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A detailed investigation of the spatially anisotropic component of the laterally averaged
molecular hydrogen/Ag(111) physisorption potential is presented. Experimentally derived
rotationally inelastic transition probabilities for H,, D,, and HD, taken as a function of collision
energy, are compared with those resulting from close-coupled quantum scattering calculations.
These calculations utilize exponential-3 and variable exponent parametrizations of the laterally
averaged isotropic potential which reproduce the experimental bound state resonance spectra for
p-H, and 0-D, on Ag(111). Complementary information is obtained by analyzing the magnetic
sublevel splittings for physisorbed J = 1 n-H,, using diffractive selective adsorption resonance
energies calculated with first order perturbation theory. Theoretical predictions for HD/Ag(111)
rotationally mediated selective adsorption resonances are also compared with previously reported
experimental results, which show well resolved J-dependent energy shifts resulting in part from
the orientational anisotropy of the potential. The results obtained in this study indicate that both

Investigation of the spatially anisotropic component of the laterally averaged
molecular hydrogen/Ag(111) physisorption potential

the attractive and repulsive parts of the anisotropic potential exhibit only a weak orientation
dependence, in agreement with recent theoretical predictions for this system.

I. INTRODUCTION

Until recently, the physisorptive interaction of mole-
cules with surfaces was far less extensively investigated than
that of atoms with surfaces. Diffractive selective adsorption
experiments which have been carried out with molecules,
such as those involving H, and D, on LiF, NiO, graphite,
and stepped surfaces of copper,' were typically analyzed to
obtain bound states of the laterally averaged interaction po-
tential with the molecule treated as a structureless particle.
Recent advances in molecular beam surface scattering ex-
perimentation have now prompted a growing interest in the
role of the internal molecular degrees of freedom in mole-
cule-surface interactions. This has been evidenced by a large
number of experimental and theoretical studies of rotation-
ally and vibrationally inelastic molecule—surface collision
systems.?

A prime objective in these studies is the determination of
the molecule—surface interaction potential. Because of the
molecular orientation dependence this is considerably more
complicated for a molecule—surface collision than for atom—
surface collisions. For a diatomic molecule incident upon a
perfectly periodic surface, the molecule-surface interaction
potential may be written as the Fourier sum

VbR = Vg (2,6,8,r)e® R, (1.1)
G

where z is the normal distance from the molecule center of
mass to the surface, R = (x,y) is the surface projection of the
center of mass relative to some origin on the surface, & and ¢
are the polar and azimuthal orientation angles of the molec-
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ular orientation in the xyz frame, and r is the molecular inter-
nuclear distance (Fig. 1). We shall be concerned with low
energy (< 150 meV) collisions of the molecular hydrogen
isotopes for which a rigid rotor assumption is valid. The

x($=0°)

FIG. 1. Coordinate system for a diatomic molecule AB incident upon a
stationary corrugated surface. O is the origin of coordinates, fixed at some
reference point in the surface unit cell, C the midpoint of the internuclear
distance AB (i.e., the center of geometry), E the molecular center of mass.
PQ is the projection of AB in the surface xy plane, S and T are the projec-
tions of C and E, respectively. The locations of C and E in the xyz frame are
thus given by vectors (R',z') and (R,z), respectively, where R = (x,p). Atoms
A and B have masses m, and m, and coordinates (R,,2,) and (R,,z,), respec-
tively. The internal degrees of freedom are expressed in the spherical polar
coordinates (r,6,¢ ) where r is the internuclear distance AB, and and ¢ the
polar and azimuthal angles, measured in the xyz frame. EC, the offset of the
center of mass from the center of geometry, is denoted by & and is equal in
magnitude to {m, — m,)/2(m, + m,).
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laterally averaged potential Vyy(z,6,4,7) can then only be a
function of z and 6, since physically there can be no azi-
muthal orientation dependence for a diatomic interacting
with a flat surface. Changes in rotational polarization or ro-
tational state selected molecules can only arise from the pres-
ence of higher order diffractive terms (G 7#0) in Eq. (1.1).
[However, matrix elements of the laterally averaged poten-
tial V(2,8 ) will be different for different magnetic quantum
states of the diatom, with the result that an overall apparent
change in rotational polarization may be produced by scat-
tering an initial ensemble of |Jm) molecules from a flat sur-
face.?] We restrict our attention here to the laterally aver-
aged potential Vy,(z,6): this is the component probed by
rotationally inelastic scattering from smooth surfaces and by
selective adsorption resonance phenomena on weakly corru-
gated surfaces.

Several electron energy loss spectroscopy (EELS) and
molecular beam scattering experiments recently carried out
for the adsorption of molecular hydrogen on smooth metal
surfaces indicate that the physisorbed molecule behaves as a
nearly free three-dimensional rotor, with only weak pertur-
bations due to the anisotropy of the (laterally averaged) mol-
ecule-surface interaction.*> However, the low energy reso-
lution currently available in EELS experiments (2 3 meV)
limits the capability of this technique for investigating the
exact nature of the physisorbed state at the present time. We
have recently reported a detailed comprehensive study of the
diffractive selective adsorption (hereafter, DSA) in the mo-
lecular beam scattering of n-H,, p-H,, n-D,, and 0-D, from
Ag(111) which shows evidence of small |J,m)-dependent
shifts in the bound states of Vyfz,0 ), arising from the weak
anisotropic component of this potential.® This was made
possible by the high energy resolution of these molecular
beam experiments (~200 zeV) and the development of a
pure J = 0 hydrogen beam. Such shifts have also recently
been observed for n-H, on the more strongly corrugated
Ag(110) surface.” Similar J-dependent shifts are apparent in
the recent measurements of rotationally mediated selective
adsorption (henceforth, RMSA] resonances, for HD on
Pt(111)° and for HD on Ag(111).

These selective adsorption studies are part of a detailed
experimental and theoretical study of the molecular hydro-
gen/Ag(111) physisorption interaction potential, including
the laterally averaged isotropic, the laterally averaged aniso-
tropic, and the higher order periodic components. The later-
ally averaged isotropic component has been treated in pre-
vious publications®'® while the periodic potential will be
presented elsewhere.! It is the purpose of this paper to inves-
tigate the anisotropic component of ¥(z,6 ) in considerable
detail for the molecular hydrogen isotopes/Ag(111) system,
employing a combination of experimental measurements
and theoretical calculations.

A comprehensive study of the molecular beam scatter-
ing of hydrogen from Ag(111) carried out in our laboratory
has yielded the following array of information: rotationally
inelastic and elastic transition probabilities for H,, D,, and
HD, RMSA resonances for HD and isolated instances of
RMSA resonances for H, and D,, and DSA resonances for
H, and D, in which |/,m)-dependent shifts and linewidth

differences (for H,) are seen between n-H, and p-H,, and »n-
D, and 0-D,, respectively. Transition probabilities for simul-
taneous diffractive and rotationally inelastic excitation of
HD, and for diffraction and diffraction-rotation excitation
of H, and D, have also been measured.

From an experimental point of view the low energy scat-
tering of molecular hydrogen from Ag(111) is a prime exam-
ple for which to attempt an empirical analysis of the physi-
sorptive interaction potential. The extremely low corruga-
tion of this surface facilitates the analysis of DSA resonances
since complications due to band structure are not present.
The smoothness of this surface also concentrates the final
scattering intensities in the specular channel. Molecular hy-
drogen does not dissociatively chemisorb on Ag(111), there-
by allowing cryogenically cooled targets to be used and mini-
mizing Debye—Waller attenuation. H,, D,, and HD are
excellent candidates for study in the sense that only a small
number of final inelastic scattering channels are energetical-
ly accessible. Theoretically, this also makes potential vari-
ation within the context of close coupled calculations feasi-
ble, which enables one to take full advantage of the
information in the selective adsorption resonances and in-
elastic transition probabilities. The relatively large rota-
tional spacings of these molecules also allow the final rota-
tional state populations to be probed by measuring outgoing
angular distributions, alleviating the need for a laser-based
detection system. Finally, it is also worth noting that al-
though HD/Ag(111} is the richest system in terms of large
rotational inelasticity and producing strong RMSA reson-
ances, H, and D, actually provide a more sensitive probe of
the anisotropy of ¥, z,8). This interesting situation arises
since the HD rotational transitions and J-dependent RMSA
energy shifts are primarily governed by the mass asymmetry
of the molecule, which is large enough to obscure the subtle
effects which are due to the weak anisotropy of the potential.
Such problems do not arise when similar measurements are
performed with the homonuclear isotopes H, and D,.

The problem of inversion of a multiple component po-
tential such as V(2,0 ) presents a major theoretical chal-
lenge. In the absence of good inversion procedures we adopt
here an empirical approach, taking a suitable parametric
form for ¥, (z,0) and then performing quantum close cou-
pled scattering calculations to obtain transition probabilities
and resonance shifts in agreement with experiment. The ro-
tational transition probabilities and the resonance energies
provide complementary information on the interaction po-
tential which will prove to be essential for an unambiguous
determination of the anisotropy of the interaction. We pro-
ceed stepwise by assuming the previously established iso-
tropic component ¥'3,(2)>'® and consider here only the re-
maining parametrization of the anisotropic component.

Finally, hydrogenic systems are also simple enough that
ab initio theoretical estimates of the interaction potential can
be made and asymptotic expressions for both attractive and
repulsive terms of the anisotropic component of V,(z,0) are
available for comparison.'>!?

The plan of the remainder of the paper is as follows. In
Sec. IT we discuss the theoretical basis for a single functional
form of the laterally averaged potential and outline the theo-

J. Chem. Phys., Vol. 83, No. 8, 15 October 1985

Downloaded 14 Sep 2004 to 128.196.212.217. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Whaley et al. : Anisotropic hydrogen/Ag(111) potential

retical procedure to be followed in the investigation of the
potential. Section III contains a summary of the experimen-
tal procedures for obtaining rotationally inelastic transition
probabilities, resonance energies, and associated linewidth
information. In Sec. IV the rotationally inelastic scattering
data and data analysis for H, and D, are presented, followed
by the results of scattering calculations. In Sec. V the selec-
tive adsorption resonances for n-H,, p-H,, n-D,, and 0-D,
are discussed: linewidth broadening of n-H, due to averaging
over |J,m) components of the initial beam and shifts of n-H,
resonances relative to p-H, are analyzed. The analysis in
each of these sections yields a set of possible parametriza-
tions of the anisotropy and the intersection of these two sets
gives us a unique parameter set. In Sec. VI we present the
rotational transition probabilities for the HD scattering and
compare the HD RMSA resonance energies and transition
probabilities with the theoretical predictions from the best fit
anisotropy obtained from the H, and D, data. Finally, Sec.
VII contains a discussion of the results, a summary, and our
concluding remarks.

