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MOLECULE - SURFACE SCATTERING: I

In these lectures, I will Inctroduce the concepts and methods assoclated
with the scattering of molecules from clean, perfectly perilodic solld
surfaces. I will not discuss scattering from adsorbate covered and/or non-
periodic surfaces since these areas are much more complex computationally
and/or insufficiencly advanced concepcually. Even with this restriction,
such & wide varlety of physical phenowmena can occur in the scattering that
it will not be possible to describe these in only five lectures. lLet o
flret jusc mention the types of phenomens, and then I will indicate the
restricced range thac I will consider.

A "cartoon" illustrarion of the various scattering processes is shown
in Figure 1.1. In the simplest scattering event, a molecule reflects
slastically from the solid, changing the directlon of its mowentum In the
process called diffracticn. A slightly more complex sltuarlion occurs when
the moleculs also changes its internal rocational, vibrationsl and/or
electronic states, a process Cermad inelastic scatcering. Even more
coaplexity occurs if the molecular identity can changs such as in the
dissociative chemisorption event, AB(g) + M -> A(a) + B(a) + M.
(Throughout this article, I refer to solld surfaces by the symbol "M", a
gas phase speclies by *(g)" and an &dsorbed species by “(a)*). Finally, it
ils also possible to have the scactering event disrupt the surface by
ejecring surface atoms into the gas phase either directly by sputtering or
indirectly by ferming volarile molecular specles via reaction betwesn the
gas molecule and the surface atoms. In all of these processes, transfer of
energy between the molecular and solid degrees of freedom may occur. The

relevant solid’s degrees of freedom for low energy exclcatlions involve
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motion of the nuclel (i.e. phonons), and for metals excitation and

SiFp are not sufficiently advanced to warrant a description since the
deexcitation of electrons with energies close to the Fermi level (i.e.
underlying potential energy surface (PES) is essentially unknown, and smst
electron-hole pair or (e,h) processes). High energy excitations include ’

be sxtremely complex to describe the many srrangements occurring in such
collective excitaction of the free elactrons In a metal (i.as. plasmons),

processes. There is little experience with mulci-arrangement PES |n
electronic excitation of core electrons of the surface atom, and the

#lmpler gas phass systems not to mention in extended systeas. I will also
previously mentlioned ejection of the surface atoms.

not describe dissoclation of gas phase species via such Processes as AB(g)

From the above lisc, I will consider only elastic, Inelastic and

+ M -> A(g) +B(g) + M or AB(g) + M -> A{a) + B(g) + M. This ares is more
dissociative chemlsorption events. For these cases, I wlll alsc describe

complex than dissociative chemigsorption since one or two more Arrangementcs
the treatment of low energy excitation modes in rhe solld. The major

mugt be included In a PES. These are 8enerally higher energy channels
emphasis will be on dissoclative chemlsorption since chis Is among the

since at most only one gas-surface bond is formed to compensate for che
#loplast reactive scattering event occurring on surfaces. It is also a

breaking of the molecular bond. At present, these have basn treared using
relatively new area to attracc considarable theoretical attention. By

only the simplest PES not allowing for amulripla rearrangement channels.
contrast, elastic and inelastic scattering have been subjected to intensive

The reader is referred to tha work of Gerber and coworkers as reviewed in
theoratical studies by many workers for over a decade, and for certain

reference & for more detalls.
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simple probleas, much fonger A large licerature ls availsble for such The reason I have restricted considaration to the abovae ment foned
- d , lud -wri ho
processes [1-5 and references cherein]. inclu ing & well-written (& ugh processes has to do with che kinecle energy of the incldent molecule.
lighel tdated) book, "D i f Gas-Surf Scattering."{1] A L) :
iightly outdated) ynamles of Gas-Surface Scaccering .ll number Thermally activated chemical processes are typicaily llmiced to
of views have sppeared over the last decade [2-5]. A
review ave  sppeare e ca t ! recent temperarures below 2000K, about .18 eV. Even assuming chac the molecuies

comprehensive review of cheory {4] by Gerber provides an introduction to a Iln the high energy tail of & Boltzmann velocity distributlon are !mportanc,

number of toplcs, along with a representative reference listr. I highly , It is rather unlikely that scattering at energies much above 1 eV is

recommend this article. l important. This energy range is also convenient for a ser of lectures

Nigh energy scactering in which the surface atoms are ejocted has been wince it naturally rastricts the physical phenomena to's subser that can be

treated by a number of research groups. The Interested reader is referrad

described Iin a coherent manner.

to the work of Garrison and co-workers for an introduction and relevant A list of the relevant topics follow with references to sowe of the
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referencas {6]. To my knowledge, theorstical treatments of the dynamics of researchers shown in parenthesis:

formation of volatile pruducts such as In the reaction of F with S1 to form * diffraction and ro-vibrationally nelascic dynanics from rigld surfaces

- time independent quantum close coupling treaiment (Wolken, Kourl)

 m—— =
..

-, Sl N :



- time dependent quantum wavepacket treatment (Kouri, Kosloff, Cerjan)

- gemiclassical gaussian wavepacket treatment (Jackson & Metiu, Heller
& Prolshagen)

- gemiclassical trajectory treatment (Grote & DePristo, Toennies)

# interaction potentials for non-reactive scattering
- smooch surfaces

- corrugated surfaces
# quantua inclusion of surface atom wotion (Jackson, Manson)

* classical genaralized langevin treatment of surface atom motion
- formalism for harmcnic solids (Adelman, Doll, Tully)
- “ghost" atoa rsformulation (Tully, DePristo)
- choice of parameters (Tully, DePristo)

* gemiclassical stochastic trajectory treatment
= ] alectronic channel (Richard, Les, Geliger, DePristo, Clary)

* glactron-hole palr processes (Billing, Newns, Metiu, Gadzuk, Gerber)

* sxamples
- By diffractlon plus rotational excitatlon (Sibener, Kourl, Metiu)
« CO2 rotational and vibrational relaxation (Clary, Gelger, DePrlsto)
- NO/Ag scattering (Zare, Ausrbach, Retcner, Ercl, Asada, Tully)
- NHy/Au and HCl/Au (Kay) :

* reactions ar surfaces
- precursor
- direct
- charge transfar mocel (Holloway, Gadzuk)
- classical trajectory treataent (Thompson,Raff,Lee, Kara, DePristo)

* interaction potentials for dissociative chemisorption reactions
- atom-surface chemlsorption and embadding functions (Lee, Xara,
DePristo)

- LEPS formulacfon (Wolken,Leas DePristo)
- uge of switching functions (Billing)

¥ examples
- Hp dissociation of Ni and Cu (Lee, Kara, DePristo)
- N2 on W (Kara, DePristo)
- COp/Ni (Lee, DePristo)
= COp/Pc (Billing)
- experimental results on Np/Fe, Np/W, CHy/Ni, Hp/Ni (Rettner,
Auerbach, Ceyer, Ercrl, Madix)

Due to the extensive nature of rhis list, I will not provide an even

covearage of the topics.

I shall begin with the creacment of diffraction and ro-vibrationally

inelastic scattering from rigid surfaces. Neglect of surface atom motion
is rather severs unless the mass of the lmpinging molecules is much less
chan chat of the solid's atoms. For solids in the third row, cthis limits
the treatment to N3 and perhaps D3.

The solid is sssumed to have perfect 2D perlodicicy described by the
surface reciprocal lattice vectors Gy and Gy. The fundamental quantum
festurs of the scactering is the change of the linesr momentum of the
scattered molecule by integer multiples of these latcice vectors. This is
slmply the resulc of the scattering of & wave from a perlodic arvay. Let
the iniclal and final momenta of ths center of mass of the molscule be hk
and Rkg with the two dimsnsicnal components In the surface plane bsing K
and Kg, respectively. The internal energles are €; and €¢, respactively.
Then conservation of energy and linesr momentum ylield:

ke? + 2mep/K? = K2 + 2me /W2 (1.1)

K¢ = K + Gan (1.2)
vhere (o, are two dimensional reciprocal lattice vectors. Such equations
describe only the kinematics of the scattering since they are indepsndent
of the .ateraction betwesn the molecule and the solid.

The Haalltonian is.simply

M= T(x} + h(rj) + V(£.£y) . (1.3)
wvhare [=(x,y,z)} specifies the position of the center-of-mass (CM) of the
gas molecule and [; denctes the internal molecular coordinates. T{(r) Is
the kinetic energy operator for the CH motion; h(gy) 1s che haailtonian for
the internal mocion of the fres molecule; and, V(r.rj) ix the interaction
potential becween the molecule and the surface. Since the surface is

rigid, V depends only upon r and [. Furthermore, the 2D periodicity in



the poctential implies the following expansion:
V(Z.£4)= E Vom(2.03) exp(iGun &) (1.4)
vhere E«(x,y) specifies che two dimensional comportents of ¢ in the surface
plane. It ls the periodicity in Eq.(l.4) which distinguishes moleculs-
surface scattering from molecule-aoleculs scatcaring for example.
The wavefunction is also expanded in products of 2D Bloch waves and
internal wavefunctions,
¥r.ri) =T exp(l(E+luy) B) #)(Ly) g(2z;m,n,)) (1.5)
Subscitution of FEq.(1.5) into the time-independent Schrodinger equation,
and uge of orthogonality for both the 2D Bloch wavefunctions and the 4
ylelds the set of close coupled equations to be solved for the unknown z-
dependent functions g(z;a.n,f):
(d?/de? + [4)um)lg(z;m,n,)) -
(2a/h?) £ V(z;w.n,}.m .0’} )g(zim 0", J?) = O (1.6)
(d?1mn) = (2m/W%)(E-€5) - (KGun)? (1.7)
V(z;m,n,J.m",n’,}" )= <$).Canl V(£.£3) ¢ .Carnr>/A (1.8)
where A iz the area of the unit cell. It is only necessary to specify the
boundary conditions to finish the theoretical description. The (nitlal
wavefunction {as z->w with k';d}) is sloply an Incident plane wave In
times a spaclfic molecular Intarnal wavefunction:
$o(k.pry) = explik-Déy(ry) (1.9)
where the inicial internal molecular wavefunction is ‘J- The final
wavefunction is glven a&s z->w with k';>a . by
glz.a@',n’,J°) -> (d..'n-_;r)"' exp(idpnjz)émen |« my +
(dm'n'j')‘& exp(ldgry jo2) S(1* @ ,n'<-m,n,j) (1.10)

which defines the scattering or S-matrix. The particular definitlon in

PR ———————————— T = T 4w

Eq.(1.9) ensures that ail the diffraction information is contalned in the
elenents S(J',m'.n'(-ﬂ,o._j). Kence only ones column of the S-matrix, for
sach J'<-}, is of Intersst for diffraccion. In general howaver, !l
colums oust be solved for in this close-coupled set of differential
equations since that is the only way to ensure saclefying che proper
boundary conditions.

