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Abstract. Different channels in the ortho-para conversion of hydrogen molecules physisorbed
on z iransition metal oxide surface are investigated. The Wigner process, which assumes
catalysts to be point dipoles, is analysed and compared to the dipolar and contact pracesses,
which include the orbital degrees of freedom of the surface electrons. Three possible ground
states, corresponding to different surface structures, are considered and their relative efficiencies
discussed. In particular, the o-p conversion rate is found to be very sensitive to the presence
of a metal dangling bond perpendicutar to the surface. The molecule—metal electron overlap is
shown to strengthen the contact process considerably but the dipolar one only negligibly. Our
general expressions are illustrated by a simple model, corresponding qualitatively to chromium
impurities dispersed on an alumina surface and discussed in terms of two parameters: the
surface-molecuie distance d, and the effective metal nuclear charge Z. A Auctuation of about
100% in the o-p cosiversion rates, when compared to the original Wigner theory, is found.

L. Introduction

This paper deals with the theoretical analysis of some elementary (one-step) channels of the
ortho—para conversion of hydrogen molecules physisorbed on a transition metal oxide.

All the past experimental studies of o—p H; conversion on magnetic surfaces have been
analysed in terms of the Wigner model, originally derived in 1933 [1]. Astonishingly,
the underlying assumptions of this model, essentially catalyst magnetic point dipoles, have
never been discussed. The numerous discrepancies between the experimental measurements
of the o—p Hy conversion rate on ionic surfaces and the Wigner theoretical model have been
recently reviewed [2]. As the experimental rates can exceed the theoretical ones by more
than an order of magnitude [3,4], we found it necessary to examine properly the usual
assumption of catalyst magnetic point dipoles.

We investigate, in this paper, a few elementary ‘one-step’ channels: the dipolar D and
contact ¥ ones, in which we take explicitly into account the orbital degrees of freedom of
the surface electrons. For each channel, three levels of analysis of decreasing generality
are proposed. {(a) The conversion algebra, based on group theory, allows us to express the
conversion rates in terms of orbital tensors, functions of the surface electron configuration.
{b) These tensors are expressed in terms of surface orbitals and illustrated by considering
three 3d electrons of metal cations corresponding qualitatively to chromium impurities
diluted at the surface of an alumina substrate. The extension of the formalism to an arbitrary
number of orbitals is straightforward. (c) In order to obtain qualitative estimates in terms of
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a reduced number of parameters, a simple hydrogenoid form for the radial 3d wavefunction
is inserted in the general expressions. This allows analytical expressions of the matrix
clements and numerical estimates in terms of only two parameters: d, the Cr-molecule
distance and Z, the effective ionic charge of Cr.

At low temperature, the H, molecule is assumed to be adsorbed at a distance 4 from
the Cr>* ion on the symmetry axis perpendicular to the surface lattice plane. On pure
alumina, the H; molecule was found to be adsorbed on the top of an interstitial aluminium
jon or vacancy, at a distance d = 2.4 A ~ 4,54 a.u. above the oxygen plane and rather
insensitive to the presence or absence of an AI’* interstitial ion [5]. The surface ‘cluster’
is assumed to be of C4, symmetry. A simple geometry could be the bipyramid H-MOs,
where the Cr** ion M = Cr** (3d%) is surrounded by five oxygen ions at equal distances and
on the three axes, with the H, on the top, Larger clusters of different symmetries are also
possible, but there is great advantage in using the basis functions (£, ), ¢, 4 and v of the
representations e, by, a; and by of the Cy, group. The same basis functions span the cubic
group. These are the usual combinations of the 3d radial part and harmonic orientattons.
(Calculations on lower, or higher, symmetries can be derived from this basis.) We then
include the inter-electron Coulomb interaction by constructing the triple products which are
irmeducible representations of Ca,. The new three-electron 3d basis functions are obtained
as linear combinations of (3 x 3) Slater determinants, constructed from the original spin
orbitals &, », ..., and eigenfunctions of §% and S, where S represents the total electron
spin momentum [6]. The quadruplets are known to lie lower than the doublets, because
of exchange interaction, and we restrict our considerations to the former. For the MOs
geometry, the quadruplet (e?b;)*B, is most certainly the ground state since it cumulates
all the advantages of strong exchange, 7 bonding with the O ions and high crystal-field
splittings. However, when the O ion below the metal one is missing, we obtain the MO,
geometry where the axial orbital # = d,2 of representation a; becomes a dangling bond
competitive with the others. In this case (a,e?)*Az, and (a eb;)*E with orbital degeneracy,
are equally possible candidates. Our purpose is to express the different conversion rates
in terms of the orbital basis (&, n, 4, ...} and illustrate their sensitivities to different inter-
electron couplings identified by their symbols *I' = *By, %A, “E. (Appendix A lists a few
of their eigenfunctions.)

The molecule’s nuclear system is composed of the rotational system, of eigenstates Y-
and eigenenergies £; = -hwopL(L + 1), and the spin system. Defining the nuclear spins
I{a) and I(b) at the protons a and b, the total momentum I = I(a)+ I(b) has the eigenvalue
zero in the para states and one in the ortho states. Due to Pauli antisymmetrization they
are associated with the even and odd rotational states respectively. However we shall
only retain in the foliowing the first o—p transition connecting the para state defined by
P} = |L = I = 0}, together with the first ortho one, defined by |o;) = |L = I = 1, my, m;),
since this is the preponderent one at low temperatures. Moreover, at higher temperatures,
the other o—p transitions, AL odd, can be expressed in terms of it by multiplying by a
temperature dependent factor.

