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ABSTRACT: Shape resonances in cold collisions are often strongly affected
by stereodynamics. These resonances can sometimes be assigned by single-
channel quantization along the scattering coordinate. However, sensitive
steric control of collision implies strong anisotropy of the interaction
potential energy surface, which usually leads to coupling among multiple
scattering channels in the strongly interacting region. Hence, the resonances
might be the result of quantization in a multidimensional space. Using the
cold rotationally inelastic collision between para-H, (v; = 1, j; = 2) and HF
(v, =0, j, = 0) as an example, we analyze four low-lying shape resonances via
diagonalization of the full-dimensional Hamiltonian with a stabilization
method. While some resonances can indeed be assigned with a single partial
wave, others apparently involve more than one scattering channel. A new
model based on these resonance wavefunctions is developed to better
understand the stereodynamics through shape resonances in cold collisions.
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C omplete control of molecular scattering at the quantum
state level is a long sought-after goal in chemical physics.
The ultimate challenge to attain such control is to understand
the correlation between oriented or aligned collision partners
and the scattering outcomes. Fundamentally, this so-called
stereodynamics stems from the anisotropy of the interaction
potential energy surface (PES)," but not always in a predictable
way. In recent years, experimental preparations of oriented or
aligned molecules have advanced to an unprecedented level
that allowed the study of stereodynamics of both reactive and
nonreactive collisions.”” "’

In the cold regime with collision energies on the order of 1
K, scattering is typically dominated by one or a few partial
waves. As a result, quantum effects such as resonances become
prominent."”"> In recent work by Zare and co-workers, for
example, shape resonances have been detected in cold
collisions between HD and D,,'* as well as other
isotopomers,"“™'® and shown to be strongly affected by initial
orientation of one or both collision partners. The initial
preparation of molecules in a direction parallel or perpendic-
ular to the relative velocity of the collision partners was made
possible by Stark-induced adiabatic Raman passage (SARP)
and the cold collision temperature was achieved in a
copropagating beam.” Quantum mechanical studies of these
processes have revealed the nature of the shape resonances
dominated by single partial waves,' ~'” which helped to gain
fundamental insights of stereodynamical control of collision
dynamics via resonances.”’

Different from a Feshbach resonance in which an internal
mode is excited, a shape resonance is a metastable state formed
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by the shape of the interaction PES. For nonreactive scattering,
shape resonances can form in the potential well resulted from
van der Waals or hydrogen bond interactions between the
colliding molecules. For the H, + H, system,'” for example, the
anisotropy of the PES is relatively weak. As a result, the shape
resonances are largely localized in large intermolecular
distances and can often be assigned by examining the one-
dimensional (1D) quantum states in the scattering coordinate
(R) in the relevant scattering channel labeled by the incoming
orbital angular momentum (L). They correspond to quasi-
bound states supported by the effective potential (V(R)+L(L
+1)A*/2uR*)) where V(R) is the channel-averaged interaction
potential and p is the collisional reduced mass. For strongly
interacting systems, this single-channel model may no longer
be appropriate, due to the coupling of the scattering coordinate
with other molecular modes dictated by the anisotropic PES.
Indeed, in a recent study of the cold H, + HCI collision, two
low-lying resonance peaks could not be assigned within the 1D
model.”" Such difficulties hinder our understanding of the
stereodynamics. In other systems, it might even be difficult to
distinguish between the shape and Feshbach resonances.
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In this Letter, we investigate rotationally inelastic scattering
in another strongly anisotropic system,n’23 para-H, (v, = 1, j1
=2) + HF (v,=0,j,=0) - para-H, (v/; = 1,j,' =0) + HF
(v;’ =0, j,'), in the cold regime. Full-dimensional quantum
scattering calculations are carried out and stereodynamics
analyzed. Similar to the H, + HCI system,”’ some of the low-
lying resonances are difficult, if not impossible, to assign within
the 1D model. To better understand these resonances and
their impact on stereodynamics, we calculate the resonance
wavefunctions by diagonalizing full-dimensional Hamiltonian
using a stabilization method. Furthermore, we device a model
to identify the role played by these resonances in controlling
the stereodynamics.