it is currently possible to solve such sats of CC equations with high
accuracy and numerical efficiency for perhaps a few hundred equations, with
the computational time increasing like N,qj. If many calculstions are
required, as In adjustmant of a PES for comparison to axperimental daca,
fawer coupled equations can be handled. To get an idea of how nany
squacions enter in a typical problea, consider Hy/Ni(100) scattering and
assume chat no asymptocicaily closed channels must ba retained. Thenm, the
nuaber of coupled equations is specified by (gfj,.,fa. With k=0, =2 am:,
E~.1 v, Gap=(m.n)2x/2 .49 &, EJ-.00744J(_}+1) oV, ve find
(NG10)?/2m=0.00665 oV and chus that for J=0, all
(n,n)-(ﬂ.ﬂ).(l,ﬂ),(l,l),{2,0),{2.1),(2,2).(3,0).{3.1).(3.2), are allowed,
and for =2 ali fu.n)-(o,ﬂ),(1.0),(1.1).(2.0).(2,1).(2.2) are allowad.
Taking into account che symaetrical terms (-1,-1), (0,2) atc., we find the
numbar of (m,n) channels is 1,4,4,4,8,4,4,8,8 for the J=0 terms listed and
1,4,4,4,8,4 for the J=2 terms listed, Taking Into aceount that sach J=2
rotatlonal gstate is split into 5 my levels we find chat thers are
45+125=170 coupled equations. This number will decrease at lower I and
higher incldent angles. While symmetry can be used to lowar the 170
dramatically in this case, it is clear that quantum CC approaches are

inherently limited in the types of problems which can ba treated.



4 different type of quantum approach eliminates the use of a basls set

entirely [4,7,8]. One starts with & wavepacket, O(L,rj). which is

localizad at large z and with an average velocity directed towards the
surface. The time dependent Schrodinger squation is then solved over a

short time incerval [t,tvAt] via

(erbeig Ly') - j’ <a'.Lp'|exp(-LHAL/R) | L, 14> @(cip,ry) dr dpg (1.11)

or via simplcr finjte Jdifference evalustion in time. To see how the

evaluation of the operator in the exponencial is accomplished, we use a
slopler notation suppressing the depandence upon rj. ‘Then a short time
propagator ls assumed, (l.e. using [T,v]=0), yialding

axp(-1HAt/R) = exp(-ITAc/R) exp(-iIVAr/k) (1.12)

Now T 1s a local operator in momentum spacs while V is local in coordinate
space. Putting a complece set of states 1&><k| in obvious places we find
®(crae;n') = [ <g' <k exp(- tTac/h) |ko<kiz<c| axp(- 1Voe/h) | o>
#(t: ) dk dr (1.13)
The transformations betwsen coordinace and momentum space is accomplished

via the fast fourifer cransform (FFT) algoricha. This transforms the

coordinate space evaluation of oxp(- IVAL/R)&(c) intc momentum space; then
the effect of exp(-iTst/R) 1is determined In this space to ylald the

@omencux space wavefunccion at c+At; and, finally the momentum space

wavefunction function is transformed back to coordinate space via another
FFT. Proceeding to the next time step, this procedure eventually yields
the wavefunction as t¢->» from which all scattering Information can be
extracted via projections onto plane waves.

A nuzber of advantages can be attributed to such a time-dependent

vavepacket approach. First, it allows computation of only cne columm of

the S-matrix, exactly whar is needed. Since a wavepacket is built from a
number of translational energy eigenstates, this one column can be
determined for a nuaber of energles Iin a single calculatfion. Second, the
method can be applied to non-rigid surfaces by including a time-dependent
classical motion for the surface atoms. Third, the method is spplicabls to
non-periodic surfaces. The major limitation is computational: che cime is
proportional to NglaNg whers Ng ls the number of grid points used in the
evaluation of the FFT. Assuming for simplicity an even grid in each degree
of freedom and using a low number of grid polnts of 2%=16, then In M-
degress of freedom we have H‘-M" which limits current treatments to M<i on
current supercomputers unless only a singls calculation must be performed
in which case N=4 may be feasible. However, even a rigid rotor-rigid
surface collislon entails M=5 so that the FFT approach is resally only
applicable to atom-surface scattering. Howsver, in that case it should
provide auch wmore capabilicies than the standard time-indepandent
scattering cheory presented previously.

Before lesaving the simplest type of molecule-surface colllsion system,
I will mention something about the interaction potencial, Vi{g.k3). For
siaplleicty, I will lgnore the structurs of the surface for now. Only the
term Vpo(z.rj)in BEq.(l.4) enters then. Ar far distances from the surface,
the molecule-surface Interaction is a van der Waal's accraction,
proportional to z-3. At close distances, tha overlap of the electronic
digtributions of the molecule and the surface leads to a& repulsive
interaction due to kinetlc ensrgy repulsion. For a non-reactive PES, the
dependence of these lnteractions on the molecular bond length varliatlon is

~ L3
quite week, indicating that only the £ and cosd=r;'x depsndance are
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important. The angular dependenca s convenlently represented In a

Lagendre series:

V(z,#) = £ Vi(z) Pj(cost) (1.14)
vhere che terms with I>0 give rise to rotational transitions. The more
anisotropic the molecule solld PES, the larger the number of terms that
tust be rectalned In the expansion. The anisotropy in the long-range z-3
term can be determined from the anlsotropy In the molecular polarizabilicy
but the anisotropy at shurt-range Is much more difficult to get.

For the Hp/Cu systew, I show in Figure 1.2 a reasonable PES with two
terms retained in the espansion of Eq.(l1.14). Two different shorc range
anlsotroplc terms are considered, and these will giva rise to very
different amounts of rotationally inelastic gscattaring (look at the ratlo
of Va/Vg up till the classical turning point st .1-.15 &V).

One method to decermine the corrugated, (m,n)>(0,0), terms in the full
PES involves simply assuming that higher terms are proportional to the
(0,0} cterm. More sophlsticated yet is the idesa of using different
proportionslicies for the long and short rangs parts separately, since It
is unlikely that che long-range term varlies significantly with poaition in
the unit cell. The bss: determined potentlals use many parameters in ths
PES form, and fit to accurate scattering data, but this is really only been
done for atom scattering from rigid surfaces. I will have much more to say
about the much mors complex reactive PES for dissoclative chemisorption

later,
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MOLECULE-SURFACE SCATTERING: IT

In this lecture, I shall consider the problem of inciusion of the
motion of the solid’'s atoms., Formalisas for the quantus treatmant of
phonon avents have bsan developed but these are limitsd In applicabllity to
low energy processes and light gas molescules, for which single gquantua
avents are the only lmportant process. The most genersl fully quantum
treataent (using path integrals and influence functionals) has not been
developed or implemented to a significant degraa.

I will introduce the most cowsson method for the treatment of surface
ston wotlont in colllsion processes, at least within s classical mschanics
description. The basic physical idea 1s rather simple: the colliding
moclecule .mc.ncu strongly with & few close solid’s atoms which then
interact less strongly with their own neighbors and so forth. Evencually,
the energy exchange between the gas moleculs and a few strongly Interacring
solld's atoms in the Inicial colllsion is dissipated throughout the entire
infinlce solid.

The difficulty is describing the exchange of energy between the
localized and extended system. While & simple brute force procedure is
alvays capable of arbltrary accuracy if asnough atoms are followed uslng
molecular dynamics, such an approach may not be feasible for complex events
which require thousands of molecular dynamics calculations to ensure
staciscically vreliable resulcs. Besides, rthi¢ would not be & very
intelligent use of compuiational resocurces.

To make progress, we note that while the mocion of the strongly
perturbed solid atoms will sample anharmonic forces from the other solid's

atoas, the less strongly perturbed can be dsscribed by simple harmonic

L



resctoring forces. 1In fact, I define a lass strongly perturbad solid atom

4s one that can be described by harmeonic restoring forces. Furthermore,

the PES betwean the impinging molecule and the solid will be rather short
ranged, and thus wlll not affect the less strongly perturbed solid atoms
dirsccly.