The o-p transition rate, inside the manifold >*!T, is obtained from time dependent
perturbation theory as

Porp(3*'T) = hz > pymzlzs‘“‘r yom', PIHEYT, yom, o (@) (L)

¥y'mm'

where y, m and y’, m’ define the initial and final electron orbital and spin substates
respectively with initial probability occupation py,m = py p = [25¥1T']~1, since we neglect
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spin—orbit splittings ([ ] denotes the state degeneracy). J (@) represents the spectral density
of molecular motion at the o—p frequency w,, = 3.54 x 102 571, Different models have
been suggested to describe J(wgp), owing to the catalyst substrate and the conditions of
pressure and temperature at the surface [7, 8].

The hyperfine Hamiltonian # couples the electron and nuclear degrees of freedom.
The physical picture is that the inhomogeneous magnetic field, arising from the surface
electronic spins, uncouples the molecule nuclear spins. Therefore only the antisymmetric
part, with respect to proton interchange, is retained in the interaction. In the physisorption
regime, each proton being much closer to the molecule centre than to the surface electrons,
the magnetic field difference is fairly well approximated by the field gradients.

The dipolar processes W and D are considered in section 2. We give first a modemn
(condensed) version of Wigner’s theory. It assumes a catalyst magnetic dipole located at
the cation site. In the oxides considered here, when the orbital momentum is quenched,
this arises from the total electron spin. Because of its simplicity, the Wigner process,
denoted W, has been used by all experimentalists to interpret their data. Then, we enlarge
the formalism to incorporate the orbital degrees of freedom of the catalyst electrons and
obtain the DD process, for different possible ground states. Section 3 details the hyperfine
contact processes. The simple contact of the d electron with the H; proton is denoted
by Y, while the gverlap induced contact process is denoted by OY. Using the metal-
molecule electron antisymmetrization allows some intramolecular electron—proton contact.
The different processes are then compared and discussed. Some concluding comments are
given in section 4, while the details of the algebra and analytical calculations are reported
in the appendices.

2. The dipolar process

The dipolar coupling, hereafter denoted I, arises from the antisymmetric part of the double
dipole—dipole interaction between the electron spins and the two nuclear spins I(a) and I(b)
of the hydrogen protons a and b. The dipolar Hamiltonian can be written as

D=3, [s'@@) x ') [THaa) — T*(ab)] (2.1)

where Ay = 1.571 x 1077 a.u., 8(c) is the spin momentum of electron e, i = I(a) — I(b)
the molecule nuclear spin difference and T%(#) = Y*(@, ¢)/rf*!, aa (respectively ab)
being the distance vector between the electron o and the proton a (respectively b). In
the following ab denotes the internuclear vector. (Tensors in the spherical basis are used
throughout the paper [9].) By performing a limited series expansion around the molecule
centre of mass, applying the gradient formula and using the recoupling properties of four
angular momenta, the dipolar Hamiltonian (2.1) can be re-written in a simpler form

D = ),V 15N? . B? ' (2.2)
where the nuclear tensor (denoted N for nucleus)

N? = (i' x ab')? ' (2.3)
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pertains to the nuclear spin and rotational degrees of freedom, inducing the o—p transitions
with selection rules AJ = AL = 1, whereas the electron tensor (denoted E for electron)

E*= Y E) 24

= Z[T3(a) x &' ()] (2.5)

operates on the spin and position degrees of freedom (relative to the molecule centre) of
the electron &, with the position tensor defined as T = Y3(r)/r.

The essential assumption of Wigner considers the magnetic impurity as a point dipole,
located in heterogeneous conversion, on a surface site. In this approximation, the electron
matrix elements are found to obey the following simple sum rule:

o D -
Y (P pl |E2 ylm) (ml Eglm'y = T=S(S + Hd™". (2.6)

' B

The nuclear matrix elements are simply worked out, leading to

b2
3 (pINZ, louoal N3ip) = (—)ﬂsg.”%-. a7
il

Inserting (2.6) and (2.7) in (1.1), the transition rate is written as

PYW = kd8. (2.8)

a—=p

The temperature factor, also denoted the Wigner constaint
k= (25/12r ) (Agab /R S(S + 1)J (e5p) (2.9)

contains the contributions from the electron spins, the molecular rotation and spin of the
nuclei, as well as the temperature dependent spectra] density of the thermal motion at the
surface. When d is expressed in a.u., the Wigner constant & is expressed in s~'. For a
Cr** impurity of spin § = 2, k amounts to ~ 2 x 10* s~ when J(twp) 1s taken, at room
temperature, to be of the order of the molectule-impurity contact time ~ 10~'* 5. The
o-p rate is found to be proportional to p?/d® (u represents here the impurity magnetic
moment), which is referred in the literature as the Wigner law. (The original law was in
fact derived in the gas phase, where Wigner related the interaction time ¢ to the approach
distance d through ¢ = (d/3v), v being the thermal velocity, which brings the rate ~ d-5.
This does not however apply to a catalyst surface.) We remark that, in this formatism,
the impurity magnetic moment arises solely from the total electron spin and the conversion
rate becomes identical for different electron configurations. At room temperature, and at a
distance d = 4.5 a.u,, the conversion time 1, , = (PD_..p)“' is roughly of the order of 1 ms,
while at liquid nitrogen temperature 7, ~ 1 mn and at very low temperature 7,., ~ 1 h.

