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Chemical reactions of ultracold alkaline-earth-metal diatomic molecules
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We study the energetics of chemical reactions between ultracold ground-state alkaline-earth-metal diatomic
molecules. We show that the atom-exchange reactions forming homonuclear dimers are energetically allowed
for all heteronuclear alkaline-earth-metal combinations. We perform high-level electronic structure calculations
on the potential energy surfaces of all possible homo- and heteronuclear alkaline-earth-metal trimers and show
that trimer formation is also energetically possible in collisions of all considered dimers. Interactions between
alkaline-earth-metal diatomic molecules lead to the formation of deeply bound reaction complexes stabilized by
large nonadditive interactions. We check that there are no barriers to the studied chemical reactions. This means
that all alkaline-earth-metal diatomic molecules are chemically unstable at ultralow temperature, and optical
lattice or shielding schemes may be necessary to segregate the molecules and suppress losses.
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I. INTRODUCTION

The achievement of quantum degeneracy in ultracold gases
of alkaline-earth-metal atoms [1-4] and their application
in precision measurements [5,6] and quantum-many body
physics [7,8] have paved the way for the production of ultra-
cold alkaline-earth-metal diatomic molecules. Such molecules
can be formed using photoassociation followed by an optical
stabilization [9,10] or the stimulated Raman adiabatic pas-
sage from atom pairs on sites of an optical lattice [11]. The
association using optical Feshbach resonances [12] may also
be possible, however, less efficient than the magnetoassocia-
tion of alkali-metal atoms via magnetic Feshbach resonances
[13]. Ultracold alkaline-earth-metal diatomic molecules of-
fer numerous exciting research prospects in quantum physics
and chemistry, ranging from studying quantum-controlled
chemical reactions [14] and quantum simulations [15] to pre-
cision measurements probing the fundamental laws of nature
[16-18] and metrology with molecular clocks [19,20].

Recently, fast chemical reactions with rate constants
close to the universal limit [21] were experimentally
observed between ultracold ground-state Sr, molecules
[10]. These unexpected reactive losses may jeopardize some
of the above-mentioned applications in precision physics.
Therefore, understating the chemical reactivity of ultracold
alkaline-earth-metal diatomic molecules in the ground X' X+
electronic state is an important research goal that, to the best
of our knowledge, has not been studied theoretically yet. In
general, the following bimolecular reaction processes may
lead to collisional losses:

AB + AB —A, + By, (1)

AB + AB —A,B + B, 2)
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where Reaction (1) is the atom-exchange chemical reaction
(bond-swapping reaction between polar heteronuclear
reactants leading to nonpolar homonuclear products)
and Reaction (2) is the atom-transfer chemical reaction
(trimer-formation reaction). Photo- or collision-induced
losses via the formation of long-lived four-atom complexes
[22-25] may also have a similar density scaling, but they are
out of the scope of this work.

Reactions (1) and (2) between ground-state alkali-metal
diatomic molecules were studied theoretically [26-28] and
experimentally [29,30]. The atom-exchange reactions are en-
ergetically allowed for some X'%7* singlet-state [26] and
almost all 23X+ triplet-state [28] alkali-metal dimers, while
the trimer formation reactions are energetically forbidden for
all singlet-state [26] and allowed for all triplet-state [28] ones.
A similar pattern of chemical reactivity was also predicted
for isoelectronic molecules containing silver and copper
atoms [31]. Chemical reactions between X2E+ doublet-state
alkali-metal—alkaline-earth-metal diatomic molecules are less
studied, but recently ultracold RbSr molecules were the-
oretically predicted to be chemically reactive [32] with
energetically allowed and barrierless both atom-exchange and
atom-transfer reactions on both singlet and triplet intermolec-
ular potential energy surfaces. A similar pattern of chemical
reactivity was also predicted for isoelectronic X>X*-state
YbCu, YbAg, and YbAu molecules [33].

To assess the energetics of Reactions (1) and (2), a
comprehensive knowledge of the dissociation energies of
diatomic and triatomic molecules is needed. Detailed ex-
perimental spectroscopic studies are available for a few
homonuclear alkaline-earth-metal dimers [34-38], while oth-
ers have been studied theoretically only (see Ref. [39] and
references therein). Homonuclear alkaline-earth-metal tri-
atomic and larger clusters have been extensively studied
theoretically [40-48] and have been demonstrated to be sta-
bilized by nonadditive many-body interactions, similar to
spin-polarized alkali-metal clusters [28,49-51].
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TABLE 1. The dissociation energies D, (in cm™") for alkaline-earth-metal diatomic molecules AB in the lowest ro-vibrational level (v =

0,j =0) of the X I+ ground electronic state.