With the above idess in mind, we focus on a harmonlc solid, following
closely the derivaclon due ro Tully [1]) basad upon sarly work by Adelman
and Doll {2} and even sarlier by Zwanzig [3]. The equations of motion are

Wedrq/de? = - T k(xi,p)) (rgf-rp,%) (2.1)
where oy and [, are the mass and pesition of the ofh s011d atois, with
£=1,2,3 the three cartesian directlons. k(={,8}} 1s tha force constant
for a distortion of the ofh atom in the 1D direction and the 2P arom [n
the J*0 direceion. rgj® Ls the equilibrium position for the Jth diraceion
and thes ,Bth atom. Dafine masg-welghted displacement coordinates,

(Waj = as* (rpy-ry)°) (2.2)
and a frequency matrix,

@) (=1,8)) = k(x1.8))/(mg)" (2.3)
and use these to rewrita Eq.(13) in the marrix-vector notatlion:

d?ysde? - - u (2.4)
£q.(2.4) 18 now particioned into two sets, one for Np primary atoms and the
other for Ng secondary atoms. This is done via che definitlions ¥=Py,
;—Qu-(l-l_’)u. L)zpp- J_’f._lzg. #cc. with the resule:

d?ysar? - - alppy - o?poz (2.5)

d?z/de? w . f_lquz - QZQQ‘ (2.6}

The idaa is to eliminate the large set of z, at leasc formally. This

can be accomplished by solucion of £q.(2.6) for the sscondary atom motlon

and substitution of this solution into Fq.(2.5). The result ls the
fundamental integro-differential squatlon for the time evolution of the
primary zone atoms within the generalized Langevin equation (GLE) spproach:

d?y/ac? = - @Pppy + H(O)x(r) - W()x(@) - [ M(e-t*)dy(e*)/de’ der

+ B(e) (2.7)

The memory function and random force are defined by:

#(e) = @2pgros (Qgqt Mg 20 qp (2.8)

B(t) = -0%pgeos(gqt)z(0) - 0P pgsin(Bgot)da(0)/de  (2.9)
The memory kernel In Eq.(2.7) involves the response of the full many body
system and thus retains 'memory” of previous velocltles. This is distince
from a standard Langevin type equation which replaces the wemory function
by a §-function and thus & local friction. The random force, R(t), and the
memory kernal obey the fluctuation dissipation theorem:

<R(t)R(0)T> = kTH(e) (2.10)
whare the <> Indicate an average over Initial conditlons of the secondary
atoms. The derivation of Eq.(2.10) uses the equilibrium propertias:

<2(0)z(0)T> = KkTage™? (2.11a)

<dz(0)/dt dg(0)T/de> = krl (2.12b)

Eqs.(2.7-2.10) ars equivalent to tha original set of moleculsr dynamics
squations In Eq.(2.4) or (2.5-2.6) in their ability to mimic an Infinite
solid. It appesrs that the GLE equatlons are limited in one sense: they
cannot resolve snergy transfer into the Individusl modes of the extendsd
solid. But, thls Ls not true since gz(t) is glven In terms of y(t) by the
solution of Eq.(2.6). However, the GLE equations are no sasler to solva in
their present form since evaluation of M(t) and E(c) via Equ.(2.8-2.9) is

clearly impractical since the length of the Q-vectors is INg, vhich must be



quite large to simulate che bulk solid correcrily. In addition, svaluacion
of a convolution integral with a general tlme dependence In ths kernel is
also impractical. Diagonalizing Qgg to £, rewriting cos(r;it) as separable
sxponentials and accrulng intagrals of the fornm

[ azperierdycetdpder dee
is not practical since 6Ng such integrals must be sccumulated evan bafore
doing all the multiplications In Eq.(2.8).

What is then the advantage of the GLE approach since it s no sasier to
solve the exact GLE equations than the original MD equaticns? The answer
s that it is rather easy to approximate the memory kernel and random force
to provide a resasonably accurate description of both the short time and
long time (actusliy long wavelength) response of the primary rone atoms to
an external perturbation (e.g. a collision). I will discugs this more
fully in a while, but it is worthwhile tc provide s amors concrete answer,
which will depend upon the precise applicacion and asccuracy that ls
{aportant for the dynamics. If a truly quantitstive description of the
wotlon of cthe surface atoms 1s needsd, than the GLE is really not the
mathod of choice. One must resort fo full MD with an accurate interatomic
potential describing the solid's atoms, adding In perhaps soms local
frictional and random forces on the edge aroms to eliminate reflection of
snergy from the edge of the MD zone. At the other extreme, If a siaple
qualitative picture of cthe effect of solid arom motion 18 needed, then the
GLE 1s much too complex and one should utilize simple models such as the
soft cube. HMost collision problems do not fall into these extremes. The
PES is not know accurately enough o warrant an extremely accurats

treatment of the surface atom motion, and cne ls generally not Interested

in knowing the precise percentage of energy loss to the lattice. Howevar,
it is lmportant to know whether 108, 50% or 908 of the molecule‘s energy is
transferred to the latcice, ste. Thus, alwost all realistic simulations of
molecule-surface collision dynamics should utillse a GLE prescriptlion for
cthe motion of the solid‘s atoms. However, I will qualify this atatemsnc a
liccle later.

I now describe the common approximation to the memory function [1,4).
One axpects a decaylng and oscillating function on physical grounds. Using

H(e)=Hg%exp(-1t) [conlwie)thrv; Latn(u ) IMg" (2.12)
vhich |s the wsultidimensional generalization of the position
autocorrelation function of a Brownian oscillator provides such a function
with a number of unknown parameters. Forcing Eqa.(2.8) and (2.12) and
thelr second time derivatives to agree at t=0 (the first time derivative
vanishes identically), yislds a set of equations for the unimown

coefficlent matrices [4]:

Ho - poigq a%qe (2.13)

Ho"uo?to" - @p@er @14
where

R P (2.15)

The exponsntisl decay parameter is chosen to produce the corrsct long-
wavelengch 1imit for che density of states,

L. wwpl/6 (2.18)}
whers vy is the bulk Debye frequency.

An alternate procedurs due to Tully [l], and which preceded the above
method, ls to choose the elements of the paraceter matrices to duplicate

the phonon spectrum of the crystal. This spectrum s related to the

e



fourier cosine transform of the velocity autocorrelation function for a
monatomic fce crystal. After considerable algebra, it can ba shown that:

g(w) ~ krwlyAuBuTa (2.17)
where g(w) is the density of states at frequency w. This is a projection
onto each atom. The new matrices In Eq.(2.17) are

A= (w?]1-0%pp)-! (2.18)

B ~ (s 2T athiw,?-v21) )1 (2.19)

The two mechods for choice of the parameters will agree If an accurate
full force conscant wmatrix, k(«i,fj), or frequency matrix, 0, are
avallable. If nor, then it is & matter of convenlence which method fs
profarable. Either one wlll capture the sssential Ffeatures of the CLE,
nasely friccional energy loss from the primary atoms to thas secondary atoms
#nd thermal energy rransfer from the secondary atoms to the primary atoms.
And both will provide a reasonable description of the bulk and surface
phonon density of state: of the gsolid. This is illustrated in Figure 2.1
wvhere a LJ(12,6) model of an FCC crystal is used to gonerate {i; In Tully’s
method, & lower surface normal frequency component was chosen but In any
case the agreement between the methods is reasonable. Neither will provide
the sxact time dependent response of the solid dua to the limited numbsr of
paramstars used to describe the memory functlon.

The approximste memory functlon in Eq.(2.12) allows for a replacemant

of the GLE Eq.(2.7) by

d?y/de? - - Pppy + Mo'ivos (2.20)
d?a/dt? = womoMy - w,2g -rdssde + £(c) (2.2
where f(t) is & gaussian white nolse random force. The fictltlous

particles obeying the equations of motion of g are commonly referred to as
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& "ghosc" atoms, and thus this formulation is referred to as the GLE-
*ghost® atom method.

To emphasize the physics again for this method, I note that che B[:C( ] ] O)

harwonic restoring forcs, -gzppx, provides the Interaction among the )

primary zons atoms. The coupling bstwsen the primary and “ghost” atoms ls p r I mCl rg Zone
Incorporated by the terms E,D"‘.'ol and !o!_’ﬂ"!- The frictional force,- l US

rdg/de, and ths gaussian random force are related via a simpler fluctuation . p QGS

dissipation than in Eq.(2.10): mO | eCU | e
<E(e)£(0)T>= 26Trh (L) (2.22)
vhere é(t) is a Dirac delca function. This balance ensures that ln the
long time limit, the positions and velocities for the primary and "ghost”™ -

atoms become thermally distributed at a temperature T.

¥
Finally, I want to note & few poincs abour the GLE formalism. First,
it is sasy to remove the assumption of harmonic interactions among the
primary atoas simply by replacing -f_lzppx(l:) in £qs.(2.7) or (2.20) by the

sxact forces. This doss not cause any difficulties with any of the other

squations. But, it is nct possible to laplement a GLE in any practical way

If cthe primary-secondary or dsecondary-secondary Interactions are
anharmonic. Second, & complicacion arises within the GLE formalism due to
the localized nature of the primary zone aroms. In a moleculs-surface

collision, the inltlial localized interaction specifies a sert of primary
zone atoms, but when the molecule wmoves over the surface, a new set of
primary zone atoms must be deflned. This process i called switching of
the primery zone and ls illustrated In Figure 2.2. However, thers ls no a-
priori assthod to consistently deflne a new primary zons stons since theras

18 no information on the flow of energy from the original primary zons lnto

— —————— - o wm e mee e



the spaciflc secondary zone atoms (l.e. the exact H(¢t) 1is no longer
availabls). The currently used assumptlon 1s that the motion of the
molecule across the surface is slow compared to thermalization of the
surface atoms. Then the new primary zons atoms are reinitislized from a
thermal distribution. Such a method wlll break down 1f the motion of the
wolecule is very fast and/or the distortion of the larttice ls sufficlencly
greac to iphibit thermalization on a fast encugh time scala.

Before leaving this sublect, I wented ro note that the GLE Is not a
particularly simple method to lmplement. One must choose the psrameters,
which will differ for each surface face and marerial, a procedure which is
intensive of human time. Changing the numbsr of primary zone atoms
requires redetermination of these paramsters, and major modifications of a
computsr code to implement the switching process. If & treatment of a
particular matarial and surface face Is to ba focused on For an sxtended
period of time, then the {nvestment in husan time is definitely worthwhile
(especially if computational resources are limited.) If & number of Faces
and meterials are Lo be treated, c.hcn still simpler methods combining ’LE
and MD are Jesirable, although more expensive computationally.

Now I will tumm to a brief mention of the treatment of the ather low
ensrgy excication wmodes, namely electron-hole palr (denoted by e-h)
creatfon and annihilation. It Is my opinion that these will not be very
important for translational to e-h palr processes since the coupling to
phonons Is so much stronger [5] as indicated in Figure 2.3, The sxception
may be scomic B and D [6j. The major role for e-h pair processes Is likely
In vibracional excitetion and deexcitatlon for weakly Interacting moleculs-

surface systems. First, lst me emphasize that e-h pair processes ares

distinct from the simple coupling of molecular and electronlc degreas of
freedom adlabatically. For example, if the molecular bond length varies as
the molecule approaches a surface, the dynamics can effect translational to
vibrational energy transfer and vice versa. This process should be
relatively Indspsndent of the surface temperature. By contrast,
experimental data [7] for the NO/Ag(lll) sysctem hasz shown that NO Is
vibrationally exclced with & probabllity of the form

P = F(Ejcosll;) exp(-En/kT) €2.23)
vhich Indicates that st T=0K thers ls no vibratlonal excitatlon. On the
other hand, the probabilities are quite small even at T=760K, increasing
from .01 to .06 as Elccs-zll increases from .01 &V to 1.2 eV as shown in
Figure 2.4.

