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New Predictions on Magnetic Rotational Transitions in Scattering ofH2 by LiF(001)
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New predictions are presented for the scattering of H2 from LiF(001), based on a potential which
includes the interaction between the quadrupole moment of H2 and the surface ions. Large probabilities
are found for transitions in which the magnetic rotational quantum numbermj changes, contradicting
the view that rotational scattering of small homoatomic diatomic molecules off inert surfaces obeys a
Dmj ­ 0 propensity rule. Scattering of unpolarized H2 leads to rotationally polarized beams, suggesting
a technique for constructing rotationally polarized beams of H2. [S0031-9007(97)04951-X]

PACS numbers: 34.50.Dy, 34.20.Mq, 34.50.Pi, 73.90.+ f
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Experiments on scattering of H2 from LiF(001) have
played an important role in the discovery of new phenom
ena in molecule-surface scattering. In the early 193
Stern and coworkers [1] confirmed the wave nature
molecular particles by showing that H2 and He were
diffracted when scattered from a LiF surface. A clos
inspection of their results led Lennard-Jones and Devo
shire [2] to the discovery of selective adsorption, whic
allows a molecule to become trapped in the partic
surface potential well. Experiments on scattering of H2

from LiF carried out in the mid-1970s by Boatoet al. [3]
were among the first to demonstrate that the molecule m
change its rotational state as well as diffract (rotationa
inelastic diffraction or RID).

In surface science, the view that rotational scattering
small homoatomic diatomic molecules from inert surfac
obeys a Dmj ­ 0 propensity rule (meaning that the
magnetic rotational quantum number is almost conserv
is prevalent. Historically, this view may be traced t
experimental studies on RID of H2 from ionic surfaces
[3]. In these, the proposition of the propensity rule wa
not based on direct experimental evidence, but on t
observation that early quantal scattering calculations
H2 1 LiF assumed a potential model that either forba
[4,5] or only weakly allowed [6] changes inmj, and on
what we believe was an erroneous interpretation of so
of the experimental results (vide infra).

The view that a Dmj ­ 0 propensity rule should
hold is also implicit in many subsequent calculation
on RID of H2 from LiF [7–9] and other surfaces [10],
which all used potential models forbidding changes
mj . The view has been further reinforced by detaile
model studies ofmj changes in scattering of H2 off of
corrugated surfaces [11]. In these studied, only sm
values s,1%d were obtained for rotational transition
with Dmj fi 0 for physically reasonable choices of th
size of the unit cell, and of the corrugation strength
the atom-surface potentials used to model the molecu
surface interaction. Large probabilities forDmj fi 0
transitions were predicted only for scattering oflarge
homoatomic diatomic molecules like Cl2 [12] (in the
model, large probabilities forDmj fi 0 transitions arise
488 0031-9007y98y80(3)y488(4)$15.00
-
0s,
of

er
n-
h

le-

ay
lly

of
es

ed)
o

s
he
on

de

me

s

in
d

all
s
e
of
le-

if the molecular bond length is close to the surface lattic
constant).

As demonstrated below in scattering calculations fo
H2 1 LiFs001d, large probabilities forDmj fi 0 transi-
tions can arise in rotational scattering of small homoatom
diatomic molecules from ionic surfaces if the electrostat
interactionVels between the molecule’s quadrupole mo
ment and the surface ions is taken into account when mo
eling the molecule-surface interaction. We also predi
that the scattering of initially unpolarized H2 results in ro-
tationally polarized diffracted beams of H2. Our results
challenge the established view that homoatomic diatom
molecule scattering of inert surface obeys aDmj ­ 0
propensity rule, and suggest a potentially useful techniq
for constructing rotationally polarized beams of H2. The
predictions are cast in a form that allows ready testing
experiments by specifying the rotational alignment of H2
scattered from the initials j ­ 2, mj ­ 0d and s j ­ 2d
states. Both states can be prepared using the techniqu
stimulated Raman pumping [13], while the rotational align
ment of scattered H2 can be measured using laser induce
fluorescence (LIF) techniques [14].