We take now into account the surface electrons’ orbital degrees of freedom. The
resulting conversion rate can be written in a form similar to (2.8):

PR, (1) =kKP(I) (2.10)
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where KP(I"), being defined by (B1), represents an effective average (r—8)r over the
electron orbitals which span the representation I". In the case of a non-degenerate ground
state T, it is shown in appendix B that K(I") has the form of a scalar product

K2 = [4:1'/7(x9)]T3(F) LT3 2.11)

of tensors T3(I") = > T3(w), which sum the different tensorial matrix elements Tw) =
{@|T3|w), over the orbitals w. For *T" = *By, w = &, 1, ¢ while for *T" = *A;, w = u, &,
7. In terms of the 3d orbital angular momentum eigenstates |2, #}, and using the simplified
notation {RyY2|T2|RuY?2) = (n'|a|n) for the matrix elements, we obtain the conversion
rates

Pﬁ)p(4Bl) = k47 /(7 x 9)I[2(1|011) + {2(012)F (2.12)
PR, (*Az) = kl47 /(7 x 9)I2(LI01) + (OI0[0}2. (2.13)

For the degenerate manifold *E, (2.11) must be replaced by (B6) with (¥, »"} = (£, n),
introducing the non-diagonal elements {£|T°|n) - {(niT?|k}, and leading to the conversion
rate

4
P28 = k]| 3 mlom+ K121 1)

m=0,1,2

2
] . (2.14)

When the effect of the molecule—Cr electron overlap is included, the wavefunction x must
be replaced by Ny, [u — g(a){glu}] where Ny, = [1 — (glu)?]~"/2, and the matrix element
{0}0|0} that appears in (2.13) and (2.14) is replaced by Nﬁu[{0|0|0) — 2g[0){0|0|g}]. The
explicit calculation of (0|0]g} shows that this matrix element remains very small except at
very short distances, which would correspond to Hz chemisorption, for which our model is
not valid. We can therefore conclude that the dipolar processes are not directly modified
by metal-molecule non-orthogonality effects. (The chemisorption well minimum is located
below 2 a.u. whereas the physisorption one is above 4 a.; in between is an energy barrier.
In the physisorption regime, the metal-molecule electron overlap characterizes rather well
the admixture of states since it corresponds roughly to the ratio of the metal-molecule
electron repulsion divided by the energy difference between the metal and molecule electron
ground states. For small values of the overlap, say smaller than 0.3, a simple first-order
orthogonalization procedure is thus sufficient to describe the admixture.)

The relative efficiencies of the dipolar mechanism comesponding to the electron
eigenstates *I" = “B,, *A; and *E are compared to the Wigner one in figure 1, as a
function of the distance d, for Z = 4.8. We have plotted, in figure 2, the orbital averages
PR, p(4I‘) /PY p = {(r/dy~®)r, as a function of the nuclear charge Z, ford =4.5 a.u. It is
first apparent that for long surface-molecule distances d, we recover the Wigner rate in d78.
But at the usual distances of adsorption (d = 4.5 a,.u.}) many powers of d are operative,
as well as exponential decreases, arising from the Cr orbitals. The most efficient dipolar
channels are those which contain the dangling bond u: “A; and *E. Among them, the *A;
channel is faster since it contains the orbitals (&, ) which point in planes perpendicular to
the surface, whereas the *E channel contains the in-plane orbital ¢, Finally the *B, channel,
containing the orbitals £, n and ¢ remains weaker, Atd = 4.5 au. and Z = 4.8, the
A, and “E dipolar channels exceed the Wigner one by 41% and 21% respectively, while
the *B; one is 63% smaller. It is therefore clear that the conversion efficiency increases



7330 K Makoshi et al

when the three-electron ground state contains orbitals with larger metal-molecule electron
overiap. However, the analysis in terms of the orbitals’ spatial extension, measured in our
model by the parameter Z as represented in figure 2, is more complex. We must recall that
the conversion process arises from the catalyst magnetic field gradients. When Z is small
the orbitals are rather diffuse and the electron spread decreases these gradients. Therefore
increasing values of Z increase the surface field inhomogeneity and the conversion rates. In
contrast when Z is large, since the electrons are more concentrated arcund their nucleus, the
electron probability amplitude at the molecule decreases sharply with increasing values of Z.
For large Z this intensity decrease overcomes the influence of the magnetic inhomogeneity
for the channels *A, and *E which contain the dangling bond u but not for the *B; one. The
4A; and *E conversion rates pass thus through a maximum at Z = 5.8 and 5.3 respectively
increasing the Wigner rate by about 60% and 30%. All rates converge towards the Wigner
one for very large values of Z, as expected for a point magnetic dipole. It is remarkable
that the dipolar processes become aimost vanishing for Z < 3, as seen in figure 2.

<(ridf %
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1
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—- L]
——

\77

B S ST N
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e
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0 i A .d",‘.' 1 . N L }
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Figure 1. The dipolar conversion rates P2, ,(T) (in  Figure 2. The orbital averages P2, (*T)/P¥, =

a=p T
5~"). comesponding to the channels *I' = B(*B(), ((r/é)~")r, comesponding to the chanmels *I' =
A(*Az) and E(*E), are represented as a function of  B(*Bi), A(*Az) and E(*E), are represented as a function
the Cr-molecule distance d (in auw.), for Z = 4.8, and  of the nuclear charge Z, for 4 = 4.5 a.u.

compared to the Wigner one PJ¥, .