The treatment of such processes iz provided by Newns [8] along the
lines developad by others [9,10]. The starting point is the hamiitonian,

H = €g(t)ng + Begny + V(C)Ilcgfcg + h.c.) + wobth v rng(bt + by (2.24)
€4(t) iz the energy level of the »* lavel in NO and ls dependent upon the
posicion of the CM of NO froa the surface (r), which provides the time-
dependence via wmotlon of the NO CM, L.e. z=-z(C). n.-c.‘tc. iz the
occupation number operator for this level. €p and ny ars=ske refer to the
electronfc eigenscates of the metal’s electrons. v{t) 1is actually
V(z(r))-l’o exp(-xz(t)), whare r£(t) is assumed to be known from motien on a
PES. wg 1s the frequency of vibraction In the NO and NO~, assumed to be the
same. Tha oparator "b" annihilates a vibrational gquanta in either NO or
NO*. The eslectron-vibration coupling within the molecule s provided by
the last term in Eq.(2 24). Thus, this equation contains two types of

slectron-vibration coupling, that between the e-h palrs of the solld and
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the x* level of HO and that bestween vibrations of NO and NO" {(1.8. ng = 1).

Solutlon of Eq.(2.24) for the operstor "b", and then decsrainatlon of
ng{t) by first order perturbstion thsory ylelds & formuls slallar to
Eq.{2.23). A number of assumptions oust be made to obtain quantitative
agresment with experiment, Including two critical cnes. Firat, the spatial
dependence of the location of the a* energy level is wricten as

€a(z) = €4(») - l/4(2-25) (2.25)
Second, the lifstime broadening of the s level varies as

8(3) = 49 exp(-2az) (2.26)
The paramster x, controls the effect of the coupling with distance out into
the vacuum, since it changes the energy gap betwesan the sxcited and ground
electronic level. 4And, A% controls the rate of desxcitacion from the =*
level. The particular values are z,~-1.93 A and 8/8% = 6x10°15 sac. The
sensitivicty to these values ls in accord with a different approach based
upon electronic friction terms, where the spatial extent of the slectronic
friction controlled the probabllity of energy dissipation to e-h pairs
J11]. Finally, I might suggest a recent article by Dilling {5} for further
reading since it provides a more collision orientated approach to the

creatment of e-h pair sxcitatlons for translational snergy loss,

10
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MOLECULE -SURFACE SCATTERING: III

With the GLE treatment of the lattice motlion available, I now will tum
to Inclusion of surface atom motion Into treatments of diffraction and
inelastic scattering. The descrlption of dissoclative cheaiscrption
dynamics will also utilize the GLE. In either case, the collision adds an
additional force on rthe primary zone atomeé, and adds a time scale over
which the response of the solld g required, namely the collision tima te
(i.e. the duration of a "estrong" Interaction}.

These GLE-"ghost” atom equations describe & sar of coupled harmonic
osclillators with dawping and fluctuating forces. The rate of damping is
determined by |£‘1| while the energy exchange between primary and "ghost"
#tom gubsystems ls controlled by !ogg“. Typically, thess two time scales
are very similar since thay borh reflect the motlons of the solid’s atoms
which are controlled by the forces between solid atoms. The other relevant
time scale is t.. When :c«]:'ll. the sclid rasponse is Iimited to the
motion of the primary zone atome, with negligible effects duw to the
remainder of the solid, 1.e. the "ghost™ atoms. When tc-—|='1|, the
response of the solid is truly a dypamical meny body phenomens since the
energy exchange between the gas molecule and primary zone atoms ls strongly
influenced by the “ghost* atoms on che time scale of the collision
duration. When tc>>|:‘1|, the solld responds as a many body gguilibrium
system, describable via a classicel Langevin treatment without ;emory.
This has also been described by a T-dependent potential of mean forca {11.
We shall not consider such cases. For the reader’s Information, |r-
1|-1.5x10'u K-sec/dp where #p is the Debye tempsrature. A typical range

1z 100 X < #p < 400 X, ylelding 1.5x10°1% sec < |¢*1| < 3.5x10°14 gee. &



typlcal collision duration is 1015 - 1071 sec.

The most direct and accurate way to include senergy transfer tc the
solid Involves augmentation of the tlme dspendent scattering theory in
Eq.(1.11) to include s time dependent Hamlltonian [2,3]:

&(c+ac; g ,25°) - I <p’'.Lj'lexp(-iH(e)Ae/M) L. pp>8 L.y} dp dry (3.1}
where

H(E)=T(L.L4) + V(L.L.X(5) . (kg%)) (3.2
lgp") are the fixed posicions of all the solld‘'s atoms and must be included
#ince the PES will generally depend upon many mora atoms than just those in
the primary zone. I:'l Eg.(3.2) | have neglecced varlations of H(t) over the
cioe At since the lattice atoms are wuch heavier and move much more slowly
than the Impinging gas moleculs. The time dependence of y(t) is calculated
via the GLE-“ghosc" atoa formailsm as presented in Lecture II, bur with an
additional force dus to the intsraction potentcial V(:.n,z(c).fqg")). This
can be done In a menner thact would conserve energy in the absence of

frictional and random forces, by using Ehrenfest’s theorem:

dysde? = -TV(x,(5g%)) - Pppr + Ho'vos (3.3)

d2g/de? = woMoy - wola -rdasde + £(C) (3.4)
whers

V(x.(zg®l) = <@(e; Loy IVIE.Ly X(8) (5% 1) 18 (00,810 (3.5)

This {llustrates the power of the time dependent solution of the
Schrodinger equation since the calculation of y(t) and g(t) involves a
relacively small amount of extra time over that dus to simple evolution of
&(c;r.ry) vith a rigid surface. Even the evaluation in Eq.(3.3) 1s not
particularly tedicus since the wavefunction is already know on the grid of

(L.ry) values. However, for & non-zero T, the initial conditions of the

primary and “ghost" atoms wmust be sampled. This implies that a
considerables number of &(t;p,rj) wmust be propagated and chen averaged
incoherantly to determine the full wavefunction.

The above method Is a specific lllustration of the time dependent self-
consiscent field (TDSCF) approach [4-6). In the TDSCF theory, a full

wvavefuncelon for two coordinates, X.Y 1s approximated via,

$(L:X.Y) = 8(£;D)0(L;Y) (3.6)
and the full TDSE

[TCXHT(Y)HV (L, Y) J4(E;X.Y) = inod(ciX,Y) /0L 3.7)
is raplaced by the set of equations:

(TCX) + <O X) VY Y>]0(CX) = LRoS(L;X)/pE (3.8)

[T(Y) + <O(C;X)|V(X,Y)|8(c;X)>]0(c;¥) = IRp#(£;Y) /e {3.9)

Eqs.{3.8-3.9) are the best variational solution of Eq.(3.7) with the slapie
produce wavefunction in Eq.(3.6). If the original Eq.{3.7) conserves
snergy then cthe TDSCF Eqs.(3.8-3.9) also conserve ensrgy. The molecule-
surface scattering descripcion in Eqs.(3.1-3.5) results from che
idencification of X->(r.py) end Y->{rgl. Then, the addicion assumption
that the wavefunccion for Y 1s pesaked sround the classical value, Y(r), ls
used to replace che TDSE in Eq.(3.9) by Hamilton’s equations. This then
leads to the GLE-"ghost” atom formslism as presented in Lacture II.

It is of course posslble to simplify the molacule-surface scactering
problam further by simplification of solution of the TDSE part in Eq.(3.1).
This is equivalent to lmplementation of the sulcitude of spproximations
that have been developed In gas phase scattering dynamics. For axample, Lf

the center-of-mags of the molecule ls also assumed to follow a classical

trajectory (1.e.@(c:L, Ly )~M(LiLi}F(t;p) with F(tig) peaked around the




classical trajectory p(t))}, then the semiclassical stochastic trajactory
(55T) approximation [7-2] results:
#(t;ry) = L cp{eldy(Lyrexp(-iexet/R) (3.10)

deg(e)/de = T <bp(xid tV(R(e) . kp.2(6) (25°) 1185z )>

exp(l{eg-€jlt/h) (L) (3.11)
np/de? = 9V (c,y. b0 (3.12)
VL. X(E) lig®)) = <¥(e:ng) IV(E.Lp.2.(26%0) |9(tizy)> (3.13)

Note that a basls set expansion Is not necessary but s implemented to
retain close correspondence with the original derivacion. I could Just as
well use the analog of Eq.(3.1) instead of Eqs.(3.10-3.11) to detarmine the
time evolution of #(t;r;). The advantages in either case is the reduction
of the number of quantum degress of freedom which must bs treared
explicitly. For example, in a alatomic molacule-surface collision treated
as in Eqs.(1-3), there are 6 quantal degrees of fresdom, which is too aany
for current computationa’ facilities. Howaver, using a SST technique there
are only 3 quantal degrees of freedow, which is perfeccly tractable using
an FFT propagation method, for axample. Equivalencly, in a& the basis ser
expanglon Eq.(3.11), only a manageable set of basls functions are needad to
span the rotation-vibration space.

The difficulry with the 55T approach s the replacsment of the
correlation hetween translational and [nternal energies of each Internal
state with an corrslation berween the gverage translational energy and all
the states. The physical implication is that the prediction of che
internal energy or state distribution for & particular angls of the product
scattering is not possible. Instead only the internal! state distribuclon

averaged over all final angles is provided. Although, thls ls a much more

severe limitation than that of separating molecular and phonon degrees of
freedow In the TDSCF, the SST Is much easier and faster to Implﬁnn:.
Indesd, calculations of vibrational-rotational relaxatlon in COy/Pe
collisions have been accomplished Involving over 600 vibration-rotaticn
states In the expansion {9].

