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Abstract

We use accurate ab initio and quantum scattering calculations to explore the prospects for sym-

pathetic cooling of the heavy molecular radical SrOH(2Σ) by ultracold Li atoms in a magnetic trap.

Our ab initio calculations show that the chemical reaction between spin-polarized Li and SrOH,

which occurs on the triplet Li-SrOH potential energy surface (PES), is strongly endothermic and

hence energetically forbidden at ultralow temperatures. The chemical reaction Li(2S) + SrOH(2Σ)

→ Sr(1S) + LiOH(1Σ+) occurs barrierlessly on the singlet PES and is exothermic by 2505 cm−1.

A two-dimensional PES for the triplet electronic state of Li-SrOH is calculated ab initio using the

partially spin-restricted coupled cluster method with single, double and perturbative triple exci-

tations and a large correlation-consistent basis set. The highly anisotropic PES has a deep global

minimum in the skewed Li-HOSr geometry with De = 4932 cm−1 and saddle points in collinear

configurations. Our quantum scattering calculations predict low spin relaxation rates in fully spin-

polarized Li + SrOH collisions with the ratios of elastic to inelastic collision rates well in excess of

100 over a wide range of magnetic fields (1-1000 G) and collision energies (10−5−0.1 K) suggesting

favorable prospects for sympathetic cooling of SrOH molecules with spin-polarized Li atoms in a

magnetic trap. We find that spin relaxation in Li + SrOH collisions occurs via a direct mechanism

mediated by the magnetic dipole-dipole interaction between the electron spins of Li and SrOH,

and that the indirect (spin-rotation) mechanism is strongly suppressed. The upper limit to the

Li + SrOH reaction rate coefficient calculated for the singlet PES using adiabatic capture theory

is found to decrease from 4× 10−10 cm3/s to a limiting value of 3.5× 10−10 cm3/s with decreasing

temperature from 0.1 K to 1 µK.
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I. INTRODUCTION

Ultracold molecular gases offer a wide range of research opportunities, extending from

quantum simulation of many-body systems with long-range dipolar interactions [1–3] to ex-

ternal field control of chemical reaction dynamics [2, 4, 5], precision measurement of molec-

ular energy levels to uncover new physics beyond the Standard Model [6–9], and quantum

information processing with molecular arrays in optical lattices [10]. At present, coherent as-

sociation of ultracold alkali-metal atoms remains the only experimental technique to produce

ultracold gases of polar molecules KRb and NaK [11–13]. Recent advances in laser cool-

ing and magneto-optical trapping [14–18], single-photon cooling [19], Sisyphus laser cooling

[20, 21], and optoelectrical cooling [21, 22] made it possible to control and confine molecular

species such as SrF, CaF, SrOH, YO, CH3F, and H2CO in electrostatic and magnetic traps

at temperatures as low as a fraction of a milliKelvin [14–19, 21, 22]. Due to the intrinsic

limitations of optical cooling, it is necessary to employ second-stage cooling techniques to

further reduce the temperature of a trapped molecular gas to <0.1 mK [1, 19].

One such technique—sympathetic cooling—relies on elastic atom-molecule collisions to

transfer energy and momentum from a cold molecular gas to an ultracold reservoir of neu-

tral atoms. While elastic collisions drive momentum-transfer and thermalization, inelastic

collisions release the internal energy of the molecules, leading to heating and ultimately

trap loss. In order to remain trapped in the inhomogeneous magnetic field of a conserva-

tive magnetic trap, open-shell molecules must reside in the low-field-seeking Zeeman states,

which contain an excess of internal Zeeman energy. This energy can be released in collisions

with buffer-gas atoms in a process known as collision-induced spin relaxation [1, 4]. For

sympathetic cooling experiments, it is desirable to keep the molecules in the trap for as long

as possible; hence, the rate of collision-induced spin relaxation should be small compared to

the elastic collision rate. To allow for efficient thermalization of trapped molecules on the

experimental timescale, the ratio of elastic to inelastic collision rates should exceed 100 [1].

Several groups have explored the possibility of using ultracold alkali-metal atoms to sym-

pathetically cool paramagnetic molecules such as OH, NH, CaH, and CaF in a magnetic

trap using accurate ab initio and quantum scattering calculations. In particular, Lara et al.

showed that inelastic relaxation in cold Rb + OH collisions occurs at a high rate, thereby

precluding sympathetic cooling of magnetically trapped OH by Rb atoms [23]. The spin
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relaxation cross sections for collisions of polar radicals NH and OH with spin-polarized N

and H atoms were found to be small owing to the weak anisotropy of the high-spin NH-N,

NH-H, OH-H interactions, making atomic nitrogen and hydrogen promising coolant atoms

[24–27]. The same conclusion was reached for ground-state Mg atoms colliding with NH(3Σ)

molecules [28]. We showed that despite the strong angular anisotropy of the interactions

between 2Σ molecular radicals and alkali-metal atoms, the inelastic cross sections for inter-

species collisions are strongly suppressed due to the weakness of the spin-rotation interaction

in 2Σ molecules [29]. Small polyatomic molecular radicals such as methylene (CH2), methyl

(CH3), and amidogen (NH2) were found to have small spin relaxation cross sections with

S-state atoms, and hence suggested as promising candidates for sympathetic cooling experi-

ments in a magnetic trap [30, 31]. Magnetic trapping of CH3 radicals has been accomplished

in a recent experiment [32].