Il. THEORY
A. The laterally averaged interaction potential

The laterally averaged interaction potential for a rigid
rotor, Vy(z,0), may be written as the sum of an attractive
long range polarization potential and a repulsive short range
potential deriving from overlap of molecular and solid elec-
tronic wave functions. In general, each of these terms will
have a different orientation dependence:

Voolz:0) = Voo (@.0) + Vo 4 (2,6). 2.1)

Ab initio theoretical calculation of each of these compo-
nents is rendered exceedingly difficult by the many body
nature of the interaction and, for metals, also by the delocali-
zation of the electron density. However, asymptotic expres-
sions have recently been derived which give rise to simple
few parameter functional forms. For the van der Waals in-
teraction

— Gy(0)
23 ’

where the orientation dependence of C,(@ ) arises as aresult of
the anisotropy of the molecular polarizability. For a homon-
uclear diatomic molecule it is given by'?

Cy(0) = C + C2P;(cos 0). (2.3)

Harris and Feibelman have obtained C'? ~0.05C { for H,."?
The repulsive component has been estimated by Harris and
Liebsch from consideration of the effective orthogonaliza-
tion of the molecular and metal electron wave functions as'?

Voo.u(2:8) ~ 22)

2
Voor(2,0)~Ae” "0’{1 + ilkz;" [1+ 2P,(cos 8)] ],(2.4)
where k., = (2m_,® /#°)* is the decay constant of a Fermi-
surface Bloch wave function (@ is the work function, m, the
electron mass) and 7, the molecular internuclear distance.
These estimates give a laterally averaged interaction po-
tential with two parameters 5, and By specifying the anisot-

ropy
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Voolz,0) = vpo,r (2)[ 1 + BrPslcos 6)] + voo 4(2)
X [1 4 B4Pyfcos )] (2.5)
= Vo (2) + Vo (2)Ps{cos 6). (2.6)

Using the appropriate parameters for H,/Ag(111)
(r. = 1.4a,, @ =4.24 eV we find S ~0.10 from Eq. (2.4)
and B, ~0.06 from Eq. (13) of Ref. 12, using accurate values
of the polarizability tensor of H,.'* Both 8, and B, are posi-
tive, reflecting the asymptotically preferred perpendicular
orientation at large z and parallel orientation at small z.
Equations (2.5) and (2.6) form the basis of the parametriza-
tions used in our studies. We shall use two different isotropic
potentials:

Ugo (2) = voo,r (2) + Voo 4 (2) (2.7)

and obtain the anisotropic term v3,(z) from Eq. (2.5) as the
linear combination

V30(2) = BrVoo.r () + B.4Voo.4 (2)- (2.8)
Thus 8, and B can be regarded as parameters which allow
independent variation of the attractive and repulsive compo-
nents, respectively, with regard to the molecular orientation.
Equation (2.8) is an improvement over the one parameter
anisotropy previously used to study rotationally inelastic
scattering of HD from Ag(111).° The anisotropy is thus de-
termined both by the parameters B, B and by the func-
tional form of the isotropic potential v, (z).

For v),(z) we use (i) the variable exponent potential
(hereafter VEP)

voolz) =D {[1+ (A /pllz —z.)] ~%*
—2[1+@/pllz—2z.)] "}
and (ii) the exponential-3 potential (hereafter exp-3)

0 (D% \[3 ,-ate—na_ (%Y
oo(e) = (aze —3)[aze ¢ (z)f(z)]’ (2.10)

flz)=1—[2(z/ay)z/a, + 1) + 1]lexp( — 2z/a,), (2.11)

(2.9)

where f(z) is a cutoff function going smoothly from f(0) = Oto

f(2)=1 at large z. The VEP is a flexible three parameter
potential with semianalytic eigenvalues’® which has been
used to fit the bound state levels of laterally averaged physi-
sorption potentials for atom-surface systems.'® The expo-
nential-3 potential has the form predicted by the ab initio
theoretical studies, Egs. (2.2)-(2.4), but is somewhat more
difficult to work with, having no analytic eigenvalues and
requiring a cutoff function to remove the singularity at
z=0.

Equation (2.7) with both Egs. {2.9) and (2.10) is approxi-
mate in that it neglects correlation between metal and elec-
tronic wave functions. A consequence of the use of the
asymptotic results for ¥y, ,(2,0) and Vo r(2,6) [Egs. (2.2)-
(2.4)] is that the z dependence of v, (z) is determined by that
of the components vy, ¢ () and vy, 4 (2) Of U3 (2). The calcula-
tions presented in Sec. IV will show that this form cannot
entirely account for the energy dependence of the transition
probabilities. An analogous situation is seen in diffractive
scattering of atoms from surfaces.’” We have therefore also
briefly considered the introduction of a third parameter into
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% (z) which modifies the softness of the repulsive compo-
nent:

V50 (2) = Br eXp( — @;2)ugq & (2) + B.yVoo,4(2)- (2.12)

The above discussion based on Eq. (2.5) refers to the
interaction potential for a homonuclear molecule. The inter-
action potential for HD in the center of mass coordinates
(2,0)is then obtained from that for H, [Eq. (2.5)] by the trans-
formation

z=z —48cosf (2.13)
with Eq. (2.5) valid for (z',8 ). Thus for HD we obtain
Voolz:8) = Violz',0) (2.14)

= V(2 + 8 cos 8) + vd(z + & cos 6)P,(cos 6)
(2.15)

= v(z) + D U5 (2)P;(cos 6) (2.16)
1=0,12,..
with § = r,/6, and where r, is the equilibrium internuclear
distance. The resulting potential, denoted T’oo(z,e ) to distin-
guish it from the homonuclear case, now contains odd order
Legendre terms, reflecting the absence of the 4J = 0,2 selec-
tion rule for the asymmetric species. The separation of the
zeroth order term into v3, (z) and 53, (z) is convenient in order
to be able to refer to the resonance states (both DSA and

RMSA) of all isotopic variants in the same terms (Secs. V and
VI).

B. Theoretical analysis of transition probabilities
and resonance data

It is clear that rotational transition probabilities and se-
lective adsorption resonance data provide independent, and
in some sense complementary, information on the anisotrop-
ic component v3,(2) of the interaction potential. The rota-
tional transition probabilities probe the anisotropic compo-
nent at small z values near the turning point of v, (z) and will
be determined both by 8 and B, . At high incident energies
the S; dependence may be expected to be stronger than the
B dependence but in general the precise balance will be
dependent on the form of the isotropic potential components
Voo, (2) and vy, 4 (2). The resonances are determined primarily
by the isotropic potential v, (z): information on the aniso-
tropic component in the region of the bound levels of v} (z) is
obtained from the |Jm)-dependent shifts and linewidth dif-
ferences seen, for example, for n-H, and p-H,. Since the form
of v%,(z) in the region of the minimum of v3,(z) is strongly
dependent upon the combination of 8, B, these shifts and
linewidths will be very sensitive to simultaneous variations
in both B, and ;.

We first discuss the rotational transition probabilities.
The rotational inelasticity of HD is considerably larger than
that of H, and D, as a result of the asymmetry introduced by
the offset of the center of mass, & [Eq. (2.13)]. However, as a
consequence the dependence of rotational inelastic probabi-
lities on the relatively weak orientational anisotropy deriv-
ing from v3, (z) is masked by the effect of this center of mass
asymmetry. Far more sensitive to 8, and B are the H, and
D, rotational transition probabilities as a function of inci-
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dent perpendicular energy E, = E, cos’ §; where E, is the
beam energy and 6, is the incident beam angle from the sur-
face normal. The experimentally measured ratio of probabi-
lities P (J = 0 - 2)/P(J = 0 — O) for H, and D, is thus the
quantity which will be compared with the transition prob-
ability ratio derived from close coupling calculations in or-
der to extract a first quantitative estimate of 8,, Bz for a
given vy, (z). Note that the relatively large HD rotational
transition probabilities are nevertheless dependent upon
gross features of the isotropic potential v} (z), such as the
well depth. This was utilized in our previous study of the
isotropic component of V(z,0).'°

In the first approximation DSA resonance energies are
given by eigenvalues of v, (z) plus the kinetic energy parallel
to the surface obtained by transfer of a reciprocal lattice vec-
tor G to the incident parallel momentum K. Similarly,
RMSA resonance energies are given to a first approximation
by the bound vibration-rigid rotor (BVRR) energies,'®
which are eigenvalues of v, (z) plus free rotor energies. Shifts
from these zeroth order DSA resonance energies, and from
the BVRR energies, arise from the anisotropic component of
Volz,0 ) and result in the experimentally observed |Jm) and J
dependence of bound levels extracted from DSA and RMSA
measurements, respectively.

The connection between the two kinds of resonances is
clearly seen from the standard set of close coupled equations
resulting from a product basis expansion in rigid rotor and
diffraction states with

# #11 3 . .8
H:——VZ——[————— 0—] Viol2,6), 2.17
2" 21 lsna g M0gg | T el2f)  217)
Yz08R) = 3 x (2) Y, (6™ " (2.18)
Gim GJm
we obtain
d2 2 — 2M ’
(£ +kafrin = 3 5 Omiveszon mix ).
(2.19)
k2, =%’E— K, + GP — A—I{J(J+ 1) (2.20)

For atoms or spherical molecules ¥,(z,@ ) reduces to v3,(2)
and the resonance condition is then

E=T K + 6P+ Iu+1)+e,
M 2

(2.21)
with €, a negative eigenvalue of v5, (z). Equation (2.21) is the
generalization of the zeroth order atom—surface DSA reso-
nance condition and can be regarded as representing a dif-
fractive and rotationally excited molecular state in which the
molecule moves freely parallel to the surface but is in a
bound vibrational state perpendicular to the surface with
energy €, < 0. We refer to these energies as BVRR energies,
for both zero and nonzero G.

In general the set of coupled equations (2.19) must be
solved exactly for each G and m in order to find the reso-
nance energies. However, when the anisotropy is small the
resonances may be found by perturbation theory.'® Thus for
the homonuclear diatom-surface systems, application of
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first order perturbation theory to Eq. (2.19) gives resonance
energies

7 #
E=—IK +GP+—=JJ+1)+e¢, +€).,., (222
2M( + )+21 ( ) v (2.22)
where

€ = (n|vdo(2)|n) (Jm|Pycos 8)|Jm) (2.23)

while for the heteronuclear case we have Eq. (2.22) with €,
replaced by &),,.:

Em =

1=0,1,2...

(n|Dgo (2)| 1) {Jm|P)(cos 8)|TJm). (2.24)

Equation (2.22) is the kinematic resonance condition for a
mixed DSA-RMSA resonance to first order in the anisotrop-
ic component of V,(z,0). Pure RMSA or pure DSA reson-
ances are obtained by setting G or J equal to zero, respective-
ly (if the initial state is rotationally excited, pure DSA is
obtained when 4J = 0).