It is posesible to retaln the corralation between internal and
translational degrees of freedom by replacing the exact translational
wavefunction by & simpler funcrion that is nearly but noc tocally
classical. This is the ides of geussian wavepacket dynamics (GWD) [10-13],
in which the full molecular wavefunction ls expanded as:

$(cir.xy) = L caplt) [Cupbak(tir)] éi(rilexp(-1ext/y) (3.14)
where each translational gaussian wavepacket is of the form

Gay(t:L) = oxpl (L/R)[(L-Eak(t)) Axk(t) (L-Exg(t))

YRk () (L-Zag (€)1} (3.15)
The index « exists becsuse a linear combination of GWP must be formed to
mimic an Incident 2D plane wave, (.e. the R part of the initial
wavefunctlon In Eq.(1.9). The cosfficlents Cyy are dependent on the Index
k only through the energy of the initial translational wavevector. The
time-dependant coefficients cuE(t) aatlsfy complicated differantial
equations, and the reader is referred to the original work [13]. The
parameters Iin & gaussian wavefunction follow the (generlc) equations of

motion {10-13}:

dasde = -(2/a)A(t) A{t) -HK (3.16)
dr/de - (1/m)p(e) (3.17)
dp/de = -V<V> (3.18)

where X Is the matrix of expactations values of secund derivative of V.

3
L
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The difficulty wich cthis approach is cthe very largs number of coupled
differential equations which arise for sach wavepacketr-internal state: 9
for the matrix A, 3 for g, 3 for g, 1 complex for cyx. Since the cqy
couple all the wavepacket-internal stace combinations, the total number of
real differential equations ias i7NgNy where Ng and Ny are the rocal number
of wavapackeis and internal stactes, respectively. A typical number is
"8"10'20 wﬁlch lmplies that about 200N; coupled differential equations
result from this approach. This poses & rather incracctable problem since
tc 1s nearly always ctrie thac Ny>2, with they cypical casa bsing that
Hy>l10.

To alleviate these problews, one may utilize a single translational
functlion as in the TDSCF approsch but not make the classical path
approximation {12]. This replaces the multiple (WP expansion in E£q.(3.14)
by ths mean trajectory GWP wmethod:

®(tip.Ly) = FE:D) T cap(t)bp(Ly)exp(-iegt/R) (31.19)
whers the gingle translational wavefunction is given by

F(c:r) = T Cabaltip) (3.20)
Each GWP propagares independently, leading to equations nearly ldentical to
those of the SST method but supplemsnted by eguations for the time
evoiution of the matrix A. The RHS of the coefflclent differsntisl
Eq.€3.11) has an addad term of tha form -(1/2@)pa(t) pul(t) - (1y/m)TrA(t)
and utilizes an average over rhe appropriate geussian wvavepackst. The
advantage to this approach is the cohersnce of the superposition, which
allows for the treatment of diffraction by the summation of GWP. However,
it does not alilow for any added correlation between the translational and

internal degrees of freedom. In particular, it cannot be used to pradict

D e o I T
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the simulcanecus angular and internal energy distributions, although it can
be used to predict the former In the absence of any intemmal energy
changes .

The basic problem with all of the methods which uctilize socas TDSCF
spproximation la this destruction of the correlacion betwveen internal and
translational degrees of fresdom, which would result from an accurate
solution of Egs.(3.1-3.2}. The treatment of energy transfer with the
lactice is in very good shape using the GLE-"ghost" atowm formalism In
Eqs.(3.3-3.5). Why then has there been so much work focused on such TDSCF
and related approximsations? It is the szme reason that plagues all of
dynamics: thers are no gensral methods that can be used to creac more than
] or at most 4 degrees of fresdom via quantum mechanics. Hence, evsryons
is forced to develop simpler methods that allow some problems tc be treated
with some accuracy. But cthe real goal of trsating these systems by
consistent quantum mechanical solution remains an slusive one.

In contrast co the considerable difficultles with either a full quantum
mechanical or semi-ciassical creatment, the Ilaplesencation of a full
classical trearment of moleculs-surface dynamics is not really difficult
(but could #cill require substantisl computatlional tiase depending upon the
complexity of the PES and l.l:i derivatives)}. The Newtonian equations
provide an axact correlecion betwesn internal and translational degrees of
fresdoa. The problem with classical treatments are not implessntation buc
validity. Classical simulations elipinate or at best treat poorly che
distinerly quantum mechanical processes such as diffraction, and quantized
internal energles. Since I would like to describe the angular,

cranslational and internal state discributions of the scattered molecules,



classical dynamics is not adequate unless these offects are negliglible.
However, for heavier molecules, especially when state-to-state vibrational
trangsitions are npot desired, a classical trajectory-GLE-"ghost” atom
approach is probably perfectly adequate. This has che advantage of
focusing attantion on the pggults of the calculation and not on the
calculation itself, precizely the way to understand real chemical and
physical systems in my opinion.

Before considering some resuits, let ms mention a possible golution to
the implementarion of quantum mechanics. Basically, I want to treat meny
quantus dynamical degrees of fresdom, and shall denote these by the genaric
&. We can rewrite Eq.(3.1) in the more expllicit form:

<c;x' 1> = [ <x)axp(-th(c-e)/m) (mo<e,x|9> dx (3.21)
which indicates that the necessary quantity iz the propagator

Ult’ . x"it,x) = <x’|exp(-LH(t"-t)/R) |X> (3.22)
For multi-dimensional problems, the only practical method to evaluste such
4 quanclcy is a pach integral representation:

exp(-1K(c'-t)/h) = [oxp(-iHir/N) |V

Se=(t'-L}/N

V(e & e, m) = [ <a’|exp(-1HSe/h) |xi><xy ] exp (- LHSL/N) |az>. . .

<EN-1lexp(-1REL/R)|X> dXp..-dxn.} (3.23)
By making each N large enough and each time interval r'-c small snough,
each effective short tlme propagator <xjlexp(-iNét/R)|Xj4)> L8 approximated

via use of some commutiv.cy assumption {T,V]=D. Then, the multidimensional

integrais over (x5, i=l1,...,N-1) are performed via Monte-Carlo methods.

Even very quantum degreus of freedom for nuclear motion are unlikely to

requirs mors than 10-20 Intermediate paths or expansion states. Thus a

quantum system wich Ng degreas of freedom maps onto a classical like Honce
Carlo system with ~10NQ degress of freedom. This would sllow for sagy
evaluation of evan No=100. The bottlensck 1s the evaluation of an
oscillatory function vie Monte Carlo mathods since eXp{IF) does not provide
& positive definire sampling function. A possible solurion may be to add a
small imsginary tige component t -> r-INj, and to svaluate Eq.(3.23) via
either newly developed stationary phase QNC methods 14,15 or via analycle
continuation methods f16}.

Now, I want to give a few indicerions of the type of results which can
be generated with the Presanc methods. In Flgure 3.1, results for the
vibrational relaxation of €03 in collisiong with Pe(lll) are shown. Thess
vere generaced using the SST tachnlque (9} Including all energetically
#ccessible ro-vibracional states in the basis, over 600 in allt  The
surface was smooth to sliminate the B and diffrection lavels, but was
aovable In the z-direction to allow for energy exchange. The deaxcitarion
probabilitles are qulte small, bur vary state specific. More efficlant
vibrationa! relazation occurred for the significant fraction of trapped cop
tolecuias as comparsd to the scattered solecules shown In che Flgure 3.1.

Next, In Figures 3.2 to 3.4, I show some resulrs from experiments taken
from a recent revies by Retcner [17}. The original refarences, if
avallable, are indicated on the Eigures. First, in Figure 3.1, the lack of
rotational squilibration of NO at the surface tempersture ls shown, Figure
3.3 (llustrates the detailed information on the rotational state of the
scatterad NO molecules sx a funceion of kinstic energy, while Figure 3.4
shows the rather peaked and moderately wide angular distributions for two

different final rotational levels. All che detailed features of these
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distributions are duplicated by classical trefectory-GLE-"ghost” atom
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MOLECULE SURFACE SCATTERING: IV

In this lecture, I consider the description of the simplest types of
chealcal reaction invelving a gas molecule and a solld surface, namely the
digsoclative chemisorption of a diatomic moleculsa: AB(g) + M -> A(a) + B(a)
+ M. I will limic the treatment to the case when the surface ig clean.
The diszsociaction probabiliry of & amolecule upon collision with & clean
surface ls referred to as the rero-coverage sticking coafficient, S,.

First I should mention that Ir is now possible to measurs S, by
molecular beam scattering techniques [1-11] as a function of the molacule's
incident kinatic energy, E;, and direction as determined by the angle from
the surfsce normal, #;. In additjon the initial azimuthal angle can be
fixed by orienting the crystal with respect to the incoming molecular beam.
It is even feasible to excite a distribution of rotatlional and vibrational
statas of the incoming molecule. For most of the systems studied so far,
So Is found to be a functlon of the “normal” kinetic energy,
So(Ey.01.41)=Sg(Ejconldy 0,41) bur for a few systems It is found that S, is
a function of only cthe toctal kinetic energy, So(Ej.0;.é1)=S,(E[,0,4;).
What Is surprising about these findings ls their simplicity, since in
general one would not expsct the combined effect of two varlables to be
represented so succincely. Indeed, thers are data which show neicher typs
of scaling behavier. (Hanceforth, I will suppress the explicit dependence
upon ¢; for notational simplicity.) The explanation of such behavior ia
ons goal of theoretical treatments of the dynamics. Another Is to
understand how factors such as the structure of the solid surface and the
valocity and internal rotational-vibrational-electronic energy of the gas

moleculs Influsnce the dissoclation of the molecule on the surface. From »

practical view, I should mention that with chis knowledges it may be
possible to Indicate how such reactlons can bhe made more sfficient and
sslective vie modification of either the gurface or ths gas moleculs.

It i feasible to perform reallstic simlations of Ieactlon dynamics in
molecule-solld surface systems under zero coversga conditions [12-17].
These utilize the stochastic trajectory, GLE - "ghost” atom, technlques
developad in lecturs II to treat surface atom motion. The motlon of the
atoms In the gas wolecule are also treated classically, by numerical
integration of the Newtonian equations of motlon. The particular system

which results for a dlatomic molecule-surface colilsion is:

u; gy rdel - 9 V& 2. (%)) (4.1a)
mpd?xy/de? = -V V(x.2.(£8°1) (4.1b)
d2y/de? = -9V (R,2.(25°)) - Doppr + Hovos (4.2)
d?a/de? = woMo'r - wo%a -gdasde + £(t) (4.3)

where x=(x1,%7) is the set of three dimensional pogsitions for the two atoms
of the diatomic. The most cruclal feature controlling the accuracy of such
simulations 1a the adequacy of the PES, which must be able to describs the
bresking of the molecular bond and the making of two new atom-surface
bonds. I will have much to say about such a PES later, but for now wili
simply assume that such a PES i3 avallable and focus on the mechanics of
such & calculation.