We conclude that the Wigner assumption of a point dipole leads to only an average
conversion rate for Hy molecules adsorbed on a transition metal oxide surface, The surface
electronic configuration must therefore be analysed in detail to interpret the strength of the
dipolar interactions with the adsorbed molecules. Before considering the contact processes,
it is interesting to notice that when the electron eigenstate does not have the maximum spin
multiplicity but has identical orbital basis, a different orbital form factor is found in the
conversion rate. For instance, for (e2b;)?B, we find

P2, CBY) = k[4m /(T x [4(1101) — 2(012)]° (2.15)

where & is still given by (2.9) with § = 1/2. Although at long distances'(2.15) converges

towards the Wigner rate (2.8), at shorter distances it has a different structure from (2.8} and
(2.12).
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3. The contact processes

The antisymmetric part (with respect to proton interchange) of the hyperfine contact coupling
between the spins of the electrons and the nuclei leads to the Hamiltonian

Y = k') s'(@8(aa) — seb)] @3.1)

where aea (ob) is the distance vector between the electron ¢ and the proton a (b), s(u) is
the spin momentum of electron « and 4 = I(a) — I(b) the molecule nuclear spin difference.
3(r) represents the Dirac operator and A, = Ag(57)/3($)*? =339 x 1077 au.

The calculation of the contact induced conversion probability parallels the dipolar one,
the major difference arising from the orbital operator. The usual first-order expansion of
the Dirac operators, around the molecular centre M, gives

5(aa) — é(ab) = ba' - V's(aM) = —Qi/h)ab' - §(aM)p! (3.2)

which introduces the momentum operator. Inserting this in (3.1), and restricting to a spin
manifold S, which allows us to substitute s'(x) by $' = ¥, s'() multiplied by the ratio
gs of their reduced matrix elements (for the states of maximum spin, here considered, g, is
equal to the inverse of the number of d electrons):

i
Y = —g'xcqs{z" . s‘][ab‘ : ;s(aM)p‘]. 33

Recoupling the four momenta, the contact Hamiltonian (3.1} can be re-written in simpler
form

Y=k ) (-)N' E' (G4
A=0,1,2

where, as precedingly, we have disentangled the nuclear operator
N = (i' x ab)" (3.5)

inducing the o—p transitions, from the electron one
B =29 (5 Y sanp') 6
== P ; (aM)p' | . (3.6)

It is shown in appendix B, that the o—p conversion rate, relative to the hyperfine contact
process Y, defined by (3.4)«3.6), and induced by the catalyst electrons in a 25%'T
eigenstate, can be written in the condensed form similar to (2.8) and (2.10)

PY Ty =kK¥ (") (3.7

where & denotes the Wigner constant (2.9).
In the case of a non-degenerate orbital ground state I', the contributions from the electron
orbitals have again the form of a scalar product:

KY () =[27/(3% x 9)](rg;)* @ - ©' (N} (3.8)
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where ©'(T') contains the sum, over the orbitals w which span I', of the operator
(i/mé(aM)p' matrix elements and is simply expressed, in terms of one electron orbitals,
as

e(Nn = ;la Y (wlsaM)p'|w) = Zw:[wv‘w](M) (3.9)

w

where M denotes the position of the molecule centre, relative to the metal nucleus C. The
orbitals w and their gradients are thus estimated at M: CM = 4.

In the case of a degenerate ground state I', the orbital contributions contain non-diagonal
extra terms;

7

2
Yy —
K (r)_33x5

(¢’ Y _py©' (v, ¥)- 0V, ) (3.10)

vy

where the three-electron matrix elements of the operator @' = >, SlaM yp', denoted by
B'(y,y) = (I, y|O'I', ¥'), can be reduced to one-electron ones.

However, these general formulae become much simpler in the particular geometry
considered here. When the H, molecule is assumed to be adsorbed at a distance d from the
metal ion, on the symmetry axis perpendicular to the surface lattice plane, the amplitudes
of the metal orbitals @ = £, n, ¢ vanishing on this axis, the contact induced conversicn
cannot occur in the case of a *B; ground state: KY (*B;) = 0. In the cases of the *A,
and *E ground states, the orbital form factors become equal and the summation over the
orbitals @ in (3.9) and (3.10) is reduced to only one contribution arising from the dangling
bond @ = u. The calculations, detailed in appendix B.2, lead to the following expression
in terms of the parameters Z and d:

KY(Ay) = KY(*B) = [2°/(3%° x 5)]2"d°(Zd — 6)* exp(~4Zd). (3.11)

We now study the effect of the molecule—Cr electron overlap. The contact-induced
conversion probability keeps the formal structure defined by (3.7), (3.8) and (3.10), but a
new orbital operator must be defined by

OUD) = Y Nyulw (M) — g(@)S,,]V' 0 (M) (3.12)

where Sp, = (g|w) denote the different overlaps of the one-electron orbitals w, which
span ", with the molecular one g, and N,, = (1 — S:w)”z. Because of our first-order
expansion, the catalyst electron orbitals and their gradients are both taken at the molecule
centre, whereas g is taken at the proton, since g{a) = g(b). The amplitude of the molecuiar
electron bonding orbital at the nuclear spins, is modulated by the molecule—catalyst electron
overlaps. The wavefunction u being replaced by [u—g(a)(glu)][1-(g|u)?]~"/2, the resulting

o-p conversion rates, relative to the overlap contact process QY in the *A; channel, are
obtained as

