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ABSTRACT: Ultracold chemical reactions of weakly bound triplet-state alkali metal
dimer molecules have recently attracted much experimental interest. We perform
rigorous quantum scattering calculations with a new ab initio potential energy surface
to explore the chemical reaction of spin-polarized NaLi(a3Σ+) and Li(2S) to form
Li2(a3Σu

+) and Na(2S). The reaction is exothermic and proceeds readily at ultralow
temperatures. Significantly, we observe strong sensitivity of the total reaction rate to
small variations of the three-body part of the Li2Na interaction at short range, which
we attribute to a relatively small number of open Li2(a3Σu

+) product channels
populated in the reaction. This provides the first signature of highly non-universal
dynamics seen in rigorous quantum reactive scattering calculations of an ultracold
exothermic insertion reaction involving a polar alkali dimer molecule, opening up the
possibility of probing microscopic interactions in atom+molecule collision complexes
via ultracold reactive scattering experiments.

The study of chemical reactions at low and ultralow
temperatures is projected to create major advances in our

understanding of chemical reactivity at the most fundamental
level.1−5 The large de Broglie wavelengh of ultracold molecular
reactants2 combined with the experimenter’s ability to prepare
them in single well-defined quantum states give rise to
pronounced quantum effects, making ultracold chemical
reactions an ideal platform for exploring the impact of these
fascinating effects on chemical reactivity. Examples include
threshold and resonance scattering,3,6−8 quantum reflec-
tion,9−11 quantum statistics,12,13 and quantum coherent
control.14,15 In addition, the detection of reaction products
and intermediate collision complexes has been experimentally
realized,16,17 enabling precision tests of long-held statistical
theories of chemical dynamics.18

All chemical reactions studied thus far at low and ultralow
temperatures can be classified into abstraction and insertion
types.19,20 Abstraction reactions, such as F + H2 → HF +
H21−23 and H(D) + H2 → H2(HD) + D,24−28 possess an
activation barrier, whereas insertion reactions, such as K + KRb
→ K2 + Rb29,30 and KRb + KRb → K2 + Rb2,

18,31 are
barrierless and characterized by a deep potential well.32

Ultracold insertion reactions are generally described well by
universal models (UMs),13,18,29,33−36 which assume that once
the reactants approach each other at close range, they react
with unit probability. Exact quantum dynamics calculations
showed that the rate of the K + KRb(X1Σ+) chemical reaction
is in excellent agreement with the UM prediction29 and with

experiment.31 For other insertion chemical reactions, such as
Li + YbLi(X2Σ+) → Li2(X1Σg

+) + Yb37,38 and Li + NaLi(X1Σ+)
→ Li2(X1Σg

+) + Na,39,40 the calculated deviations from the UM
do not exceed 30%.

While UMs are an important tool,34,35,41 they do not provide
insight into microscopic interactions within the reaction
complex,6 which is crucial for designing mechanisms for
controlling the reaction dynamics via, e.g., scattering
resonances.6,42 Similarly, they provide no information about
conditions for the validity of UMs or the parameter
dependence of the dynamics. Hence, identifying systems
showing significant deviations from universal behavior (non-
universal effects) is an important goal, which can yield insights
into short-range interactions in the reaction complex and
enable one to tune ultracold chemical reactivity with scattering
resonances, a long sought-after goal of ultracold chemistry.3,43

Signatures of non-universal effects were observed experimen-
tally in ultracold collisions of Li2 Feshbach molecules with Li
atoms44 and, very recently, in ground rovibrational-state
molecule−atom and molecule−molecule collisions, such as K
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+ NaK(X1Σ+),45 Na + NaLi(a3Σ+),8 and NaLi + NaLi,46 where
the observed reaction rate coefficients deviate from UM
predictions by several orders of magnitude. The ultracold
chemical reaction of polar NaLi(a3Σ+) molecules with Li
atoms to form the Li2(a3Σu

+) + Na products is a natural
candidate for searching for non-universal effects, as it is
energetically allowed [unlike the Na + NaLi(a3Σ+) →
Na2(a3Σu

+) + Li reaction7], experimentally feasible,8,47,48 and
amenable to rigorous theoretical studies due to light reactants.