In our calculations, H2 is treated as a rigid rotor. The
lattice is treated as being static, so phonons are not cons
ered, although, according to Boatoet al. [3], 75% of the
interaction should actually be phonon inelastic. Neverth
less, our conclusions will remain valid as long as rotation
diffraction transitions occur more or less independent
from phonon-inelastic transitions, in which case th
probabilities for phonon-elastic scattering presente
below should simply be multiplied with some constan
factor to obtain the probabilities for phonon-elasti
scattering in the presence of phonon-inelastic scattering

The molecule-surface potential [15] is written as a su
of five main contributions,

V sx, y, z, u, fd ­ Vrep 1 Vatts6d

1 Vatts8d 1 Vels 1 Vind . (1)

Other contributions have been neglected on the groun
of their being much smaller [16]. Details concerning th
repulsive and attractive potentialsVrep , Vatts6d, Vatts8d,
andVind can be found in Ref. [15]. The interactionVels
© 1998 The American Physical Society
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of the quadrupole moment of H2 with the ionic lattice is given by [17]:

Vels ­ 2 Q

r
p
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X
n,m

hAnm expfiGsnx 1 mydg exps2gnmzd

3 fexpsi2jdY22su, fd 1 exps2i2jdY222su, fd

2 2i expsijdY21su, fd 1 2i exps2ijdY221su, fd 2
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where

expsijd ­ sn 2 imd
q

sn2 1 m2d . (3)

In Eq. (2),Q is the quadrupole moment of H2, andG ­p
2pya, where a is the lattice parameter (a ­ 2.84 Å

for LiF). The summation extends over all integer value
n and m exceptn ­ m ­ 0. Further details concerning
Vels, including expressions forAnm, gnm, can be found in
Ref. [15]. Note that the expression forVels is functionally
different from the potential form used in the model studi
referred to above [11], so that the effect ofVels cannot
be modeled by taking the summed atom-surface p
potential form [11] and adjusting the corrugations streng
parameter. The fact thatVels contains all second order
spherical harmonics suggests that it can induce chan
in both thej and mj rotational quantum numbers. The
presence of products of parallel translational functions a
second order spherical harmonics suggests that diffrac
depends onj and mj. Recent calculations showed tha
taking into accountVels leads to predictions of large
differences between the diffraction of para-H2sj ­ 0d
and ortho-H2sj ­ 1d [15], which have been verified in
subsequent experiments [18].

To obtain probabilities for rotationally and diffrac
tionally (in)elastic scattering of H2 from LiF(001), a
time-dependent quantum mechanical method [the clo
coupling wave packet (CCWP) method [19] ] was use
The wave function is propagated in time using the Cheb
chev propagation scheme [20]. A scattering amplitu
formalism [21] is used to obtain theS matrix. Grid re-
duction techniques employed include the use of an o
tical potential [22] and a projection operator formalism
[23]. All calculations are done for a collision energy o
100 meV at normal incidence. All probabilities presente
below are converged to within better than 1% with respe
to the parameters used.

In Fig. 1, probabilitiesPsj ­ 2, mj ­ 0 ! j0m0
jd and

Psj ­ 2 ! j0m0
jd for rotationally (in)elastic scattering,

obtained by summing over the diffraction channels, a
shown. The probabilities forDmj fi 0 transitions in
scattering from the initialsj ­ 2, mj ­ 0d state are quite
large (up to 10%). The total probability thatmj changes is
35%, in clear violation of the hitherto assumedDmj ­ 0
propensity rule. There is little difference betwee
Psj ­ 2, mj ­ 0 ! j0 ­ 0d and Psj ­ 2 ! j0 ­ 0d,
because the probabilitiesPsj ­ 2, mj ! j0 ­ 0d are all
of similar size. Scattering from statisticalsj ­ 2d H2
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produces a slightly nonstatistical distribution ofsj0 ­ 2,
m0