€\),, and &), are the first order |Jm)- and n-dependent
shifts from the BVRR energies [Eq. (2.21)] for the homonu-
clear and heteronuclear adsorbed molecular species, respec-
tively. Equations (2.22) and (2.24) show that even in the ab-
sence of an anisotropic term v%,(z), the observed HD RMSA
resonance energies will show |Jm)-dependent shifts for a
given bound state n. The fact that the observed J-dependent
shifts seen in HD RMSA resonance measurements on both
Pt(111)® and Ag(111)° (for m = 0) are much larger than the
|/ )-dependent shifts seen in H, and D, DSA RMSA mea-
surements on Ag(111)® (~1.0 meV for HD, compared to
~0.2 meV for H, and D,) is not surprising in view of the
large asymmetry of HD. Thus just as with the rotational
transition probabilities, the high anisotropy induced by the
asymmetry of HD masks the potential anisotropy from vZ, (z)
and renders the RMSA resonance shifts for HD less sensitive
to small changes in v,(z) than the DSA and RMSA reso-
nance shifts for H, and D,.

Provided first order perturbation theory is a valid de-
scription of the resonances, then an adsorbed ground state
molecule {Jm) = |00) will have zero shift €, (or&}},,)and
yields the true bound state energies, €, , of v3, (2). This forms
the basis of the empirical determination of the isotropic com-
ponent of ¥y,(z,0 ) from DSA measurements of p-H, and o-
D, on Ag(111) which was reported previously.'® (Note that
adsorbed J = 0 can not be observed in RMSA resonances, by
definition.) We should emphasize that because the bound
state energies determined for |J,m) = |0,0) are independent
of the anisotropic potential, v}, (z) may be determined first,
and then the anisotropic components may be determined,
without the need for iteration.

For a given bound level n, the first order resonance shifts
€\, provide direct information on the anisotropic compo-
nent, v (z). Any well resolved selective adsorption reso-
nance which is unambiguously assignable to a single |[Jm)
rotor state will give rise to a set of possible pairs of param-
eters B, Br via Egs. (2.8) and (2.23). Resonances observed
for n-H, and n-D, will reflect an average over |Jm) states
|0,0), |1,0}, and |1, + 1) [ + m have equal shifts according
to Eq. (2.23)], with appropriate weightings resulting from the
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nuclear statistics. Unfortunately the resolution in the pres-
ent experiments ( ~ 250 ueV)is too low to resolve the individ-
ual multiplet components for the normal hydrogen isotopes
in the extremely weak DSA resonance dips observed in the
specular scattering from Ag(111). On the more strongly cor-
rugated Ag(110) surface where the resonance structure is
stronger, there is some evidence for a splitting of the n-H,
DSA resonances.”'? In our experiments on Ag(111) we do,
however, observe (i) an averaged effective shift of the reso-
nance energy for n-H, from that for p-H, (and n-D, from o-
D,) and (ii} a distinct linewidth broadening for n-H, and n-D,
relative to p-H, and 0-D,, respectively.® Both the effective
shift and the linewidth broadening may be simulated as a
function of the parameters S3,,, Bz, using a natural linewidth
for the |/m) states obtained from the measured linewidth of
p-H, and 0-D,.

Each of these comparisons between experiment and
theoretical simulation, i.e., for transition probabilities and
for resonance shifts, will provide a set of parameter pairs 8,,,
Br- Weregard the intersection of these two sets as providing
the correct parameters for the anisotropy vZ,(z), derived
from a given isotropic potential v3, (z) according to Egs. (2.5)
and (2.6). Because of the smaller sensitivity of both the tran-
sition probabilities and RMSA resonance energies for HD to
the form of v3,(z), we shall use this as a check to differentiate
between extremely different regions of the 8, S parameter
space but not to investigate small changes in the values of 8,
B - This is an improvement on our earlier study of the HD/
Ag(111) system® where for a much cruder model of v3,(z),
namely 8 = B, = B, analysis of the RMSA resonance ener-
gies alone gave a preliminary order of magnitude estimate of
B (representing an average of , and By).

C. Close coupled calculations

The close coupled equations to be solved are Egs. (2.19)
for G =0 and m = O (initial rotor state [Jm) = |00)). The
total energy E is then replaced by E, , the zcomponent of the
incident beam energy. For HD, V(z,0) is replaced by
Volz,0), Egs. (2.14)~{2.16). The use of the flat surface as-
sumption to obtain the rotationally inelastic transition pro-
babilities is justified for HD by the extremely small size of
the diffraction relative to the rotational excitation, and for
H, and D, by the absence of diffraction peaks for measure-
ments made along the azimuth of weakest corrugation. To
ensure an accurate comparison of resonance positions with
the experimental data we replace the rigid rotor energies by
the empirical rotor energies E (J ) (Table I). For HD at beam
energies E, ~ 120 meV we have only four open rotational
channels. For H, and D,, we have four and six open chan-
nels, respectively, which are reduced by symmetry to two
open channels for H, scattering from initial state J = O and 3
open channels for D,. The close coupled equations are
solved with the variable step-variable interval size (VIVAS)
integrator.” Typical running times are 6 s CPU time for a
four channel system at E, = 60 meV on a Vax 11/780 com-
puter. The speed of this integrator is extremely useful for the
multiple runs needed for an iterative search of the 8,, By
parameter space even though the further time saving usually
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TABLE I. Empirical rotor energies, £ (J),* for HD used in all close coupled
scattering calculations. Rigid rotor energies are shown for comparison. The
ground vibrational state of HD is assumed. All energies are in meV.

Rotor state J Empirical E(J) Rigid rotor energy
0 0.000 0.000
1 11.063 11.320
2 33.114 33.961
3 66.000 67.922
4 109.502 113.204
5 163.331 169.806

*H. W. Woolley, R. B. Scott, and F. G. Brickwedde, J. Res. Natl. Bur.
Stand. 41, 379 (1948).

available in multiple calculations at different energies is not
possible when potential parameters are varied.

The best fit parameters for the VEP and exp-3 forms of
3, (2), Egs. (2.9) and (2.10) are given in Table I1.5'°

The first order resonance shifts €., for H, and D, were
evaluated directly from Eq. (2.23), using a Numerov-Cooley
algorithm to evaluate the bound state eigenfunction with en-
ergy €, and then integrating over vy 5 (z) and vy, 4(2) [Eq.
(2.8)] with a 6300 point Simpson’s rule quadrature.

Ill. EXPERIMENTAL PROCEDURE

The experiments described in this paper were carried
out in an ultra-high vacuum beam-surface scattering appa-
ratus which has been previously described.®?! It consists of
the following sections: a differentially pumped beam source
manifold, a UHYV crystal chamber which includes an Auger
spectrometer and an ion sputtering gun, a doubly differen-
tially pumped rotatable mass spectrometer, and a PDP-11
minicomputer which controls the experimental apparatus
and collects the data through a CAMAC interface.

The p-H, and 0-D,, i.e., J = 0 hydrogen, used in these
studies were generated by passing either n-H, or n-D,
through an in-line catalytic converter. This device essential-
ly consists of a coaxial stainless steel tube assembly which
contains a dispersed nickel catalyst in its outer section. Dur-
ing operation the converter is immersed in a liquid hydrogen
Dewar. This induces the nuclear spin state distribution to
relax to its equilibrium value at 20 K i.e., 99.8% p-H, and
97.8% 0-D,. A detailed description of this converter has
been previously presented in our earlier paper dealing with
the hydrogen/Ag(111) isotropic potential.'® The beam pa-

TABLE I1. Parameters for the isotropic component v}, (z) of the laterally
averaged interaction potential.

Potential Parameters

D =31.535 meV
A =0.6335a;""
P=42925

z, =2.3441qa,

D = 32.4616 meV
@ = 12789
z, =3.75724,

Variable exponent

Exponential-3

Whaley et al. : Anisotropic hydrogen/Ag(111) potential

rameters used in this study were as follows: incident beam
divergence 0.1°, Av/v = 4.5% (H,) and 6.5% (D).

The HD used in these experiments was also generated
catalytically by passing an 8:1 H,:D, mixture through a
stainless steel column which was packed with magnesium
granules and heated to an operating temperature of 600 K.
This 8:1 feed gas ratio was chosen in order to produce an HD
beam of high intensity and narrow velocity spread (dv/
v=~5%).2>* An in-line liquid nitrogen cooled molecular
sieve trap was placed between the HD generator and the
beam source in order to remove any trace moisture from the
resulting 4:1 H,:HD gas mixture. The HD after supersonic
expansion is predominantly (> 99%) in the J = O state. This
is implied from the absence of energy gain peaks,J =1—0,
in the experimentally observed angular distributions of HD
scattering from the silver surface. (When the quality of the
jet expansion is intentionally degraded by lowering the stag-
nation pressure J = 1 — O transitions can be clearly seen).
The HD is typically expanded through a 20 g nozzle at a
pressure of 260 psi.

Three types of scattering data are reported in this paper:
angular distributions which include rotationally inelastic
peaks, time-of-flight distributions, and selective adsorption
scans. The angular distributions were obtained by scanning
the detector at 0.2° increments while holding the angle of
incidence at a fixed value. During these measurements the
incident beam was modulated with a 50% duty cycle chop-
per. This enabled two 32-bit scalers which were synchro-
nized to the chopper to collect signal plus background and
background only information. The appropriate subtractions
were made after 6 s of counting at each 0.2° angular incre-
ment. Time-of-flight measurements were obtained with a
1% duty cycle dynamically balanced 8-slot chopper (0.020
in. wide slots, 6 in. diameter, typically running speed of 200
350 Hz) operating in conjunction with a 255 channel multi-
channel scaler (0.25 us/channel dwell time). Selective ad-
sorption data were collected by measuring the peak intensity
of a given rotational and/or diffractive peak at incident angle
increments of 0.2°. In practice, these data were collected by
alternately moving the crystal polar angle by ~0.2° and then
scanning the detector through the desired peak with the
computer recording in real time both the intensity and corre-
sponding incident and reflected polar angles. Peak heights
determined in this manner include contributions from both
the coherently scattered molecules and the diffuse inelastic
background.

The Ag(111) crystal was cut trom a 99.999% boule and
initially polished at the Cornell Materials Preparation Labo-
ratory. It was subsequently repolished, aligned with Laue x-
ray backreflection, and mounted using procedures that were
previously described in detail.® Crystal quality was con-
firmed by observing uniform and high He and H, reflectivi-
ties at several points along the surface of the crystal.

IV.Hz AND D, ROTATIONALLY INELASTIC
SCATTERING
A. Experimental results

In this section the experimentally determined rotation-
ally inelastic J = O — 2 transition probabilities are present-

J. Chem. Phys., Vol. 83, No. 8, 15 October 1985

Downloaded 14 Sep 2004 to 128.196.212.217. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Whaley et a/. : Anisotropic hydrogen/Ag(111) potential 4241

ed for both H, and D,. The convention used for labeling the
azimuthal angle ¢ is to assign ¢ = 0° to the (112) direction
and ¢ = 30° to (01T). The rotationally inelastic data pre-
sented in this section were taken at ¢ = 15° to avoid the over-
laps that occasionally occur in the final angular distributions
between weak diffraction peaks and weak J = 0 — 2 transi-
tions. This overlap of diffractive and inelastic transitions was
most severe along ¢ = 0°. As a check of our procedure, in-
elastic peaks that could be clearly measured at ¢ = 0° were
fully analyzed, and found to be in agreement with the
¢ = 15° data within experimental uncertainty. The diffrac-
tion and simultaneous rotation-diffraction intensities will be
discussed in a later publication. !