P2CA/PY, LG Ag) = [u — g(a)(glu) P/ — (glu?] (3.13)

and similarly for the *E ones. P:; p(“Az) is given by (3.7} and (3.11). As before, the overlap
contact induced conversion cannot occur in the case of a *B; ground state: K97 (*B,) = 0.
We have represented POY »(*A2), and compared it with PY, ,(*Az) in figure 3 as a function
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of distance d, for Z = 4.8, and in figure 4 as a function of Z, for d = 4.5 a.u. The ratio
(3.13) is represented as a function of Z, for 4 = 4.5 a.u., in figure 5. It is apparent from
these figures that the overlap contact process OY is much larger than the simple contact
one Y, by about one order of magnitude. The direct contact process appears to be weaker
than the dipolar ones, except for very small Z {Z < 3) where the metal orbitals are rather
diffuse. The overlap contact process becomes more efficient than the dipolar ones, for
Z < 4.3. It is essentially dominated by the amplitude of the metal orbital at the molecule
centre, as well as by the molecule—metal overlap. The importance of the surface electron
distribution inhomogeneity is manifested through the increase of the ratio (3.13) with Z,
whereas the Y and OY rates decrease with increasing Z. The amplitude strength thus
overcomes the gradient strength more clearly in the contact processes than in the dipolar
ones. In other words, the maximum that may appear in the dipolar rates appears in the
contact ones, shifted towards much lower Z values. At Z = 3 the OY process becomes
the most efficient one. Its rate exceeds that of the ID process by a factor of ~ 13, We
obtain a factor of four when comparing to the D rate maximum at Z = 5.8. Moreover
the contact processes decrease more slowly than the dipolar ones, with increasing surface-
molecule distance d. Because of the Cr-molecule electron overlap, the electrons cannot be
distinguished and a Cr electron may reach an H proton through a molecular orbital. This
mixing of the catalyst 3d electrons with the molecular ones shifts the range of the contact
interaction to larger distances and thus strengthens the o—p conversion rate [10]. A similar
overlap mechanism was considered in 1972 [11], and found to be efficient in the analysis
of chemical shifts in paramagnetic mixtures.

4 4.5 5 55 d 2 3 4 5 6 Z

Figure 3. The contact conversion rates Po‘; p(I' and Figure 4. The contact conversion rates Pa‘[, p(T') and
P,pr(l") (in s71), corresponding to the channels ‘T = Pﬂ’p(r) (in s~ 1), corresponding to the channels *I" =
A(*Az) or E(*E), are represented as a function of the  A(*A3) or E(*E), are represented as 2 function of the

Cr-molecule distance d (in a.u.), for Z = 4.8, nuclear charge Z, for d = 4.5 a.u.

Summarizing, we have shown for all the processes investigated that the conversion rate
is very sensitive to the surface orbital basis which spans the many-electron ground state. In
particular the presence of dangling bonds that point perpendicularly to the catalyst surface,
and therefore have stronger electron overlaps with the molecules, strengthens the conversion
rate. The maximum efficiency is obtained when some balance is reached between the two
contradictory requirements of strong surface metal electron amplitudes and their gradients.
The dipolar processes are found to be faster for large Z (Z > 4.5), associated with localized
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40 e e

d=4.5

Figure 5. The ratio of the contact conversion rates POY,(*I}/ Py, ,(*T), corresponding to

the channels *I" = A(*A;) or E(*E), are represented as a function of the nuclear charge Z, for
d =45 au.

electrons and strong surface magnetic gradients. In contrast the contact processes become
the faster ones for smaller Z (Z < 4), associated with delocalized electrons and strong
electron amplitudes at the adsorbed molecules. These results show that o—p conversion
measurements might give important complementary information on the surface metal degree
of ionicity and on the influence of surface pretreatments.

4. Concluding comments

The processes described above focus on one-step hyperfine interactions, where the H
nuclear spins are under the direct influence of the surface electrons. The two-step
mechanisms, where these hyperfine interactions are modulated by the surface molecule
Coulomb interactions, as described briefly in [12], will be detailed in a forthcoming
publication. By considering the electron orbital degrees of freedom we have obtained higher
or lower conversion rate estimates than those obtained within Wigner’s model, depending
on the surface electron configuration symmetries and radial extensions.

Our argument is rather simple. The different metal electrons occupy orbitals which are
differently orientated in space. Consequently, the hyperfine interactions with an adsorbed
H; moiecule are very sensitive to the orbital geometry. The orbital degrees of freedom
of the surface electrons selectively modulate the o—p conversion rate and must therefore
be considered. In particular the metal-molecule electron antisymmetrization introduces
non-diagonal effects which are proportional to the electron overlap. We have considered
here contact and dipolar interactions, and diagonal as well as non-diagonal effects, on a
surface structure characterized by a transition metal ion surrounded by ligands of tetragonal
symmetry. In the processes investigated we have merely concentrated on the surface—
molecule distance and the effective metal ionic charge dependences.