jd states.
It is not possible to measure the populations ofsj, mjd

states experimentally, but one can measure the rotation
alignment A2

j , which describes the distribution of the
orientation of the rotational angular momentum vecto
of the molecules, and is proportional to the quadrupol
moment of that same distribution. Its maximum value i
j dependent and approaches12 in the limit of high j
for the definition used [24]. Its minimum value is21
for all j. For a statistical distribution overmj of the
molecules,A2

j ­ 0. If all molecules are rotating with
mj ­ 0, A2

j ­ 21, and the molecules are said to rotate
in cartwheel-type motion. If all molecules are rotating
with mj ­ 6j, A2

j ­ 11 (for the casej ­ 2 considered
here), and the molecules rotate in a “helicopter-type
motion.

FIG. 1. ProbabilitiesPsj ­ 2, mj ­ 0 ! j0m0
jd and Psj ­

2 ! j0m0
jd for rotationally (in)elastic scattering are shown. The

upper graph corresponds to scattering of initialsj ­ 2, mj ­
0d H2. The lower graph shows the predictions for scattering o
statisticalsj ­ 2d H2.
489
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The total alignment of the scattered molecules wi
j0 ­ 2 in scattering from the initialsj ­ 2, mj ­ 0d state
is A2

j0 ­ 20.56. This number is measurable in exper
ment. By comparing it with the initial alignmentsA2

j0 ­
21.0d, the large magnitude of theDmj fi 0 transition
probabilities predicted here can be confirmed (the ma
mum value of the alignment is20.96 in casePsj ­ 2,
mj ­ 0 ! j0 ­ j, mj fi 0d # 0.01 as predicted by the
pair potential model studies referred to above [11]. T
fact that drastically different results are obtained f
Dmj fi 0 transitions when taking into account the electr
static interaction between the molecule’s quadrupole m
ment and the surface ions clearly suggests that one sho
consider this interaction when modeling rotational scatt
ing of H2 off of ionic surfaces. It also suggests that th
interaction should be considered when modeling the sc
tering of slightly larger molecules (like CO and C2H2) off
of ionic surface, for which experimental results are no
emerging [25,26].

Our finding of large probabilities forDmj transitions is
in disagreement with theDmj ­ 0 propensity rule sug-
gested by Boatoet al. [3] for H2 1 LiFs001d. We be-
lieve their suggestion was based on a misinterpretation
microreversibility. The suggestion was made on the ba
of small ratiosPsj ­ 2 ! 0dyPsj ­ 0 ! 2d found ex-
perimentally for many diffraction channels. Such a sma
ratio cannot be attributed to aDmj ­ 0 propensity rule
because such a propensity rule also leads to a sma
value ofPsj ­ 0 ! 2d. Our finding of large probabilities
for Dmj transitions supports the interpretation of Knudse
flow experiments onH2 1 LiF, where some of the results
were explained by assumingDmj transitions [27].

Figure 2 shows diffraction probabilities,Psj ­ 2,
mj ­ 0 ! j0 ­ 2, nmd and Psj ­ 2 ! j0 ­ 2, nmd,
obtained by summing over themj value of the scattered
molecules, as a function of the diffraction channel up
and including the third diffraction order (the diffraction
order beingjnj 1 jmj). From selection rules valid for
normal incidence [15], probabilities can be obtained f
the symmetry related channels not given here. Ro
tionally elastic (with respect toj) diffraction from the
initial sj ­ 2, mj ­ 0d state is seen to be very differen
compared to that fromsj ­ 2d H2, confirming that the
diffraction of sj, mjd H2 strongly depends onmj. In
particular,sj ­ 2d H2 shows relatively more high order
diffraction, a trend which is explained below.

