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New Predictions on Magnetic Rotational Transitions in Scattering ofH, by LiF(001)
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New predictions are presented for the scattering effidm LiF(001), based on a potential which
includes the interaction between the quadrupole moment Gfrtd the surface ions. Large probabilities
are found for transitions in which the magnetic rotational quantum numbeshanges, contradicting
the view that rotational scattering of small homoatomic diatomic molecules off inert surfaces obeys a
Am; = 0 propensity rule. Scattering of unpolarized ldads to rotationally polarized beams, suggesting
a technique for constructing rotationally polarized beams pf HS0031-9007(97)04951-X]

PACS numbers: 34.50.Dy, 34.20.Mq, 34.50.Pi, 73.90. +f

Experiments on scattering of,Hrom LiF(001) have if the molecular bond length is close to the surface lattice
played an important role in the discovery of new phenom-constant).
ena in molecule-surface scattering. In the early 1930s, As demonstrated below in scattering calculations for
Stern and coworkers [1] confirmed the wave nature ofH, + LiF(001), large probabilities forAm; # 0 transi-
molecular particles by showing that,Hand He were tions can arise in rotational scattering of small homoatomic
diffracted when scattered from a LiF surface. A closerdiatomic molecules from ionic surfaces if the electrostatic
inspection of their results led Lennard-Jones and Devoninteraction Vs between the molecule’s quadrupole mo-
shire [2] to the discovery of selective adsorption, whichment and the surface ions is taken into account when mod-
allows a molecule to become trapped in the particle€ling the molecule-surface interaction. We also predict
surface potential well. Experiments on scattering of H that the scattering of initially unpolarized;, Hesults in ro-
from LiF carried out in the mid-1970s by Boa&tb al. [3]  tationally polarized diffracted beams of,H Our results
were among the first to demonstrate that the molecule maghallenge the established view that homoatomic diatomic
change its rotational state as well as diffract (rotationallymolecule scattering of inert surface obeysAa:; = 0
inelastic diffraction or RID). propensity rule, and suggest a potentially useful technique

In surface science, the view that rotational scattering ofor constructing rotationally polarized beams of.HThe
small homoatomic diatomic molecules from inert surfacegredictions are cast in a form that allows ready testing in
obeys aAm; = 0 propensity rule (meaning that the experiments by specifying the rotational alignment of H
magnetic rotational quantum number is almost conservedjcattered from the initia{ j = 2, m; = 0) and (j = 2)
is prevalent. Historically, this view may be traced to states. Both states can be prepared using the technique of
experimental studies on RID of,Hrom ionic surfaces stimulated Raman pumping [13], while the rotational align-
[3]. In these, the proposition of the propensity rule wasment of scattered Hcan be measured using laser induced
not based on direct experimental evidence, but on thdéluorescence (LIF) techniques [14].
observation that early quantal scattering calculations on In our calculations, Kl is treated as a rigid rotor. The
H, + LiF assumed a potential model that either forbaddattice is treated as being static, so phonons are not consid-
[4,5] or only weakly allowed [6] changes im;, and on ered, although, according to Boatt al. [3], 75% of the
what we believe was an erroneous interpretation of sommteraction should actually be phonon inelastic. Neverthe-
of the experimental resultwifle infra). less, our conclusions will remain valid as long as rotation-

The view that aAm; = 0 propensity rule should diffraction transitions occur more or less independently
hold is also implicit in many subsequent calculationsfrom phonon-inelastic transitions, in which case the
on RID of H, from LiF [7—9] and other surfaces [10], probabilities for phonon-elastic scattering presented
which all used potential models forbidding changes inbelow should simply be multiplied with some constant
mj. The view has been further reinforced by detailedfactor to obtain the probabilities for phonon-elastic
model studies ofn; changes in scattering of,Hoff of  scattering in the presence of phonon-inelastic scattering.
corrugated surfaces [11]. In these studied, only small The molecule-surface potential [15] is written as a sum
values (<1%) were obtained for rotational transitions of five main contributions,

with Am; # 0 for physically reasonable choices of the V(9,2 0,¢) = Viep + Vau(6)
size of the unit cell, and of the corrugation strength of
the atom-surface potentials used to model the molecule- + Vau(8) + Vers + Vina. (1)

surface interaction. Large probabilities faxm; # 0  Other contributions have been neglected on the grounds
transitions were predicted only for scattering lafge  of their being much smaller [16]. Details concerning the
homoatomic diatomic molecules like £[12] (in the repulsive and attractive potentialg.,, Vi (6), Vau(8),
model, large probabilities foAm; # 0 transitions arise andV;j,q can be found in Ref. [15]. The interactidn,
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of the quadrupole moment of;Hwvith the ionic lattice is given by [17]:

