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ABSTRACT

The magnetic molecular interferometer (MMI) is a molecular beam scattering apparatus, which allows the polarization of the rotational
angular momentum (J) of ortho-H, molecules to be controlled using tunable magnetic fields before they collide with a surface, and their
J' polarization to be determined after the collision. In the current work, quantum population distribution functions, or “stereodynamical
portraits,” are used to visualize the rotational angular momentum polarization of ortho-H, molecules that the MMI creates before the collision
with the surface, revealing that the sensitivity of the MMI to stereodynamic effects which depend on the orientation of J with respect to the
surface normal can be increased by manipulating the H, molecules with two perpendicular magnetic fields rather than just a single field. They
can also be used to depict the polarization dependence of a H,-surface collision, as shown by the example considered here, where it is found
that when H, molecules undergo diffractive scattering from a Cu(511) surface, different J polarizations are selected to scatter into different
diffraction channels, just as different polarizations of J' are created after scattering. Signals measured with the MMI are necessarily dependent
on both the rotational polarization the MMI creates and the dependence of the molecule-surface collision on this, and it is demonstrated that
for flux detection measurements it would be possible to analyze the data directly in terms of the polarization moments which characterize
these two properties to gain a more immediate insight into the stereodynamics of the collision than is possible using alternative analysis
methods.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0312643
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I. INTRODUCTION

Collisions between chemical species are inherently anisotropic,
with the outcome not only depending on how energy is parti-
tioned between different molecular degrees of freedom, but also the
relative orientation of the species, and the direction from which
they approach each other.! This dependence on orientation, often
referred to as stereodynamics, has been extensively explored in gas-
phase collisions,” " for example the role of the initial orientation of
the bond axis in the inelastic scattering of NO with rare gas atoms,”’
and the effect of collisions both in creating” and destroying™” ini-
tially polarized rotational angular momentum distributions. The
idea of vector correlations has been frequently invoked to both quan-
tify the results of the experiments and to provide visualizations

that help uncover the underlying mechanisms at a fundamental,
molecular level.

Analogous experiments have been performed for molecules
colliding with surfaces, for example the effect of orientation of
the NO bond axis has also been explored in molecule-surface
collisions,'® as has the effect of initial rotational polarization on
determining the probability the molecule dissociates'”*’ and the
rotational polarization that can be created by molecules collid-
ing with surfaces.”’ ** While these are also clear demonstrations
of stereodynamics, the underpinning idea of describing these in
terms of vector correlations is less developed than in gas phase
scattering, despite clear parallels between the two. A review by Auer-
bach, Tully, and Wodtke has highlighted the value of transferring
techniques that were originally developed for gas phase scattering
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to molecule-surface collisions,” and the work presented here will
continue that trend.

A collision between a closed shell diatomic molecule and rare
gas atom can be fully characterized using the four vector k-k'-J — J'
correlation, which corresponds to the initial (k) and final (k') rela-
tive velocities and the direction of the rotational angular momen-
tum of the diatom before (J) and after (J') the collision.””"
These four vectors can also be used to describe the collision of a
diatomic molecule with a surface, allowing methods that were orig-
inally developed to describe gas phase scattering to also be used
to describe molecule-surface scattering. The k-k'~J — J' correlation
can be obtained for a single (k-k) scattering angle using the mag-
netic molecular interferometer (MMI), which allows the rotational
orientation of hydrogen to be controlled and manipulated both
before and after a collision with a surface.’” Signals measured using
the MMI necessarily depend on both the polarization dependence,
or stereodynamics, of the scattering process and the rotational polar-
ization of the molecular beam that the MMI creates that collides
with the surface. The first of these properties is the intrinsic polar-
ization and depends on the molecule-surface collision only and can
be considered to be what the collision wants, whereas the former is
the extrinsic polarization characterizing the rotational polarization
of the molecules before the collision and so can be changed and can
be considered to be what the collision gets.”* " Ultimately the goal
is to learn as much about the intrinsic polarization dependence of
the molecule-surface collision as possible, although the information
that can be obtained in a measurement can be limited if the extrin-
sic polarization is not sensitive to the property, or polarization, of
interest.