Non-universal behavior has not yet been seen in rigorous
quantum scattering calculations on ultracold chemical
reactions of polar alkali dimers. Such behavior has been
predicted for only ultracold reactions of nonpolar molecules,
such as Li + Li2(a3Σu

+),49,50 Na + Na2(a3Σu
+),51 K + K2(a3Σu

+),52

and 7Li + 6Li7Li → 7Li2 + 6Li.53 These reactions are unique in
that (i) they have a vanishingly small exothermicity, so only a
few product states are populated at ultralow temperatures,54

and (ii) their reactants and products are identical (apart from
isotopic substitution). As a result, their zero-temperature rates
tend to be below the universal values, on the order of 4.7 ×
10−12 cm3/s for the 7Li + 6Li7Li reaction,54 and may not be
detectable experimentally. In the most thoroughly studied
cases in which the reactants and products are identical, it is not
even possible to disentangle chemical reactivity from inelastic
processes.54 By contrast, ultracold chemical reactions probed
in recent experiments8,48 involve polar triplet-state alkali
dimers (such as NaLi) and can be exothermic by several
hundreds of kelvin, potentially populating dozens of product
rovibrational states.

Here, we show that pronounced non-universal effects can
occur in the ultracold insertion reaction of spin-polarized
triplet NaLi molecules and Li atoms, Li(2S) + NaLi(a3Σ+, v =
0, j = 0) → Li2(a3Σu

+, v′, j′) + Na(2S), significantly extending
the range of systems displaying non-universal behavior. We use
rigorous quantum scattering calculations based on our ab initio
interaction potentials to map out the dependence of the
reaction rates on the incident collision energy. Our calculations
show that the reaction occurs at a high rate, and hence, it can
be detected experimentally in an ultracold spin-polarized Li/
NaLi mixture. In addition, the total reaction rate is sensitive to

small variations of the short-range part of the interaction
potential even after summing over all state-to-state reaction
rates and can deviate by a factor of ≃4 from the UM
prediction, representing the first rigorous theoretical demon-
stration of non-universal behavior in an ultracold insertion
reaction involving a polar molecule. (Note that the non-
universal behavior recently observed in ultracold K + NaK, Na
+ NaLi, and NaLi + NaLi collisions8,45,46 is not yet amenable
to rigorous quantum scattering calculations due to the large
density of rovibrational states of the reactants, non-adiabatic
effects, and external fields present in these experiments.) We
attribute this highly non-universal behavior to a relatively low
density of resonance states in this reaction and a limited
number of open product channels compared to the chemical
reactions explored previously,29,37−40 which displayed close to
universal behavior. Our results suggest that non-universal
effects can be experimentally observed in ultracold chemical
reactions of spin-polarized triplet-state alkali metal dimers with
alkali metal atoms. This opens up the prospects of mapping
atom−molecule interactions within the reaction complex and
of controlling the reaction dynamics with external fields,
motivating further experimental and theoretical research into
non-universal ultracold chemistry.

We consider the chemical reaction of 23Na6Li molecules in
their metastable triplet electronic states a3Σ+, created in recent
experiments.47 Figure 1a shows a schematic of the reaction
path of the Li(2S) + NaLi(a3Σ+) → Li2(a3Σu

+) + Na(2S)
reaction. The 3-fold spin degeneracy of NaLi(a3Σ+) and the 2-
fold spin degeneracy of Li(2S) give rise to two adiabatic
potential energy surfaces (PESs) of doublet (22A′, S = 1/2) and
quartet (14A′, S = 3/2) symmetries, where S is the total spin of
the reaction complex. The PESs are split at short range by a
strong spin exchange interaction. While the high-spin 14A′ PES
is the lowest state in the quartet symmetry, the doublet 22A′ is
the first excited state in the doublet spin symmetry. The
ground-state 12A′ PES (not shown in Figure 1a) correlates
with the Li(2S) + NaLi(X1Σ+) reactants in their ground
electronic states,39 which lie 9629 K below the Li(2S) +
NaLi(a3Σ+) asymptote of interest here. The ground and first
excited doublet PESs exhibit a conical intersection (CI), which