A\B Be Mg Ca Sr Ba Ra

Be 806.5(5) [34] 394 [39] 726 [39] 705 [39] 815 [39] 591 [39]
Mg 405.1(5) [35] 661.9 [36] 650 [39] 732 [39] 592 [39]
Ca 1069.87(1) [37] 1020 [39] 1170 [39] 922 [39]
Sr 1061.58(1) [38] 1172 [39] 930 [39]
Ba 1349 [39] 1055 [39]
Ra 848 [39]

In this Letter, we investigate the energetics of chemi-
cal reactions between ultracold alkaline-earth-metal diatomic
molecules in their ro-vibrational and electronic ground states.
To this end, we calculate the equilibrium geometries and
dissociation energies of all triatomic molecules A,B (A, B
= Be, Mg, Ca, Sr, Ba, Ra), which are stabilized by strong
nonadditive three-body interactions. We show that both atom-
exchange and trimmer-formation reactions are energetically
allowed and barrierless for all alkaline-earth-metal diatomic
molecules. We discuss implications for ultracold molecular
physics experiments. Our findings explain recent experimen-
tal observations of fast reactive trap losses between ultracold
ground-state Sr, molecules [10].

II. ELECTRONIC STRUCTURE CALCULATIONS

We collect the available experimental [34—-38] or our recent
theoretical [39] dissociation energies Dy for all alkaline-earth-
metal diatomic molecules in the lowest ro-vibrational level of
the X' 2+ ground electronic state in Table I [52]. Theoretical
values are calculated from the well depths D, and harmonic
constants w, as Dy ~ D, — w,/2 [53]. The theoretical results
were obtained using high-level ab initio electronic structure
theory: the closed-shell coupled-cluster method restricted to
single, double, and noniterative triple excitations, CCSD(T)
[54], with the large aug-cc-pwCV5Z Gaussian basis sets,
corrected by including the full iterative triple-excitation cor-
rection from the CCSDT method with the aug-cc-pwCVTZ
basis sets and full iterative quadruple-excitation correction
from the valence CCSDTQ method with the aug-cc-pVTZ
basis sets. The scalar relativistic effects in heavier atoms were
included by employing the small-core relativistic energy-
consistent pseudopotentials. More details are described in
Ref. [39].

We investigate the potential energy surfaces (PESs)
of all possible homo- and heteronuclear alkaline-earth-
metal triatomic molecules (and selected tetramers) in their
ground electronic states using the closed-shell coupled-
cluster method with the single, double, and noniterative triple
excitations, CCSD(T). We employ the augmented correlation-
consistent polarized weighed core-valence quintuple-¢{ qual-
ity (aug-cc-pwCV5Z) basis sets for Be and Mg atoms
[55]. The scalar relativistic effects in heavier atoms are
included by employing the small-core relativistic energy-
consistent pseudopotentials (ECPnMDF) to replace n inner-
shell electrons [56]. ECP10MDEFE, ECP28MDF, ECP46MDF,
and ECP78MDF [57] are used for Ca, Sr, Ba, and Ra, re-
spectively, with the associated aug-cc-pwCV5Z-PP basis sets

[58]. We correct the basis set superposition error by using the
counterpoise correction of Boys and Bernardi [59],

Vap = Eap — (E4 + Ep), 3)
Vapc = Eapc — (Ex + Ep + E¢), 4
Vascp = Eapcp — (Ea + Ep + Ec + Ep), )

where E;, Eap, Eapc, and Espcp are total energies of
monomers, dimers, trimers, and tetramers computed in the
respective multimer basis sets at different geometries.

To find equilibrium geometries for triatomic molecules
A, B, we explore three-dimensional potential energy surfaces
around their global minima. First, we confirm that the studied
molecules have their ground electronic states of the 'A; sym-
metry and global minima at the isosceles triangular geometry
within the C,, point group. Homonuclear trimers A3 addition-
ally show threefold rotational symmetry. Next, we assume the
isosceles triangular geometry with each of the A atoms bound
to the B atom situated on the symmetry axis of the molecule.
Therefore, the PESs become two-dimensional functions of
two coordinates Vy,p(R 6), where R is the distance between
the B atom and each of the A atoms, and 6 is the angle
between the two legs of the triangle. We calculate the PESs
spanned on a grid of 25-100 points being products of 5-10
interatomic distances around corresponding dimers’ equilib-
rium distances and 5-10 angles around 60° [60]. Equilibrium
geometries are found by the minimalization of numerically
interpolated PESs.

The interactions energies in tri- and four-atomic molecules,
Vapc and Vagep, can be decomposed into the sums of pair-
wise additive two body, V; B = VAB, and pairwise nonadditive

three-body, V3% ., and four-body, V% .., contributions
Vasc = Z V,-ib + Vibes (6)
i<j
Vasen = ) _Vii'+ D Vi + Vigen- Q)
i<j i<j<k

Combining Egs. (3)—(7) gives expressions for the nonadditive
three-body and four-body interactions

VABC - EABC - ZEIJ + ZEn (8)
i<j
Viihen = Eascp — Z Eiji + ZEZ']' - ZE,-, )
i<j<k i<j i

where all energies are computed in the respective trimers and
tetramers basis sets at different geometries.
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TABLE II. The energy changes AE (in cm™!) for the reactions
2AB — A, + B, of alkaline-earth-metal diatomic molecules in the
lowest ro-vibrational level of the X' X+ ground electronic state.