The vast majority of atom-molecule combinations proposed for sympathetic cooling ex-

periments included light hydrogen-containing molecules such as NH, OH, and CaH. These

molecules have large rotational level spacings and low densities of rovibrational states, facil-

itating accurate quantum scattering calculations [29, 33]. In contrast, the heavy molecular

radicals produced and studied in recent experiments (CaF, SrF, YO, and SrOH) have small

rotational constants and dense spectra of rovibrational states. While the possibility of co-

trapping and sympathetic cooling of 2Σ molecular radicals with ultracold alkali-metal atoms

has been suggested [19, 20, 29], numerically exact quantum scattering calculations of their

collisional properties are challenging [29] due to the strongly anisotropic atom-molecule in-

teractions, which couple a large number of rovibrational states and field-induced mixing

between different total angular momenta (see Ref. [34] for a detailed discussion). As a

result, it remains unclear whether heavy molecular radicals trapped in recent experiments

[14–19] have small enough inelastic collision rates with ultracold alkali-metal atoms to allow

for efficient sympathetic cooling in a magnetic trap.

Cooling and trapping polyatomic molecular radicals is expected to provide new insights

into many-mode vibrational dynamics, photochemistry, and chemical reactivity at ultralow

temperatures [20, 30–32, 35–37]. Recently, Kozyryev et al. used buffer-gas cooling to prepare

a cold sample of the strontium monohydroxide radical [SrOH (X2Σ)] in the ground and first

excited vibrational states and to observe vibrational energy transfer between the states

induced by collisions with He atoms at 2 K [35]. The highly diagonal array of Franck-
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Condon factors between the ground X̃2Σ+ and the first excited ÃΠ1/2 electronic states of

SrOH enables efficient photon cycling, making SrOH an attractive candidate for molecular

laser cooling and trapping. In a series of recent experiments, Kozyryev et al. observed the

radiation pressure force and demonstrated Sisyphus laser cooling of SrOH to below 1 mK in

one dimension [20, 36].

Here, we use accurate ab initio and quantum scattering calculations to explore the pos-

sibility of sympathetic cooling of SrOH(2Σ) with ultracold Li(2S) atoms in a magnetic trap.

To this end, we develop an ab initio potential energy surface (PES) for the triplet elec-

tronic state of Li-SrOH (Sec. IIA-C) and employ it in multichannel quantum scattering

calculations using a computationally efficient total angular momentum representation for

molecular collisions in magnetic fields [38] (Sec. IID). In Sec. IIIA we show that inelastic

spin relaxation of spin-polarized SrOH molecules in collisions with spin-polarized Li atoms

occurs 100-1000 times slower than elastic collisions over a wide range of collision energies and

magnetic fields, suggesting good prospects of sympathetic cooling of SrOH molecules with

ultracold Li atoms in a magnetic trap. We find broad resonance features in the magnetic field

dependence of atom-molecule scattering cross sections and show that spin relaxation in cold

Li + SrOH collisions occurs predominantly due to the magnetic dipole-dipole interaction

(direct mechanism) rather than via the intramolecular spin-rotation interaction combined

with the anisotropy of the interaction potential (indirect mechanism). In Sec. IIIB we

use adiabatic capture theory to estimate the upper limit to the rate of the Li + SrOH →
LiOH + Sr chemical reaction. The paper concludes in Sec. IV with a summary of main

results and a brief outline of future research directions. Atomic units are used throughout

the rest of the paper unless otherwise stated.

II. THEORY AND COMPUTATIONAL METHODOLOGY

A. Ab initio calculations

The SrOH radical is a linear molecule in its ground electronic state of 2Σ symmetry

[39]. The interaction with a ground-state Li(2S) atom gives rise to two adiabatic PESs

of singlet and triplet spin multiplicities, as shown schematically in Fig. 1. The triplet-

singlet couplings have been shown to be negligible in a closely related Li-CaH system [40]
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and since our interest here is in collisions of fully spin-polarized Li and SrOH which occur

on the triplet PES, we make the common assumption of neglecting the difference between

the singlet and triplet PESs [24–27, 29]. This has the added advantage that single-reference

electronic structure methods can be used to describe the triplet state of the Li-SrOH collision

complex. To compute the triplet PES, we thus employ the partially spin-restricted coupled

cluster method [41] with single, double and perturbative triple excitations (RCCSD(T))

with the reference wavefunction taken from the restricted Hartree-Fock (RHF) approach.

The RHF wavefunction was calculated using pseudocanonical orbitals from multi-reference

self-consistent field [42, 43] (MCSCF) calculations with valence active space as a starting

point.

The geometry of the complex is described by the Jacobi coordinates R – the distance

between Li and the center of mass of SrOH, r – the SrOH bond length, and θ – the angle

between the Jacobi vectors R and r. The origin of the coordinate system is taken at the

center of mass of SrOH. The geometry of SrOH is kept linear and fixed throughout the

calculations. The position of the center of mass was calculated using the exact mass of the

most abundant isotope 88Sr. The Jacobi angle θ describes the angular dependence of the

PES and the θ = 0◦ geometry describes the Li–H-O-Sr collinear arrangement. The linear Sr–

O–H geometry is described by the bond lengths r(SrO) = 2.1110 Å and r(OH) = 0.9225 Å

as verified by the geometry optimization at the RCCSD(T) level. The normal modes of

SrOH are determined from the vibrational frequency RCCSD(T) calculations with the same

basis set as the PES calculations (excluding the bond functions), which show the doubly

degenerate SrOH bending mode at 386 cm−1, the Sr-O stretching mode at 534 cm−1 and

the OH stretching vibration at 3919 cm−1.