Previous work using the MMI has shown that the rotational
orientation of the molecule affects both the outcome of rotationally
elastic scattering of H,""""*"* and rotationally inelastic scattering
of D,,% as well as controlling the probability of H, dissociation.'
The stereodynamic effects in this work have been analyzed in terms
of “helicoptering” and “cartwheeling” molecules with respect to the
surface normal, that is, the dependence of the collision with respect
to the plane of rotation with respect to a single axis, which corre-
sponds to the rotational alignment. It was shown that the probability
of H, scattering from a Ni(111) surface could be reproduced by
only considering the rotational alignment of the molecules with
respect to the surface normal before they collided with the surface."”
However, only considering this alignment was unable to correctly
describe the probability of D, undergoing rotationally inelastic
scattering from a Cu(111) surface,” suggesting that the rotational
polarization within the plane of the surface also plays a role, an
effect that has been observed previously in O, dissociation on
surfaces.” "’

In the current work, the rotational orientation that the MMI
creates in three dimensions will be explored using quantum popula-
tion distribution functions (QPDFs), or “stereodynamical portraits,”
an idea originally developed and widely used to visualize vector cor-
relations in gas phase scattering,'>”**>""**~* It should be noted that
these are not the same as classical probability density functions due
to the uncertainty in specifying the direction of J quantum mechan-
ically, although the two become the same in the correspondence
principle limit.""** The same methodology will be used alongside
results from previous work®® to visualize the intrinsic polarization
properties for ortho-H; in J = 1 scattering elastically from Cu(511)
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showing the rotational polarization that scatters in to, and from,
different diffraction channels. The remainder of the paper is orga-
nized as follows. Section II introduces the equations which describe
QPDFs'>>*** a5 well as the specific details of how these can be
calculated in the case of the MMI for both the intrinsic and extrin-
sic polarizations. The distribution functions for the polarization of
J that the MMI creates before scattering are presented in the first
part of Sec. I, followed by the polarization of J scattering selects
and J' scattering creates in collisions of H with Cu(511). In the final
part of Sec. I11, these results are combined to demonstrate an alterna-
tive method for analyzing MMI measurements which are sensitive to
the k-k'-J correlation, before the final section presents a summary
of the work.

Il. THEORETICAL METHODS

A. Describing polarized rotational angular
momentum (J) distributions

While this section closely follows the theoretical methods
developed previously for describing polarized rotational angular
momentum distributions in the gas phase,”:’]‘33 74445 3 different
reference frame will be used, which is shown schematically in Fig. 1.
In the current work, the XZ plane will be defined as the scattering
plane as in gas phase studies, but the direction of the Z-axis will be
taken as the surface normal, as opposed to the direction of the initial
velocity vector k. This choice of reference frame is more logical for
gas-surface collisions, as it means that the surface plane corresponds
to the XY plane, as well as being consistent with that typically used
in theoretical gas-surface studies where the surface normal is taken
to be the Z-axis.”’

The expansion of the QPDF can be written as' "

35,37,44,45
2] k 2k+1 .
P61 ) = Y “—(nkolnafPc(6.)" )
k=0 q=—k

where 6; and ¢; are the polar and azimuthal angles describing
the direction of the vector J as shown in Fig. 1, (J,kO|JJ) is a

FIG. 1. The reference frame used in the current work for calculating the quantum
population distribution functions, showing the initial (k) and final (k") velocities and
the direction of the rotational angular momentum (J). The direction of J is defined
by the polar and azimuthal angles 6, and ¢,, and the incident angle of the H, is
0. The surface normal is along the +Z-axis, the surface lies in the XY plane, and
k and k’ lie in the XZ plane.

J. Chem. Phys. 164, 014706 (2026); doi: 10.1063/5.0312643
© Author(s) 2026

164, 014706-2

¥€:0€'2) 9202 Aeniged 90


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

Clebsch-Gordan coefficient which accounts for how accurately the

direction of J can be described quantum mechanically, 4 (k)

the (complex) expansion coefficients, Cé (), ¢y) are the modlﬁed
spherical harmonics,'>"* and k and g correspond to the order and
degree of the polarization that they are describing. This expression
can be rewritten in terms of real polarization moments a } (note
the different brackets which are used to distinguish between the

real and complex moments, and that for the real moments g > 0)
12,34,35,37,44,45
as

J 2k+1

P(0),¢y) = Z

]],kOU)[ Wt o, ¢7)
+ Z ay i (01,41 +“{k)c{k}(9b¢1)]> @)

{k}

2,48

where the real a;,” can be found from the complex moments,’

>

aék} _ u(()k)

{k} _

agy =

ag;) + a(k)] q>0, 3)

Sl

RO 1 q(k) a®
alt M[( %l -a], 9> 0,

and it should be noted that analogous expressions hold for

cfii}(e,,@). As the current work focuses on the elastic scatter-
ing of H, in the J = 1 state, the maximum value of k that
contributes to the sum is k = 2. In this case, the k = 1 aéi}
moments quantify the orientation of the rotational polarization,
which corresponds to the preferred handedness of rotation (i.e.,
rotating either clockwise or anticlockwise), and the k = 2 moments
the alignment, which corresponds to preferred planes of rotation
(i.e., rotating like a helicopter or a cartwheel). When g = 0 the
moments quantify the orientation and alignment with respect to
the surface normal (Z-axis), whereas when g # 0 they also con-
tain information about the polarization in the surface (XY) plane.
The physical meaning of each of the moments is given in Table

{k}

I of Ref. 49 alongside explicit expressions for the values of ag,
fork < 2.