Figure 1. (a) Schematic diagram of the chemical reaction Li + NaLi(a3Σ+) → Li2(a3Σu
+) + Na. The reaction of spin-polarized reactants proceeds via

a spin-conserving pathway on the high-spin 14A′ PES (green line) as predicted by the Wigner spin rule. The spin-nonconserving reaction pathway
forbidden by the Wigner spin rule (not considered in this work) requires a non-adiabatic transition to the excited 22A′ PES (wavy line). (b) Ab
initio PES for the 14A′ electronic state of the Li2Na trimer computed in this work plotted as a function of the Jacobi coordinates (R, rNaLi) at Jacobi
angles (θ) of 30° (left), 105° (middle), and 130° (right) in the Li + NaLi arrangement. (c) Energy diagram for the rovibrational states of the
LiNa(a3Σ+) reactant and Li2(a3Σu

+) product. Zero energy corresponds to the energy of the rovibrational ground state of LiNa(a3Σ+, v = 0, j = 0).
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has a pronounced effect on the quantum dynamics of the
ultracold chemical reaction of ground-state reactants Li(2S) +
NaLi(X1Σ+) → Li2(X1Σg

+) + Na(2S).39

We assume that both NaLi(a3Σ+) molecules and Li atoms
are prepared in their fully polarized electron spin states prior to
the reaction, which is readily achievable experimentally.4,8,47

Thereby, the reaction complex is initialized in a state with the
total electron spin projection MS = ±3/2, which corresponds to
S = 3/2. Following previous theoretical work,49,53,54 we assume
the validity of the Wigner spin rule,7,43,55−57 which states that
S, the total electron spin of the reaction complex, is conserved.
This allows us to restrict attention to the quantum dynamics
on a single adiabatic 14A′ PES and neglect the intersystem
crossing transitions to the low-spin 12A′ and 22A′ PESs, which
exhibit a CI.39 The CI could, in principle, affect the dynamics
via intersystem crossing transitions mediated by weak S-
nonconserving couplings between the 14A′ PESs and the low-
lying PESs due to, e.g., the intramolecular spin−spin
interaction in NaLi.7,58 Model calculations show that such S-
nonconserving pathways are typically suppressed by a factor of
>10 compared to their S-conserving counterparts in chemical
reactions of light atoms and molecules,7,36 although infrequent
exceptions can occur at certain collision energies and magnetic
fields. To rigorously quantify the effect of the doublet PESs
and their CI, it is necessary to carry out quantum reactive
scattering calculations, which explicitly account for the
interactions between the high- and low-spin PESs (14A′,
12A′, and 22A′). At present, this is computationally unfeasible,
but progress toward such calculations is currently underway in
our laboratories.

We have used the multi-reference configuration interaction
(MRCI) method59,60 to calculate the 14A′ PES of the NaLi2
trimer based on reference wave functions for the two lowest
spin-polarized states, 14A′ and 24A′. These reference functions
have been obtained from state-averaged multi-reference self-
consistent field (MCSCF) calculations.61,62 The three valence
electrons that describe the NaLi2 trimer are correlated using an
active space composed of 12 orbitals, where nine and three are
of A′ and A″ symmetry, respectively. The basis sets and

effective core and polarization potentials used for Na and Li
atoms are described in detail in our recent work,39 which was
focused on the energetically lowest spin doublet states 12A′
and 22A′. We performed the electronic structure calculations
using the MOLPRO package,63 with further details given in the
Supporting Information.64 The PES for the 14A′ electronic
state of the Li2Na trimer used in our reactive scattering
calculations has the form

V r r V r r V r r( , , ) ( , , ) ( , , )A A A1 a b 1
pairwise

a b 1
3 body

a b4 4 4= +
(1)

where ra and rb denote the two NaLi bond lengths, α is the
Li(a)−Na−Li(b) bond angle, V14A′

pairwise(ra, rb, α) is the three-
atom pairwise (two-body) potential obtained by adding the
spectroscopically accurate NaLi(a3Σ+) and Li2(a3Σu

+) dimer
potentials from refs 7 and 65, and V14A′

3‑body(ra, rb, α) is the non-
additive three-body contribution.64 Scaling parameter λ is used
below to explore the sensitivity of our results to small
variations in the non-additive three-body part of the PES.
Unless stated otherwise, we assume λ = 1.