Veis = — G)ﬂ% Z{Anm exliG(nx + my)]exp(—yunz)

n,m

X [expli2€)Y2(0, ¢) + exp(—i28)Y,2(6, ¢)

— 2i explié)Ya1(0, ) + 2iexp(—i€)Yr-1(0, ) — V6Yx(6. $)]}, 2)
where | produces a slightly nonstatistical distribution (@f = 2,
m’) states.
expié) = (n — im)h/(n? + m?). ) It is not possible to measure the populationg afm;)
In Eq. (2), is the quadrupole moment of,Hand G = states experimentally, but one can measure the rotational

[27/a, where a is the lattice parametera(= 2.84 A ali_gnmgnt AJZ-, which dgscribes the distribution of the
for LiF). The summation extends over all integer valuesPfientation of the rotational angular momentum vector
n andm exceptn = m = 0. Further details concerning of the molecules, and is propomonal to the quadrupo_le
Vels, including expressions fof ., yam, can be found in moment of that same dlstrlbutlon. Its maximum valge is
Ref. [15]. Note that the expression fu;; is functionally ~J dépendent and approaches in the limit of high ;
different from the potential form used in the model studied©r the definition used [24]. Its minimum value is1
referred to above [11], so that the effect i, cannot for all j. F(z)r a statistical distribution over:; -of thg
be modeled by taking the summed atom-surface paifolecules,Aj = 0. If all molecules are rotating with
potential form [11] and adjusting the corrugations strengthm; = 0, A7 = —1, and the molecules are said to rotate
parameter. The fact that.;; contains all second order in cartwheel-type motion. If all molecules are rotating
spherical harmonics suggests that it can induce chang@éth m; = =j, A7 = +1 (for the casej = 2 considered
in both thej andm; rotational quantum numbers. The here), and the molecules rotate in a “helicopter-type”
presence of products of parallel translational functions anénotion.
second order spherical harmonics suggests that diffraction

depends ory and m;. Recent calculations showed that 0.6
taking into accountV.; leads to predictions of large 05'_ ] j=2 ]
differences between the diffraction of pafat; = 0) 1 ]
and ortho#,(j = 1) [15], which have been verified in 04l i
subsequent experiments [18]. P j=R mj=0

To obtain probabilities for rotationally and diffrac- 03 7

tionally (in)elastic scattering of Hfrom LiF(001), a
time-dependent quantum mechanical method [the close- ‘ L =0
coupling wave packet (CCWP) method [19]] was used. 01} -
The wave function is propagated in time using the Cheby- i m | ‘ | | 1
chev propagation scheme [20]. A scattering amplitude 0 0 2-10 1 2

formalism [21] is used to obtain th® matrix. Grid re-

02 -

duction techniques employed include the use of an op- 0.6

tical potential [22] and a projection operator formalism 05l j=2 statistical i

[23]. All calculations are done for a collision energy of L

100 meV at normal incidence. All probabilities presented 04 N

below are converged to within better than 1% with respect P . 1

to the parameters used. 03r r=2 ]
In Fig. 1, probabilitiesP(j = 2, m; = 0 — j'm};) and 02k ]

P(j=2— j’m}) for rotationally (in)elastic scattering, - i'=0 1

obtained by summing over the diffraction channels, are 0.1 7

shown. The probabilities forAm; # 0 transitions in oL |——|

scattering from the initia{j = 2, m; = 0) state are quite 0 -2-10 1 2

large (up to 10%). The total probability that; changes is mj’

35%, in clear violation of the hitherto assumaa:; = 0
E))ro.pinglty rgled Theieo IS “(tjtk; (;llfierzence./ Eegweenz — j'm}) for rotationally (in)elastic scattering are shown. The
(j=2,m=0—j"=0) an (Jj=2—j=0), upper graph corresponds to scattering of initial= 2, m; =

because the probabilitied(j = 2, m; — j' = 0) are all () H,. The lower graph shows the predictions for scattering of
of similar size. Scattering from statisticdf = 2) H, statistical(j = 2) H,.