The aéi} moments are calculated using'”***’

atky ) Tr(qu{i})

azz} ()= Tr(p) @

where p is a density matrix which can be obtained using either
the scattering matrix determined from an MMI experiment or
the wavefunction which characterizes the molecules before they
collide with the surface (see Secs. II B and II C, respec-
tively), and Tr corresponds to taking the trace of the matrix.
The Tq{i{} are the multipolar tensor operators which are found
using the linear combinations of Clebsch-Gordan coefficients as
follows:"*
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<IW!/‘T0{k} ‘]"U') = (1m}, ko|Tmy),

1
(2 ) = = L-1)2 m kalim) = (o = g, >,

14 1 7 7
(| T8 ymy) = A LD g kalfmg) = (k= alrm) ], q> o

®)

It should be noted that the Clebsch-Gordan coefficients
(Jim1, Jama|Jsms) are real and quantify the probability amplitude
that two angular momentum vectors |Jim,; ) and |J,m; ) couple to
give a final angular momentum vector |J;J2J3m3 )."?

B. Obtaining the intrinsic polarization moments
from scattering matrices

The change in the wavefunction when a molecule scatters from
a surface is characterized by a scattering matrix (S-matrix). In the
case of ortho-H, in ] = 1 scattering from a surface, a 3 x 3 matrix can
be used as the m; (nuclear spin projection) state will be a spectator
to the collision. Each complex element within the matrix (s fneikf”)
characterizes how the amplitude and phase of the wavefunction
change for each initial m; state (1) to final m;" state (f) transition.
It therefore embodies all the information about the k-k'-J — J' cor-
relation. The achiral nature of the scattering places constraints on
the scattering matrix elements,”” which leads to the explicit expres-
sion of the scattering matrix for the elastic scattering of Hy in J = 1
below:

ik ik iky—
Slle’ 11 51091 10 517181 1-1
ik ik i(m+k
S=| spe™ so0e™® s R | (6)
iky_ i(m+k ik
51—131 1-1 Sloet(ﬂ 10) 51161 11

As has been shown previously,”””**"" it is possible to extract the

S-matrix by fitting interference signals obtained from MMI mea-
surements for H, colliding with various surfaces, and this method-
ology will not be reproduced here.

To obtain the k-k'—J — J' correlation, the polarization of J’ has
to be determined for a given polarization of J. While in principle
any polarization of J could be chosen, the approach will be described
1

for a molecule in a pure my = 1 state, that is, |y) = (0) . The wave-
0
function after scattering |1//> ) is given by S|y). Using |1//) i
Eq. (4) then allows the aq " (m] =1) moments to be obtained,
which if used in Eq. (2) then gives the QPDF which allows the
polarization of J to be visualized which corresponds to the ini-
tial, polarized, mj =1 state. The same approach is used for the
my =0 and mj = —1 states, just changing |y) to the correspond-

ing pure state. The values of a{ ! for an initially unpolarlzed beam
can be obtained as the weighted average of the three aq " (m/)
moments, where each weight corresponds to 1/3 (which ensures

aéo} = 1), which allows the QPDF for the k-k’-J’ correlation to be
visualized.

¥€:0€'2) 9202 Aeniged 90
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Analogously, polarization moments which characterize the
QDPF of the molecules that scatter into a given channel can also
be found for each m;’ state. To ensure appropriate normalization of

the aéi} (m;') moments (a{o}(

Tr(p(m]
bined as above to allow the k-k’-J correlation to be visualized, the
weights for each state are not equal as they will not all scatter with
equal probability into the final channel. It follows that the values of
the aéi} moments which correspond to the k-k’-J correlation are
found as

') = 1) it is necessary to divide by
')) as shown in Eq. (4). While these moments can be com-

my'))alt! (m))
T(p(m’)) )

C. Obtaining the extrinsic polarization moments
from the wavefunction of the molecules that collide
with the surface

20 Zin,':—lT’(P(
fos I

The methods used to calculate the wavefunction of the ortho-
Hz molecules that collide with the surface have been described
previously,”®*”7****%°! but the necessary details will be presented
here to provide context for the later results. In brief, it is neces-
sary to propagate the molecules through the magnetic elements that
make up the first arm of the beam line.”’ This consists of a mag-
netic hexapole,”” a solenoid, and a Helmholtz coil.>* The probability
that each of the 9 initial my, m; states of ortho-H, (I =1, ] = 1) are
transmitted through the hexapole is calculated using quasi-classical
trajectory calculations.” These are denoted Phex(ml", m]"), where