For a particular inicial kinecic energy (E;) and angles (#;,4;) of the
center-of -mass (CM) of the iampinging molecule, one equation constrains g,

mydx;/dt + mydxp/de = (my+mp)d)/dt » MdY/dt (4.4)
wvhere the CHM velocity components are specified. The Initial z-coamponsnt of

d is restricted to be large in order to specify a fres molecule plus



surface system Initially. The in-plana components of the position X are
constrainad by the perfect 2D periodiclty of the surface to lie within a
given unic cell. And if the unic cell displays roctational symmectry then
these are constrained to sample only the irreducible part of the unit cell.
in any case, the two lIn-plane components of X are only spacified to within
some part of the unit cell. If the inicial molecular vibrational {€n) and
rotational (€)) energies are alzo spacified, then we have
hpldesde)? + vir) - €, (4.5)
upr-?|r x drsdey? - g (4.6)

vhere I=Kj;-X7 is the relative position vector, v(r) le the interaction
potential betwsen the gas atoms In cthe absence of the surface (i.s.
V(K.X.(kg®)) as |X|->=), and p is the reduced mass mymy/M. Eq.(4.5)
restricts the simultansous variation of r and dr/dc, leaving ons free. If
I switch to action-angle variables, cthan the vibratlonal actlon igs
coapletely specified, while the angle is random. In other words, the
vibrational phase can be chosen arbitrarily and scill have the energy
constraint in £q.(4.5) be satisfisd. Eq.(4.8) specifles only the magnitude
of the rotational angulir momentum vector. cha orlentation is free to be
chosen. Thus, there ars two angular variables left free. In comblnation
with the freedom in the vibrational phase, there are three unspecified
variables even by a completely energy selected initial condition. If the
rotational polarization, with respacc to some space-fixed Z-axls, of the
iniclal rotstional angular momentum was also chosen, then one less angular
varlable would be frea. Such precise experiments may soon ba feasible, but
for now, one has thres unspecified dynamical variables.

The net result of the above analysis is chat 5 jnitial molecular

variables are not specified exactly, but are only restricted to be sampled
from some distriburion at the bsginning of sach trajectory. In addition,
for & non-zero surface teaperaturs, the lnitial valocities and positions of
the primary and ghost atoms must be sagpled. This can be done sfficiently
by finding the normal wmodes of tha (x.s) system and then sampling the
velocities and positions from gesussian randoa distributlons. For & typical
primary zons of 13 atoms, there are 78 veloclicles and 78 positions to be
sampled. The total number of variables ro be sample is thus 161.
Physically wmeaningful results for S, are an aversge ovsr all cthese
varlables of the form:

So = | So@PQ 4 (6.7
vhere Q symbolizes ali 161 random varisbles and P(Q) is the relevant
distribucion function. Such an average is accomplished by the Monte-Carlo
method with the number of Monre-Carlo points (i.e. trajectories) reflecting
the desired accuracy of the quantity to be computed. Nowsver, a few
hundred ctrajectories ars typically nesded sven for large values of §m.5.
If & less global quancicy, such as the final angular-incernsl-kinstic
energy distribution of the acactersd moleculas, is desired, then many more
trajsctories must be coaputed to provide statistically meaningful resulcs.

I will discuss the rssults of various dynamical calculations later but
now want to move on to a4 consideracion of the PES In considerable detalil.
Let’s focus on the basic physics of the interaction as described In a
simple but very conclss and useful model dus to Norskov and co-workers
[18]. At far distances from the surfaca, the molecule-surface interaction
i1s a van der Waal's attraction, proportional to z-3. This 1s of little

Interest for a reactive PES since the electronic structure of the molecule
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18 unchanged. Howaver, at closer distances, the affinity level (lowest
unoccupied molecular orbital, LUMO) of the molecule begine to feel an
image-charge cype attraction, causing a shifting of 1ts energy as

Eg(Z) = Eg(=} - 17462 (4.8)
As the distance Z gets smaller, the affinicy leval aventually gets pulled
below the Fermi level of the solid, and the affinicy level fills. If this
level 1s antl-bonding, then tha molecuiar bond may be weakened sufficlently
to rupturs, thereby effecting dissoclative chemlgorption. There i3 another
procass which competes with the lowering of the affinicy level, namely the
extra kinetic energy repulsion dus to the Pauli exclusion principle
operating becwesn the solid's and molecule’s electrons. If the latter
Increases more quickly than E, decreasss, a kineric barrler to dissoclation
rasults. Indeed, Lf the braakdown in the image charge approximatlion occurs
bafore the barrier is reached, the barrier may incresse continually thersby
leading to stable molecular physi- or cheai-sorption.

The above concepts Indicate that electron transfer is a major causs of
bond rupture at surfaces. With this in wind, Gadzuk and Holloway [19] have
described the PES as the lowest elgenvalue of two dlabatic curves,
corresponding to the arrangements AB + S and AB™ + 5*. This quantifies the
above ldeas somevhat. However, the possible basic feature of & PES in any
description of dissoclatlive chemlsorptlon are sipple: 1/ a weak molacularly
physisorbed specles at far discances (4-8 bohr) from tha surface; 2/ a
parrier to ths continued decresse in 2, separating a omolecularly
chemisorbed spescies; 3/ a barrier to stretching of the molecular bond,
separating the final atomic chewmisorbed produccts. A schematic dliagram of

such a PES 1s shown In Figure 4.1.
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The main difficulty with such a simple argument 13 rthe neglect of the
dynamics of the other degrees of fraedom. Thae molecule can rotate and
transiacte parallel to the surface, and the surface atoms can move, thereby
distorting the PES. When the molecule rotates, the variocus barriers and
sven the gross topology of the PES changes. Similarly, the PES at
differsnt locations iIn cthe surface unit cell will be diffarent. The
dynamfics in thess other degrees of freedom may play a central role, and
thus one must Include them. This means that wve musc consctruct a full
multi-dimensional PES to describe the reactive procsss.

It is worthwhils to emphasize that first principle or ab-lnitlo
calculations of full PES for dissocletive chealsorption ars not feasibls
with present day compurers, given the accuracy (1-2 Kcal/mole, 0.05-0.1 oV)
required by dynamical calculacions. One onust resort to a global
representacion with adjustable parameters at this time. While this leads
to probisms of uniquenass of the PES which I will address later, it doas
not lessen the importance of Investigations of the dynamics since a quite
general purpose Is to provide Insight Into correlations between the
topology of the PES and sxperimental data. However, there are now becoalng
available high quallety calculations of at least a few points on the full
PES and these can be used to fix some of the paramaters in a repressntation
of the full PES ([20]. And these polnts can be extremely useful In
determining the general rctopology of the PES. In parcticular, ] should
mention the results of Siegbahn et. al. on Hy/Ni(100) modsled by an Hy/Nijg
cluster; these are ab-initio calculatlons using effeccive core potentlals
for the Ni alectrons, but with a sophisticated ECP that can describa the

rasponse of the 3d electrons to changes in the 4s. These calculatlons have

[P

basn instrumental in determining & more optimal H3/N1(100) PES [22]
coapared to ths purely semi-empirical determination presented sevaral yeoars
ago [12-14].

Let me now turn to one successful method of attack on this problem,
initially developed by McCreery and Wolken [20} in the mid-1970's and later
modified and quantified by Les, Kara and DePristo [12.16]. The
representation of the PES which has been used In a number of PES is a
#cdifled four-body LEPS form. Consider a diatcaic, AD, Interacting with a
surface,$. The basic ldea (s to ucilize the atom-surface Interactions, Vas
and Vgg, and atom-atom Intersctlon, V,g, to construct the full molecule-
surface Interaction, Vup g (vhich is the PES that I have been talking about
throughout the lecturss dut just with mors explicic notation hers}. Tha
LEPS form is based upon use of a slngle valence electron for esch body in
the system. In & J body system, this allows only one bond. However, since
the sclid can bind both stoms simultansously, two valence electrons are
assoclaced wvith the solid. The use of two slectrons for ths solid body s
convenient mathemscically, but this musc not lead to & bond between thess
two slectrons since this is nonsensical physically. Thus, the original
four-body LEPS form must be wmodifted to eliminate any non-physical
eleccron-elactron Interactions. The rule is that esch electron can only
fnceract with an slectron on & differant body. This leads to the modified
four-body LEPS form. Altarnatively, one may consider this as a
parametrized form with few parameters which have vell controlled effscts on
the global PES.

The expllcic form lis,

Vu_s = Qas + Qps + Qag - [JM(J&-JAs-Jss)ffJAshfys)zj‘l (4.9)



wvhere Q and J are coulomb and exchange integrals, respectively, for each
constituent. The cantral feature of this form ls the non-additivicty of the
interactlon potentials, which are Q+) for each body-body Interaction. It
ls che precise division into Q and J chat will control the actlvation
barriers in the reaction. An inkling of this can be seen by noting that If
the terms with A-S and B-S vanish, chen Vag,5~QaptJag=Vap. And,If the
terms with A-B vanish, then Vap g=(Qac+Sas)+t(QpstJps). Thiz will become
clearer later, but first bear with me through the details of each typa of
term In Eq.(4.9).

First, consider the A-B Interaction, since this is the simplast one
given by:

QaB + Jag ~ Vas

=~ Dpp (oxp[-2u,p(r-Rap)} - 20xp[-oag(r-Rag))) (4.10a)
QaB - JaB = %[ (1-248}/ (14848} ]
Dap foxp[-2a,n(r-Rag)] + 2exp[-osg(r-Rag)l} (4.10b)

The A-8 interaction potential ls represented by tha Morse potential In
Eq.(4.10a). The parametsrs Dy, =, and Ryg are the bond eneargy, range
parameter and bond length, raspectively, fior the A-B molacule. These ars
specified by the A-B binding curve [23]. The A-B "anti-bonding” potentlal
in Eq.{4.10b) is termed an anti-Norss form. The Sato paraneter, bag, is
unszpecified as yet. Howaver, it clearly controls the division of the
Horse-antl-Horse forme into Qup and Jug.