FIG. 1. ProbabilitiesP(j = 2, m; = 0 — j'm}) and P(j =
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The total alignment of the scattered molecules with r ]
j' = 2in scattering from the initia{j = 2, m; = 0) state oR0F [ ] -
is AJZ», = —0.56. This number is measurable in experi- -
ment. By comparing it with the initial alignmem\% = P 0.16 i j=2 mj=0 ]
—1.0), the large magnitude of tham; # 0 transition 012 L |
probabilities predicted here can be confirmed (the maxi- L ]
mum value of the alignment is-0.96 in caseP(j = 2, 0.08 |- -
m; =0— j' = j, m; # 0) = 0.01 as predicted by the I y
pair potential model studies referred to above [11]. The 0.04 - §
fact that drastically different results are obtained for o i ]
Am; # 0 transitions when taking into account the electro- RS
static interaction between the molecule’s quadrupole mo- ccE8celcC
ment and the surface ions clearly suggests that one should 0.06
consider this interaction when modeling rotational scatter- I — ] 1
ing of H, off of ionic surfaces. It also suggests that this 0.05 N ‘-2 statistical ]
interaction should be considered when modeling the scat- 0.04 ! 4
tering of slightly larger molecules (like CO and ) off P - 1
of ionic surface, for which experimental results are now 0.03 - -
emerging [25,26]. r 1

Our finding of large probabilities foAm; transitions is 0.02 - - ]
in disagreement with thém; = 0 propensity rule sug- 0.01 - -
gested by Boat@t al.[3] for H, + LiF(001). We be- |
lieve their suggestion was based on a misinterpretation of 0 S
microreversibility. The suggestion was made on the basis S o8 A m a4

of small ratiosP(j = 2 — 0)/P(j = 0 — 2) found ex-
perimentally for many diffraction channels. Such a small
ratio cannot be attributed to Am; = 0 propensity rule FIG. 2. Probabilites P(j = 2, m; = 0 — j' =2, nm) and
because such a propensity rule also leads to a small&(/ =2 — j' = 2, nm) for diffractionally (in)elastic scatter-
value ofP(j = 0 — 2). Our finding of large probabilities "9 € shown for diffraction order 0 up to 3. Predictions for
o . . scattering of initial(j = 2, m; = 0) H, are plotted in the up-
for Am; transitions supports the interpretation of Knudsenyer graph. The lower graph gives predictions for scattering of
flow experiments orH, + LiF, where some of the results statistical(j = 2) H,.
were explained by assuminiyn; transitions [27].

Figure 2 shows diffraction probabilitiesP(j = 2, The alignment trend in Fig. 3 and the differences in the
mj=0— j'=2,nm) and P(j =2— j'=2,nm), diffraction of (j =2, m; = 0) and (j = 2) H, (Fig. 2)
obtained by summing over the; value of the scattered can be understood in terms of the “effective” or “rota-
molecules, as a function of the diffraction channel up totionally adiabatic” corrugation, which is the corrugation
and including the third diffraction order (the diffraction the molecules would see in case it would not be able to
order being|n| + |m|). From selection rules valid for change its rotational state [15]. The effective corrugation
normal incidence [15], probabilities can be obtained fordepends on the value of; of the molecule. Helicopter-
the symmetry related channels not given here. Rotaing H, sees a highly effective corrugation (because he-
tionally elastic (with respect tqg) diffraction from the licoptering H is attracted to the smaller Ltiion due to
initial (j = 2, m; = 0) state is seen to be very different favorable interaction with the excess charge in the H
compared to that fronfj = 2) H,, confirming that the bond, and repelled from the larger Fon) and will there-
diffraction of (j, m;) H, strongly depends om:;. In  fore undergo higher order diffraction, whereas cartwheel-
particular,(j = 2) H, shows relatively more high order ing H, sees less corrugation, the surface acting more like
diffraction, a trend which is explained below. a mirror, resulting in low order diffraction [15]. Assum-

In Fig. 3 the alignment is shown as a function of theing that Am; = 0 during the collision [which is true to
diffraction channel for scattering of Hfrom the initial  the extent thatP(j = 2, m; — j' = 2, m;) > 50% see
(j = 2) state. The alignment is seen to vary stronglyFig. 1 form; = 0], this behavior leads to a positive align-
over the diffraction channels. Very few molecules withment in higher order channels and negative alignment in
m; # 0 are scattered into the specular channel. Thdow order diffraction channels for scattering 6f = 2)
most apparent feature about the scattered molecules 4. This behavior also explains why = 2) H, (which
the tendency to be more like helicoptering, Hhan contains helicoptering £ shows more high order diffrac-
cartwheeling H for higher diffraction orders, reaching tion than(j = 2, m; = 0) H, in Fig. 2.

a maximum alignment of about 0.53 for the diffraction The above effect provides a potentially useful means
channels (1, 2) and (2, 1). for constructing rotationally polarized beams of, M/hich

diffraction state
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1 make “aligned” and “statistical” k{ and to R. C. Mowrey
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