Figure 1b shows contour plots of our ab initio Li2Na PES as
a function of the Jacobi coordinates (R, rNaLi) for several values
of the Jacobi angle in the Li−NaLi arrangement. The PES is
barrierless, and the global minimum occurs at a θ of 105° in
the Li + NaLi arrangement (R = 5.75 a0, and r = 6.85 a0) as
shown in the middle panel of Figure 1b. The PES depth
counted from the minimum of the Li2(a3Σu

+) product’s
potential energy curve is 3012 K. The exothermicity of the
reaction Li + NaLi(a3Σ+, v = 0, j = 0) → Li2(a3Σu

+, v′ = 0, j′ =
0) + Na is ∼94.9 K (∼112.0 K), including (excluding) the
zero-point energies of the reactants and products. This makes
it possible for the reaction to occur at ultralow collision
energies. Figure 1c shows the internal rovibrational energy
levels of the reactants and products calculated from the
accurate ab initio potential energy curves of NaLi(a3Σ+) and
Li2(a3Σu

+).7,65 In calculating the energy levels, we neglected the
small splittings due to the fine and hyperfine structure of the
reactants and products, as done in prior theoretical work on
nonpolar alkali dimers.49,53,54 This is expected to be a

Figure 2. (a−c) Stereographic projections of the ab initio 14A′ PES of the NaLi2 trimer for several values of hyperradius (in a0): ρ = 10, ρ = 20, and
ρ = 40, respectively. The north pole of the hypersphere is centered at the origin, and the zero energy is chosen at the rovibrational ground state of
the NaLi reactant. The region of configurational space accessible at ultralow energies is colored blue. (d) Adiabatic potential curves as a function of
ρ for J = 0+ and even exchange symmetry of Li nuclei. The inset shows the adiabatic curves in the vicinity of the reactant threshold. The adiabats
calculated without the three-body interaction are shown by the red (light gray) dashed lines.
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reasonable approximation for fully spin-polarized reactants.54

In the limit of zero collision energy, a total of 18 rovibrational
states of Li2 are energetically accessible, including 15 states in
the v′ = 0 manifold (j′ = 0−14) and three states in the v′ = 1
manifold (j′ = 0−2).

To study the quantum dynamics of the ultracold Li + NaLi
→ Li2 + Na reaction, we use a rigorous quantum dynamics
approach based on the adiabatically adjusting principal-axis
frame hyperspherical (APH) coordinates as described in the
Supporting Information.64 Figure 2d shows the adiabatic
eigenvalues ϵn

Jpq(ρξ) of the Li2Na reaction complex calculated
using the accurate ab initio PES (see the Supporting
Information64 for technical details). The corresponding fixed-
ρ contour plots of the 14A′ PES as a function of the polar and
azimuthal hyperangles are displayed in panels a−c. The entire
configuration space can be divided into three distinct regions.
In the short-range region (ρ = 8−15 a0), a strongly bound
NaLi2 reaction complex forms, and the different reaction
arrangements are strongly coupled. The adiabatic energies
range from −3000 K (near the PES minimum) to the three-
body breakup threshold and above.

In the intermediate region (ρ = 15−40 a0), the reactant and
product arrangements, while still strongly coupled, begin to
separate from one another. As shown in Figure 2c, at ρ = 20 a0
there still exists a large region of configurational space between
the reactant and product reaction arrangements (colored light
blue) where the PES is large and negative. Thus, the reactive
scattering wave function at ρ = 20 a0 is still substantially
delocalized between the reactant and product arrangements.
This is true because the reactants and products of the Li +
NaLi(a3Σ+) → Li2(a3Σu

+) + Na chemical reaction are weakly
bound [van der Waals (vdW)] molecules held together by
long-range dispersion forces, with binding energies not
exceeding 300 K.66,67 This makes the vdW chemical reaction
studied here significantly different from those of covalently
bound molecules such as Li + NaLi(X1Σ+) → Li2(X1Σg

+) +
Na,39,40 where the separation of the reactant and product
arrangements is essentially complete at much smaller ρ values
of ≃10−15 a0. This persistence of reactive (interarrangement)
couplings up to a large ρ is due to the proximity to the three-
body breakup threshold and may be considered as a distinctive
feature of quantum dynamics of vdW chemical reactions. We
note that in three-body recombination reactions, which start
above the three-body threshold, such interarrangement
couplings occur even asymptotically at large ρ values.68

Ultracold vdW reactions thus occupy an intermediate position
between conventional chemical reactions, which take place at
very close range (ρ ≤ 15 a0), and three-body recombination
transitions (or chemical reactions of Feshbach molecules),
which occur at very long range (ρ ≥ 100 a0).