Now consider the A-S interaction. This is more complicated, glven by:

Qas + Jas = Vas

= Dpy {oxpl -2opqpy(rag-Ray)] - 2expf-way{rag-Ray)l)

+ E Dpg (exp[-2a5g(Rpg-Ryg)] - 2exp[-aA5(RAp-RAgH} (4.1%a)

Qus - Jas = M(1-8,9)/(1+840) ]
Dap (exp[-2apy(tpg-Ray)l + 2oxpf-apy(rpe-Ray)j)
+ B[ (1-845)/ (1485} ]
E Dyps (oxp{-2a45(Rpg-Rps)] + 2expl-agg(Rug-Rag)]) (4.11b)
The summation extends over all of the atoms In the crystal including the
moving primary atoms and the fixed other atoms. The A-5 bonding and “ancl-
bonding” potentiasl are of similar form to those in £q.(4.10). The dlstance
between the atom A and the solid atom B is given by

Rap = 1Ba - £l (4.12)
The many mors teras in Eq.(4.11) requlre further explanation.

First consider the terms in Dpy, which repressnt the interaction
betwaen A and the valence electrons of the metal. This is amodeled by the
interaction of A with jellium of density provided by the metal’s valence
elactrons st the position of A. The parsmeters are thus:

1/ Day = strength of the interaction between atom A and Jelllum;

2/ auq = rangs of the above Interaction;

3/ Ray = (3/4::10)1/3 where n, is the density ac the minimum of the

atom- jeilium binding curve.
These are taken from the SCF-LD first princlple calculacions of Puska et.
al. [24}] on the embedding energy of an atom in jellium as & function of the
density of the Jjelllum. Thelr numbars are represented by a Horse-1llke
form. (It 1s not strictly a Morsa potential since density ls the varlable
instead of distance.) The v&tinblo, rpg. depends upon the density at the
positlion of A:

fag = (3/4an)1/3 t4.132)

n «X n(Rw) (4.13b)
vhere n(Rpg) 1s the acowmic dansity of the solid atom § at the center of the

gas atom A and agsln the summation extends over all of the solld’'s atoms.



Note that I have assumed that cthe density above the metal surface is well
repressnted by the sum over the individual atomic densitles. Since
diffarsnciation of the PES is neaded, slmple forms are used for the atomic
densities for each shell, vhere only the outer or valence slactrons need be

consldered. For example, in W, the 652 and 5d% are used:

n(Rpg) = 2ng(Rpp) + 4ng(Rpg) (4.14a)
whers

ng(r) = s1ir-s2]9%axp(-93r) (4.14b)

ag(r) = dyexp(-sr*) (4.14c)

where the various paramsters {8g), (dy) are detsrmined by firting to known
atomic densities.

Next consider the terms in Dug, vhich represent the interaction betwasn
A and the localized electrons and nuclear charge of the metal. This ls
modeled by a two body interaction between A and each solld atom, B, which
is represented by a Morse potential. The parsmeters are defined below:

1/ Dgg = strength of the localized two body Inreraction between atom A

and the solid’'s aroms

2/ wag = range of the above interactlon

3/ Ryg = position of the minimum of the two body Interaction
These paramsters must bs determined from information on the atom-gurface
inzeraction potential which may come from either sufficlent experimental
or theoretical informstion, such as che binding energy, height and
fraquency for different sites of adsorption or the full binding curves
above sach site.

The Sato parameter for the A-S interaction is b45. The B-S terms are

exactly of the same forms but with diffsrent paramaters, of courge.

Note that since [g 1s related by mass-welghting to the primary one

10

displacement coordinactes, the potential is dependent upon y and hence gives

vises to forces, and energy exchangs,

surface primary zone atoms.

betwsen tha gas molecule and the

11
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MOLECULE SURFACE SCATTERING: V

In this last lecture, I continue, and hopefully finish, the description
of the dissociative chsmisorption of a diatomic molecule. All of the
theorecical parts are in place to allow treatment of real systems. [ will
focus In parcticular on the Ny/N(110) system [1-4] and the Hp/Ni(100) system
[5-12}.

I cmgldor the N3/MW(110) system flirst, spending considerable time on
the construction of the PES aloug the lines detalled in ref.{l}. Since the
molecule is homonuclear, the paramsters for the A=B=N atoms are identical.
I use the explicic subscripts for the relevant bodiesg, but note that the
references use & simpler notation which is also followed in the figures: 1/
Bpredsi 2/ bNpmOGG: 3/ DmmDyi dfxgpmoy; 5/ Rpr=Rz.

Typical results of the embedding energy for an atom in jellium are
shown In Flgure 5.1 based upon SCF-LD calculations [13]. For the N-atoa, I
£ind the MNorse-like paraseters modeling the ambedding energy to be,
(DaR Spq.Ray)=(1.6 oV, 0.78938 bohr~l, 3.7575 bohr) with the last number
corresponding to ng=.0045 bohr-3. From the atomic Hartree-Fock
calculations for the W-atom [14], I find the 68 and 5d eleccron densitles
per slactron are accurately representsd over the imporcant distance range 2
bohr<r<l0 bohr by the forms of Eq.{4.14b-c) with the numbers givan below:

ng(r) = 0.1398[r-1.6992}1 1043 02pc.1 39571) (5.1)

ng(r) = 0.078513exp(-0.76027s1-5262) (5.2)
All nunbers are In a.u. The howogeneous part of the N-W potential (s now
completely specified.

To deterwine the two-body parc of the N-W potential, I use cthe

theoretical potantial [15] shown in Flgure 5.2, which is clearly strongly

embedding energy (eV)

SCH-LD Embedding Energy

Puska et. al.

P. Rev. B24 (1981) 3037
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depandenc upon the blnding site of the N-atom. The lowest minimum is in
very good agreement with the exparimental value of 6.73 eV {16}. Fietting
Eq.(4.11) to the data In Figure 5.2 ylelds the remaining N-W potential
paramaters, (Dys. . Rygg)=(6.78 oV, 1.089 bohr-!, 2.354 bohr). Note how
large the two-body contribution to the N-W bond is compared to the
homogensous energy contribucion, since the former has & ainimum of -1.4 oV,
Note also the small vaiue of Ry and the moderate value of any, which
combine to make the two body terms generally attractive (except close to
the surface on an atop site) and relatively short-ranged. I should
sxphasize that the parsweter values can change by a few percent and still}
provide an sxcellant fit to the theorstical potential In Figure 5.7. This
will be important In providing flexibility in adjustment of the NN-W
potancial.

To complets all individual interaction potentisls, I must speclfy
(DNp.“NN.Ryy). These are decermined from the N spectroscoplc information
[17] to be (9.9 ¥, 1.42 bohr*1, 2.06 bohr).

Next, I want to tllustrace che varlety of topologies for the full NN-W
intersction potentisl that can be generated by varylng mainly the Sato
parameters, Ayy and Ayy, and slightly the 2-body parametars, (Dyy.cmy.Ryyl.
I will show results for an Np molecule approaching a rigid W(110) surface
with the N3 molecular axis parallel to the surface, the center of mass
above the bridge site and the two atoms pointing to opposite center sites,
as illustraced In Figure 5.3. For the best PES, degcribed later, this ls
the most favorable site and configuration for dissociation, and I will use
it for the illustration. For sach set of paramerters a PES iz calculaced

and & contour plot is made in the usual coordinaces: bond length and



heaight. Since I cannor (and would not) show tens to hundreds of such plots
to lilustrate the paramecer variation, I extract four critical features
from each: the aolecular well depth In the snctrance channel; barrier
snergy; barrier locacion In both sntrance channel (helght) and sxlt channel
(bond length). For the N3/W(110) systea, thls parametsr varliation did not
ever yleld two barrisrs since (Dyy.%gs.Rygy) were only allowed to vary
slightly around the values specified abova. (A differsnc situatfon will
exist for the Hy/N1(100) system discussad later). An entrance channsl
barrier is mersly a convenient name for an activaticn barrier In which the
acleculsar bond lsngth is “nearly unchanged” from its gas phase value. By
the same token, an sxit channel barrier is one in which the molscular bond
length is "significantly stretched” from its gas phase valuae.

First, consider the two Sato paramsters which can vary from -l<A<l in
principle. I show resulcs in Figure 5.3 for the range -0.8 to +0.8. All
curves are shown for fized Mgy as a funcrlon of syy. In the top panel,
pote that as either of the Sato parsmeters approaches -1, the barrler
energy lncreases and the molecular well depth decreases. This i1s easy to
understand mince as either &->-1 the "antl-bonding” Interaction Lncreases
to @ and it is the separation between che "bonding” and “ant{-bonding®
Interaction which controls the size of the dissoclation barrier. From the
top panel of Figure 5.3, note two lmportant points: 1/ for any reasonable
sized barrler, there are an Infinite set of Sato paramsters; 2/ the
molecular wall depth can take on values from small (s0.1 &V) to large (21.0
oV). Thus, the parametrized PES is quite flexible with regards to the
relevant energles.

Next, consider the location of the barrier as shown in the middle and
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bottom panels of Figure 5.3. Some of the curves extend over a limiced
range because the barrlers exisc only over a smail range. It is pogsibla
to place the barrier in either the entrance channel or the exit channel by
varlation of the Sato parameters.

To finish up this investigation of the variation of VN, w with
parameters, I show the effect of slight changes in the two-body paramecers
on the barrier height and molecular wvell depth in Figure 5.4. These
changes luv.o # very small effect on the location of the berrier, and thus
this ls noc shown. By adjuscing Dy . *wy . Rypy) Lt i3 possible to effect
substantial change on the size of the activatlon barrier withour varying
the topology of the PES or thae molecular wall depth. This allows for a
"fine tuning® of the PES.