The distance dependences of the mechanisms depicted appear quite different from the
simple *d~® Wigner’s law. The consideration of the surface electron distribution, in the
dipolar interaction with the H nuclear spins, adds many other powers of d, as well as
exponential decreases of comparable magnitudes. The dipolar mechanism is found to be
only slightly affected by the electron overlap. In contrast, this overlap enhances the contact
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mechanism by about one order of magnitude, making this process faster than the dipolar
one when strong covalent bonds are established between the transition metal and the O ions,
spreading the metal electrons. However in that case, our estimates must be modulated by the
O admixtures, A calculation including the respective influence of the O on the conversion
rate is under consideration. In the case of ionic surfaces, the dipolar process, being of
longer range, increases and becomes faster than the contact one. It must also be noticed
that the overlap contact process is more sensitive to the orientation of the surface electron
orbitals than the dipolar process. At room temperature for instance, the molecules being
mobile along the surface, we are expecting a decrease of the axial contribution, whereas
the electrons distributed along the vertical planes will overcome the axial decrease and
enhance the contact processes. The decomposition of the conversion rate into different
orbital contributions therefore becomes temperature dependent.

The model chosen to represent the electron surface configuration is rather simplified.
We have omitted configuration mixing, and spin—orbit interaction and taken into account the
covalent bonds with the O ions in a crude fashion. Moreover the H; adsorption kinetics are
concentrated within a single spectral density. The corresponding estimates of the absolute
conversion rates are therefore approximate.

Much theoretical work remains to be done, in order to extract from conversion
measurements useful information about electronic configurations on surfaces of metal oxides.
Our formalism can easily be extended to a variety of geometrical symmetries and different
n-electron couplings. Then the covalent mixing of the transition metal impurity with the
O ions should be described by more accurate wave functions, which take into account
self-consistently the amplitudes of admixture and the respective spatial extensions.

On the experimental side, low temperature measurements on clean surfaces are difficult
presently because of low resolution. ‘o—p’ conversion rates could however be measured
down to 77 K. At these temperatures, the H; molecules at the surface are continuously
renewed and it is rather simple to analyse the gas sample composition. Despite the fact that
surface—gas phase exchange and surface mobility can now be rather well modelled, we do
not think that the fitting of absolute conversion rates in terms of a significant number of
parameters would be useful. Rather we think that the comparisons of o—p rates performed
with one kind of impurity dispersed on different substrates, or different impurities dispersed
on the same substrate, would be much more meaningful.

Summarizing, we have shown that the surface electrons’ orbital degrees of freedom play
an important role in the H; o—p conversion process. The Wigner model used up to now by
all experimentalists and almost all theoreticians is found, in many cases, to be too weak,
and at best very approximate, whenever applied to a realistic surface configuration.
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Appendix A, Electron eigenstates

Although the following model can easily be extended to a variety of ionic surfaces, we chose
to illustrate the processes investigated on a particular surface configuration. We consider
that the O ions form a square lattice, with a Cr ion at the centre. One O ion may lie below,
or not, depending on the surface.
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The free Cr d electron wavefunctions are taken as [2,n) = RiqY?, where Ry =
Nagr? ex.p(—%Zr), Nig = (23/3°% x 5)1722772, Z denotes the effective nuclear charge of
Cr** and can be estimated from ‘Slater rules’ as a difference between the atomic number
Z, of the free ion minus a screening constant S [13]. If we retain only the shielding of
the Cr inner shells, we obtain Z = 5.3, but if we consider the additional shielding of the
O ligands as well as the attractions by the O nuclei, the effective Z probably lies between
three and six.

The symmetry group considered here is Cy4y, and the decomposition of the representation
D', with { = 2, in terms of the C,, irreducible representations D? 5 a +b +by+e,
allows us to label the obtained eigenstates. The axial one u = |2, 0) spans the representation
a;. The electrons, being distributed along the surface normal, avoid the O repulsion. For
the doubly degenerate representation e, we use as the basis £ = (/212 1) + 12, —1)]
and 5 = (—1/+/2)[|2, 1} — |2, —1)] whose lobes point in perpendicular planes above and
below the O ions. The third state £ = (—i/ﬁ)[|2, 2y — 12, —2)] spans the representation
by, in which the electrons are distributed in a plane parallel to the O jons but rotated
by %Jr to avoid them. The last state, v = (1/+/2)[|2, 2} 4 |2, —2)], has electron density
above the O ions, a high energy, and has not been considered. The next step consists in
building the three-electron states corresponding to the three 3d electrons of the Cr*™ ion. We
shall only consider spin quadruplets. Among the two possible ground states which contain
the dangling bond u, (a,eb2)*E has a twofold orbital degeneracy and four wavefunctions:
*E. &, m = 3) = lugkl, B, &, m = 5) = (1/v/Das&| + uf&| + ugEl]. .. and similarly
for |*E, n) by replacing £ by 1, whereas for (a1e?)*Ay, |*Az,m = §) = |utn|.... When
an O ion lies below the metal one, (e’by)*B, probably becomes the ground state, with
wavefunctions *By,.m = 2) = [£n¢].. ..

{A recent calculation of the electronic structure of sapphire can be found in [14] and
[15]. Earlier studies are listed in references therein.)