The value of ρ = 40 a0 marks the beginning of the long-range
region, where the entrance and exit reaction arrangements are
completely separated on the surface of a hypersphere by a
barrier with a height of >200 K (note that this barrier does not
correspond to an actual barrier in the reaction path). In the
limit ρ → ∞, different reaction arrangements become localized
at specific hyperangles θα, which correspond to the minima of
the diatomic molecule’s potentials in each arrangement. The
adiabatic curves computed without the three-body terms
(λ = 0) are nearly identical to their three-body counterparts
already at ρ ≥ 14 a0 as shown in the inset of Figure 2d. The
three-body terms dominate at short range due to a conical

intersection between the ground and first excited quartet
PESs.54,64,69

Figure 3a shows the total rate of the Li + NaLi(a3Σ+)
chemical reaction, Ktot = σrv, where σr is the total reaction cross

section and v = ℏk/μ is the collision velocity, calculated for
several values of scaling parameter λ. The rate approaches a
constant value in the s-wave limit of zero collision energy in
keeping with the Wigner threshold law (Ktot ≃ k2l). Also
plotted in Figure 3a is the total universal reaction rate
calculated as KUM = K0

UM + K1
UM(E), where K0

UM and K1
UM(E)

are the s-wave and p-wave universal rates calculated as
described in refs 35 and 41. These are evaluated under the
assumption that all of the incoming flux is fully absorbed at
short range (loss parameter y = 1), which leads to the same
universal rate expression, parametrized by the long-range
dispersion coefficient C6 and the reduced mass for the
collision, regardless of the details of short-range interac-
tions35,41 (see the Supporting Information64 for more details).

To obtain the universal rates, we calculated a C6 value of
2891 au for the Li−NaLi(a3Σ+) trimer using a high-level spin-
restricted coupled-cluster method with single, double, and
perturbative triple excitations RCCSD(T) and an aug-cc-
pwCVQZ basis set with a bond length of NaLi at 9.0906 a0
corresponding to the average internuclear distance of NaLi-
(a3Σ+, v = 0, j = 0).64

A striking feature observed in Figure 3a is that the total
reaction rate calculated using our exact quantum approach for
λ = 0.95 (Ktot = 8.33 × 10−11 cm3/s) is 4.1 times smaller than
the universal rate (K0

UM) of 3.45 × 10−10 cm3/s in the s-wave
regime. The reaction rate calculated with λ = 1.03 is 4.7 times
larger than that calculated with λ = 0.95. This indicates that
non-universal effects due to short-range reflection of the
incident scattering flux7,8,35 (which appear because not all

Figure 3. (a) Total rate coefficients for the Li + NaLi(a3Σ+, v = 0, j =
0) → Li2(a3Σu

+) + Na chemical reaction plotted as a function of
collision energy for different values of PES scaling parameter λ. The
universal rate KUM (long dashed line) and its s-wave component K0

UM

(short dashed line) are shown. (b) Same as panel a at E = 1 μK
plotted as a function of λ.
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short-range collisions result in irreversible loss due to, e.g.,
long-lived complex formation) can play a crucial role in the
ultracold chemical reaction Li + NaLi(a3Σ+) → Li2(a3Σu

+) +
Na despite the presence of a deep potential well. This stands in
contrast to the behavior observed thus far in quantum
scattering calculations on other ultracold atom−molecule
insertion reactions.29,37,39,40,54 In particular, the chemical
reactions of ground-state reactants such as K + KRb(X1Σ+)
→ K2(X1Σg

+) + Rb,29 Li + LiYb(X2Σ+) → Li2(X1Σg
+) +

Yb(1S),37 and Li + NaLi(X1Σ+) → Li2(X1Σg
+) + Na39,40 have

deep potential wells and populate a large number of product
states but occur at rates very close (within 30%) to the
universal rates. Figure 3a shows that the λ dependence of the
reaction rate becomes progressively weaker at higher collision
energies (Ec > 10−2 K) as quantum interference effects are
washed out by multiple partial wave contributions.