Figure 2 shows the angular distributions for #-H, scat-
tering from Ag(111) at four incident polar angles which are
separated sequentially by 5° angular increments. The
J = 0 — 2 peak is barely observable at 8, = 40° and gradual-
ly emerges as a distinct peak in the shoulder of the /=0 — 0
specular peak as 8, decreases towards the surface normal
(i.e., the inelastic transition probability increases relative to
the specular beam as E, is systematically increased). The
FWHM of the specular beam angular profiles shown in Fig.
2, ~1.0°%, are just somewhat larger than that of the incident
beam, ~0.7°, as expected for a high quality surface. The
FWHM of the J = 0 — 2 peaks are of course larger due to
the kinematics of the scattering process—different velocities
present in the incident beam velocity distribution are inelas-
tically scattered into different outgoing angles.

Figure 3 shows the angular distributions for n-D, scat-
tering from Ag(111) for a similar sequence of four incident
polar angles (out of a total of six angles measured for #-D,).
The same trend of increasing inelastic transition probabili-
ties as §; decreases towards normal incidence (E, increasing)
is again present. Also note that the inelastic peaks for D, are
scaled up by a factor of 10 relative to the specular channel
while those for H, are scaled by a factor of 100 even though
the relative population of J = 0 in the incident beam is only
about twice that for H,. This implies that the relative inelas-
tic transition probabilities of D, are significantly larger than
those for H,. This is to be expected from the much smaller
rotational energy spacing of D, relative to H,. The

.20 T T T T —— .20 T T
n-Hy/Ag(1i1) 8i=30°
Ey=77.5 mev
8i=40° X100
X100 g2
02
I o
:‘ 20 .20
Bi=35° Bi-25°
X100 X100
0—+2 1
0-+2
o] L 1 o 1
[0 70 S0 30 60 40 20

SCATTERING ANGLE [degl

FIG. 2. Four angular distributions for n-H,/Ag(111) with ¢ = 15° and
T,=125K.
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Ep = 8256 maV 02
81 = 45
L 1 1
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02
»2 [+] [}
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FIG. 3. Four angular distributions for n-D,/Ag(111} with ¢ = 15" and
T,=125K.

J = 1 — 3 transition is also energetically allowed for D,, and
is observed at several angles (Fig. 3).

B. Experimental analysis

The final scattering angles for nonresonant rotationally
inelastic transitions are given by the following two kinematic
constraints: (i} conservation of parallel momentum

K. =K, +G (3.1)
and (ii) conservation of total energy
2
ki=k}+ 2 [EV)—EV)] (3.2)
10 T ot T
HD/Ag<111>
3 Es = 109.7 meV 1
i = 55.0°
0 Ts = 155 K
N .05t J
g—0 ]
0—2
O L ' P i 1
04?0 70 30 30 10
. 1 1 T T T O»T T
HBO/Ag (111
r Ee = 47.6 meV 4
i = 29.2°
0 Ts = 155 K
T .02r i
0—0
oL e )T
90 70 50 30 10

SCATTERING ANGLE [deg]

FIG. 4. Comparison of HD angular distributions taken at different beam
energies but with the same E, .
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and are found to be in excellent agreement with the angles
calculated using empirical rotor energies in Eq. (3.2) with
G=0,ie,

kZ =kf,+% [EV,)— EV)]. (3.3)

This confirms that only the perpendicular component of the
beam energy is involved in the energy transfer process. This
is demonstrated in Fig. 4 which shows two HD angular dis-
tributions taken at the same E, but using considerably dif-
ferent incident beam energies.

In order to directly compare the experimental results
with transition probabilities obtained from quantum close
coupled scattering calculations a detailed data reduction
procedure was carried out. Experimental transition probabi-
lities were obtained after (1) deconvoluting the instrumental
contributions from the angular distributions, (2) correcting
for Debye-Waller attenuation, and (3) accounting for the
quantum statistics of the initial rotational state population
distributions.

1. Deconvolution of final angular distributions

The supersonic molecular beam distribution is modeled
by a standard shifted Gaussian:

plv)dy = Nv* exp[ — (v — vo)*/a*]dv, (3.4)
where v, is the stream velocity and a the Gaussian width.
This can be readily transformed to the flight time distribu-
tion in terms of number density, which is the quantity direct-
ly determined by our detector. The measured time-of-flight
data of the incident beam are predominantly a convolution
of the true particle flight time distribution with the chopper
gating function. This gating function was simulated by over-
lapping the beam’s spatial diameter at the chopper (0.5 mm)
with a moving chopper slit (width 0.51 mm). Convolution of
an assumed flight time distribution with the gating function
was fitted to the experimental distribution (after subtraction
of the ion flight time in the detector) with a nonlinear least
squares fittings routine to obtain the beam parameters.

Angular distributions were then fit with a simulation

INTENSITY

s
ja SOV Xk

0 T T T }
S0 S52. 88 55.75 58. 63 61.5
SCATTERING ANGLE [deg]

FIG. 5. Computer fit used to deconvolute the J = 0 — 2 inelastic transition
probability for D,/Ag(111) at 8, = 45°. The solid line is the fit to the data
() while the broken line is the fit to the diffuse background. The computer
model clearly reproduces the experimental data very well.

program based on the fitted incident beam characteristics,
scattering kinematics, and the two-dimensional detector re-
solution function which was determined experimentally
with the incident beam passing through a 0.05 mm aperature
in the detector. This Gaussian-shaped function has an in-
plane FWHM of 0.66° and out-of-plane FWHM of 0.40°.
The diffuse background was modeled with a Gaussian func-
tion in terms of (6, — 6,)/6,, where 6, is the Gaussian origin
and 8, the width. These parameters were either assigned or
freely fitted to get the best results. A nonlinear least squares
fitting routine was used with the background model to fit the
angular distribution data. The area of the coherent part of
the peak (i.e., free of diffuse background) was then scaled to
the area of the simulated peak derived from the incident
beam parameters, scattering kinematics, and the detector
function., Inelastic transition probabilities (still needing to be
corrected for Debye-Waller attenuation and incident en-
semble spin statistics) suitable for comparison with scatter-
ing calculations were obtained in this manner. A typical fit
obtained with this procedure is shown in Fig. 5.

2. Correction for thermal attenuation

The surface temperature dependence of the elastic scat-
tering of H,, D,, and HD, and also the rotationally inelastic
scattering of HD from Ag(111) has been analyzed in detail in
a previous paper.'® The Debye-Waller attenuation factor for
a rotationally inelastic peak can be derived from the simplest
treatment for atom-surface scattering:

—6
L_ exp[-i(E,- cos’> 6, + DT,

I, m kO,
E, cos* 0 +D)2]
xl1+ 22— L}, 3.5
( E, cos’6, + D (3:3)

where 6; and &, are related by
E, cos’ 0, = E, cos® 0, + #*[J,(J; + 1)
—JJ + 1)]/2m,. (3.6)

Here m, and m, are the masses of the incident molecule and
solid atoms, respectively, 8, is the surface Debye tempera-
ture, and D the well depth of the laterally averaged interac-
tion potential. The parameters 8, and D extracted from tem-
perature dependent studies are given in Table III, where it is
apparent that a significant discrepancy is present between
the homonuclear and heteronuclear results. Other evidence
for the well depth discussed in our previous work on the
isotropic potential component'® indicates that the value of
~32 meV is the correct one. Since the applicability of stan-
dard Debye-Waller theory to molecule—surface collisions is
not well established, the meaning of this difference between
the isotopesis unclear. We therefore regard these parameters

TABLE III. Debye-Waller parameters for H, and D,/Ag(111).

E, (meV) D (meV) 6, (deg)
n-H, 77.5 45.0 217
n-D, 82.6 45.4 238
HD 109.7 319 228
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TABLE IV. Incident beam rotational state populations for H, and D,.

Gas E, (meV) T,(deg) J=0 J=1 J=2 J=3

TABLE VI. Rotationally inelastic transition probabilities for n-D,.
T, = 125K, E,; = 82.6 meV. Note that the experimental specular transition
probabilities include several J = n — n components.

n-H, 77.5 146 21.7 74.5 34 0.4 Experimental Debye-Waller corrected
n-D, 82.6 106 46.2 32.0 20.4 1.3
p-H, 796 135 89.2 0.2 10.6 0.0 6,  Spec. 0—2 00 02 (0—2/(0—0)
25 0.0340 0.001 95 0.202 0.0203  0.1005 + 0.0231
30 0.0447 0.002 14 0.234 0.0194  0.0829 + 0.0149
as an empirical means of correcting the experimental transi- 35 00547 000210  0.246 00164 0.0668 + 0.0120
. eqess . . 40 0.0650 0.001 84 0.253 0.0123  0.0486 + 0.0063
tion probabilities for thermal attenuation due to the motion 45 00868 000187 0.288 00106  0.0369 + 0.0048
of the target surface. 50 0.1102 0.00178 0.311 0.0085  0.0274 + 0.0036

3. Initial rotational state distributions for H, and D,

The rotational state distribution of the incident molecu-
lar beam can be calculated utilizing the energy balance equa-
tion®?

ko To+ E(To) = ym® + 3k, Tp + E(T,),  (3)

where Ty is the nozzle temperature, 7, the parallel tempera-
ture of the beam, 7, the rotational temperature, m the mo-
lecular mass, v the terminal parallel velocity, and E,{T) the
average rotational energy at temperature 7. This energy ba-
lance equation, when combined with the assumption that the
ortho and para spin components of the initial ensemble do
not interconvert during supersonic expansion, allows the
terminal rotational state distributions to be obtained. The
results of this analysis are shown in Table IV for #n-H,, p-H,,
and n-D,.

C. Experimentally derived inelastic transition
probabilities

The rotationally elastic and inelastic transition probabi-
lities for H, and D, are given in Tables V and VI, respective-
ly. The J = 0 — O transition probabilities were calculated by
combining the specular intensity data from angular distribu-
tion measurements with the initial population distributions
presented in Table IV. It was assumed that the elastic scat-
tering probabilities for all of the initially populated rota-
tional states were equal. This is a valid assumption for the
hydrogen/Ag(111) system at the collision energies used in
this study. As a final check of our data analysis procedure we
alsodeterminedthe P(J = 0 — 2)/P{J = 0 — O)ratiosforH,
and D, at selected collision energies using beams of pure p-
H, and 0-D,. These ratios were found to be consistent within
experimental error with the values obtained using #-H, and

TABLE V. Rotationally inelastic transition probabilities for n-H, and p-H,.
T, =125K, E, =71.5 meV (n-H,), E; = 79.6 meV (p-H;). Note that the
experimental specular transition probabilities include several J=n-—n
components.

