routes of optical
synthesis and cooling of the Rb,Cs molecules.
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