J

ajs (B) =

X Py Phex(m/', my"’ )Zm, Tr(p(mI, mi”",m;" v, B))aéi} (mI, mi”,m;", v,B)
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the double prime indicates it is the mj, m; state at the end of the
hexapole with respect to an axis that lies perpendicular to k in the
XZ plane (see Fig. S1). The coherent evolution of each of these
states through the rest of the beamline is achieved by propagatmg
the states through the magnetic field profile of the machine, "
which consists of a solenoid and a Helmholtz coil that gener-
ate mutually perpendicular fields, which lie along the direction of
k and the Y-axis, respectively, using the Ramsey Hamiltonian.*®
In an MMI experiment, the current in the solenoid is system-
atically scanned, which changes the magnetic field the molecules
experience as they travel through the first arm of the appa-
ratus, which in turn changes the rotational orientation of the
molecules that collide with the surface, as will be demonstrated
below.

Determining the polarization moments from the wavefunction
is more complicated than from the S-matrix, as there are 9 initial
mr”,m;"" states in the molecular beam, each of which become a
coherent superposition of 9 my, my states at the surface. The calcula-
tion of the polarization moment (which quantifies the polarization
of the my states) is therefore done three times due to the three
my states for each initial my”',m;"" state. This then has to be
repeated for the different velocities that are present in the molec-
ular beam, which are assumed to have a Gaussian distribution
(Py). The final aéi} (B) moment for a given magnetic field (B)
therefore needs averaging over the velocity distribution, the initial
mI",m]" state populations (i.e., the probability each of the states
is transmitted through the hexapole), and the weight that each
of the my states in the wavefunction has at the surface. This is
given by

where the sums run over the velocities in the molecular beam v, the
nine initial m;"”’, m;"" states and the three m states at the surface.

When considering the rotational polarization created with the
MM]I, the effects of hyperfine depolarization on the initially pre-
pared polarization can be neglected for two reasons; the first of
which is that the wavefunction that describes the molecules is prop-
agated through the entire magnetic field profile of the first arm of
the apparatus, which includes a zero-field region before the sur-
face. This zero-field region does not result in a complete loss of
polarization of the H,, as the MMI creates initial polarization of
both the m; and my states, meaning that unlike the case of polar-
izations prepared using laser excitation where my; is polarized and
my is not, hyperfine depolarization does not lead to a complete loss
of polarization of the mj states. The second reason is the different
timescales of the molecule-surface collision, which is typically con-
sidered to be orders of magnitude shorter than the ps timescale on
which hyperfine depolarization occurs.**

VP Prex(mi”smy” ), Tr(p(mr,mi”,my", v, B))

) ®)

lll. RESULTS AND DISCUSSION

A. Extrinsic rotational orientation QPDFs created
by the magnetic molecular interferometer

As outlined in Sec. II A, the first step to being able to produce
the QPDFs of the rotational angular momentum distributions of the
ortho-H, molecules which collide with the surface is to calculate
the aéi} expansion coefficients which quantify the extrinsic polar-
ization as a function of the magnetic field in the solenoid in the first

arm of the MMI apparatus. The calculated aq i moments are pre-
sented in Fig. 2 for H, molecules with a velocity distribution which
is modeled as a Gaussian with a central velocity of 1410 ms™" and
a full width at half maximum of 8%, which represents the condi-
tions that are used in a typical specular scattering measurement,”’
and were used in the recent reactivity study for H, on Ni(111)."”
The solid black lines in each panel correspond to the incident angle
(6:) for a specular scattering measurement, which corresponds to
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FIG. 2. Calculated real orientation (left column) and alignment (right column) polarization moments of the rotational angular momentum distribution of the H, molecules that
collide with the surface with a velocity of 1410 ms=" and full width at half maximum of 8% at an incident angle of —22.5° (red dashed line), 0° (blue dotted line), 22.5°
(black solid line), and 45° (green dashed-dotted line). The polarization moments have been calculated using the reference frame shown in Fig. 1. A positive 6; corresponds

to k lying in the —X + Z plane, and a negative value to k lying in the +X + Z plane.

measurements where the incident and outgoing angle with respect
to the surface normal are the same. Focusing on these lines first,
the magnitude of the extrinsic polarization moments that the MMI
creates is larger for the kK = 1 moments (shown in the left col-
umn of the figure) than the k = 2 moments (right column of the
figure). Consequently, the MMI will be more sensitive to the intrin-
sic rotational orientation effects than rotational alignment effects,
which govern the molecule-surface interaction. The moments also
tend to be larger at lower values of magnetic field, which is due to
the velocity spread of the molecular beam used in the calculation
of the wavefunction, which leads to dephasing of the polarization
of J at larger values of magnetic fields. If the velocity distribution
was narrower, the rate of decay of the oscillations in the polariza-
tion moments would be slower and they would continue to oscillate
to higher fields. It should also be noted that all the aéi} moments
are non-zero as there is no requirement for reflection symmetry or
selection rules involved in the preparation of the rotational angular
momentum polarization with the MMI, which is not the case when
the molecules collide with an achiral surface.””""’