Experimental Debye-Waller corrected

Gas 6, Spec. 0—2 0—-0 0-2 0—2)/(0—0)

25 0224 0.001 82 0.207 0.00598 0.0289 + 0.0043

nH 30 0.207 0.001 51 0.180  0.004 56 0.0254 + 0.0038
235 0214 0.000 82 0.172  0.00228 0.0133 + 0.0027

40 0207 0.000 44 0.154 0.00111 0.0072 4 0.0014

p»-H, 27.5 0.210 0.005 10 0.448 0.01025 0.0229 +0.0029

n-D,. The P(J =0— 2)/P(J = 0 — 0} ratios presented in
Tables V and VI are the resulting relative transition probabi-
lities.

D. H» and D, rotational transition probabilities:
Comparison between experimental results and
quantum scattering calculations

We now compare the experimental ratio of transition
probabilities P {J = 0 — 2)/P{J = 0 — 0) with the results of
scattering calculations for both VEP and exp-3 based forms
of the potential Vy(z,8). Figure 6 shows the calculated ratio
P {(J=0— 2)/P, (J = 0 — 2)as a function of B3 for a range
of values of B,, at a constant normal incident energy
E, = 53.2 meV. The isotropic potential v3,(z) and thus the
basis for v%,(z) here is the VEP. The experimental ratio is
denoted by the solid horizontal line and the error bounds
indicated by the dashed lines. The ratio P.(J =0—2)/
P_{J = 0 — 0) shows a smooth variation as a function of B,
and of B : we note that for certain values of B, there are two
values of B giving the correct transition probability ratio.
Repeating this search for each of the four normal incident

0.05

a.04

0.02

0+=2)/P(J:0—=0)

PlJ

c.01

\
\* in

R

FIG. 6. Rotational transition probability ratio P(J =0 — 2)/P{J =0 — 0}
for H, measured as a function of 8 for a range of values of B,, at incident
energy E, = 53.2 meV. Both parameters S, and By are incremented by
0.01. The experimentally measured ratio is given by the solid horizontal line
and the associated error bounds shown as dashed lines.
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TABLE VII. Values of the repulsive anisotropic parameter B for 8, ranging from 0.00 to 0.20 calculated from
the rotationally inelastic scattering of H, and D, with the variable exponent potential .

H, E, =79.3 meV

D, E, = 84.5meV

6,: 40° 35 30 25° 50° 45° 40°

35° 30° 25°

E,(meV):465 532 595 651 349 423 496 567 634 694
B,
000 005 006 008 008 004 (0045 005 005 006 006
001 005 006 009 009 (0.045) 005 (0055 006 006 007
002 006 007 009 009 005 (0055 006 006 007 007
003 006 007 009 009 006 006 (0065 007 007 {0.075)
004 007 008 010 010 (0065 (0.065 007 007 008 008
005 007 008 010 010 007 007 (0075 008 008  (0.085)
006 008 009 010 010 (0.075) (0.075) 008  (0.085) 009 009
007 008 009 011 011 008 (0.085) (0.085) 009 009  (0.095)
008 (0085) 009 011 011 (0085 009 009 010 010 010
009 009 010 011 (0115 009 (0095 0.0 0.10 (0.105) 0.11
010 009 010 012 012 010 010 (0105 011 011 0.1
011 010 011 012 012 (0105 (0.105 0.1 (0.115) 012  0.12
0.12 010 0.1 013 013 011 (0.115) (0.115 012 012  (0.125)
013 011 012 013 013 (0115 012 012 013 013 013
014 011 012 014 014 (0125 (0.125) 0.3  (0.125) (0.135) 0.14
015 012 013 014 014 013 013 (0135 014 014  0.14
016 012 013 015 015 (0135 014 014 (0.145) 015 015
017 013 014 0I5 015 014 (0.145) (0.145) 015 015  0.16
018 013 014 016 016 015 015 (0155 016 016 016
019 014 015 016 016 (0155 (0.155 0.6 (0.165 0.17 017
020 014 015 (0165 (0.165 0.6  (0.165) (0.165 017  0.17  (0.175)

* The perpendicular energies E, = E, cos® 8, correspond to the experimental energies. These values of 5, were
obtained by comparison of the calculated ratio of transition probabilities P{(/ = 0 — 2)/P{/ = 0 — 0} to the
experimental ratios. Both 8, and B, are incremented by 0.01 in this search. Interpolated values are given

where appropriate and are bracketed to indicate this.

energies measured for H, and for the six normal incident
energies for D, (Tables V and VI) produces at each normal
incident energy E, a whole set of parameter pairs 3, Sz
which will fit the H, or D, transition probability ratios, with-
in the experimental error bounds. In Table VII we show the
combinations 8, Bz derived by scanning both 8, and B in
increments of 0.01 for the VEP parametrization: the table
contains the value of 5 for given 8, which brings the prob-
abilityratio P (J = 0 — 2)/P{J = 0 — O)closesttotheexperi-
mental values for each energy. Although one or more values
of Bz may fall between the experimental error bounds, for
this grid spacing there are never two successive values, i.e.,
Bz =8 and Br =B+ 0.01 within these limits. Where
successive values of S give ratios lying above and below the
error bounds, an interpolated value of # + 0.005 has been
used. For the values of 8, showing two possible values of B
(e.g., B4 = +0.11 in Fig. 7) simultaneous comparison at
different energies allows one possibility to be eliminated be-
cause of an unrealistically sharp change in S with E, . Table
VII and the corresponding results for the exp-3 parametriza-
tion are summarized in Figs. 7 and 8. The crosses (X) and
( + ) represent values of 8,, Bz which fit the experimental
transition probability for H, and D, respectively, at any one
of the above criterion. The circles in Fig. 8 represent combi-
nations B,, B derived from the n-H, shifts and linewidth
broadening, to be discussed in Sec. V. Figures 7 and 8 thus
show the combinations B, B; which are most nearly energy
(and isotope) independent. The finite width of the bands in
B Br space does, however, imply that there is some residu-

al energy and isotope dependence which is not accounted for
by this parametrization of v%,(z). The variation of these
bands over the range of 8, Sz shown here clearly demon-
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FIG. 7. Anisotropic parameter space f,, 85 for the VEP potential showing
the interaction between regions by fitting H, and D, rotationally inelastic
transition probabilities. Crosses (X ) denote combinations derived from the
H, rotationally inelastic transition probabilities, while pluses ( + ) are for
D,. The band of B values for given B, reflects the energy dependence ap-
parent in Table VIL
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FIG. 8. Anisotropic parameter space 8, B for the exp-3 potential showing
the interaction between regions derived by fitting (i) H, and D, rotationally
inelastic transition probabilities, and (ii) a single |Jm)-averaged first order
shift AE, and linewidth broadening for n-H, adsorbed in the n = 2 level.
Crosses ( X ) denote combinations derived from the H, rotationally inelastic
transition probabilities while pluses ( + ) are for D,. Circles {O) denote com-
binations derived from the n-H, shift and linewidth broadeninginthe n = 2
level (see Sec. V). The linewidth is measured as the FWHM of the n-H,
distribution. Only distributions with one resultant peak or two peaks sepa-
rated by less than 0.5 meV are included. Further selection is made by requir-
ing the averaged shift 4E to be in the range + 0.20 4 0.15 meV and the
linewidth to be in the range 0.35 + 0.15 meV.

strate the coupled nature of the dependence of the two an-
isotropy parameters B, and By . Slight differences apparent
in the distribution over the 8, B space between Fig. 7and 8
are due to the weak variation of the potential anisotropy on
the functional form of v3, (2) as discussed in Sec. II [Eq. (2.8)].

Figure 9 shows the ratio P, (0 — 2)/P.(0 — 0) as a func-
tion of incident energy E, calculated for H, with
B, = +0.06' and three different values of Sy, for both
VEP and exp-3 based potentials. The experimental ratios
P,(J = 0— 2)/P(J = 0 — 0) at the four incident energies of
Table V are shown as crosses with associated error bars.
Figure 10 is the corresponding plot of P, (0 — 2)/P.(0 — 0)
for D,. For comparison we also include the results obtained
for a single B parametrization, as used in our early work®
with B =B, =Br = + 0.10. These curves are very close to
the curves obtained with # = — 0.10, as expected for weakly
inelastic scattering first order in the strength of the aniso-
tropic potential component. The H, results typically show
threshold resonances. It is apparent from each of these fig-
ures that no single combination 5,, B manages to fit the
rotational transition probability ratios exactly, at all energies
and for both isotopes. However, this empirical fitting proce-
dure does manage to distinguish between very different re-
gions of the parameter space B, , B . This is shown in Fig. 11
where the ratio P,(0 — 2)/P,(0 — 0) is plotted as a function
of E, for both VEP and exp-3 based potentials with
B, = +0.05,8; = + 0.20, and compared with the (i) VEP
based potential, B, = + 0.06,8; = + 0.09 and (ii) the exp-
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FIG. 9. Rotational transition probability ratio P(J =0 — 2)/P(J/=0-—0)
for H, as a function of E,, calculated for different forms of v, (z) and v, (2).
Results from the VEP based potential equation (2.9) with 8, = <+ 0.06,
Br = +0.08, +0.09, + 0.10 are shown as solid lines (—). Results for the
exponential-3 based potential, Eq. (2.10) with 8, = + 0.06, 8z = + 0.07,

+ 0.08, + 0.09 are shown as dashed lines (---). Results for the VEP based
potential with the single # anisotropy 8 = 8, = Bz = + 0.10 are shown as
dot-dashed lines (—- — - -] }. Calculations were performed at increments of
2.0meVin E,. Experimental values are denoted by crosses (X ) and associat-

ed error bars. The data point denoted by a dot ( - ) was determined using a p-
H, incident beam.

3 based potential, 8, = + 0.06, Bz = + 0.08. The values
By = +0.05, B = + 0.20 are those derived by Schinke et
al. on the basis of the magnitude of magnetic sublevel split-
tings for J = 1 H, DSA resonances on the Ag(110) surface”"?
assuming a VEP based parametrization of the same form as
Eq. (2.8) with nearly identical isotropic potential param-

By70.09

B,008

0.08

0—=2}/P{J=0-0)}

.0.04

P{J

FIG. 10. Rotational transition probability ratio P{J/=0—2)/
P(J=0— 0) for D, as a function of E,, calculated for different forms of
15 (2) and v%,(z). Results from the VEP based potential equation (2.9) with
B« = +006,8; = + 0.08, + 0.09, + 0.10 are shown as solid lines (—).
Results for the exponential-3 based potential, Eq. (2.10) with 8, = + 0.06,
Br = +0.07, +0.08, + 0.09 are shown as dashed lines (---). Results for
the VEP based potential with the single anisotropy 8 =8, =8z = +0.10
are shown as dot—dashed lines (- - - - - ). Calculations were performed at
increments of 2.0 meV in E,. Experimental values are denoted by crosses
(X ) and associated error bars.
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FIG. 11. Rotational transition probability ratio P{J/=0—2)/

P{J = 0— 0) for H, as a function of E, showing the effects of large varia-
tions in the parametrization of v2,(z). The solid line (—) is the result of the
exponential-3 based potential with parameters of Table II and anisotropy
B, = + 0.06,8z = + 0.08 while the (— - — - } line is the result for the expo-
nential-3 potential with anisotropy 8, = + 0.05,8; = + 0.20. The(---—