A\B Mg Ca Sr Ba Ra

Be —424 —425 —458 —525 —472
Mg —151 —167 —290 —89
Ca -92 —78 —74
Sr —66 —49
Ba —87

All electronic structure calculations are performed using
the MOLPRO package of ab initio programs [61].

III. ATOM-EXCHANGE REACTIONS

The energy change AE of the atom-exchange chemical
reaction (1) is defined as a difference between the sum of dis-
sociation energies of the heteronuclear reactants AB, D (AB),
and the sum of dissociation energy of the homonuclear prod-
ucts A, and B,, Dy(A;) and Dy(B>),

AE =2Dy(AB) — Dy(Az) — Do(B). (10)

For AE > 0, the chemical reaction is endothermic (energeti-
cally forbidden at ultracold temperatures) and for AE < 0 it
is exothermic (energetically allowed).

Using the dissociation energies of diatomic molecules pre-
sented in Table I, we calculate AE for all alkaline-earth-metal
heteronuclear combinations and collect them in Table II. We
find that the atom-exchange chemical reactions are exother-
mic for all considered diatomic molecules, which can be a
subject of reactive bimolecular trap losses. The released en-
ergies are between 49 cm~! for SrRa + SrRa — Sr, + Ra,
and 525cm™! for BeBa+BeBa — Be, + Ba, and decrease
with increasing atomic masses. They are the largest for
molecules containing Be due to unusually strong binding in
Be,. The present reaction energy changes are of the same or-
der of magnitude as for singlet-state alkali-metal dimers [26]
and significantly larger than for spin-polarized triplet-state
alkali-metal dimers [28]. We estimate the uncertainty of the
calculated energy changes to be their fraction, partially due to
the cancellation of correlated errors [39]. Neglected hyperfine
structure and isotope shifts are also negligibly small.

We numerically scan full potential energy surfaces and
confirm for a few selected alkaline-earth-metal combina-
tions that the formation of four-atom intermediate complexes
and their dissociation proceed without any electronic bar-
riers, similarly as for alkali-metal molecules [26,28]. Two
approaching alkaline-earth-metal molecules attract each other
by a long-range dispersion interaction because they are eas-
ily polarizable [39]. Next, a relatively weak van der Waals
binding with zero chemical bond order between alkaline-
earth-metal atoms can easily be rearranged without forming
any barriers.

The data collected in Table I also allows for calculating
the energy changes of atom-exchange chemical reactions in
atom-molecule mixtures, AB + A — A, + B. These reactions
can be either endothermic or exothermic, depending on the
atomic combination.

TABLE III. Characteristics of alkaline-earth-metal triatomic
molecules A,B in the singlet A, electronic ground state. All
molecules have an isosceles triangular equilibrium geometry within
the C,, point group. Consecutive columns list: equilibrium angle be-
tween the two even legs of the triangle «, , equilibrium leg length R,,
well depth of the triatomic molecule D,, and nonadditive three-body
part of the binding energy D.

A,B o, (degrees) R, (bohr)  D,(cm™')  D¥(cm™)
Bes 60.0 4.15 8569 8104
Be,Mg 49.1 5.07 5570 6223
Be,Ca 43.5 5.62 7379 7423
Be,Sr 41.1 5.93 7395 7592
Be,Ba 39.1 6.15 8635 8977
Be;Ra 38.0 6.38 7118 7829
Mg,Be 71.4 5.20 3305 4024
Mg, 60.0 6.32 2170 2091
Mg,Ca 54.1 6.79 3125 2742
Mg, Sr 51.4 7.12 3144 2733
Mg,Ba 49.0 7.29 3731 3501
Mg,Ra 47.8 7.61 2965 2701
Ca,Be 78.5 5.71 5947 5378
Ca,Mg 67.1 6.71 4145 3158
Caj 60.0 7.37 5143 3306
Ca,Sr 57.1 7.72 5085 3221
Ca,Ba 54.5 7.96 5819 3864
CazRa 53.2 8.24 4796 3117
Sr,Be 81.7 6.04 5788 5299
Sr,Mg 70.4 7.04 4103 3066
Sr,Ca 63.1 7.73 5010 3100
N 60.0 8.10 4923 2949
Sr,Ba 57.3 8.35 5584 3504
SryRa 56.0 8.64 4618 2782
Ba,Be 85.9 6.17 7850 7540
Ba,Mg 74.3 7.12 5572 4658
Ba,Ca 66.2 7.88 6494 4393
Ba,Sr 63.0 8.26 6314 4128
Bas; 60.0 8.54 7088 4776
BasRa 58.7 8.81 5875 3842
Ra,Be 85.7 6.53 5059 5118
Ra,Mg 74.7 7.56 3621 2819
Ra,Ca 67.2 8.28 4409 2774
Ra,Sr 64.1 8.66 4309 2589
Ra,Ba 61.3 8.92 4846 3039
Raj 60.0 9.23 4004 2341