For the Sr atom, we use a pseudopotential-based augmented correlation-consistent

quintuple-zeta basis (aug-cc-pV5Z-PP) of Peterson and coworkers [44] with Stuttgart/Cologne

effective core potential (ECP) (ECP28MDF) [49]. The remaining Li, O, and H atoms are

described by core-valence Dunning’s aug-cc-pCVTZ basis functions [50]. The basis set used

in the calculations of the Li-SrOH complex is augmented with a set of 3s3p2d2f1g bond-

functions placed on an ellipsoid as shown in the inset of Fig. 2 [45]. The bond functions

were represented using the following exponents: sp = (0.94, 0.34, 0.12), df = (0.64, 0.23) and

g = (0.35). The ellipsoidal placement of the mid-bond functions avoids accidental overlap

with the atomic basis functions of SrOH at small R.
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B. Li-SrOH reaction pathways

To characterize the stationary points along the Li(2S)+SrOH(2Σ+)→ LiOH + Sr reaction

paths, we carried out RCCSD(T) calculations using the same methodology as described

above. The correlation diagram for the Li + SrOH → LiOH + Sr reaction is shown in

Fig. 1. The global minimum of the S = 1 (triplet) PES describing the interaction of

spin-polarized reactants, corresponds to a strongly bound Li-SrOH complex with a binding

energy of 8338 cm−1 relative to the Li + SrOH asymptote. The S = 0 (singlet) PES is

bound by 14456 cm−1. These binding energies are qualitatively similar to those reported

earlier for similar molecules such as Me2OH (with Me = Li, Na, or K) [46], which range

from 12066.5 cm−1 to 7939.4 cm −1.

The equilibrium geometry parameters of LiOH and SrOH optimized in this work are

given in Table I along with the molecular vibrational frequencies and zero-point (ZPE) and

binding energies. The lowest electronically excited triplet state is found to correspond to a

bent LiOH structure with the wave function belonging to the 3A′′ symmetry. Note that the

ground-state binding energy of LiOH is significantly larger than that of SrOH.

The optimized geometries of the triplet and singlet Li-SrOH reaction complexes are shown

in Fig. 1. The planar equilibrium structure of the triplet electronic state is bent, character-

ized by the bond distances rSrO = 2.27406 Å, rLiO = 1.79474 Å , rOH = 0.9604 Å and bond

angles ∠SrOH=131.8◦ and ∠SrOLi=106.2◦. We find that the minimum-energy path from

the Li + SrOH collision pair to the triplet Li-SrOH complex is barrierless. The optimized

geometry of the singlet Li-SrOH complex is similar to that of the triplet complex, with

rSrO = 2.30470 Å, rLiO = 1.75546 Å, rOH = 0.96113 Å ,∠SrOH=133.0◦, and ∠SrOLi=98.5◦.

Assuming that the total spin S of the Li-SrOH complex is conserved during the chem-

ical reaction [40, 47, 48], the Li + SrOH reactants evolving on the singlet PES can only

form singlet Sr(1S) + LiOH(1Σ+) reaction products. Our RCCSD(T) calculations show

that the Li(2S)+SrOH(2Σ+)→ Sr(1S)+LiOH(1Σ+) reaction is exothermic by 2505 cm−1 in-

cluding zero-point energy (ZPE) correction, which agrees well with the value 2581 cm−1

calculated using thermochemical data [61]. The calculations predict that the 3P excited

state of Sr lies 14535 cm−1 above the 1S ground state, again in good agreement with the
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TABLE I. Optimized geometry parameters and vibrational frequencies of the reactant and product

molecules XOH, where X = Li, Sr. Interatomic distances and angles are given in units of Å and

degrees, respectively. Vibrational frequencies, zero-point energies (ZPE), and binding energies De

are given in cm−1. The binding energies are calculated with respect to the X + OH(2Π) dissociation

limit. ν(OH) denotes the vibrational frequency of the OH stretch, νb denotes the MeOH bending

frequency and ν(XO) the XO bond stretching frequency.

MeOH r(XO) r(OH) ∠XOH ν(OH) νb ν(XO) ZPE De

LiOH(1Σ+) 1.586 0.9511 180 3996.5 358.6 942.8 2828.2 69285

LiOH(3A′′) 2.023 0.9810 110 3580.6 366.6 345.1 2146.1 35326

SrOH(2Σ+) 2.111 0.9220 180 3918.6 387.7 534.2 2614.1 49031

spectroscopically derived value of 14703 cm−1 [62]. The Li + SrOH reaction evolving on the

triplet PES correlates with the Sr(3P) + LiOH(1Σ+) product limit, which is endothermic by

11817 cm−1 (without ZPE correction) as shown in Fig. 1. The other triplet product channel

[Sr(1S) + LiOH(3A′′)] is even more endothermic. We conclude that while the singlet reaction

pathway is energetically allowed and strongly exothermic, both of the triplet pathways are

energetically forbidden at low temperatures. Thus, in the absence of S-changing mecha-

nisms, the chemical reaction Li + SrOH → Sr + LiOH will not occur on the triplet PES. We

note that the S-changing mechanisms can be mediated by non-adiabatic interactions [40],

long-range magnetic dipole-dipole interactions, and intramolecular spin-rotation couplings

[47, 48], all of which are expected to be weak in light atom-molecule collision complexes.