In Fig. 3 the alignment is shown as a function of th
diffraction channel for scattering of H2 from the initial
sj ­ 2d state. The alignment is seen to vary strong
over the diffraction channels. Very few molecules wit
mj fi 0 are scattered into the specular channel. T
most apparent feature about the scattered molecule
the tendency to be more like helicoptering H2 than
cartwheeling H2 for higher diffraction orders, reaching
a maximum alignment of about 0.53 for the diffractio
channels (1, 2) and (2, 1).
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FIG. 2. Probabilities Psj ­ 2, mj ­ 0 ! j0 ­ 2, nmd and
Psj ­ 2 ! j0 ­ 2, nmd for diffractionally (in)elastic scatter-
ing are shown for diffraction order 0 up to 3. Predictions for
scattering of initialsj ­ 2, mj ­ 0d H2 are plotted in the up-
per graph. The lower graph gives predictions for scattering o
statisticalsj ­ 2d H2.

The alignment trend in Fig. 3 and the differences in th
diffraction of sj ­ 2, mj ­ 0d and sj ­ 2d H2 (Fig. 2)
can be understood in terms of the “effective” or “rota-
tionally adiabatic” corrugation, which is the corrugation
the molecules would see in case it would not be able t
change its rotational state [15]. The effective corrugatio
depends on the value ofmj of the molecule. Helicopter-
ing H2 sees a highly effective corrugation (because he
licoptering H2 is attracted to the smaller Li1 ion due to
favorable interaction with the excess charge in the H2

bond, and repelled from the larger F2 ion) and will there-
fore undergo higher order diffraction, whereas cartwhee
ing H2 sees less corrugation, the surface acting more lik
a mirror, resulting in low order diffraction [15]. Assum-
ing that Dmj ­ 0 during the collision [which is true to
the extent thatPsj ­ 2, mj ! j0 ­ 2, mjd . 50% see
Fig. 1 formj ­ 0], this behavior leads to a positive align-
ment in higher order channels and negative alignment
low order diffraction channels for scattering ofsj ­ 2d
H2. This behavior also explains whysj ­ 2d H2 (which
contains helicoptering H2) shows more high order diffrac-
tion thansj ­ 2, mj ­ 0d H2 in Fig. 2.

The above effect provides a potentially useful mean
for constructing rotationally polarized beams of H2, which
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FIG. 3. The alignmentA2
j0 of the molecules scattered into a

particular diffraction channel is shown as a function of th
diffraction channel for rotationally and diffractionally (in)elastic
scattering of initially statisticalsj0 ­ 2d H2.

can be used to study the influence of molecular orientati
of H2 on a variety of inelastic and reactive scatterin
processes. The construction of rotationally polarize
beams in molecule-surface scattering is not new: bea
of molecules with negative rotational alignment have bee
constructed by scattering NO [28] and N2 [29] from silver.
However, in these experiments the polarization of th
scattered beam arises from a different physical effect.
scattering of NO and N2 from Ag, the negative alignment
results from transitions withDmj ø 0 and Dj large. In
the scattering of H2 from LiF(001), the polarization of the
beams arises from differences in the diffraction of state
with different mj, so that beams with negative alignmen
or positive alignment can be constructed by selecting t
appropriate diffraction channel.

In summary, predictions are presented for scatterin
of sj ­ 2, mj ­ 0d H2 and sj ­ 2d H2 from LiF(001).
In our calculations, the interactionVels between the
quadrupole moment of the molecule and the electrosta
field produced by the crystal ions is taken into accoun
From its special form one expects transitions to occ
that involve changes in the rotational magnetic qua
tum number and diffraction to be dependent onsj, mjd.
Our calculations confirm these expectations, predictin
large probabilities forDmj fi 0 transitions. Our results
therefore contradict the hitherto prevalent view that rota
tional scattering of small homoatomic diatomic molecule
off inert surfaces is governed by aDmj ­ 0 propensity
rule. We also predict that scattering of initially unpolar
ized H2 should lead to rotationally polarized diffracted
beams, suggesting a potentially useful technique for co
structing polarized beams of H2. It should be possible
to verify our predictions in experiments on scattering o
sj ­ 2, mj ­ 0d andsj ­ 2d H2.
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