IV. TRIMER-FORMATION REACTIONS

The energy change AE’ of the trimer-formation chemical
reaction (2) is defined as a difference between the sum of
dissociation energies of the heteronuclear reactants AB, and
the dissociation energy of the triatomic product A, B, Dy(A;B),

AE' = 2Do(AB) — Dy(A2B) ~ 2D,(AB) — D.(A2B), (11)

where we approximate the dissociation energies by the corre-
sponding well depths for simplicity.

The computed equilibrium geometries and dissociation
energies of triatomic alkaline-earth-metal molecules in the
ground electronic state are collected in Table III. We use them
to calculate AE’ for all alkaline-earth-metal homonuclear and
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TABLE IV. The energy changes AE’ (in cm™!) for the reactions
2AB — A,B+B of alkaline-earth-metal diatomic molecules in the
lowest ro-vibrational level of the X! =% ground electronic state.

A\B Be Mg Ca Sr Ba Ra

Be —6700 —4700 —5813 —5883 —6899 5854
Mg —2435 —1310 —-1741 —1792 -2215 —1737
Ca —4381 2761 —2939 2993 3427 2910
Sr —4276 2751 2918 2759 3202 2728
Ba —6114 —4056 —4102 —3932 —4356 —3739
Ra —3795 —2393 2523 2419 2710 —2288

heteronuclear combinations, which are presented in Table I'V.
We find that the trimer-formation chemical reactions are
highly exothermic for all considered diatomic molecules and
can additionally contribute to reactive bimolecular trap losses.
In the case of homonuclear dimers, these reactions are the
main reactive loss channel. The released energies are between
1310cm™! for Mg, + Mg, — Mg;+Mg and 6899 cm™! for
BeBa + BeBa — Be, + Ba;, and there is no clear trend with
atomic size. We estimate the uncertainty of the calculated
energy changes to be their small fraction, despite neglecting
vibrational zero-point energies and less accurate descrip-
tion of trimers than dimers, because of very large values of
the released energies. The present reaction energy changes
are significantly larger than for spin-polarized triplet-state
alkali-metal dimers [28], while trimer-formation reactions are
energetically forbidden between ultracold singlet-state alkali-
metal dimers [26].

We also numerically confirm for a few selected alkaline-
earth-metal combinations that the trimer-formation chemical
reactions proceed without any electronic barriers, similarly to
the atom-exchange ones.

V. NONADDITIVE INTERACTIONS

The trimer-formation chemical reactions (2) are highly
exoenergetic because of relatively large binding energies of
corresponding trimers stabilized by nonadditive three-body
interactions. The characteristics of alkaline-earth-metal tri-
atomic molecules in the singlet 'A; electronic ground state
at the isosceles (for heteronuclear A;B combinations) and
equilateral (for homonuclear A3 ones) triangular equilibrium
geometries are collected in Table III, where the equilib-
rium angles between the two even legs of the triangle «,,
equilibrium leg lengths R,, well depths D,, and nonadditive
three-body part of the binding energies D3’ are presented.

A strong nonadditive three-body contribution to the
binding energy is observed for all alkaline-earth-metal com-
binations. This effect is most pronounced when two beryllium
atoms are present. For Be;Mg, Be,Ca, Be;Ba, BeyRa, and
Ra,Be, the nonadditive three-body interactions are larger
than the corresponding binding energies. It means that these
molecules have repulsive two-body interactions already at
their equilibrium geometries which occur at distances smaller
than inner classical turning points of corresponding dimer
potentials. The equilibrium distances for all trimers are short-
ened by around 0.5-1 bohr as compared with equilibrium
distances in corresponding dimers, and they increase with

increasing atomic numbers. All equilibrium angles are acute
and larger (smaller) than 60 degrees if A atoms are larger
(smaller) than a B atom in A,B.

Figure 1 presents the interaction energies in panel (a)
and their decomposition into additive two-body V2’ and
nonadditive three-body V3 contributions in panel (b) for
homonuclear alkaline-earth-metal trimers (Mgs, Cas, Sr3, and
Baj) at the equilateral triangular geometry as a function of
the internuclear distance. The nonadditive three-body con-
tributions for the studied trimers are attractive in the large
range of configurations, and their magnitude and stabiliz-
ing effect increase significantly with decreasing internuclear
distance. At the equilibrium geometry, the nonadditive three-
body contribution is about 96% of the interaction energy
for Mg, and is less important but still significant for other
trimers. At larger distances, the additive terms start to dom-
inate the interaction energy because they decay slower than
nonadditive parts (~1/R® vs ~1/R%). Finally, the impor-
tance of nonadditive stabilization slightly decreases with
increasing atomic numbers because of increasing additive
contributions.