The different colored lines in each panel show how the polar-
ization that is created changes as a function of 6;, which is the angle
between the incident velocity of the beam and the surface normal
(see Fig. 1), and is changed by rotating the surface (see Fig. S1).
As the moments change as 6; changes, the polarization of J of the
molecules that collide with the surface will also change. This is a
direct consequence of using the surface normal as the quantization
{1}
1—-

axis, as opposed to the direction of k. The value of a;_’ is inde-

pendent of 6; as ul{i} quantifies the orientation with respect to the

Y-axis and changing 6; corresponds to a rotation around that axis.
The value of aél} decreases as 0; decreases to the point where it
reaches 0 at 6; = 0° for all values of the magnetic field, whereas
the magnitude of the oscillations in the value of afi) increases to
a maximum at 6; = 0°. When 6; = 0° the surface normal lies along
the direction of the magnetic field that is generated by the solenoid.
As a magnetic moment in a magnetic field precesses in the plane
perpendicular to the applied field direction, the solenoid changes
the polarization within the XY plane but not along the Z-axis when
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6; = 0°. This means that the moments which quantify the polariza-
tion with respect to the Z-axis will not change, which correspond
to the aél} and aéz} moments. On the other hand, the change in
the polarization along the X-axis is the largest at this incident angle,

leading to the largest oscillations in aﬁ} at 6; = 0°. While this is
an oversimplification for the case of a hydrogen molecule due to
there also being spin-rotation coupling,™ it provides an intuitive
explanation for these trends in the polarization moments. It follows
that the sensitivity of the MMI to the different intrinsic polarization
moments that define the molecule-surface interaction changes as
0; is changed.

The precession of the rotational polarization due to the
solenoid is shown in the QPDFs presented in Fig. 3 (Multimedia
available online), which have been calculated using the polariza-
tion moments presented above for 6; = 22.5°, that is, the specular
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scattering angle. Figure S2 (Multimedia available online) shows the
same precession for 6; = 0°. The first column of Fig. 3 presents a
3-dimensional “perspective” view with the XZ, YZ and XY pro-
jections being shown in the second, third, and fourth columns,
respectively. The rotational polarization that the MMI produces at
low magnetic fields is strongly oriented in the XY plane, and the
main change that changing the magnetic field is to cause a rotation
of the polarization in the XY (surface) plane. This can be understood
by looking at the polarization moments presented in Fig. 2, as the
aﬂ} and aﬁ} expansion coefficients are largest and change most
significantly as a function of the magnetic field, and these quantify
the orientation of J with respect to the X and Y axes, respectively.*’
There is some change in polarization with respect to the surface nor-
mal (Z-axis), but this is less significant than the changes observed
within the surface plane. As changing the rotational polarization
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FIG. 3. QPDFs showing the polarization of J as a function of the magnetic field strength in the first solenoid for an incident angle of 22.5°. The left column shows a
3-dimensional “perspective” view, and the second, third and fourth columns 2-dimensional projection plots on to the XZ, YZ, and XY planes, respectively. (Multimedia

available online).
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with respect to the surface normal could be expected to have a larger
effect on reaction or scattering probabilities than changing it within
the surface plane, especially for flatter, less corrugated surfaces,"’ "’
not being able to significantly change the polarization with respect
to the surface normal will reduce the sensitivity of the MMI to these
effects which could, in principle, limit what could be measured with
the technique.

To help overcome this limitation, a Helmholtz coil has been
added to the apparatus at the end of the first arm of the beam line**
(before the molecules collide with the surface, see Fig. S1) which gen-
erates a magnetic field that is perpendicular to the selection axis at
the end of the hexapole and the field generated by the solenoid. This
field is oriented along the Y-axis and so can rotate the polarization
in the XZ (scattering) plane, allowing larger changes in the polar-
ization of J with respect to the Z-axis to be achieved, as is evident
from the QPDFs presented in Fig. 4 (Multimedia available online).
Therefore, by combining the solenoid field and that generated by
the Helmholtz coil, it is also possible to rotate the polarization of
J so that it is oriented along the surface normal (Z-axis), increasing
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the sensitivity of the MMI to polarization effects with respect to this
axis.