As shown in Figure 3b, the chemical reaction Li +
NaLi(a3Σ+) can display both nearly universal and highly
non-universal dynamics depending on the value of scaling
parameter λ in eq (1). The uncertainties in our calculated
three-body PES can be estimated at ±5−10%. Thus, while
non-universal behavior cannot, at present, be predicted to
occur with 100% certainty, the results shown in Figure 3b
suggest that its likelihood is much higher than for the
previously studied ultracold chemical reactions, such as Li +
NaLi(X1Σ+),39 which did not show any significant deviations
from universal behavior as a function of λ. Significantly, note
that the numerical agreement of the reaction rate with the
universal rate does not necessarily mean that the dynamics is
described well by the UMs.

To further explore the variation of the rates with the short-
range potential, we plot in Figure 4 the loss rate at the low

energy limit using the UM of ref 35 as a function of short-range
loss parameter y and the reduced scattering length s = a/a,̅
where a ̅ is the mean scattering length given by the equation70

a C2 / (1/4) (2 / )2
6

2 1/4= [ ] . We observe that for a large
loss (y > 0.8) we are more likely to observe rates slightly above
or below the universal value, as done in this work. In this
regime, the small amount of incident flux reflected from the
short range without reaction tends to interfere mostly
destructively with the incoming flux. The underlying physics

is contained in the pole structure of the complex scattering
length (see eq 11 of ref 35). On the contrary, when y < 0.5,
observing the rates above the universal value becomes more
and more likely, especially in the case of a large |a| (i.e., near a
scattering resonance). This is because the amount of reflected
flux increases with a decrease in y, allowing for a more
pronounced quantum interference between the incident and
reflected fluxes. As mentioned by Idziaszek and Julienne,35 the
quantum interference effects in the UM are counterintuitive
and will be the subject of further study.

To explain the strong variation of the ultracold Li +
NaLi(a3Σ+) reaction rate with λ shown in Figure 3, we recall
(see above) that the reactants and products of this chemical
reaction are weakly bound vdW molecules, whose binding
energies do not exceed 300 K.67 By contrast, the ultracold
chemical reactions between alkali metal and alkaline earth
atoms and molecules studied thus far occur between covalently
bound molecules, with binding energies above 1000 K. As a
result, the number of open reaction channels populated in
these latter reactions [126 for Li + NaLi(1X), 143 for K + KRb,
and 1279 for Li + LiYb]29,38,39 is large compared to the 18
open channels in the Li + NaLi(a3Σ+) chemical reaction
studied here.

The total reaction rate is a sum of the individual state-to-
state reaction rates, which fluctuate strongly as a function of λ.
These state-to-state fluctuations average out in the total
reaction rate, and the degree of averaging depends on the
number of contributing state-to-state rates, which is equal to
the number of open reaction channels. Because the number of
open channels is much smaller for the ultracold Li +
NaLi(a3Σ+) vdW reaction, the averaging is not complete,
and the total rate fluctuates strongly as a function of λ (see
Figures S3 and S4 for the details of state-to-state rates). In
contrast, the reactions of deeply bound reactants typically
populate hundreds of final channels, ensuring nearly complete
averaging of the individual state-to-state contributions to the
total reaction rate, which then fluctuates only weakly with λ
(see, e.g., Figure 12 of ref 39).

This suggests that experimental measurements of state-to-
state reaction rates could be used to obtain insight into three-
body interactions in triatomic reaction complexes such as
NaLi2. In particular, if a sufficiently large set of experimental
state-to-state rates becomes available, it may be possible to
constrain the form of the three-body interaction (the value of
λ) uniquely. Such state-to-state measurements have recently
been carried out for the ultracold KRb + KRb → K2 + Rb2
chemical reaction.18

The near-threshold density of states of the Li−NaLi(a3Σ+)
trimer can be approximated as D k k/ Re

3/2
r , where De is

the dissociation energy measured from the minimum of the
trimer PES and kr and kR are the harmonic force constants for
the NaLi vibrational mode and for the motion along atom−
molecule coordinate R, respectively.71 For the Li+NaLi(4A′)
reaction complex, we estimate the density of states as ρ = 3.53
K−1, which is 16.7 times lower than that of the 40K+40K87Rb
trimer (ρ = 56.6 K−1)71 (this calculation neglects the hyperfine
structure of the reactants).