Figure 1 also presents the interaction energies in panel
(c) and their decomposition into additive two-body V?” and
nonadditive three-body V3” and four-body V# contributions
in panel (d) for homonuclear alkaline-earth-metal tetramers
(Mg,, Ca4, Srs, and Bay) at the regular tetrahedral geom-
etry as a function of the internuclear distance. The studied
tetramers are relatively strongly bound. Interestingly, the
nonaddictive four-body contributions are repulsive in the
studied range of configurations, and tetramers are stabilized
solely by the nonaddictive three-body interactions, similarly
as already observed for similar alkaline-earth-metal [48] and
spin-polarized alkali-metal [28] clusters.

VI. EXPERIMENTAL CONSEQUENCES

Our results show that bimolecular atom-exchange and
atom-transfer chemical reactions are energetically allowed
between all ground-state alkaline-earth-metal diatomic
molecules. It means that these reactions proceed with
releasing energy, where a part of the chemical binding
energy of reactants is converted into the kinetic energy of
products allowing for trap losses. Additionally, there are
no electronic barriers on intermolecular potential energy
surfaces to prevent such reactions. Therefore, ultracold gases
of alkaline-earth-metal diatomic molecules are chemically
unstable with respect to bimolecular collisions, and loss
rate constants close to the universal limit can be expected
[21]. These chemical reactions, controlled with external
electromagnetic fields, can be an interesting subject of study
[10]. However, for practical application of such molecules,
chemical losses should be suppressed using either segregation
in an optical lattice [11,62] or shielding schemes with
microwave [63,64] or optical [65] fields that were recently
experimentally demonstrated [66—68].

Similar conclusions should also be true for chemical
reactions between isoelectronic molecules based on alkaline-
earth-like ytterbium [69], zinc [70], cadmium [70], or mercury
atoms. Additionally, molecules containing highly magnetic
lanthanide atoms such as Dy [71], Er [72], or Eu [73] may
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FIG. 1. One-dimensional cuts through the ground-state potential energy surfaces of homonuclear alkaline-earth-metal triatomic and four-
atomic molecules. (a) and (b) present the results for the Mg;, Cas, Srz, and Baj trimers at the equilateral triangular geometry, and (c) and
(d) for the Mg,, Cay, Sry, and Bay tetramers at the regular tetrahedral geometry. (a) and (c) present interaction energies Viy, and (b) and
(d) their decompositions into the additive two-body part V?* and the nonadditive three-body V** and four-body V# contributions.

present a similar pattern of chemical reactivity and strong
nonadditive three-body interactions because of their 4 f"6s>
valence electron configuration, where the 4 f inner open shell
is chemically screened by the 6s° outer closed shell. Detailed
study of such molecules is, however, out of the scope of
this work.

VII. CONCLUSIONS

In this Letter, we have studied the energetics of both
atom-exchange and trimer-formation chemical reactions be-
tween ultracold alkaline-earth-metal diatomic molecules in
their absolute ground state. We have shown that both types
of reactions are energetically allowed and barrierless for all
alkaline-earth-metal diatomic combinations. Consequently,
ultracold gases of such molecules can be a subject of fast
reactive trap losses [21], in agreement with the recent exper-
imental observations for ground-state Sr, molecules [10]. To
predict the energies of trimers, we have performed high-level
electronic structure calculations on the potential energy sur-
faces of all alkaline-earth-metal triatomic molecules and have

reported their equilibrium geometries and dissociation ener-
gies. We have found that the alkaline-earth-metal trimers are
stabilized by the strong nonadditive three-body interactions.
Finally, we have studied the nonadditive three-body and four-
body interactions in selected alkaline-earth-metal tetramers,
which also are stabilized by the strong nonadditive three-body
contributions.

The predicted chemical reactivity of the ground-state
alkaline-earth-metal diatomic molecules is both a challenge
and an opportunity. The quantum-controlled and state-
resolved experimental studies [30] of the interplay of the
atom-exchange and atom-transfer reactions, as well as pho-
toinduced losses [22], can give insights into the physical basis
of cold chemistry. The use of different bosonic (spinless)
and fermionic (spinful) isotopes can be another control knob
[74] to probe and understand long-lived intermediate four-
atom complexes in ultracold bimolecular collisions [23,24].
Additionally, chemical reactions can be avoided in ultracold
mixtures of alkaline-earth-metal atoms and molecules, which
can serve as a test bed for understanding chemical reactivity
in more complex systems [23].

L021302-5



HELA LADJIMI AND MICHAL TOMZA

PHYSICAL REVIEW A 108, L021302 (2023)

ACKNOWLEDGMENTS

Financial support from the National Science Centre
Poland (Grant No. 2020/38/E/ST2/00564) and the Euro-
pean Union (ERC, 101042989 — QuantMol) is gratefully

acknowledged. This research was supported in part by
the National Science Foundation (Grant No. NSF PHY-
1748958). The computational part of this research has been
partially supported by the PL-Grid Infrastructure (Grant
No. PLG/2021/015237).