Full-dimensional time-independent close-couplin ng (TICC)
calculations on a highly accurate H,—HF PES,”**" which is
augmented by a long-range interaction term (see Section S—II
of Supporting Information (SI) for detall) were performed
employing a homemade 2 + 2 code” In the helicity
representatlon, © the following scattering amplitudes
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are needed to calculate the differential and integral cross
sections (DCSs and ICSs). Here, a combined molecular state
(CMS) is labeled by a = (v,j,v,j,), where the subscript 1 is for

H, and 2 is for HF. E_ is the collision energy, k, = /2uE_,

—2 T L are the total and orbital angular momenta,
ml_lz+mHF

and j, = j, + j, with my,, m;, m, as the corresponding z-
components in the space-fixed (SF) coordinate frame
illustrated in Figure S1. The transmission matrix is related to

the scattering matrix: 7 = 1 - &, and dr{lw ml'z(g) is the Wigner

ﬂ:

reduced rotation matrix element.

In a SARP experiment in which the H, molecule is prepared
in a fixed initial internal state with its principal axis at an angle
f relative to the H,—HF relative velocity as
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(2)
the DCS is given as
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to account for the interference between different polarized
states in the entrance channel preparation,’” and the ICS can
be calculated by the integral
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For randomly oriented/aligned collisional partners, averaging
over m, yields the corresponding cross sections.

The calculated ICS for nonpolarized rotationally inelastic
collisions, para-H, (v, = 1,j, =2) + HF (v, =0, j, = 0) —
para-H, (v;’ = 1,j;' =0) + HF (v,’ =0, j,' = 3), as a function
of E. is shown in Figure 1(a), featuring four prominent
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Figure 1. Integral cross sections for para-H, (vy=1,j,=2) + HF (v,
=0,j,=0) - para-H, (v,' = 1,j,' =0) + HF (v,’ =0, j,' = 3). (a)
Partial wave resolved ICSs. (b) ICSs for different initially aligned H,.

resonance peaks at 0.52 (Peak 1), 2.44 (Peak 2), 5.08 (Peak
3), and 7.71 K (Peak 4), dominated by the (L, J) = (3, 5), (4,
5), (6, 8) and (6, 7) contributions, respectively. Figure 1(b)
shows the sensitivity of these resonances to the initial H,
alignment specified by the f angle: Peaks 2 and 4 are largely
switched off in H-SARP (f = 0), whereas no qualitative
difference between the V-SARP (f# = 90°) and isotropic ICS
was observed. Note that the (L, J) = (3, 5) partial wave also
leads to a broader scattering resonance around 3 K, but it is
obscured by Peak 2 when H, is unaligned or aligned by V-
SARP. However, it becomes prominent in H-SARP due to the
disappearance of Peak 2. ICSs in the other three energetically
accessible exit channels, j," = 0, 1 and 2, do not show
significant differences except for two resonance peaks due to
the conservation of J and parity & (+1 refers to even/odd
parity), as illustrated in Section S—III of SL

In order to gain further insight into the quantum nature of
these resonances and corresponding stereodynamical prefer-
ences, we first attempted to assign them based on the widely
used 1D model with the following effective potential:

L(L+1)
Vil J(R) = (aj,, LJIAV(R)laj, L]) + + e,
+¢, ) ()
where AV is the interaction potential while ¢,; and ¢, are

respectively the rovibrational energy of the H, and HF
monomers when separated. As illustrated in Figure 2, Peak 3 at
5.08 K dominated by the (L, J) = (6, 8) partial wave and Peak
4 at 7.71 K dominated by the (L, J) = (6, 7) partial wave can
be readily assigned as shape resonances corresponding to the
1D quasi-bound states at 5.21 and 6.36 K, respectively.
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Figure 2. One-dimensional effective potential energy curves and the
probability density p(R) for bound or quasi-bound states supported.
The initial states are indicated for different curves. The inclusion of
the a = (1,2,0,1) states is aimed at explaining why Feshbach
resonance supported by a single closed channel was ruled out in
assigning Peaks 1 and 2.

However, the 1D model for the (L, J) = (3, 5) or (4, S) case
does not show any quasi-bound state. Moreover, the energies
of two lowest-lying bound states with different parity
supported by closed channels, specifically (aj,LJ)
(1,2,0,1,3,2,5) and (1,2,0,1,3,3,5), are ~30 K higher than the
resonance energies, which ruled out Feshbach resonances.
Therefore, this 1D model is insufficient to assign the two
resonance peaks below 3 K.