C. Triplet Li-SrOH PES in the entrance reaction channel

We calculate the two-dimensional (2D) triplet Li-SrOH PES on a grid of R and θ within

a supermolecular approach and correct for the basis set superposition error using the coun-

terpoise correction procedure of Boys and Bernardi [51]:

V (R, θ) = ELi−SrOH(R, θ) −ELi−ghost(R, θ) − ESrOH−ghost(R, θ). (1)

The “ghost” in the above equation denotes the presence of dimer-centered basis functions

during the calculations of monomer energies. The R Jacobi coordinate is represented by the

radial grid of 105 points spanning distances from R = 2.75 a0 to R = 40 a0 with a variable
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step from 0.05 a0 in the medium-range to 0.5-2.0 a0 in the long-range. The angular variable

θ is represented on a grid of 26 points, with a step of 5 degrees from 0 to 70 degrees and with

the step of 10 degrees in the remaining interval to 180 degrees. This gives around 2700 points

representing the triplet Li-SrOH PES for a fixed SrOH equilibrium geometry. All electronic

structure calculations have been performed with the MOLPRO suite of programs [52, 53].

The calculated PES data points are expanded in Legendre polynomials

V (R, θ) =

20
∑

λ=0

Vλ(R)Pλ(cos θ). (2)

Figure 2(a) shows a contour plot of the triplet Li-SrOH PES. The potential is extremely

anisotropic, varying from strongly attractive (thousands of cm−1) in the region of the global

minimum to weakly attractive (-100-200 cm−1) near the collinear saddle points at θ = 0◦

or θ = 180◦ and R ≈ 12 a0. The high anisotropy is also manifested in the large magni-

tude of the first few anisotropic Legendre moments Vλ(R) shown in Fig. 2(b) at medium

and short R. Higher-order Legendre terms become progressively less important at larger

atom-molecule separations. The long-range fit is performed using the analytical formula

VLR(R, θ) = −∑

n,l
Cnl

Rn Pl(cos θ) including the dispersion coefficients from C60 to C84. The

isotropic van der Waals dispersion coefficient of the triplet PES is estimated from the long-

range fit to be C60 = 1.7 × 109 cm−1a60. The long-range fit is smoothly joined with the

expansion fit [Eq. (2)] by the hyperbolic tangent switching function. The radial Vλ coef-

ficients are fit using the Reproducing Kernel Hilbert Space (RKHS) interpolation method

with a one-dimensional radial kernel with n = 2 and m = 5 [54, 55]. A Fortran routine for

the Li-SrOH PES is available in the Supplemental Material [56].

The minimum of the 2D triplet Li-SrOH PES is located at Re = 5.289 a0 and θe = 43.19◦

with a well depth of 4931.94 cm−1. As shown in Fig. 1, the global minimum of the triplet

Li-SrOH complex corresponds to a skewed Li–HOSr geometry with the Li–H distance of

3.818 a0 and the Sr-O-H–Li angle of ≈ 71.5◦.

D. Quantum scattering calculations

In order to solve the quantum scattering problem for Li-SrOH, we numerically integrate

the close-coupling (CC) equations in the body-fixed (BF) coordinate frame [29, 38]. Mo-

tivated by the need to reduce the computational cost of quantum scattering calculations,
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we assume that SrOH remains frozen at its ground-state equilibrium configuration, thereby

invoking the rigid-rotor approximation [29]. The energy gap between the ground and the

lowest excited vibrational states of SrOH (386 cm−1) is small compared to the Li-SrOH po-

tential strength (4931.9 cm−1), which may lead to a temporary excitation of the vibrational

modes, giving rise to a resonance structure in the energy and field dependence of scattering

cross sections. At collision energies far detuned from the resonances, the coupling between

the different vibrational modes of SrOH induced by the interaction with the incident Li atom

is small and the rigid-rotor approximation is expected to hold. We therefore expect that

our calculations provide a reasonably accurate description of cold Li + SrOH background

scattering.

The effective Hamiltonian for low-energy collisions between an atom A (2S) and a diatomic

molecule B (2Σ) in the presence of an external magnetic field may be written [29, 38]

Ĥ = − 1

2µ
R−1 ∂2

∂R2
R +

(Ĵ − N̂ − ŜA − ŜB)2

2µR2
+ ĤA + ĤB + Ĥint (3)

where µ is the reduced mass of collision complex defined by µ = mAmB/(mA + mB), ĤA

and ĤB describe separated A and B in an external magnetic field, and Ĥint describes the

interaction between the collision partners. As mentioned in Sec. IIA the collision complex is

described by the Jacobi vectors R and r in the BF frame. The embedding of the BF z axis

is chosen to coincide with the vector R, and the BF y axis is chosen to be perpendicular to

the plane defined by the collision complex.