[1] T. Fukuhara, S. Sugawa, and Y. Takahashi, Phys. Rev. A 76,
051604(R) (2007).

[2] S. Stellmer, M. K. Tey, B. Huang, R. Grimm, and F. Schreck,
Phys. Rev. Lett. 103, 200401 (2009).

[3] S. Kraft, F. Vogt, O. Appel, F. Riehle, and U. Sterr, Phys. Rev.
Lett. 103, 130401 (2009).

[4] B. J. DeSalvo, M. Yan, P. G. Mickelson, Y. N. Martinez de
Escobar, and T. C. xKillian, Phys. Rev. Lett. 105, 030402
(2010).

[5] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O. Schmidt,
Rev. Mod. Phys. 87, 637 (2015).

[6] M. S. Safronova, D. Budker, D. DeMille, D. F. J. Kimball,
A. Derevianko, and C. W. Clark, Rev. Mod. Phys. 90, 025008
(2018).

[71 M. A. Cazalilla and A. M. Rey, Rep. Prog. Phys. 77, 124401
(2014).

[8] R. Zhang, Y. Cheng, P. Zhang, and H. Zhai, Nat. Rev. Phys. 2,
213 (2020).

[9] G. Reinaudi, C. B. Osborn, M. McDonald, S. Kotochigova, and
T. Zelevinsky, Phys. Rev. Lett. 109, 115303 (2012).

[10] K. Leung, E. Tiberi, B. Iritani, I. Majewska, R. Moszynski, and
T. Zelevinsky, New J. Phys. 23, 115002 (2021).

[11] S. Stellmer, B. Pasquiou, R. Grimm, and F. Schreck, Phys. Rev.
Lett. 109, 115302 (2012).

[12] K. Enomoto, K. Kasa, M. Kitagawa, and Y. Takahashi, Phys.
Rev. Lett. 101, 203201 (2008).

[13] T. Kohler, K. Goéral, and P. S. Julienne, Rev. Mod. Phys. 78,
1311 (2006).

[14] M. McDonald, B. McGuyer, F. Apfelbeck, C.-H. Lee, I
Majewska, R. Moszynski, and T. Zelevinsky, Nature (London)
535, 122 (2016).

[15] S. G. Bhongale, L. Mathey, E. Zhao, S. F. Yelin, and M.
Lemeshko, Phys. Rev. Lett. 110, 155301 (2013).

[16] T. Zelevinsky, S. Kotochigova, and J. Ye, Phys. Rev. Lett. 100,
043201 (2008).

[17] S. Kotochigova, T. Zelevinsky, and J. Ye, Phys. Rev. A 79,
012504 (2009).

[18] B. H. McGuyer, M. McDonald, G. Z. Iwata, M. G. Tarallo, W.
Skomorowski, R. Moszynski, and T. Zelevinsky, Nat. Phys. 11,
32 (2015).

[19] M. Borkowski, Phys. Rev. Lett. 120, 083202 (2018).

[20] S. S. Kondov, C.-H. Lee, K. H. Leung, C. Liedl, I. Majewska,
R. Moszynski, and T. Zelevinsky, Nat. Phys. 15, 1118 (2019).

[21] Z. Idziaszek and P. S. Julienne, Phys. Rev. Lett. 104, 113202
(2010).

[22] A. Christianen, M. W. Zwierlein, G. C. Groenenboom, and T.
Karman, Phys. Rev. Lett. 123, 123402 (2019).

[23] K. Jachymski, M. Gronowski, and M. Tomza, Phys. Rev. A 106,
L041301 (2022).

[24] M. P. Man, G. C. Groenenboom, and T. Karman, Phys. Rev.
Lett. 129, 243401 (2022).

[25] R. Bause, A. Christianen, A. Schindewolf, 1. Bloch, and X.-Y.
Luo, J. Phys. Chem. A 127, 729 (2023).

[26] P. S. Zuchowski and J. M. Hutson, Phys. Rev. A 81, 060703(R)
(2010).

[27] J. N. Byrd, J. A. Montgomery, and R. Coté, Phys. Rev. A 82,
010502(R) (2010).

[28] M. Tomza, K. W. Madison, R. Moszynski, and R. V. Krems,
Phys. Rev. A 88, 050701(R) (2013).

[29] S. Ospelkaus, K.-K. Ni, D. Wang, M. De Miranda, B.
Neyenhuis, G. Quéméner, P. Julienne, J. Bohn, D. Jin, and J.
Ye, Science 327, 853 (2010).

[30] M.-G. Hu, Y. Liu, D. D. Grimes, Y.-W. Lin, A. H. Gheorghe,
R. Vexiau, N. Bouloufa-Maafa, O. Dulieu, T. Rosenband, and
K.-K. Ni, Science 366, 1111 (2019).