« « )line is the result for the VEP based potential with parameters of Table IT
and anisotropy 8, = + 0.06, 8z = + 0.09, while the dashed line (-—-)is the
result for the VEP potential with anisotropy 8, = + 0.05, 8, = + 0.20.
Calculations were performed at increments of 2.0 meV. Experiment values
are donated by crosses { X ) for n-H, derived values and a dot ( « ) for the p-H,
derived value.

eters.” It is clear from Fig. 11 that the anisotropy B,
=4 0.05, B = + 0.20 gives unacceptable values for the
homonuclear rotational transition probability ratio. Fur-
thermore, whereas for 8, = + 0.06, 8z ~0.08-0.09 the ra-
tio P,(0 — 2)/P,{0 — 0) is very similar for both exp-3 and
VEP based potentials, when the parameters 8, and B are
significantly different, such as, e.g., B,= +0.05,
Br = + 0.20, there is a marked difference between the ener-
gy dependence of the rotational transition probability ratio
for the two different pairs of functional forms of vy, ¢ (2) and
Voo.4 (2). Thus one has to be very careful in substantiating the
anisotropy parameters 3, B obtained from a fit to a given
experimental quantity. When B, ~B5 the form of v}, (z) is
insensitive to the functional form of two numerically similar
potentials v, (z) (Fig. 21 of Ref. 10). However, when B, and
By differ by a large factor, the form of v3,(z) becomes sensi-
tive to the functional forms of vy ¢ (2) and vy 4 (2) and hence,
in a general sense to vy, (z).
When the three parameter form of v3, (z) was used, e.g.,
Eq. (2.12), a slight improvement over the results of Figs. 9
and 10 was found. Figure 12 shows the rotational transition
probability ratios for H, calculated with the exp-3 based po-
tential with B, = +0.06, Bz = +0.09 and a,=0.0,
+ 0.05, + 0.10. The three parameter curves show more
pronounced curvature and thus qualitatively show increased
resemblance to the experimental results. Note, however,
that no single parametrization was found that could fit the
experimental ratios for both homonuclear isotopes at all col-
lision energies.

B,-0.06, 8;:0.09
0.05
)
¥ 0.04 - 0.2-0.05
Q
o
o 0.03 50.10
A
?J 0.02
?
= 0.01
o i
0 r T T T T T r T
40 50 60 70 80
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FIG. 12. Rotational transition probability ratios P(J=0-—2)/
P(J =0— 0) for H, as a function of E, for the exponential-3 based poten-
tial with the three parameter anisotropic term given by Eq. (2.12). Results
are shown for anisotropy parameters 8, = + 0.06, 8 = + 0.09, with
a, = +0.05, + 0.10 (—)}. The isotropic parameters are given in Table II.
Calculations are carried out on a grid of 2.0 meV in E, . Experimental values
are denoted by crosses (X} and associated error bars. The data point de-
noted by a dot ( - } was determined using a p-H, incident beam.

To summarize the results of this section, we find that a
comparison between experimental and calculated rotational
transition probability ratios for the weakly inelastic H, and
D, scattering over a range of incident energies E, imply a
range of possible combinations B8, , By for a given v3,(z). In
order to isolate a single pair of values, it is necessary to con-
sider additional, independent experimental information.
Both the VEP and exp-3 based forms of V(z,0) with the
parametrization of Eq. (2.8) give similar bands of acceptable
B4, Br combinations, each of which accounts for all the ex-
perimentally measured transition probability ratios to a first
approximation. However, the finite width of these bands im-
plies some residual energy dependence which is not account-
ed for by either potential with a two parameter anisotropic
term. This energy dependence is partially reduced by the
modification of the repulsive term in vZ,(z) to include an ad-
ditional softness parameter.

V. BOUND LEVEL RESONANCES AND LINE SHAPE
ANALYSIS FOR n-H,; AND p-H.

In this section the DSA resonance energies for p-H, and
n-H, are analyzed in order to derive information on the spa-
tial anisotropy of V(2,0 ) which is complementary to that
obtained via rotational inelastic scattering. This analysis is
based on the fact that the DSA bound level resonances for 7-
H, actually consist of multiplets, with this substructure aris-
ing from the J and m dependence of the resonance energies,
E, =€, + €.)),,. This point was fully discussed in Sec. II B,
with specific reference being made to Eqs. (2.22)+2.24).

Unfortunately, distinct splittings have not been ob-
served in our DSA data for either n-H, or n-D, on
Ag(111).51° This can be attributed to the finite energy resolu-
tion and sensitivity limitations of our instrument, and, more
importantly, to the extremely weak diffractively coupled re-
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FIG. 13. Selective adsorption linewidth broadening for n-H, relative to p-
H,. The total shift in dip angle is due to both small |J,m}-dependent level
shifts for n-H, and the difference in beam energies.

sonances which are observed on Ag(111), a closest packed
metallic surface. However, for the n = 2({{) resonance along
the (112) direction we have observed a distinct and repro-
ducible example of resonance line shape broadening for n-H,
relative to p-H,, as shown in Fig. 13. The deconvoluted
FWHM energy widths of these resonances are 0.19 4 0.04
meV for p-H, and 0.35 4+ 0.01 meV for n-H,. These values
represent the averages obtained from three independent
measurements for each resonance, with the p-H, and n-H,
data taken sequentially for each of the three different data
sets in order to optimize the precision of the relative line
shape determinations. The average deconvoluted resonance
linewidths resulting from these measurements are 0.47° for
p-H, and 0.86° for n-H,. This broadening arises from the
superposition of the DSA resonances for the |/,m) = |0,0),
[1,0), and |1, + 1) substates present in n = H,, weighted
respectively as }:1:1.

The n = 2 data for n-H, can be used to obtain quantita-
tive information on v3,(z) by carrying out an accurate com-
puter simulation of the broadened line shape. Such a com-
puter program, which includes a full convolution over the
experimental parameters, has been constructed. It requires
as input the DSA resonance energies for each |J,m) state,
which can be calculated using Eqgs. (2.23) and (2.8). It also
requires as input the linewidth for each component of the
multiplet. These were obtained by assuming that the
linewidth of each |J,m) sublevel in a given bound state, , is
the same as that for p-H, in that state, i.e., for the |0,0)
resonance. This line shape program has been used to exa-
mine (i) for what range of anisotropy parameters 5, and Bz a
single broad resonance is produced and (ii) which anisotropy
parameters to give a resultant line shape of 0.35 meV for n-
H,, with its minimum shifted by ~0.20 meV from that for
|0,0). (Note that although the center-of-gravity of the n-H,
multiplet is unchanged relative to the DSA resonance for p-
H,, the line shape can be skewed since the |1, 4+ 1) peak is
weighted twice that of the |1,0) resonance.)

The type of analysis outlined above should ideally be
carried out for each bound level of v3,(z), for both n-H, and
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n-D,. However, as was mentioned above, detailed experi-
mental information is only available for the n = 2 level of H,.
We shall therefore restrict our attention to this level. Never-
theless, it is worth mentioning that the compilation of DSA
data for p-H,, n-H,, 0-D,, and n-D, presented in Refs. 6 and
10 exhibits two general trends: The DSA shifts between p-H,
and n-H, are larger than those between 0-D, and n-D,, and
the shifts of both isotopes decrease as the bound level quan-
tum number, n, increases. The first part reflects the different
weighting of the |J,m) states in n-H, and n-D,, and the
linewidths of the individual adsorbed |J,m) resonance
states. The second feature is primarily a consequence of the
decrease in expectation value {(n|v3,(z)|n) as n increases.
The experimental line shapes of the p-H, and #-H, reso-
nance dips were analyzed in two steps. First, the deconvolut-
ed Lorentzian linewidth of the p-H, dip was obtained by
fitting the experimental line shape with a forward convolu-
tion program. This program initially folds an assumed DSA
Lorentzian line shape with the incident beam’s velocity dis-
tribution to obtain a broadened resonance line shape in
terms of resonance energy. It then transforms this line shape
into a function of incident angle, and folds this with the de-
tector resolution function. Forward convolutions of this
type were then carried out by systematically varying I, the
HWHM of the input Lorentzian line shape, until the simu-
lated resonance came into good agreement with the experi-
mental n = 2 p-H, data. This comparison was facilitated by
first fitting the experimental resonance line shape to a Gaus-
sian function after subtracting the appropriate background.
The upper panel of Fig. 14 demonstrates that the experimen-

Density

Relative Number

0 e
60 59 58 57 56 5 54

Incident Angle

FIG. 14. Selective adsorption resonance line shape for the n = 2 level of the
p-H,/Ag{111) physisorption potential. The upper panel shows the best
Gaussian fit (solid line) to the data ( » ) including the sloping background (see
Fig. 15). The lower panel contains the same Gaussian fit to the data as above
but without background (---) and the simulated line shape (—). The comput-
er simulation is a full convolution of a Lorentzian line shape (HWHM 0.05
meV) with the detector resolution function and the velocity spread of the
incident beam.
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tal p-H, resonance is well described by this procedure, i.e., by
a Gaussian line shape with a broadly sloping quadratic back-
ground. The lower panel of this figure shows the best fit
simulation of this DSA resonance (solid line), which occurs
for I'=0.05 meV. Simulations using I"=0.5 meV and
I" = 0.005 meV produce qualitatively poorer fits than that
shown in Fig. 16. I" = 0.05 meV is used as the linewidth for
each of the multiplet components in the n-H, simulation
discussed below.

In the second step of the analysis simulated n-H, line
shapes were constructed by superimposing the resonances
for [J,m) = |0,0), |1,0),and |1, + 1) using resonance ener-
gies calculated for a variety of anisotropy parameters 8, , Bz .
These multiplet energies were calculated using Eqgs. (2.23)
and (2.8). The angular integrals used in evaluating these
shifts were (00|P,|00) =0, (10|P,|10) = + 0.4, and
(1, £ 1|P,|]1+ 1) = —0.2. The expectation values
(n|vi,(2)|n) were evaluated for both the exp-3 and VEP par-
ametrizations of v, (z), Egs. (2.9)-(2.11).

Figure 15 displays the simulated line shapes for five sets
of B, Bx, while in Fig. 16 those for three extreme sets of 8,
Br are shown along with the experimental line shape. The
exp-3 potential was used for all of the simulations in Fig. 15
and 16. Examination of these two figures reveals that the
data are most clearly reproduced by simulations employing
B4 ~0.06, with B falling between 0.09 and 0.11. The lower

I T T T

8,7 0.06
B0.05

Be=0.09

B,=006

Relative Number Density
(@]

By0.06
Bg-0.13

1 | |

O 1
590 578 56.6 554 542 53.0
Incident Angle

FIG. 15. n-H, selective adsorption line shape simulations for the n = 2 reso-
nance shown in Fig. 15 as a function of 8, Bz . Input: I" = 0.05 meV, beam
velocity spread 0.09 meV, detector resolution 0.66°.
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FIG. 16. Three additional simulations of the » = 2 resonance at ¢ = 0° (see
Fig. 15) for a wide parameter sampling. Dashed curves: experimental line
shape; solid lines: computer simulations including the instrument transfer
function.

panel of Fig. 16 suggests that the value of 8 proposed by
Schinke, 0.20, is too large,'” as a clearly resolved triplet is
predicted, in contradiction to the experimental observation
of a single (broadened) peak.