B. Intrinsic rotational alignment QPDFs created
by H; surface collisions

In a previous study with the MMI, scattering matrices were
obtained for different diffraction peaks for the elastic scattering of
H, from a Cu(511) surface.”® The scattering matrices were differ-
ent for the different diffraction peaks, showing that the underlying
dynamics and corresponding vector correlations will also be differ-
ent. This is shown by the QPDFs in Fig. 5 for a selection of diffraction
peaks, and Figs. S$3 and S4 which show QPDFs for all the diffraction
peaks which were studied. The top row of Fig. 5 (and Fig. S3) shows
the average polarization of J that is preferentially scattered into the
channel from an initially isotropic rotational angular momentum
distribution and so corresponds to the k-k’-J correlation, whereas
the bottom row (and Fig. S4) shows the average polarization of
J' that is created when an initially unpolarized beam collides with
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FIG. 4. QPDFs showing the polarization of J which can be obtained by combining both the solenoid and Helmholtz coil>® for an incident angle of 22.5°, with the field in the
solenoid set at —0.15 G m and the Helmholtz field at the values given in the figure. The left column shows a 3-dimensional “perspective” view, and the second, third, and
fourth columns two-dimensional projection plots on to the XZ, YZ, and XY planes, respectively. (Multimedia available online).
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FIG. 5. QPDFs showing the polarization of J for ortho-H, molecules that are preferentially scattered into (top row), and scattered from (bottom row) the negative third (first
column), negative second (second column), first (third column), and third (fourth column) order diffraction peaks on Cu(511) at an incident energy of 22 meV and a surface
temperature of 200 K.2” The red dashed lines show the direction of k and k’ for each diffraction channel, meaning the top row corresponds to the k—k’~J correlation and

the bottom the k—k’—J’ correlation.

the surface, corresponding to the k-k'-J’ correlation. These are
presented for a single scattering angle of 45° which is fixed due
to the geometry of the MMI apparatus. The non-zero polarization
moments are presented in Tables SI and SII of the supplementary
material, with the aéi} #+ 0 moments corresponding to those which
would be expected to be non-zero for achiral scattering,”**"*’ vali-
dating the constraints that have been applied to the S-matrices due
to the reflection symmetry.*”

The first notable feature of the QPDFs is that they are not
cylindrically symmetric around the surface normal (Z-axis) and
therefore defining the rotational polarization as corresponding to
either “helicoptering” or “cartwheeling” with respect to the surface
normal (in effect only considering the aéz} moment) as in previous
studies provides a very simplified and somewhat incomplete picture
of the underlying rotational polarization. It is also striking that the
correlations are similar for some diffraction channels, for example,
the negative third order and negative second order, both in terms of
the rotational polarization the channel selects and the polarization
the channel creates, whereas these are markedly different for the first
order (third column) and third order (fourth column) diffraction
peaks.

The polarizing properties of the Cu(511) crystal mean that the
surface could be used to analyze the rotational polarization of an
ortho-H; beam, as has been noted previously for the LiF(100) crys-
tal.”° For example, if a H, molecule is “cartwheeling” with J oriented
along the +Y-axis, it is more likely to be scattered into the first order
diffraction channel, whereas if J is oriented along the —Y-axis it is
more likely to be scattered into the third order diffraction channel
(compare the QPDFs in the third and fourth panel in the top row of
Fig. 5). Comparing the relative intensity of scattering into these two

channels could therefore provide information about the polarization
of the beam colliding with the surface, allowing the polarization to
be analyzed. This also demonstrates that just as the probability that
a molecule dissociates on a surface can be controlled by changing
the polarization of the incoming molecules,’” * scattering intensi-
ties into different diffraction channels could also be changed in the
same way.' """’

The Cu(511) surface can also be used as a rotational polarizer as
the distributions of J' that scatter into each diffraction channel are
different, which was also the case for a LiF(100) crystal.”® Scatter-
ing an isotropic beam of ortho-H, from the surface would produce
a rotationally polarized beam that is preferentially oriented along
the —Y-axis if the molecules that were scattered into the third order
diffraction peak were used (bottom row, fourth panel), whereas the
polarization created for H, scattering into the negative third and
negative second order diffraction peaks is more strongly aligned
along the X-axis and oriented along the +Y-axis (bottom row, first
and second panels).

The QPDFs in the bottom row of Fig. 5 were calculated assum-
ing an unpolarized beam of H; collides with the Cu(511) surface.
Performing these calculations for an initially rotationally polarized
beam of H, provides access to the four-vector k-k'-J-J' correla-
tion. The results of this are shown in Fig. 6 for the same diffraction
peaks as shown in Fig. 5, and in Figs. S5 and S6 for all diffraction
peaks measured in the study presented in Ref. 38, where the ini-
tial polarizations of J were chosen to correspond to the initial pure
my =1 (top row), m; = 0 (middle row) and m; = —1 (bottom row)
rotational orientation states shown in the first column. It should be
noted that summing over these three m; resolved QPDFs with the
appropriate weights returns the QPDFs in the bottom row of Fig. 5.
For scattering into the first order diffraction peak (fourth column)