In Eq. (3), Ĵ is the operator for the total angular momentum of the collision complex, N̂

is the rotational angular momentum operator for molecule B, and ŜA and ŜB are the spin

operators for atom A and molecule B, respectively. The orbital angular momentum operator

of the collision complex in the BF frame is given by l̂ = Ĵ − N̂ − ŜA − ŜB. The separated

atom Hamiltonian in the presence of an external magnetic field is given as ĤA = geµBŜA,ZB,

where ge is the electron g-factor, µB is the Bohr magneton, ŜA,Z gives the projection of ŜA

onto the magnetic field axis and B is the magnitude of the external magnetic field. For a

linear molecule such as SrOH(X2Σ), ĤB = BeN̂
2 + γSRN̂ · ŜB + geµBŜB,ZB, where Be is the

rotational constant, and γSR is the spin-rotation constant. The last term in Eq. (3) describes

the atom-molecule interaction, including both the electrostatic interaction potential V̂ and

the magnetic dipole-dipole interaction V̂dd between the magnetic moments of the atom and
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the molecule. The interaction potential V̂ may be written

V̂ (R, θ) =

SA+SB
∑

S=|SA−SB|

S
∑

Σ=−S

|SΣ〉V̂ S(R, θ)〈SΣ| , (4)

where total electronic spin S is defined as Ŝ = ŜA + ŜB. Our interest here is in collisions

between rotationally ground-state SrOH molecules (N = 0) with Li atoms initially in their

maximally stretched Zeeman states MSA
= MSB

= 1/2, where MSA
and MSB

are the pro-

jections of ŜA and ŜB onto the space-fixed (SF) Z-axis. Following our previous work on

Li-CaH [29, 40] we assume that the non-adiabatic coupling between the triplet (S = 1) and

the singlet (S = 0) Li-SrOH PESs can be neglected, and that the PESs are identical, i.e.

V̂ S=0(R, θ) = V̂ S=1(R, θ). The dipolar interaction between the magnetic moments of the

atom and molecule may be written [33]

V̂dd = −g2
eµ

2
0

√

24π

5

α2

R3

∑

q

(−)qY ∗
2,−q(R̂)[ŜA ⊗ ŜB](2)q , (5)

where µ0 is the magnetic permeability of free space, α is the fine-structure constant and

[ŜA ⊗ ŜB]
(2)
q is the spherical tensor product of ŜA and ŜB.

Following previous studies [29, 33, 38], the total wave function of the Li-SrOH collision

complex is expanded in a set of basis functions

|JMΩ〉|NKN 〉|SAΣA〉|SBΣB〉 . (6)

Here, Ω, KN , ΣA and ΣB are the projections of J , N , SA and SB onto the BF quantization

axis z, and Ω = KN + ΣA + ΣB is satisfied. Unlike Ω, the projection of J onto the SF

quantization axis M is rigorously conserved for collisions in a DC magnetic field [1, 57],

so the CC equations can be constructed and solved independently for each value of M . In

Eq. (6) |JMΩ〉 =
√

(2J + 1)/8π2DJ∗
MΩ(ᾱ, β̄, γ̄) is an eigenfunction of the symmetric top, and

the Wigner D-functions DJ∗
MΩ(ᾱ, β̄, γ̄) depend on the Euler angles ᾱ, β̄ and γ̄, which specify

the position of the BF axes x, y and z in the SF frame. The rotational degrees of freedom

of SrOH in the BF frame are described by the functions |NKN〉, which can be expressed in

terms of the spherical harmonics as
√

2πYNKN
(θ, 0). The matrix elements of the effective

Hamiltonian in the total angular momentum basis (6) are evaluated as described elsewhere

[38].

The molecular parameters used in scattering calculations are listed in Table II. The

size of the basis set is governed by the truncation parameters of Jmax and Nmax which are
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TABLE II. Spectroscopic constants of SrOH (in cm−1) and masses of the collision partners

(in a.m.u.) used in scattering calculations.

Parameter Value

Be 0.24633

γSR 2.4275 × 10−3

mSrOH 104.9083586

mLi 7.01600455

the maximum values of J and N in the basis set. Unless stated otherwise, all scattering

calculations are carried out with Jmax = 3. The convergence properties with respect to Jmax

are examined in the Appendix. Due to the strong anisotropy of the Li-SrOH interaction, a

large number of rotational channels must be included in the basis set to obtain converged

results. Furthermore, the rotational constant of SrOH is ∼20 times smaller than that of

CaH, which results in larger values of Nmax for Li-SrOH compared to Li-CaH (Nmax = 55

[29]). Indeed, we found that using Nmax = 115 is necessary to obtain the cross sections

converged to within 2% (see the Appendix).

The numerical procedures used in this work are essentially the same as those employed

in our previous study of Li-CaH collisions [29] as explained in detail elsewhere [33, 38]. In

brief, the CC equations are solved numerically using the log-derivative propagator method

[58, 59] on an equidistant radial grid from Rmin = 4.0 a0 to Rmid with Rmid = 9.5 a0 for

B > 10 G and Rmid = 22.7 a0 for B ≤ 10 G using a step size of 0.00189 a0. Airy propagation

is employed for Rmid ≤ R ≤ Rmax with Rmax = 280.0 a0 for B > 10 G and Rmax = 1322.8 a0

for B ≤ 10 G. Propagating the log-derivative matrix out to very large values of Rmax is

necessary to maintain the numerical accuracy of quantum scattering calculations on systems

with long-range anisotropic interactions at low magnetic fields [60].