The last step incorporates the H electrons. The H; molecule in its ground state ‘Eg
is represented by its wavefunction ¥('Z,) = (gg| where the Hartree—Fock orbital g is
taken as g = clexp{—Air,) +exp(—Airp)], where A = 1,189 a.u., ¢ = 0.399 {16] and ry (1)
denotes the distance of the eiectron from proton a (b). Performing a spherical expansion
of the function we shall retain, for numerical applications, the zero-order term of spherical
symmetry since it contains about 98% of the total charge. The function g is then given by

8 = (¢/Abr){[1 + Mr — bllexp(=Alr — b)) — [1 4 A(r + B)] exp(—A(r + b))} (AD)

where b = 0.7 represents half the intemuclear distance and r the electron disiance from the
molecule centre. The overlap integrals (w|g), where w = &, 1, £, u have been computed as
a function of the Cr-molecule distance d and of the effective nuclear charge Z. The
largest one {u|g) is rather important. It has its maximum value at 4 = 3 au. and
Z = 2.2, However below Z = 3 this overlap oversteps 0.4, wich requires a different
treatment of the molecule~ion electron admixture from that suggested in our model. We
consider the five electrons as a whole in the surface-molecule complex and obtain their
eigenstates in terms of antisymmetrized products. The molecule and Cr*t ion are considered
to be unperturbed in their electron configurations, on account of the weak physisorption,
but the effect of antisymmetrization mixes the molecular and ionic characters. Since the
molecule and Cr functions are not orthogonal it appears convenient to use, in the following
calculations, as an intermediate the first-order orthogonalized Cr eigenfunction. The
compound eigenstate for instance |un¢ gg| is clearly invariant by replacing each w = u, 1, &
by 4.} = [|o) — |g)(glw)Ill — [{glw) 1?17 }/2.
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Appendix B. Electron orbital and spin momenta algebra

B.1. The dipolar process

The electron contribution to the dipolar process given by (2.10)

127

D — e~
Km0 = 358(S+ 1)

Y Pyl Y m]

mm.y.y B

x Y B2, @Iy, mUT,yoml ) Ef@IT, v, m) (B1)

is calculated by reducing the three-electron matrix elements to one electron ones,
transforming the summation over the electrons o in one over the orbitals w:

G m| ) Ef@) Ty = % Y CEI2AB — v WTE (@), mIS,IS.m) (B2

where we define T%{(w) = (w|T*|w), with @ being one of the orbitals building I'.
The spin contribution obeys the sum rule

_ 56+ D,

3 ()IS) (S m'|SL41S, m) (S, mlS,iS, m') 3

m.m’

av (B3)

with [S] = 25 4 1. By using the following recoupling of Clebsch—Gordan coefficients:

CGIZ2IB— v, VICBI2|— B+ v, —v) = Z(-—)“V*K/S(zk +1) {§ ; i }
k

x C(33k| — g+ v, B —w)C(2k2|8,0) (B4)
noticing the selection rule Zﬂ C(2k2|8,0) = 58,0, and recoupling the electron position

wnsors 3, C(33k|8, —B)T;T>, = [T* x T°]}, we obtain for a non-degenerate ground
state

KP(T) = {4 /(T x HITHT) - TXD) (BS)

where TH(') = Y (@{T*|w) sums the different orbital contributions. For ‘" = *By:
w = E,n, ¢, while for *T" = *A;, w = u,&,n. In the degenerate case, we obtain extra
non-diagonal couplings

KP() = [@r /(T x QUTT) - Ty + Ty, vy - T, )] (B6)

where we have defined T3(y, ¥") = {y|T3|y’). For T = (a,eb;)*E, this represents the
coupling inside the doubly-degenerate representation e with (v, ¥') = (§, n), while @ runs
over u, (§,n).¢.
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B.2. The contact processes

B.2.1. Conversion algebra. The conversion rate can be condensed as a sum of products
of electron and nuclei matrix elements as

A\
Po‘{.p(r):('h—) J(wop) Z Pym

hoyy'mm’

x (pIUN* x NM? | p) (T, v, mI(B x B"Y PP, v, m). (B7)
The nuclear matrix elements are simply worked out:
(PI(N" x N"Y|p) = Jab’2h + 1)'/? (B8)

whereas for the electron ones we obtain

28+1 it o 25+1 _ 1/2¢ <k 1 1 &
Sy, mi(E" x E")°| F.y.m>—§{h] ()[1 | g

x (S, mI(S" x SH2IS, m} - (35T, y (O x 8)IFTIT, ), (B9)
The spin matrix elements, being summed over m, lead to the selection rule g =

L
J3

In the case of a non-degenerate orbital ground state I, the conversion rate is simply
expressed by

> pm(S.mI(8' x YIS, m) = S(S + 1)dg0. (B10)

PY, (1) = 3(hequab/n)?S(S + 1)J (we)©'(T) - ©'(I) (B11)
which can be written in the form (3.7), provided that we define K¥ (T') by (3.8).

B.2.2. The orbital form factor. In order to estimate the contact induced transition
probability (B11), we calculate the scalar products V'e - V'w, which can be expressed
in terms of V' R33Y?2 - V' R3a¥2. The gradient formula [9] can be written as

V'Rsa¥2 = > ¥i(r)Yaim
i=13

where the vector spherical harmonics are defined by Yz, = [Y' x €']%, €' being the unit
tensor and the radial functions v being defined by:

Yri(r) = ‘/%(d/dr +3/r)R3q = N3d\/§(5r - %Zrz)exp(—-;—Zr) (B13)

Ys(r) = —2(6/dr — 2/r)Rsg = Naay 34 Zr) exp(~1Zr). (B14)

After some spherical algebra we obtain

V' RyaY2 - V' Ryg¥} = " alijk)CQ2k|mn)yiy; YL, (B15)
ijk
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where i and j are odd and equal to one or three and k is even and takes the values zero,
two and four. We have defined the numerical coefficients

o [EED@GED i G k(i J k
atijby = -5, ZHDE {2 ] 1}(0 ! 0) B16)

where the large round and curly brackets denote respectively the 3j and 6 coupling
coefficients. If we restrict ourselves now to m = n = 0, that is the axial orbital u,
and take the molecule at a distance d on the symmetry axis, then (B15) and (B16) give