The results of the full B,, B parameter are shown as
open circles in Fig. 8. These circles denote calculated line
shapes having energy shifts AE in the range 0.20 4 0.15 meV
with respect to p-H,, and linewidths in the range 0.35 4 0.15
meV. It is interesting to see that these circles intersect the
rotationally inelastic scattering data which is also displayed
in Fig. 7 at 8, ~0.06—the value calculated by Harris and
Feibelman,'? and Bz ~0.08—the value calculated by Harris
and Liebsch for H,/Cu(100),'? but smaller than the 8, value
of Nordlander and Holmberg, 0.18.%4

For completeness, we end this section by reporting our
calculated shifts for the |J,m) = |1,0) level (with respect to
|0,0)) for all of the bound levels of H,/Ag(111) using both the
exponential-3 and VEP parametrizations of v3,(z). These
shifts, for two different sets of 8, and B, are shown in Table
VIIL The shifts of the [/,m) = |1, + 1) levels can be easily
derived from Table VIII by remembering that Ae,, £1

= — (de€,,10)/2. The results shown in this table serve to em-
phasize that the level shifts calculated with Eq. (2.23) depend
not only on the values of 8, and B; employed in Eq. (2.8),
but also on the parametric form of v, {z), the laterally aver-
aged isotropic potential.

VI. HD ROTATIONAL TRANSITION PROBABILITIES
AND RESONANCES
A. Experimental results

In this section the experimentally determined rotation-
ally inelastic transition probabilities for HD are presented.
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TABLE VIIL Calculated energy level shifts A¢, forJ = 1, m = 0 hydrogen
adsorbed on Ag(111) for the exponential-3 and variable exponent parame-

trizations of v3, (2).*

5o (2): Exponential-3 Variable exponent
B4/Br: 0.06/0.09 0.05/0.20 0.06/0.09 0.05/0.20

Bound level n Ae, Ae, Ae, Ae,

0 —0.215 1.747 —0.356 1.068

1 —0.175 1.377 —0.303 0.738

2 —0.139 0.995 —0.241 0.485

3 —0.105 0.642 —0.177 0.298

4 —0.072 0.362 —0.117 - 0.166

5 —0.043 0.176 — 0.067 0.081

*Ae, isdefined here as A, = €}, — €h, and is presented in units of meV.

These angular distributions were taken at incident angle in-
crements of 5°, spanning the range from 8, = 25°to 8, = 85°,
for two beam energies. Figure 17 shows a typical angular
distribution and the corresponding Ewald representation of
the scattering kinematics. All of the diffractive and rotation-
ally inelastic peaks, labeled as J, — J; in this figure, are di-
rectly interpretable in terms of (i) parallel momentum con-

4 1 | T O_.'I I 1§ 1 J
HO/Ag (ill)
kj=12.7 A Resolution
1 Ts=150 K ~fk-12°
g;=35°
i =<2>
S 27 = n
N
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] a6:-2 1
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0~0—!
0 | ; T
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. g 9| 233 %59
k,-;Z.?A o 0«0 | 02 /g
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~743.2
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FIG. 17. Angular distribution of the reflected number density for HD scat-
tering from Ag(111) along the (112) direction. Rotationally inelastic transi-
tions are labeled J; — J;. Vertical lines denote the predicted peak locations
for a monoenergetic beam with k, = 12.7 A", The lower section is an
Ewald representation of the displayed angular distribution.
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servation, Eq. (3.1), and (ii) conservation of total energy, Eq.
{3.2). A full discussion of the scattering kinematics for HD/
Ag(111) has been previously presented,’ and will not be re-
peated here. The main features of the HD/Ag(111) system
are the extremely high rotationally inelastic transition pro-
babilities for HD relative to H, and D, (see Figs. 2, 3, and 17),
and the presence on only weak diffraction for G#0. The first
observation can be attributed to the offset of the HD center-
of-mass from its geometric center, while the second indicates
that the HD/Ag(111) potential has very low corrugation.
This latter point was discussed in Sec. IV and allows us to
treat Ag(111) to first approximation as a flat surface in the
scattering calculations presented in this paper. Similar ob-
servations have also been recently reported for HD/
Pt(111).>2 It is apparent from Figs. 4 and 17 that J =1 or
higher rotational states are nearly absent in the incident
beam, as evidenced by the small AJ = 1 — 2 peaks in these
figures. We shall therefore treat the incident HD|J,m) en-
semble as consisting exclusively of the |0,0) state in our data
analysis and theoretical calculations. Finally, our rotational
assignments (made initially on the basis scattering kinema-
tics) have been independently confirmed by recording the
actual time-of-flight distributions of the scattered molecules,
asshown in Fig. 18 for 8, = 25°. These four velocity distribu-
tions are in excellent agreement with those predicted by the
conservation of parallel momentum and total energy.

Six HD angular distributions, taken at incident angle
increments of 10°, are shown in Fig. 19. These distributions

8 , I : ' |
HD/Ag(lll)
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FIG. 18. HD time-of-flight distributions taken at the peak positions of the
various elastic and rotationally inelastic channels.
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demonstrate that additional inelastic channels become
accessible as 0, decreases towards the surface normal, i.e., as
the normal component of the incident beam energy in-
creases. The deconvoluted inelastic transition probabilities
for the room temperature and cryogenically cooled HD
beams are given in Tables IX and X, respectively. These
results were derived from the experimental angular distribu-
tions using the same procedures as were used in Sec. IV for
treating H, and D,. The theoretical calculations presented in
the next section were compared to the Debye—Waller cor-
rected data listed in Table IX after rescaling the transition
probabilities such that they sum to unity for each angular
distribution. This normalization procedure ignores the
peaks associated with G 70, which account for less than 5%
of the reflected flux. Our data analysis and normalization
procedures were checked by comparing the transition pro-
babilities derived from Tables IX and X as a function of E, .
These energy dependent final state distributions (for two dif-

ferent beam energies) were found to be superimposable—
validating our analysis procedures, and again confirming
that the flat surface approximation is valid for the HD/
Ag(111) system.

B. Theoretical analysis

In this section we compare the theoretical predictions
for the HD rotational transition probabilities and RMSA
resonances with the experimental results, using the anisotro-
py parameters that were derived in Secs. IV and V from the
H, and D, results. As discussed earlier in Sec. II, both the
rotationally inelastic scattering and resonance energies for
HD are relatively insensitive to small changes in the anisot-
ropy of the potential, v3; (z), and we include these results here
primarily for confirmation of the conclusions from H, and
D,, to differentiate between widely separated areas of the 8,,,
Br parameter space, and for completeness. We note that

TABLE IX. Rotationally inelastic transition probabilities for HD/Ag(111). T, = 155 K, E; = 109.7 meV.

Experimental Debye—Waller corrected
4, 00 0—1 0—2 03 0—-0 01 02 03
25 0.0115 0.0326 0.0455 0.00665 0.217 0.539 0.571 0.054
30 0.0097 0.0412 0.0471 0.00440 0.152 0.563 0.483 0.054
35 0.0104 0.0487 0.0512 0.00289 0.131 0.539 0.430 0.015
40 0.0104 0.0649 0.0593 ces 0.105 0.574 0.397 ces
45 0.0118 0.0925 0.0614 0.095 0.649 0.325
50 0.0142 0.1217 0.0651 0.090 0.678 0.273
55 0.0212 0.1638 0.0509 0.108 0.729 0.170
60 0.0338 0.2186 ces 0.139 0.789
65 0.0546 0.2235 0.186 0.666
70 0.0737 0.2121 0.214 0.537
75 0.2472 0.691°
80 0.2405 0.774°
85 0.2062 0.846*

* Corrected for the geometrical loss of incident beam flux which occurs for 8, X 75°.
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TABLE X. Rotationally inelastic transition probabilities for HD/Ag(111). T, =155 K, E; = 47.6 meV.

Experimental Debye—Waller corrected
o; 0—0 01 02 00 0—1 02
29.2 0.0066 0.0546 0.0147 0.0337 0.244 0.0492
40.5 0.2830 0.0125 0.0788 0.0516 0.285 i
58.6 0.0352 0.1009 .- 0.1020 0.255
74.7 0.1186 e 0.2730 cee

since the isotropic potential was determined by the DSA
resonances of H, and D, for J = 0, its determination is inde-
pendent of the values of 8, and B; assumed. Therefore no
iteration of the isotropic and anisotropic potentials is re-
quired.

The calculated rotational transition probabilities
P (0—J'),J" =0,1,2,3 are shown in Figs. 20 and 21 as a
function of E, , for the VEP based potential with 8, = 0.06,
Br = + 0.09 and for the exponential-3 based potential with
B4 = +0.06,8; = + 0.08, respectively. The experimental
values (unitarized transition probabilities from Table IX) are
shown as crosses in these figures. The results from these two
potentials are very similar, and are in good agreement with

1 —
o 0-8 —
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4 0.4 — X x X
() x
n 0 2 -
=" X
(= " i
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o o
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a w a
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x x X
o T T T | o
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the experimental results. Although the HD transition proba-
bilities show little sensitivity to small changes in the anisot-
ropy parameters S, and B, they are qualitatively affected
by relatively large changes in 8, and 8. For example, in
Fig. 22 we show the calculated transition probabilities for
the  exponential-3  potential with B, = + 0.05,
Br = +0.20. This gives significantly poorer agreement
with the experimental probabilities than 8, = + 0.06,
Br = +0.08 (Fig. 21). When the VEP parametrization is
used with 8, = + 0.05,8; = + 0.20 the overall quality of
the fit is also poorer than the results obtained with
B, = +0.06,8; = + 0.09 (Fig. 20), but not to the striking
extent that was seen between Figs. 21 and 22. We therefore

| | 1 ! L
20 40 80 80 100

E, (mev)

FIG. 20. Rotational transition probabilities P(J = 0 — J ) J' = 0,1,2,3 as a function of E, for HD, calculated using the VEP based potential with anisotropy
parameters B, = + 0.06, Bz = + 0.09. Potential parameters for vQ,(z) are given in Table II. Experimental transition probabilities are indicated by crosses