After propagating the log-derivative matrix out to a sufficiently large R = Rmax where

the interaction potential becomes negligible, the matrix is transformed from the total an-

gular momentum representation to a basis set in which ĤA, ĤB and l̂2 are diagonal. The

resultant log-derivative matrix is matched to the scattering boundary conditions to obtain

the S-matrix, and the elastic and inelastic cross sections are extracted from the S-matrix as

described in Ref. [38].
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E. Quantum capture calculations

As argued in Sec. IIB, the chemical reaction of spin-polarized reactants is energetically

forbidden at low collision energies. However, spin-nonconserving interactions, which are not

accounted for within our 2D single-state model, may induce non-adiabatic transitions to the

singlet PES [40]. An upper bound to the rate of these transitions is given by the capture

rate, i.e., the rate of reactant penetration to the short-range region as defined classically

by the Langevin model. To estimate this rate, we applied here a quantum version of the

statistical adiabatic channel model [63] implemented as described in Ref. [64].

In brief, we use a simplified atom-molecule Hamiltonian (3) without the spin-rotation

coupling and Zeeman interactions. The adiabatic channel potentials are obtained by diago-

nalizing the Hamiltonian, at fixed atom-molecule separations R, in the symmetry-adapted

rigid rotor function basis set. Since we are only interested in the channels correlating to the

ground rotational state of the SrOH reactant, the single lowest-energy root was retained for

each total angular momentum quantum number J (l ≡ J in this case). Using Nmax = 49

gives results converged to within 2% for the desirable N = 0 adiabatic channel near the

bottom of the potential well at R = 5.3 a0.

To calculate the quantum capture probabilities for J ≤ 20, we use the modified Truhlar-

Kupperman finite difference method [65] as described in Refs. [63, 64] on a grid of collision

energies extending from 10−11 to 1000 cm−1. Inner capture boundary conditions are applied

at R = R0 within the short-range region. We used 6 values of R0 ∈ [5.7, 13.2]a0 to obtain

the average capture probability at each collision energy. The classical capture probabilities

are determined from the height of the centrifugal barrier for each J ≤ 40 [64].

III. RESULTS

A. Elastic and inelastic cross sections

Figure 3 (a) shows the elastic (σel) and inelastic (σinel) cross sections for fully spin-

polarized Li + SrOH collisions as functions of collision energy for the external magnetic

fields of 1 G, 10 G, 100 G and 1000 G. Due to the very weak magnetic field dependence of

the elastic cross section, only the B = 1000 G result is shown in the figure. The inelastic cross

section increases significantly as the magnetic field increases from 1 G to 100 G, especially in
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the ultracold s-wave regime (the field dependence will be explored later in this section). The

inelastic cross sections as a function of collision energy remain smooth and small over the

entire energy range considered. As mentioned in the Introduction, for sympathetic cooling

to be effective, the ratio of elastic to inelastic cross sections γ = σel/σinel must exceed 100.

Figure 3(b) shows that the calculated values of γ do exceed 100 throughout the whole energy

range except in the vicinity of EC = 5.0 × 10−3 cm−1.

Figure 4 shows the temperature dependence of the rate constants for elastic scattering

and spin relaxation. The rate constant is an energy averaged property obtained by the

convolution of the cross sections with the Maxwell-Boltzmann distribution function. As

such, the behavior of the rate constant as function of temperature tends to be monotonous.

Importantly, the rate of collision-induced spin relaxation is more than two orders of magni-

tude smaller than that of elastic scattering, suggesting favorable prospects for sympathetic

cooling of SrOH molecules with Li atoms in a magnetic trap.

In Fig. 5, we plot the magnetic field dependence of the inelastic cross sections calculated

for the collision energy of 10−6 cm−1. We observe two broad asymmetric resonance profiles,

around which the inelastic cross sections are reduced dramatically. This suggests the pos-

sibility of suppressing spin relaxation in Li + SrOH collisions by tuning the DC magnetic

field as noted previously for He-O2 [67]. We note that, despite the high density of rovibra-

tional states of the Li-SrOH collision complex, only a few resonances are observed in the

inelastic cross section below 2000 G. This suggests that most of the states of the complex

are decoupled from the incident spin-polarized collision channel. A similar magnetic field

dependence is observed in ultracold collisions of spin-polarized alkali-metal atoms [68, 69]

and O2(
3Σ) molecules [70, 71], which display a lower resonance density in non-spin-polarized

initial channels.

B. Direct vs. indirect spin relaxation mechanisms

In general, inelastic spin relaxation in cold collisions of 2Σ molecules in their ground rota-

tional states with 2S atoms is mediated by two mechanisms, direct and indirect. The direct

mechanism is due to the long-range intermolecular magnetic dipole-dipole interaction V̂dd

given by Eq. (5). The indirect mechanism is due to a combined effect of the intramolecular

spin-rotation interaction and the coupling between the rotational states of the molecule in-
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duced by the anisotropy of the interaction potential [72]. As shown in Fig. 1, the anisotropy

of the interaction potential is strong in the range of small atom-molecule distances R; thus

the indirect mechanism operates at short range.