[31] M. Smiatkowski and M. Tomza, Phys. Rev. A 103, 022802
(2021).

[32] M. P. Man, T. Karman, and G. C. Groenenboom, New J. Phys.
24, 055001 (2022).

[33] M. Tomza, New J. Phys. 23, 085003 (2021).

[34] J. M. Merritt, V. E. Bondybey, and M. C. Heaven, Science 324,
1548 (2009).

[35] W. Balfour and A. Douglas, Can. J. Phys. 48, 901 (1970).

[36] H. Atmanspacher, H. Scheingraber, and C. Vidal, J. Chem.
Phys. 82, 3491 (1985).

[37] O. Allard, C. Samuelis, A. Pashov, H. Knockel, and E. Tiemann,
Euro. Phys. J. D 26, 155 (2003).

[38] A. Stein, H. Knockel, and E. Tiemann, Eur. Phys. J. D 57, 171
(2010).

[39] H. Ladjimi and M. Tomza, arXiv:2303.17527.

[40] I. G. Kaplan, S. Roszak, and J. Leszczynski, J. Chem. Phys.
113, 6245 (2000).

[41] 1. Kaplan, J. Murrell, S. Roszak, and J. Leszczynski, Mol. Phys.
100, 843 (2002).

[42]1 J. Klos, P. S. Zuchowski, E. Rajchel, G. Chatasinski,
and M. M. Szczes$niak, J. Chem. Phys. 129, 134302
(2008).

[43] C. Diaz-Torrejon, F. Espinosa-Magafia, and I. G. Kaplan, J.
Mol. Struct (THEOCHEM) 955, 39 (2010).

[44] J. Amaro-Estrada, A. Scemama, M. Caffarel, and A. Ramirez-
Solis, J. Chem. Phys. 135, 104311 (2011).

[45] C. Diaz-Torrejon and I. G. Kaplan, Chem. Phys. 381, 67
(2011).

[46] A. Ramirez-Solis and O. Novaro, Int. J. Quantum Chem. 112,
2952 (2012).

[47] A. Kalemos, J. Chem. Phys. 145, 214302 (2016).

[48] J. Mato, D. Tzeli, and S. S. Xantheas, J. Chem. Phys. 157,
084313 (2022).

[49] P. Solddn, M. T. Cvitas, and J. M. Hutson, Phys. Rev. A 67,
054702 (2003).

[50] P. Soldén, Phys. Rev. A 77, 054501 (2008).

[51] P. Soldén, Phys. Rev. A 82, 034701 (2010).

L021302-6


https://doi.org/10.1103/PhysRevA.76.051604
https://doi.org/10.1103/PhysRevLett.103.200401
https://doi.org/10.1103/PhysRevLett.103.130401
https://doi.org/10.1103/PhysRevLett.105.030402
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1088/0034-4885/77/12/124401
https://doi.org/10.1038/s42254-020-0157-9
https://doi.org/10.1103/PhysRevLett.109.115303
https://doi.org/10.1088/1367-2630/ac2dac
https://doi.org/10.1103/PhysRevLett.109.115302
https://doi.org/10.1103/PhysRevLett.101.203201
https://doi.org/10.1103/RevModPhys.78.1311
https://doi.org/10.1038/nature18314
https://doi.org/10.1103/PhysRevLett.110.155301
https://doi.org/10.1103/PhysRevLett.100.043201
https://doi.org/10.1103/PhysRevA.79.012504
https://doi.org/10.1038/nphys3182
https://doi.org/10.1103/PhysRevLett.120.083202
https://doi.org/10.1038/s41567-019-0632-3
https://doi.org/10.1103/PhysRevLett.104.113202
https://doi.org/10.1103/PhysRevLett.123.123402
https://doi.org/10.1103/PhysRevA.106.L041301
https://doi.org/10.1103/PhysRevLett.129.243401
https://doi.org/10.1021/acs.jpca.2c08095
https://doi.org/10.1103/PhysRevA.81.060703
https://doi.org/10.1103/PhysRevA.82.010502
https://doi.org/10.1103/PhysRevA.88.050701
https://doi.org/10.1126/science.1184121
https://doi.org/10.1126/science.aay9531
https://doi.org/10.1103/PhysRevA.103.022802
https://doi.org/10.1088/1367-2630/ac62b4
https://doi.org/10.1088/1367-2630/ac1696
https://doi.org/10.1126/science.1174326
https://doi.org/10.1139/p70-116
https://doi.org/10.1063/1.448929
https://doi.org/10.1140/epjd/e2003-00208-4
https://doi.org/10.1140/epjd/e2010-00058-y
http://arxiv.org/abs/arXiv:2303.17527
https://doi.org/10.1063/1.1287835
https://doi.org/10.1080/00268970110097857
https://doi.org/10.1063/1.2982801
https://doi.org/10.1016/j.theochem.2010.05.026
https://doi.org/10.1063/1.3635403
https://doi.org/10.1016/j.chemphys.2011.01.011
https://doi.org/10.1002/qua.24140
https://doi.org/10.1063/1.4967819
https://doi.org/10.1063/5.0094598
https://doi.org/10.1103/PhysRevA.67.054702
https://doi.org/10.1103/PhysRevA.77.054501
https://doi.org/10.1103/PhysRevA.82.034701

CHEMICAL REACTIONS OF ULTRACOLD ...