(X)-
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FIG. 21. Rotational transition probabilities P(J =0 —J ') J' = 0,1,2,3 as a function of E, for HD, calculated using the exponential-3 based potential with
anisotropy parameters 8, = + 0.06, 5, = -+ 0.08. Potential parameters for v, (z) are given in Table II. Experimental transition probabilities are indicated

by crosses (X ).
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FIG. 22. Rotational transition probabili-
ties P(J=0-—J")J'=0,1,2,3 as a func-
tion of E, for HD, calculated using the ex-
ponential-3  based potential  with
anisotropy parameters S8, = + 0.05,
Br = + 0.20. Potential parameters for
v (2) are given in Table II. Experimental
transition probabilities are indicated by
crosses (X).
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TABLE XI. Comparison of RMSA resonance energies for HD obtained by calculation, E , with the expetimental resonance energies,” E b

nJ E* €9, E° E= E? E< E= E*
1,2 14.37 14.23 14.2 14.3 14.1 15.1 13.8 15.2
2,2 20.87 20.35 20.3 204 20.3 21.0 20.0 21.1
32 25.95 24.92 24.9 25.0 25.0 25.0 24.6 25.5
4,2 28.10 27.94 28.1 28.3 28.3 28.3 27.9 28.6
0,3 40.21 39.20 39.2 394 39.2 403 38.7 40.3
1,3 48.56 47.12 47.2 47.1 47.0 48.0 46.7 48.0
2,3 55.19 53.24 53.2 53.3 53.2 53.9 52.9 54.0
33 60.04 57.80 57.8 57.9 57.9 58.3 57.6 58.4
4,3 64.16 60.83 61.0 61.2 61.2 61.4 60.9 61.5
*Reference 9.

b Resonances are labeled n, J according to the bound state of 19,(2) and rotor state J causing the resonance. Energies are given in terms of the normal
component, E, of the beam energy E, in meV. E* refers to calculation /. Results are shown for seven calculations as follows: (1) v%(z) = VEP,B, = +0.06,
Br = +0.09; (2) 1 (2) = exp-3,8, = +0.06,8, = + 0.08;(3)1(z) = exp-3,8, = +0.06,8z = +0.09, @, = + 0.10; (4) () = VEP, B, = +0.05,

Br = +0.20; (5) tio(2) = VEP, B, = B = +0.10; (6) 1y (z) = VEP, B, =Bz

9). All calculations were done on a grid of 0.1 meVin E,.

see that even for HD, where the rotational inelasticity is lar-
gely dominated by the high mass asymmetry of the molecule,
the energy dependence of the inelasticity can clearly distin-
guish between acceptable and unacceptable regions of the
B, Bx parameter space.

Comparison of the calculated RMSA resonance ener-
gies with the experimentally measured values® is made in
Table XI. The experimental values derived from the VEP
potential, E ¢, are compared here to the zeroth order BVRR
energies derived from the VEP potential, £, and to the
exact resonance energies E  derived from six parametriza-
tions 7 of the potential Vy(z,0): (1) VEP; B, = + 0.06,
Bz = +0.09; (2) exp-3; B, = +0.06, Br = + 0.08; (3)
exp-3; B, = +0.06, Br = + 0.09, a, = + 0.10; (4) VEP;
By = +0.05, Bg = +0.20; (5) VEP; B, =B = +0.10;
(6) VEP; B, = Br = — 0.10. The results from potentials (1),
(2), and (3) which all have anisotropic parametrization in the
region of our previous conclusions derived from H, and D,,
differ by at most 0.2 meV, which is the magnitude of the
experimental precision. Comparing to the experimental res-
onance energies, with the exception of the three highest ener-
gy resonances for adsorbed J = 3, the calculated energies fall
within 0.2 meV or less of the experimental values. The J = 3,
n = 3,4 resonances are predicted to be too low by several
meV for all parametrizations shown; this was seen for all
combinations 3, Bz probed in Figs. 7 and 8. Comparing
now with results from potential (4) (B, = + 0.05,
Br = + 0.20), we see very similar behavior. As discussed in
Sec. I1, the RMSA resonance energies are strongly dominat-
ed by the anisotropy arising from the molecular asymmetry.
In contrast to the energy dependence of the HD rotational
transition probabilities, it is not possible to distinguish
between these two regions of B, Sz parameter space from
the RMSA resonance positions.

As a final comparison we have also included in Table X1
the resonance energies predicted by the single 8 parametri-
zation ( 8 = B, = By ), potentials (5} and (6). These show that
both the sign and magnitude of the shift depend on the sign
of 3. It is interesting that the value of 8 = — 0.10 gives ap-

— 0.10. The accuracy of the experimental measurements is ~3% (Ref.

proximately the same shifts as §, = 4 0.05, B, = + 0.20,
an observation which can be rationalized in terms of the
relative sizes of the expectation values of vy g(2) and
Voo (2).2° This equivalence of the RMSA shifts is to be con-
trasted with the very different behavior seen for the H, rota-
tional transition probability ratios for these two anisotropic
parametrizations, within the VEP based form of Vy(z,0).
Such an observation demonstrates once again the need to
analyze borh transition probabilities and resonance energies
in order to extract unambiguous information about the an-
isotropic parameters.

VII. SUMMARY AND CONCLUSION

In this paper we have investigated the anisotropic com-
ponent of the laterally averaged interaction potential,
Voolz,0 ), for molecular hydrogen/Ag(111), by employing a
combination of experimental measurements and theoretical
calculations. The calculations utilized a laterally averaged
potential which was expanded in a Legendre series for a sym-
metric (homonuclear) system, Egs. (2.5) and (2.6), in which
the anisotropic component was given by a two parameter
model, Eq. (2.8). This two parameter representation of v (2)
allowed us to systematically examine the orientation depen-
dence of both the attractive and repulsive parts of the poten-
tial. A three parameter model of v3,(z) was also briefly exam-
ined which allowed the softness of the repulsive component
of v%,(z) to be independently varied. The isotropic potential
used in these calculations was represented by variable expo-
nent and exponential-3 parametrizations, Egs. (2.9}+2.11),
that were previously shown to reproduce the experimental
bound state resonance spectra for p-H, and o0-D, on
Ag(111).51° The exponential-3 potential was used to a
greater extent in our analysis than the variable exponent po-
tential as it has the proper form predicted by ab initio calcu-
lations.

Our analysis began by comparing experimentally de-
rived rotationally inelastic transition probabilities, taken as a
function of collision energy normal to the surface, with those
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resulting from close coupled quantum scattering calcula-
tions. Extensive iterations of the anisotropy parameters S,
and By in these calculations revealed that the energy depen-
dent H, and D, transition probabilities fall along a common
band of B,,, Bx values (Figs. 7 and 8), with small 8 correlat-
ing with small B, . Comparable results were found using the
VEP and exponential-3 isotropic potentials, with the expo-
nential-3 results showing slightly better agreement with the
transition probabilities as a function of energy. When 3, isa
set at the theoretical value predicted by Harris and Feibel-
man,'? B, = 0.06, a B value of 0.09 is found for the VEP
parametrization of v,(z), and B; = 0.08, for the exponen-
tial-3 based potential. These values for 8 are in good agree-
ment with the ab initio result for H,/Cu(100) given by Harris
and Liebsch,'® B ~0.08, but are smaller than the value cal-
culated by Norlander and Holmberg, 85 ~0.18.2 Inclusion
of an additional exponentially decaying term in the repulsive
anisotropic potential causes some improvement between the
energy dependence of the experimental and calculated pro-
babilities to be realized. For example, an exponential-3 based
potential which includes this additional softness parameter
gives a better fit to the data with 8, = 0.06, B; = 0.09, and
a, =0.10 than was originally obtained with 8, = 0.06,
Br = 0.08, and a, = 0.00. We also note that the transition
probabilities for the homonuclear hydrogen isotopes are
quite sensitive to changes in 8, and By, and can therefore be
used to distinguish between different regions of the 8, By
parameter space. This was demonstrated in Fig. 11, where
the H, rotational transition probabilities calculated with
Br ~0.20 were found to be in poorer agreement with the
data than those calculated using 8, ~0.09 (especially for the
exponential-3 potential).

The DSA resonance energies for p-H, and n-H, were
then analyzed in order to examine how the magnetic sublevel
splittings for J = 1 n-H, evolve as a function of 8, B and
bound level n. Unfortunately, distinct splittings have not
been observed in our DSA data for either n-H, or n-D, on
Ag(111).%1° This can be attributed to the extremely weak
nature of the diffractively coupled resonances which are ob-
served on Ag(111), a closest packed metallic surface, and to
the finite energy resolution of our instrument. However, the
n = 2(!9) resonance for n-H, along the (112) direction ex-
hibited reproducible linewidth broadening relative to p-H,,
and was examined using a detailed forward convolution pro-
cedure. The results of this analysis, given as a function of 8,
and By in Fig. 8, intersect the rotationally inelastic H, data
at B, ~0.06, B, ~0.08. Although the quantitative informa-
tion derived from this line shape analysis pertaining to the
anisotropic potential is the least definitive evidence present-
ed in this paper (due to extensive convolutions and low signal
level), it does serve to demonstrate that this type of experi-
ment can be used to examine v, (z) in a manner complemen-
tary to inelastic scattering. However, we wish to strongly
emphasize that the calculated energy level shifts for the
|/,m) = |1,0) and |1, 4 1) states relative to |0,0) depend
not only on the values of 8, and S, i.e., on the anisotropic
potential, but also on the parametric form of v, (2), the later-
ally averaged isotropic potential. This is demonstrated in
Table VIII, where the shifts for J = 1 n-H, exhibit an ob-

vious dependence on the isotropic potential used in the cal-
culation.

Finally, the 8, and B, values determined in the H, and
D, experiments were used to calculate rotational transition
probabilities and RMSA resonance positions for HD inci-
dent upon Ag(111) modeled as a flat surface. These calculat-
ed values were then compared to our experimental results.
We find that although the rotationally inelastic transition
probabilities and RMSA resonance energies for HD are rela-
tively insensitive to small changes in the anisotropy of the
potential, the results tend to support the conclusions drawn
from the H, and D, experiments. In particular, the rotation-
ally inelastic scattering results for HD differentiate between
the 8, = 0.06, B = 0.09 and B, = 0.05, Bz = 0.20 param-
eter sets, with the former giving substantially better agree-
ment to the data. This can be seen for the exponential-3
based potential in Figs. 21 and 22. In contrast to this, the HD
RMSA resonance energies are found to exhibit very similar
J-dependent level shifts using the 8, = 0.06, Bz = 0.09 and
B, = 0.05, B = 0.20 parameter sets. This surprising insen-
sitivity to the anisotropic potential arises for the heteronu-
clear isotope since the RMSA resonance energies are strong-
ly dominated by the molecular asymmetry of this system.

In conclusion, we believe this investigation has demon-
strated that in order to make an accurate and unambiguous
determination of a molecule—surface potential, a wide com-
bination of complementary measurements and calculations
are needed. Diffractive selective adsorption and thermal de-
sorption measurements can be used to examine the orienta-
tion independent part of the potential, as was done in our
first paper of this series on hydrogen/Ag(111).'° Diffraction
and diffraction-rotation measurements can probe the peri-
odic part of the potential, as will be discussed in a future
publication.!’ Finally, as demonstrated in this paper, rota-
tionally inelastic scattering, and selective adsorption reson-
ances which exhibit / and m dependent level shifts, can be
used to examine the anisotropic part of the potential. Using
this combination of experimental measurements and calcu-
lations we have determined attractive and repulsive anisot-
ropy parameters which agree well with calculated val-
ues.'?>!? This paper, together with the previous one dealing
with the isotropic potential, provides one of the most com-
prehensive studies of a low energy molecule-surface poten-
tial to date.
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