J. Chem. Phys. 164, 014706 (2026); doi: 10.1063/5.0312643
© Author(s) 2026

164, 014706-8

¥€:0€:21 9202 Areniged 90


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8198636
https://doi.org/10.60893/figshare.jcp.c.8198636

The Journal

of Chemical Physics

Direction of J -3 order
o~ A

N N N
N N
N N

2™ order
AN

ARTICLE pubs.aip.org/aipl/jcp

0 ,/*0

Y 02 02 X

FIG. 6. QPDFs showing the polarization of J for ortho-H, molecules that are scattered from the negative third (second column), negative second (third column), first (fourth
column), and third (fifth column) order diffraction peaks on Cu(511) at an incident energy of 22 meV and a surface temperature of 200 K.27 The initial polarization of J is
shown in the first column and corresponds to m, = 1 (top row), m, = 0 (middle row), and m; = —1 (bottom row) states. The red dashed lines show the direction of k and k”

for each diffraction channel, meaning these represent the k—k’—J-J’ correlation.

the distribution of J' is similar for all three initial 1 states despite
them having significantly different initial J polarizations. The distri-
butions of J' are more similar to the initial J distributions for the
other diffraction channels, although scattering from mj; = 0 tends
to result in an oriented scattered beam, despite the initial distribu-
tion of J being cylindrically symmetric around the surface normal
(Z-axis).

C. Implications for future MMI flux detection
measurements

The previous two sections have focused on the H, polarization
that can be created by the MMI before the molecules hit the sur-
face, which is an extrinsic property that can be controlled, and in the
case of the k—k’—J correlation, the polarization of the molecules that
would preferentially be scattered into a channel, which is an intrinsic
characteristic of the molecule-surface interaction.”* " In previous
studies, it has been shown that the general form for a signal (L) in
terms of extrinsic and intrinsic rotational polarization moments is
given by'>*%

Jok o 2k+1 K L (k)*
Lo 32 3 = —a’al, ©)
k=0 g=—k
where agk) is the intrinsic moment and A;k) the extrinsic moment.

The signal that is measured from an experiment depends on both
of these properties; for example, if a measurement is done where no
stereodynamic effects are observed this could be attributed to the

initial beam being unpolarized [Aék) = 0 unless k = q = 0], the scat-
tering process being independent of the rotational polarization of
the molecule [a,gk) =0 unless k = g = 0], or both.

In the case of the MMI, measurements that are sensi-
tive to the k-k’-J correlation are referred to as flux detection
measurements.'”” These correspond to those where the magnetic
field in the first arm is scanned to change the rotational orientation
of the molecules that collide with the surface, and the molecules that
are scattered into the channel of interest are detected regardless of
their final state. In terms of the scattering matrix, the expression for
the flux detection signal (Irp) can be written as

Ip o< Py Y Pue(mi”smy”) Y (y]ssly).  10)

” "
v mp,my

It can be shown that the flux detection signal can also be writ-
ten in an analogous way to that developed previously for gas-phase
studies'>”**® using the idea of intrinsic and extrinsic polarization
moments. In terms of the real polarization moments, the signal can
be written as

J 2k+1 k
oo 32 21 400 S a0
—0 q=

where the Aéi} moments correspond to those calculated from the
wavefunction using the methods outlined in Sec. II C, and the

aéi} moments to those that describe the k-k’-J correlation and that
have been calculated from the S-matrix as described in Sec. II B.
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FIG. 7. Comparison of flux detection signals (left column) calculated using Eq. (10) (black solid line) and Eq. (11) (red dashed line), and the (magnified) difference between

them (blue solid line) and the contribution the aﬂ} (black), aéz} (red),

1+

at? (blue), and az{f}

(green)

polarization moments make to the signal (right column) for H, scattering

into the negative third order (top row), negative second order (second row), first order (third row), and third order (bottom row) diffraction peaks in a collision with Cu(511) at

a surface temperature of 200 K at an incident energy of 22 meV.
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The explicit expression for the flux detection signal in terms of the
scattering matrix elements is given in Eq. (S4).

The equivalence of Egs. (10) and (11) is demonstrated in the
left column of Fig. 7, which presents flux detection signals calculated
using Eq. (10) (black line) and Eq. (11) (dashed red line), and the
difference between them (blue line), for H; scattering from Cu(511)
for the different diffraction peaks that are considered in Figs. 5 and 6.
As can be seen, the signals calculated are indistinguishable (note the
greatly magnified scale of the difference between the signals on the
right-hand axis). The oscillations in the data persist to higher values
of magnetic field than in Fig. 2 as the velocity distribution that con-
tributes to signals from diffraction channels is narrower than those
for specular scattering. The contribution each of the uéi} moments
makes to the flux detection signals are shown in the right column of

the figure, with the contribution of the aéz} moment being largest

for the two negative diffraction peaks and aﬂ} moment for the two
positive diffraction peaks. It is however interesting to note that the
values of the aﬂ} and aéz} moments are similar for the third order
diffraction peak, as shown in Table SI, but the greater sensitivity
of the MMI to the afi} moment compared to the aéz}
(see Fig. 2) means that this dominates the signal.