To gain more definitive information on these low-lying
resonances, we determine the corresponding wavefunctions by
diagonalizing the full-dimensional Hamiltonian using a
stabilization method (7 = 1):*’

1 0

L2
5 + h + hy, + AV
24 OR

2;4R2

(6)
where h; and h, are respectively the asymptotic Hamiltonian
for H, and HF monomers. To understand stereodynamics, the

eigenfunctions are expressed in the SF frame for fixed ], € and
M

= JMe . N
D7) = D7 Gl X, )i s, M o, LIM)
poj,L

7)

where the expansion basis is defined in Section S—IV of SL
To assign the resonance states, we examine the following
weight for the channel aj,L]:

Z lGI{fXI L i
(8)

For a shape resonance related to a specific open entrance or
exit channel (aj;,L]), the corresponding PJ; ; would be large.

PyL=

For a Feshbach resonance, on the other hand, the largest Py; |

value would be for a closed channel corresponding to an
internally excited entrance (or exit) state.
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Four quasi-bound states were found at 0.56 (State 1, J =5, &
—1),2.53 (State 2, ] = S, & = +1), 5.06 (State 3, ] = 8, € =
+1), and 7.62 K (State 4, ] = 7, € = +1), which correspond the
four resonance peaks, respectively, in agreement with the
results of TICC calculations shown in Figure 1(a). All are
dominated by the entrance CMS a = (1,2,0,0), as shown in
Table 1, which can be safely assigned as shape resonances.

Table 1. Information of the Four Resonance States Labelled
by a Single J and &

State Energy/K T L. Pk
1 0.56 3 5 0.52
2 2.53 4 4 0.71
3 5.06 6 6 0.82
4 7.62 6 6 0.79

“All are dominated by channels where a = (1, 2, 0, 0) and j;, = 2.
L, is the partial wave responsible for the resonance. The largest

P{Z&ZLM weights along with corresponding L., are listed

Moreover, it is noteworthy that Peak 1 is attributed to the L =
3 partial wave, while State 1 is dominated by L = 5 channel,
which highlights the nonnegligible role of coupling between
different scattering channels in the strongly interacting region,
especially those featured by same CMSs but different L values.
We also found that the L = S incoming partial wave led to a
scattering resonance and dominated by the (L, J) = (5, S)
component at 0.52 K as seen in Figure S4. This behavior of the
(L, J) = (5, 5) incoming partial wave reinforces the importance
of the L = 5 channel for State 1. However, the contribution of
the (L, J) = (5, S) incoming partial wave is too small to impact
on the total ICS. This can be attributed to the preference for
the smaller angular momentum (L = 3) instead of the larger (L
= 5) in the entrance channel in cold collisions.

In SF coordinates illustrated in Figure S1, two-dimensional
cuts of quasi-bound wavefunctions @ as a function of R and
¢, are shown in Figure 3. In these cuts, all the other seven
coordinates are fixed with the azimuthal angles ¢ and ¢, at
right angles. It is clear that States 1 and 3 are symmetric about
¢, = 90°, whereas States 2 and 4 are antisymmetric featuring a
node at 90°. The different symmetries hold clues to their
different behaviors in stereodynamics.

To further understand the stereodynamics controlled by the
shape resonances, we have developed a new model in the SF
frame. A resonance state |®™¢(E)) labeled by J, M and & can
be represented in terms of scattering eigenstates

am,mszL(E)>
|(D]Mé (E)> = Z A(En{inszL (E) llPamlmszL(E) >6m1+m2+mL,M

amym,Lmy
(9)

where my is the z-component of L in the SF frame. Here, |
A({,I,\,ffmZLmL(E)lz can be interpreted as the probability of
I i, (E)) in the resonance state I®/*(E)). Numerically,

the resonance wavefunction ®¢(E) determined by the
stabilization method is expected to be a good ap} roximation

of (D]Mg(E) in the strongly interacting region.”” A scaled
quantity A%, (E) oc AM¢ | (E) can be generated by an

integral related to centrifugal and interaction potentials as
shown in Section S—V of SL. This quantity is dominated by the
behavior of ®™¢(E) at small R.
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Figure 3. Cuts of wavefunctions ®% in a.u. for State 1 (a), 2 (b), 3 (c), and 4 (d) with r; = 1.405aq, r, = 1.735a5, 0 = 0, 0, =