This is consistent with our calculations (see Figure 3b and
Figure S.3a), which show that state-to-state reaction rates as a
function of λ are strongly affected by resonance-like variations.
This is because the 5−10% scaling of the three-body term leads
to changes of a few hundreds of kelvin in the depth of the PES.

Figure 4. Contour plot of the s-wave loss rate (cubic centimeters per
second) calculated using the UM35 as a function of short-range loss
parameter y (0 ≤ y ≤ 1) and the reduced scattering length s = a/a.̅ In
the limit y → 1, the rate become equal to the universal rate (K0

UM =
3.45 × 10−10 cm3/s) regardless of the value of s. The loss rate
approaches zero as y → 0.
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It is likely that scattering resonances due to near-threshold
bound states are responsible for the sensitivity, in which case
spectroscopic experiments should provide important informa-
tion about the true value of the three-body interaction. Because
the total reaction rate is the sum of 18 independent state-to-
state contributions, we expect that it will show variations on λ
scales much finer than those shown in Figure 3b. While the λ
grid interval used in this work is not fine enough to resolve the
individual state-to-state oscillations, the potential role of near-
threshold resonances in causing these oscillations is an
important question to address in future work. In addition, it
will be important to explore the sensitivity of state-to-state
reaction rates to the anisotropy of the three-body interaction.
Finally, the background values of reaction rates could be
estimated by averaging the calculated λ-dependent rates over
λ.72

In Figure 5a, we plot the total integral cross section for the
Li + NaLi(a3Σ+, v = 0, j = 0) reaction (σr) as a function of
collision energy for several lowest values of J, inversion parity
(p = ±1), and identical Li nuclei exchange symmetry (even
and odd). Both even and odd exchange symmetries are seen to
contribute to the reactive cross section nearly equally in the s-
wave regime (l = 0), and the p-wave contributions (l = 1)
become important at E > 3 mK. This behavior is consistent
with the Wigner threshold scaling σr ≃ El−1/2, where l is the
orbital angular momentum in the incident channel. The
contribution of the even exchange symmetry to the elastic
cross section shown in Figure 5b is significantly larger than that
of the odd symmetry in the s-wave limit, indicating the
importance of identical particle permutation symmetry in this
reaction. Quantum interference between the Li exchange and
non-exchange processes is likely responsible for this behavior
as observed in the H + HD → H + HD26,64,73 reaction (see
also the Supporting Information64). Above 3 mK, the p-wave

(l = 1) elastic and reactive cross sections display several broad
scattering resonances, whose contribution to the total reaction
cross section is largely washed out, making it a smooth
function of collision energy all the way up to 100 mK.

The ratio γ of the elastic to reactive cross sections displayed
in Figure 5c decreases monotonically in the s-wave limit with a
decrease in collision energy due to the different threshold
scaling of the elastic and inelastic cross sections (see above)
regardless of the value of λ. A large elastic-to-inelasic collision
ratio (γ ≥ 10−100) is an important prerequisite for
sympathetic cooling, an experimental technique that relies on
momentum-transfer (elastic) collisions of precooled molecules
with ultracold atoms to further cool the molecules.74−77

Inelastic collisions and chemical reactions cause trap loss and
heating, thereby limiting the efficiency of sympathetic
cooling.74−77 The results shown in Figure 5c thus suggest
that the chemical reaction Li + NaLi(v = 0, j = 0) → Li2 + Na
will prevent efficient sympathetic cooling of NaLi molecules via
elastic collisions with spin-polarized Li atoms. It is worth
noting that the efficient sympathetic cooling observed by Son
et al.48 in a trapped mixture of NaLi molecules with Na atoms
would not be adversely affected by the chemical reaction Na +
NaLi(a3Σ+, v = 0, j = 0) → Na2(a3Σu

+) + Li because it is
endothermic and hence cannot occur at ultralow temper-
atures.7 Our results thus suggest that, to achieve efficient
sympathetic cooling, the spin-conserving chemical reactions
allowed by the Wigner spin rule should be made endothermic
via, e.g., a proper choice of atomic collision partners.