This means that in the future, there are two different meth-
ods that can be used to analyze flux detection measurements, using
Eq. (10) which will give S'S, or using Eq. (11) which produces
a set of polarization parameters. While there is unquestionably
value in both, it is more difficult to gain physical insight about the
collision from the 'S matrix; the diagonal elements quantify the rel-
ative probabilities of the H, molecules that are initially in m; = 1,
my = 0 and m; = —1 with respect to the surface normal scattering
into the channel, but the amplitudes and phases of the off-diagonal
elements do not provide any immediate and intuitive insight into
the dynamics of the collision [see Egs. (S5) and (S6)]. On the other
hand, the intrinsic polarization moments that are obtained using
Eq. (11) have physically significant meanings, in the sense that they
quantify the rotational polarization dependence of the collision with
respect to various axes, as given in Table I of Ref. 49. They also
allow stereodynamical portraits to be produced, which provides a
picture of the rotational polarization of the molecules that prefer-
entially scatter into the channel under investigation. This capability
therefore provides a more immediate insight into the stereodynamic
effects underpinning the collision than the extraction of S'S from the
measurements. It also provides a more complete picture than just
considering the rotational polarization moments along the Z-axis,
which in effect only considers the effect of the polarization moments
where g = 0.

moment

IV. SUMMARY

The current work has presented quantum population distri-
bution functions, or “stereodynamical portraits,”D‘H‘j‘;“;’f‘44 “ to
visualize the polarization of the rotational angular momentum of
ortho-H, molecules that can be created by the magnetic molec-
ular interferometer’>”"***>! before they collide with a surface.
The strongest polarization corresponds to orientation of J in the
XY (surface) plane, which then precesses in that plane as the solenoid
current is changed. A second perpendicular magnetic field, gener-
ated using a Helmholtz coil, can be used to rotate the polarization

ARTICLE pubs.aip.org/aipl/jcp

of J out of the XY plane so that it can be oriented along the sur-
face normal (Z-axis). The combination of these two fields therefore
allows J to be oriented along either the X-, Y-, or Z-axis in future
stereodynamic experiments, increasing the sensitivity of the MMI
to the three-dimensional rotational orientation dependence of the
molecule-surface interaction.

The same methodology has also been used in conjunction with
scattering matrices determined from a previous study to depict
the polarization of the H, molecules that can be selected and cre-
ated when an initially unpolarized beam is scattered into different
diffraction channels from the Cu(511) surface.”® The rotational
polarization of the H, molecules that are preferentially scattered
into each of the channels, and scattered from the channels, can be
markedly different for each of the diffraction channels, allowing
the surface to be used both to analyze the polarization of an inci-
dent H, molecular beam with unknown polarization, and to create
a polarized beam if an initially unpolarized beam is scattered from
the surface. These QPDFs can also be produced for the case of ini-
tially rotationally polarized beams of H, molecules, which provides
access to the full k—-k’-J-J' correlation. The distribution of J’ of the
scattered molecules depends on the rotational polarization of the
H, molecules that collide with the surface and again varies for each
of the diffraction peaks.

Furthermore, the work has highlighted a new method for ana-
lyzing signals obtained from flux detection experiments performed
with the MMI, which provide a measure of the k-k'-J correlation.
Using this, it would, at least in principle, be possible to extract the

aéi} polarization moments from the data that characterize this cor-
relation, which can then be used to provide a more physical picture
of the stereodynamics than is possible through the extraction of the
'S matrix. While it would not be possible to use the same method
for the analysis of full interferometer measurements’”*"">** from
the MMLI, it is possible to extract an S-matrix from data measured
in this way, which as demonstrated allows the visualization of the
k-k'-J-]J correlation.

SUPPLEMENTARY MATERIAL

The supplementary material comprises videos showing the pre-
cession of J in the magnetic fields generated by the solenoid and
Helmholtz coils at an incident angle of 22.5°, as well as a figure and
a video showing the precession caused by the solenoid field at an
incident angle of 0°. A schematic of the MMI apparatus is also pre-
sented showing the direction of the magnetic fields and quantization
axes that define the reference frames used in the calculations. Addi-
tional figures showing the QPDFs for all the diffraction peaks for H,
scattering from Cu(511) are given for the k-k'-J, k-k'-J' and
k-k'-J-J' correlations alongside the values of the aéi} moments for
the three vector correlations. The explicit expression for the flux
detection signal measured using the MMI is also given in terms of
the scattering matrix elements.
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