In order to compare these mechanisms, we plot in Fig. 5 the magnetic field dependence of

the inelastic cross sections calculated with and without the magnetic dipole-dipole interac-

tion. Omitting the magnetic dipole-dipole interaction leads to a dramatic reduction of the

inelastic cross section over the entire magnetic field range (including near scattering reso-

nances), which strongly suggests that spin relaxation in spin-polarized Li + SrOH collisions

is driven by the direct mechanism. As shown in Fig. 6(a), the indirect mechanism becomes

more efficient with increasing collision energy; however, the direct mechanism dominates

even at the highest collision energy considered.

It is instructive to compare the efficiency of the indirect spin relaxation mechanism in

collisions of light (CaH) and heavy (SrOH) molecular radicals with Li atoms. The inelastic

cross sections calculated in the absence of the magnetic dipole-dipole interaction are similar

in magnitude (5.7 × 10−4 Å for Li + SrOH and 10−3 Å for Li + CaH [29] at EC = 10−6

cm−1 and B = 1000 G). At first glance, this is surprising because ∼120 excited rotational

states contribute to the indirect spin relaxation mechanism for Li + SrOH, as opposed to

only ∼50 rotational states for Li + CaH. As a result, the number of third (and higher)-order

contributions to the Li + SrOH inelastic scattering amplitude is expected to be significantly

larger than for Li + CaH, leading one to expect the indirect spin relaxation mechanism to

be more efficient for Li + SrOH. However, the spin-rotation constant of SrOH is 10 times

smaller than that of CaH, so each contribution to the Li + SrOH scattering amplitude

is suppressed by a factor of 10. This suppression compensates for the larger number of

contributing terms for Li + SrOH, providing a qualitative explanation for the comparable

efficiency of indirect spin relaxation mechanisms in collisions of light and heavy molecular

radicals.

Figures 3(a) and 5 show that the inelastic cross section decreases dramatically as the

magnetic field is reduced below 100 G in the ultracold s-wave regime. The suppression of

spin relaxation is a consequence of conservation of parity and the total angular momentum

projection M [66], which dictate that inelastic spin relaxation of the incoming s-wave channel

must be accompanied by a change of the orbital angular momentum from l = 0 to l = 2.

If the energy difference between the initial and final channels is small enough due to the
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small Zeeman splitting in a weak magnetic field, the height of the d-wave centrifugal barrier

in the final channel can be larger than the initial kinetic energy in the incoming channel.

Under such conditions, spin relaxation occurs by tunnelling under the d-wave centrifugal

barrier, and is strongly suppressed. We note that this mechanism only applies to indirect

spin relaxation induced by the intramolecular spin-rotation interaction.

Figures 6(b) and 6(c) compare the incoming partial wave contributions to the inelas-

tic cross sections calculated with and without the magnetic dipole-dipole interaction. For

the indirect spin relaxation mechanism, the incoming p-wave contribution tends to exceed

the incoming s-wave contribution in both the s-wave and multiple-partial-wave regimes as

discussed in Refs. [57, 66]. In contrast, the cross sections calculated with the magnetic

dipole-dipole interaction included display a more conventional partial wave structure, with

the incoming s-wave contributions being dominant below EC = 10−3 cm−1 and all incoming

partial wave components becoming comparable at higher collision energies. This explains the

diminishing role of the indirect spin relaxation mechanism with decreasing collision energy

evident in Fig. 6.

C. Quantum capture rates

Figure 7 shows the Li + SrOH capture rate constant as a function of temperature, with

quantum and classical results shown by lines and symbols, respectively. At T → 0, the

quantum rate obeys the Wigner threshold law for s-wave scattering. The crossover to the

multiple partial wave regime, which occurs at ca. 100 µK, manifests itself as a shallow min-

imum in the temperature dependence of the total capture rate. The total classical capture

rate exhibits the expected divergence as T → 0 due to the lack of quantum reflection in the

barrierless s-wave scattering channel. On the other hand, neglecting tunnelling leads to a

faster decline of the contributions from higher partial waves as the temperature decreases. A

combination of these two effects makes the classical capture approximation quite reasonable

down to the temperatures as low as 300 µK. Overall, the magnitude of the Li + SrOH reac-

tion rate and its temperature dependence are very similar to those calculated previously for

the Li + CaH → LiH + Ca chemical reaction [64]. However, the larger reduced mass of the

Li-SrOH collision complex and its stronger long-range dispersion forces make the crossover

effect more pronounced and the classical approach more reliable for the J > 0 partial waves.
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We note that our calculated capture rates cannot be directly compared to those obtained

from quantum scattering calculations using the standard boundary conditions. However,

the large magnitude of the capture rates indicates that the Li + SrOH → LiOH + Sr

chemical reaction should be the dominant loss channel for the reactants colliding in non

fully spin-polarized initial states. Assuming that the long-range behavior of the singlet and

triplet PESs is identical, we obtain an upper bound to the reaction rate as 3 × 10−10 cm3/s,

one third of the value shown in Fig. 7, and 3-4 orders of magnitude larger than the spin

relaxation rate for fully spin-polarized Li + SrOH collisions shown in Fig. 3. Thus, spin

polarization of the reactants can be used to suppress inelastic and reactive losses in cold

Li + SrOH collisions.