Panels d and e of Figure 5 show nascent Li2 product-state
distributions over the final rovibrational states (v′, j′) at E = 1
μK for even and odd exchange symmetries. The distributions
are highly non-uniform for all λ values and exchange
symmetries. The state-to-state reaction rates are highly
sensitive to λ due to quantum interference and resonance

Figure 5. (a) Reactive and (b) elastic cross sections for the ultracold chemical reaction Li + NaLi(v = 0, j = 0) → Li2 + Na plotted as a function of
collision energy for different values of J, parity p, and exchange symmetry for λ = 1. The total integral cross sections (solid black lines) are obtained
by summing the cross sections for even and odd 6Li exchange symmetries multiplied by the statistical factors 1/3 and 2/3. These factors are the
opposite of those used in previous calculations on the ground-state PESs37,39,40 because the X1Σg

+ and a3Σu
+ electronic states of 6Li2 are even and

odd with respect to the exchange of identical Li nuclei. (c) Ratio of elastic to reactive cross sections γ as a function of collision energy for different
values of PES scaling parameter λ. Nascent product-state distributions of Li2 over final rovibrational states (v′, j′) at E = 1 μK for (d) even and (e)
odd values of j′ and three values of λ indicated in the legend. In panels d and e, the statistical factors for the exchange symmetries are not used.
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effects, which, however, are partially averaged out in the total
reaction rate (see above).

In summary, motivated by recent experimental advances in
measuring collisional properties of ultracold NaLi(a3Σ+)
molecules with alkali metal atoms,8,48 we have performed
accurate ab initio and quantum scattering calculations on the
prototypical vdW chemical reaction NaLi(a3Σ+) + Li →
Li2(a3Σu

+) + Na, which is energetically allowed at ultralow
temperatures. We found that the calculated total reaction rate
is highly sensitive to tiny changes in the interaction PES (by a
factor of ≃4), which suggests marked deviations from universal
behavior.

These results are unprecedented for an ultracold chemical
reaction involving a polar molecule. Indeed, all quantum
scattering calculations performed thus far29,31,38,39 showed that
such reactions do not deviate by >30% from the universal
behavior (see, e.g., Figure 4 of ref 38 and Figure 7 of ref 39).
Therefore, the chemical reaction Li + NaLi(a3Σ+) → Li2 + Na
could be a good candidate for the experimental study of non-
universal chemistry in an optically trapped mixture of
NaLi(a3Σ+) molecules and Li atoms.

A key result of this work is the first observation of strongly
non-universal dynamics in an ultracold barrierless insertion
reaction involving a polar molecule. The breakdown of
universality is remarkable for several reasons. First, it gives us
a rare glimpse into a new regime of ultracold chemical
dynamics, which cannot be described by simple universal
models even at a qualitative level. Second, non-universal
dynamics are sensitive to fine details of the underlying PES of
the reaction complex. As such, measuring state-resolved
reaction rates beyond the universal limit, as done in recent
pioneering experiments,8,46 will enable high-precision charac-
terization of intermolecular interactions within metastable
reaction complexes, a much sought-after goal of ultracold
chemistry.3,4,43

Our results also have significant implications for molecular
sympathetic cooling of alkali dimer molecules by collisions
with ultracold atoms in a magnetic trap. The large reaction
rates of spin-polarized reactants observed here (see Figure 5c)
imply that preparing the reactants in their fully spin-polarized
initial states will not prevent rapid collisional losses if spin-
conserving atom−molecule chemical reactions [such as the Li
+ NaLi(a3Σ+) reaction explored here] are energetically
allowed. This leads to a general design principle for choosing
ultracold atom−molecule systems suitable for sympathetic
cooling experiments: avoid spin-conserving chemical reactions
by choosing the coolant atom in such a way as to make the
reaction endothermic and, hence, energetically forbidden at
ultralow temperatures.
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