V'u(M) - V'u(M) = (1/4m)[VZin — V3¢ ] (B17)
where M denotes the molecule centre. Inserting (B13) and (B14) into {B17), we obtain

V'u(M) - V'u(M) = (2/3"'m)Z7d*(Zd — 6)* exp(—3 Zd). (B1®)

Appendix C. Metal-molecule electron overlap and dipolar matrix elements

We need to obtain matrix elements or the overlap integral with two centres: one at the
centre of mass of the H; molecule and the other at the metal ion. The shift of the origin
and the recoupling of the angular momentum can be made straightforwardly in the Fourier
space by using the expansion of the plane wave in terms of the spherical harmonics:

o] £
exp(ik - 7) = dm Y i*jolkr) D Yi(k)'YE(F) (€1
=0

m=—t

where k and 7 are the direction unit vectors associated with k and r respectively. Then
we obtain the overlap integral as

(glm) = —327° VT N N3 Y2 (d)* f dk k2 f34(k) f1s (k) jo(kb) jalkd). (C2)
0

where the Fourier transform of the radial part fis(k} of the 1s wavefunction of H, and the
radial part fiq(k) of the 3d wavefunction are given by

fislk) = (L 2Dy f (K2 + 1) (C3)
fralk) = —(kc/2eYD2 k2K + &%) (C4)
with ¥ = -;‘Z » A as defined above (A1) and the following definition of D%:

D" = [—(1/x)3/3x]". (C5)
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Figure C1, The matrix elements (m|0|r}, defined in the text, are represented as a function of
the Cr—mwolecule distance d, for Z = 4.8,

Table C1. List of the functions F.

-
-

Fiz;L.0)

IxS5(z/3x5x6N+1/(3x5x6) —z "[expz — Zﬁ:n " fal]) expl~2)
(7 = 9BN3/17 x 100]z — —z’q[expz — ,'IU:O 2" fnl]exp(—z)

(1/61)(z — 2)exp(—2z)

(1/6)(z — Texp(—2)

—[013 x 111/61¢1 /1302 4+ 27 M expz - Z,‘,zzn Z"/nllexp(—z)

(1/6!)z expé—z)

(1/6!}z — 9 exp(—z)

(1/61(z ~ 14 + 35z~ + 352~} exp(—z)

P A N R e~
o A el — L LA W

Table C2. List of the coefficients C.

m L &  Cupll.®) m L & Cull.®)
0 0 3 1/3¥xs 20 3 1/3¥x5
205 2x5¥x7 2005 -2 x5/PxT?
203 23 xs5x7 2 03 =23t xaxT
201 25x 7R 2 01 —2/5x 7
4 7 2x53x11x13 4 7 5/3x11x13
4 5 2 x13 4 5 2pAx7Tx13
4 3 2/5x7Tx!l 4 3 2/3x5x7Txlt
4 1 BPAxsxT 4 1 2P x5x7
1 0 3 1/3x5 nd 0 3 0
2 05 2x5/3¥x7?? 25 2UVZx 512352 w72
2003 243 xs5w7T 203 2M3T 512 w7
2 1 1/5x 7 201 =2123U2 512 72
4 7 —2x53%x11x13 4 7 251233 % 11 %13
4 5 —2%3x7?x13 4 5 225232 7Py 13
4 3 23x5xTxl1l 4 3 2M3R 512 w7 1
4 1 23 xs5xT 4 1 25N sy 72

The dipole matrix elements (R3qY2 T2 |R3dY,f) = (m|w|n) are also calculated along the

same line. We shift the origin of coordinates for T?. The general expression is given as
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(mlaln) = —(4m)INL D iYL (d)*Cy(E. 3. Lim —n —a.a)Cy (2, L, 2 n,m — n)
L.t
o0 oo
x f Ak T () je k) f dr 2 Rag(ry? jo.(Er). (C6)
0 0

Here the radial part of the Fourier transform of T3(r), denoted T>(k), is given by
T3 (k) = ik/30m. (7))

The coupling constant Cy is given in terms of the Clebsh—Gordan coefficients as

Cy (€1, &2, Elmy, my) = /(26 + 1)(282 + 1)/ (2¢ + 1)
x C(&y, £, £lmy, m2)C (L, £, £10, 0). (C8)

Noticing that the spherical Bessel function j,(x) satisfies

Je(x) = x'D! jo(x) = x*DE(sin x /x) (C9
we obtain
JT\J? ¢ -
{mlaln) = PP x5 ; YyopoadCE 3 Lim—n—a,nmnC2,L.2;n,m—n)
1
x (—8,)> tDta’ Djdi [u‘“-" exp(—vd) — Fag_u} (CLO)

where v = 2xv = %Z . It is worthwhile noticing here that we obtain power law terms, not
only the Wigner term but additional power terms, as well as exponential decreases.

When the molecule is located on the axis of symmetry as assumed in the text, we have
the selection rule

m=n+a. (€11

After lengthy calculations for the differentiation in (C10), we obtain

(m|0lm) = Ad™*z" Y Cu(L. YF (z; L, £) (C12)
L.t
(121 = 1) = Ad™*2" )" Cua(L. OF (z; L, ©) (€13)
L

where z = vd = %Za'. The functions F and coefficients C are listed, for allowed values of

L and £, in tables C1 and C2. In figure C1, we show (m|0|m) as a function of the distance
d.
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