= ¢, = 90°.
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Generally, more than one m; and m, contributes to the
incoming wave in a SARP experiment. The overall importance
of the resonance can thus be written as

1
DY z 0 ml(/),)lzlAJxmzLO (E)|2 my+m,y,M

W, . =
aL;aligned,} 2] +1
(10)

2 M,my,m,

while in nonpolarized case, we have

1
- - |A JMe E)I%S
(2]1 + 1)(2]2 + 1) Mz amlmzLO( ) my+my,M
(11)

Derivations of the above formulas are provided in Section
S—V of SI.

In Table 2, the calculated values of W are listed, which
provide an explanation of the stereodynamics shown in Figure

I/"/(zL;unalignecl =
My, My

Table 2. Calculated W, mahgned, Wy, aligned,0 (H-SARP), and
Wy, aligned00° (V-SARP) Values in 10'* a.u. for the Four

Resonances
State Energy/K WaL;unaligned WaL;aligned,O WaL;aligned,90°
1 0.56 1.69 2.56 1.31
2 2.53 53.24 0 63.53
3 5.06 29.04 47.83 21.57
4 7.62 89.98 0 101.23

1(b). Here, W,;. aligned,o and W, alignedgor Tefer to H-SARP and
V-SARP, respectively. The vanishing Wy ,jigneqo for States 2 (L
=4]=5)and 4 (L = 6,] = 7) can be attributed to the fact that
only I¥,¢0.0(E)) contributes in both cases and

Wy, aligned,0 = = 1A Jgor0l" |0120L0|]0>|2 =0 (j, = 2). This
signifies that head-on collision is incompatible with these
resonances, in complete agreement with the results of
scattering calculations. This propensity can be traced to
symmetry. It can be easily shown (see Section S—VI of SI) that
both I®/**(E)) and I®/*(E)) are antisymmetric with respect to

the reflection in the y**z°F plane of SF frame O'}S,Z , while
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Wiooro(E)) is symmetric. Hence, the overlap between
¥} 0000(E)) and I®"(E)) is rigorously zero and corresponding
resonance transition is forbidden. Note that ¢p = ¢,=¢p, = 90°
when both H, and HF are in the y**z° plane, so wavefunction
cuts with ¢ = ¢, = 90° in Figure 3 reflect the reflection
symmetry with respect to y**z°" plane.

On the contrary, no significant difference was found between
WaL;aligmd‘o and WaL;unalig,ed for States 1 and 3, which indicates
the corresponding resonances will survive when H, is aligned
by H-SARP. Besides, W,
close to W, sunaligneds Suggesting a small impact of V-SARP, as
shown in Figure 1(b).

This model can be easily extended to other polyatomic
systems. Instead of its asymptotic behavior, properties of a
shape resonance wavefunction in the strongly interacting
region are considered. A remarkable result of this model is the
natural emergence of a new propensity rule on initial alignment
of collisional partners.

In conclusion, we have investigated quantum dynamics in
cold collisions, using the para-H, (v; = 1, j; = 2) + HF (v, =0,
j,=0) = para-H, (v, = 1,j;' =0) + HF (v', =0, j,’) system
as an example. Multiple resonance peaks were identified at
collision energies near 1 K and found to response to the initial
alignment of the H, molecule. Interestingly, these shape
resonances cannot be all assigned by the commonly used 1D
model, due apparently to strong coupling between different
scattering channels. Using a stabilization method, the wave-
functions of these quasi-bound states are obtained in full
dimensionality and they manifest multidimensional character-
istics due apparently to the strong anisotropy of the PES. We
further demonstrate that stereodynamics can be rationalized by
the dependence of the resonance wavefunctions on the initial
orientation/alignment of the collider, without resorting to
state-to-state S matrix elements. This approach can be readily
extended to polyatomic collisional partners, where strong
potential anisotropy is expected to render scattering
resonances strongly coupled in a multidimensional space.

aLialignedo0° for all four resonances are

https://doi.org/10.1021/acs.jpclett.4c03703
J. Phys. Chem. Lett. 2025, 16, 1796—1801
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