IV. SUMMARY AND OUTLOOK

We have studied the collisional properties of ultracold spin-polarized mixtures of SrOH

molecules with Li atoms using reduced-dimensional quantum scattering calculations and

a newly developed, highly anisotropic triplet PES of the Li-SrOH collision complex. We

present the elastic and inelastic collision cross sections over a wide range of collision energies

(10−6-1 K) and magnetic fields (1-1000 G) along with the quantum and classical capture

rates, which give an upper limit to the total Li+SrOH reaction rate. We find that inelastic

spin relaxation in fully spin-polarized Li + SrOH collisions is strongly suppressed (with

the ratio of elastic to inelastic collision rates γ > 102-103), suggesting good prospects for

sympathetic cooling of spin-polarized SrOH molecules with Li atoms in a magnetic trap. In

the context of rapid experimental progress in buffer-gas cooling and Sisyphus laser cooling of

polyatomic radicals [20, 35, 36], our results open up the possibility of sympathetic cooling of

polyatomic molecules with magnetically co-trapped ultracold alkali-metal atoms, potentially

leading to new advances in low-temperature chemical dynamics and spectroscopy of large

molecules in the gas phase [30, 37].

In future work, we intend to explore the sensitivity of scattering observables to small

uncertainties of the Li-SrOH interaction PES (preliminary calculations indicate that the

main conclusions of this work are robust against the uncertainties). It would also be in-

teresting to study the effect of the SrOH vibrational modes and singlet-triplet interactions

neglected here [40] on cold collisions of SrOH molecules with alkali-metal atoms in arbitrary
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initial quantum states. Such interactions could be particularly important for heavier coolant

atoms, such as K and Rb, whose use in sympathetic cooling experiments may be preferable

for experimental reasons.
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Appendix A: Basis set convergence of scattering observables

Here, we explore the convergence of Li + SrOH scattering cross sections with respect to

the truncation parameters Nmax and Jmax. First, we check the convergence with respect to

the maximum rotational state included in the basis set Nmax. As pointed out in Sec. IIB,

the small rotational constant of SrOH along with the large well depth and strong anisotropy

of the Li-SrOH interaction lead to a large value of Nmax required for convergence. Figure 8

shows the cross sections as a function of Nmax at the collision energy of 1.0×10−6 cm−1 and

the magnetic field of 100 G with Jmax = 1. We observe rapid oscillations in the calculated

cross sections until Nmax ∼ 95. Even after the oscillations cease at Nmax > 100, monotonous

but non-negligible change of the cross sections continues until Nmax = 105. We note that

there seems to be no correlation between the behavior of the elastic and inelastic cross

sections as a function of Nmax in the region of strong oscillations (60 < Nmax < 95). The

convergence patterns observed at higher collision energies (e.g. 10−3 cm−1) resemble those

shown in Fig. 8, with the oscillations becoming less pronounced. We find that using Nmax =

115 gives both the elastic and inelastic cross sections converged to within 2%.

To test the convergence of scattering observables with respect to the maximum value of

the total angular momentum in the basis set Jmax, we plot in Fig. 9 the elastic and inelastic

cross sections as a function of collision energy calculated for Jmax = 3 and 4. Note that since

the couplings between the adjacent J-blocks become stronger with increasing the B-field

[38], using B = 1000 G provides a more stringent convergence test than using B = 100 G.

As the computational cost of the Jmax = 4 calculations is very large, we limit the calculations

to 7 representative collision energies spanning the range 10−6− 10−2 K. Figure 9 shows that
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adequate convergence of the inelastic cross sections is achieved with Jmax = 3 at all collision

energies. The observed convergence for Jmax = 3 implies the smallness of the incoming

f -wave contributions to the inelastic cross sections (described by adding the J = 4 block in

the basis set). It also implies that the couplings between the incoming f -wave and p-wave

scattering states in the entrance and exit collision channels are not critically important.
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FIG. 1. Correlation diagram for the Li + SrOH → Sr + LiOH chemical reaction. The level energies

are expressed in units of cm−1. All the structures have been optimized with the RCCSD(T) method

as described in the text except that no bond functions were used and the BSSE correction was not

applied.
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electronic state (in units of cm−1). The θ = 0◦ geometry corresponds to the collinear Li–H-O-Sr

arrangement. (b) The radial dependence of the first few Legendre expansion coefficients Vλ(R).

The insert shows the ellipsoid along which the bond functions are placed. The center of the

ellipsoid is located at the center of mass of SrOH, and its horizontal and vertical axes are given

by rb = RLi-H/2 + rH-X and ra = R/2, where rH-X is the distance from H to the center of mass of

SrOH.
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FIG. 3. (a) Cross sections for elastic scattering and inelastic spin relaxation in spin-polarized

Li + SrOH collisions plotted as functions of collision energy for the external magnetic field of 1 G

(diamonds), 10 G (triangles), 100 G (squares), 1000 G (crosses). The elastic cross section displays

a very weak magnetic field dependence. (b) The ratios of elastic and inelastic cross sections as

functions of collision energy for the same values of the magnetic field as in (a).
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FIG. 8. Convergence of the elastic and inelastic cross sections for spin-polarized Li + SrOH

collisions with respect to the number of rotational states included in the basis set at the collision

energy of 1.0 × 10−6 cm−1. The magnetic field is 100 G and Jmax = 1.

FIG. 9. Convergence of the elastic and inelastic cross sections for spin-polarized Li + SrOH

collisions with respect to the number of total angular momenta included in the basis set: Jmax = 3

(circles and squares) and Jmax = 4 (pluses and crosses). The magnetic field is 1000 G.
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