PHYSICAL REVIEW A 108, L021302 (2023)

[52] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevA.108.L.021302 for Tables I, 11, and IV recal-
culated using our recent theoretical data [39] only.

[53] This approximation introduces errors smaller than lem™! for
all molecules except ones containing Be.

[54] R.J. Bartlett and M. Musial, Rev. Mod. Phys. 79, 291 (2007).

[55] B. P. Prascher, D. E. Woon, K. A. Peterson, T. H. Dunning, and
A. K. Wilson, Theor. Chem. Acc. 128, 69 (2011).

[56] M. Dolg and X. Cao, Chem. Rev. 112, 403 (2012).

[57] 1. S. Lim, H. Stoll, and P. Schwerdtfeger, J. Chem. Phys. 124,
034107 (2006).

[58] J. G. Hill and K. A. Peterson, J. Chem. Phys. 147, 244106
(2017).

[59] S. F. Boys and F. Bernardi, Mol. Phys. 19, 553 (1970).

[60] M. Smiatkowski and M. Tomza, Phys. Rev. A 101, 012501
(2020).

[61] H.-J. Werner, P. J. Knowles, FE. R. Manby, J. A. Black, K. Doll,
A. HeBelmann, D. Kats, A. Kohn, T. Korona, D. A. Kreplin
et al.,J. Chem. Phys. 152, 144107 (2020).

[62] S. A. Moses, J. P. Covey, M. T. Miecnikowski, B. Yan, B.
Gadway, J. Ye, and D. S. Jin, Science 350, 659 (2015).

[63] T. Karman and J. M. Hutson, Phys. Rev. Lett. 121, 163401
(2018).

[64] L. Lassabliere and G. Quéméner, Phys. Rev. Lett. 121, 163402
(2018).

[65] T. Xie, M. Lepers, R. Vexiau, A. Orban, O. Dulieu, and N.
Bouloufa-Maafa, Phys. Rev. Lett. 125, 153202 (2020).

[66] K. Matsuda, L. De Marco, J.-R. Li, W. G. Tobias, G. Valtolina,
G. Quéméner, and J. Ye, Science 370, 1324 (2020).

[67] L. Anderegg, S. Burchesky, Y. Bao, S. S. Yu, T. Karman, E.
Chae, K.-K. Ni, W. Ketterle, and J. M. Doyle, Science 373, 779
(2021).

[68] A. Schindewolf, R. Bause, X.-Y. Chen, M. Duda, T.
Karman, 1. Bloch, and X.-Y. Luo, Nature (London) 607, 677
(2022).

[69] M. Tomza, F. Pawtowski, M. Jeziorska, C. P. Koch,
and R. Moszynski, Phys. Chem. Chem. Phys. 13, 18893
(2011).

[70] K. Zaremba-Kopczyk and M. Tomza, Phys. Rev. A 104, 042816
(2021).

[71] M. D. Frye, S. L. Cornish, and J. M. Hutson, Phys. Rev. X 10,
041005 (2020).

[72] E. Tiesinga, J. Klos, M. Li, A. Petrov, and S. Kotochigova, New
J. Phys. 23, 085007 (2021).

[73] M. Tomza, Phys. Rev. A 90, 022514 (2014).

[74] M. Tomza, Phys. Rev. Lett. 115, 063201 (2015).

L021302-7


http://link.aps.org/supplemental/10.1103/PhysRevA.108.L021302
https://doi.org/10.1103/RevModPhys.79.291
https://doi.org/10.1007/s00214-010-0764-0
https://doi.org/10.1021/cr2001383
https://doi.org/10.1063/1.2148945
https://doi.org/10.1063/1.5010587
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1103/PhysRevA.101.012501
https://doi.org/10.1063/5.0005081
https://doi.org/10.1126/science.aac6400
https://doi.org/10.1103/PhysRevLett.121.163401
https://doi.org/10.1103/PhysRevLett.121.163402
https://doi.org/10.1103/PhysRevLett.125.153202
https://doi.org/10.1126/science.abe7370
https://doi.org/10.1126/science.abg9502
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1039/c1cp21196j
https://doi.org/10.1103/PhysRevA.104.042816
https://doi.org/10.1103/PhysRevX.10.041005
https://doi.org/10.1088/1367-2630/ac1a9a
https://doi.org/10.1103/PhysRevA.90.022514
https://doi.org/10.1103/PhysRevLett.115.063201