I might emphasize that tha orlginal PES appears to lack sufficient
flextbility but It is clear from a decalled analysis that this is not true.
Indesd, chere is such Sreat flexibllity that one might aven wonder how
thess parameters can be fixed in any meaningful way. This can be
accomplished because each Paramster has a clear effect on the PES, which
laplies that certain types of axpsrimental or theoretical information can
greatly restrict the possible ranges. Let wme address this problem in the
context of the Ny/W(110) system. For example, it Is known [4] chat the
dissociation probablility increases dramatically around Ey~0.5 aV, and I
assume that this indicates some sort of barrier In the system; since there
may be other effects, I simply use & reasonable range from (-1 oV for such
& barrier. From Fig. 5.1 one can see thaet this restricts Any>-0.4 but
places no restrictions on Ayy. Thim informacion about the barrier energy

alone does not reduce ths range very much. It Is also known {18] chat the
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molscular well depth is =0.27 eV, and we use a reasonable range of 0-0.4
oV. This restricts 0.2<ap<0.6 and -0.8sAyy<-0.2. From both the barrier
and well depth, the possible ranges are:

0.258yus0. 6 (5.3)

-0.45Byys-0.2 (5.4)
For thess rangas, it is apparent from Figure 5.3 that the barriar lies in
the exir channel (i.e. stretched Nz bond length).

To dcl:-onlinc the exact values of the Sato and two-body paramaters,
coaparison is made betwsen molecular beam scattering data and GLE-“ghost"
atom stochastic trajectory results. This iterative process requlrss human
Intervention to adjust the paramerers, and |s best accomplished by use of
Suparcomputers to minimize che “"turnaround cime". Of course, It iz also
greacly facilitated by incelligence in the cholice of the parameters (e.g.
by systematically carrying out the same type of invesctigacion In Figures
5.3-4 for the system under study). The Np/W(110) provided an extremely
difficult challenge bascsuse of the unusual exparmental finding [4] that S,
scales with the total kinetic energy, So(E[#})=55(E5,0). It was almost
impossible to find a PES which gave such behavior. This can be understood
by inspecting Figure 5.5a, which shows a cut through the final PES, and
contrasting this with the PES In Figure 5.5b, which is representacive of
esssncially all PES that did gor glve total kinatic energy scaling.

Focus on the PES In the bottom panel first which, after full mulel-
dimensional GLE-"ghost” atom simulations, ylelds S; shown in Figure 5.6.
The results labeled 45N are generated assuming "normal” kinetic snergy
scalling, So(Ej,45% )mSo(E1/2,0), and are In excellent agresment with those

from the dynamical simulation at 45°. The surprising feature about such a
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"normal* kinetlc enargy scalilng is thac the PES in Flgurs 5.5b exhibits an
exit channel barrier. Thig lllustrates the danger in simply focusing on
the locarion of the barrier and not consldering the topology of the PES ar
least in the general reglon of the barrier. Jn Figure 5.5b, the shape of
the PES slightly In the eirtrance channel arcund the barrler ix #such as to
transform *normal® kinetic energy Into vibrational snergy. This makes an
axit channei barrisr act like an antrance channel one. 1 should conc lude
that observation of "normal® kinstic energy scaling Is not particuiarly
informative about the location of the PES barrier(s).

The distinguishing feature betwesn the two PES in Flgures 5.5a-b ig the
narrowness of the activation barrier reglon to motlion perpendicuiar to the
reaction path. The barrier region is sxtrswely narrow in "e* but much
flatter In "b*. In other wvords, the PES In "a* enforces a mich more
stringent steric dependsnce on the molecule bafore resction cen ocecur.
Although chis PES also transforms "normal® kinetic energy into vibrational
energy, such a process is too indiscriminate to enable Just the correct
bond lengch and height combination to surmount the low barrier. Instead,
most trajectorles lead to slightly wrong combinations of the height and
bond length where the PES is mmich higher. Such a trajectory will not
dissoclate immedlately but will tranefer kinetic energy to the lactice
Phonons, molecular vibrations and rotaclons. If enough kinetic energy Is
transferred, the N2 will not escape but will move out in height, move on
the surface and then recollide with the surface, atrtempting asnothar barriesr
crossing. £ventually, some trajectories will sample just the correct
height, bond length (and site), and wili #tlll have enough esniergy to

surmount the barrier. If we wait long enough, all will sanple che lowest

LT T e, v 1 — ——— -



barrier but not many will have enough energy to dissociats. In between,
sany of the N molecules will transfer ensrgy back to rranslations from
totations and vibrations, thereby desorbing. The quescion of the time
scales for each of thess processes can be addressed by the dynamical
simulations, but has not been done so as yor. The results will depend upon
the values of E;, #| and the surfacs temperaturs, Ts.

It is clear, however, that the narrow barrier reglon makes the
mechanism of the dissociation becoms rather indirect, thersby “scrembling”
the translational velocity components, and lesading to a total snergy
scaling as shown In Flgure 5.7; the simulations show that the molecules
often move 3-6 unit cells at Ej=1.2 &V before dissociating, bur are et
equilibraced with the surface and thus are not what would be described as
classical precursors. It is incerssting to note another consequence of tha
PES. In recombinative desorption, the nascenc molecule will be formed at
the activacion barrier and then will move into the entrance channel region
which transforms vibrational energy to translatlonal anergy. This will
yield a desorption patiern that peaks around the normal to the surface,
Thus, cthers is no contradicticn between desor;rion intensirles peakad
around the normal and total ansrgyy scaling of S,, at least in the Na/W(110)
systom.

In the NyAW(110) system, S, remains less chan unity even ar kinetic
snergles well above those of cthe minimuw barrier shown in Figure 5.5a.
This occurs becsuse many inicial configuracions of the Ny with respsct to
W(110) are repulsive and/or exhibit large activation barriers to

dissoclation and rhus are scattered back into the gas phase. These

molecules are algo interuscing to analyze, and this is done in Flgures 5.8

dunf ded 192l
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and 5.9 for the angular and energy distributions, respectively. The
surprising feature of tha angular digscribution ls fep narrowness and peak
&t & slight supraspecular angle. The reason is thar the molecules which
bcatter back into the gas-phase almost invariably only underge & single
impact with the surface, bascause of either an laproper orientation or
location during the Injcial collision. These scattered molecules do noe
sample cthe dissociative part of che PES but inscead act Just like cha
scattered molecules for inelastic #cattering as describad In lacture IIf.
Further evidence for chis is seen in Figure 5.9 which shows the
distribution of totational, vibrational, kiner{c and total energy for ali
the scattered molecules, each sumned over all finaj angles. The
surprising result, which corroborates the above idea, is the negligibla
change in the vibrational energy even though E; is high snough to exclite
Na(n=4}. This demonstrates that the part of the PES which stretches che Na
bond is not sampled by the scactered molecules. The scattering is not
slastic however. The energy loss to W(110) is indicated by the averags of
the final TE baing less than TE; by about 0.3 av. By contrast, the change
In Ey is about 0.5 &V, which demonstrates that about 0.7 eV is transfarred
Into rotations

Another inceresting feature of the dissoclative chemisorpeion s the
dependence upon initial vibrational and rotational excitation of the Na.
The results in Figure 5.10 demonstrate that translational and vibrational
anergy are squally efficlenr at increasing S,. This may be expected for a
systsm in which t.oul energy scaling ils found, sspaclally in light of the
explenation for such scaling in terms of the PES in Figure 5.5a. By

contrast, a complicated dependence Gpon rotational scate is exhibited in
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Flgure 5.11. Ar each E; there is a fast Increase of So at J=2 followed by
a nearly constant value. The Increase is much larger than the verjation of
So with E; since €j=2~.0015 &V. The resson for the J-dependence can be
#een In Figure 5.12 in terms of the variation of the dissociation
probability wich initial orientarion of J: larger dissoclarion occurs for j
oriented parallel to the surface (f.e. rotating in che plane of the
surface). This ls due to both a 8sonetric affact (i.e. rotetions in the
plane Slllpl.' the dissoclation barrier more fully} and a dynamical effect
(1.e. small rocational energy porpsndicular to che plane allows for
significant translationsl to rotational energy transfer, increasing the
surfaca resldence time and thus Sg). It appears that the dependance of s,
on ] is & complicated and quite Informative place of data.

I now want to turn to trsacmenc of a different type of systen, Hp
celliding with Ni and Cu surfaces. The light mass of Hy pracludes
significant energy transfer to tha lattice, and indicates thar 5o #hould
procesd by a direct mechanism if possible. However, since Hy 1z s0 lighe
it is (mportant to ldentify possible quantua mechanlical effects. For the
dlssoclacion of Hy fixed parsllel to the surface on a rigid linear chain of
Ni atoms, spaced as along & row of Ni(100), the exact solution of the time-
depandent Schrodinger equacion ls feasibls as outline in Lscture I. This
has besn accomplished {10,11} using the FFT algorichm with the PES and
dynasical ruul-tt showni In Figure 5.13. The classical and quantum values
of S, are In general agresment except at the lowest kineric enargles. Evaen
for Nz, the classical results are not terrible, but are clearly nor
quanclcative.

This is due to both quantum mechanical tunneiing and

reflection of the wavefuncrion at the second atop position as the H-atoas

-
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separate on the surface. The latter effect will be negligible on a real 13-
D surface.

1 should mention a different approach to lnvestigation of reactive
scaccering of Ny on Ni and Cu, due to Halstead and Holloway [19). They
assume an activacion basrrier in the sntrance channel that varies for
diffarant positions of the Nz iIn the surface unft cell bur which i
independent of the orientation and bond length of the Hz.  Under these
approximations, the dynamical ¢quations become identical to thoge of an
atop scattering from a rigid, corrugated surface, and thus one can traat
diffraccion, tunneling and dissociative chemisorpeion by accurare quantum
techniques. In their paper, the equations ars solved by the FFT procedure.
The Justification for the Former approximation is the absence of rotatlional
affscts In the physisorbed spacies. The Justiflcation for the latter
approximation is the absence of a stretched molecular bond at the poslition
of the activation barrier(s). Further wvork will be nesd to ascertaln
whether such an asgunptlicns are valid.

Finally, let me briefly consider a new PES for the Hy/Ni(100) system
[8). This is baged upon recent ab-initio calculations of Slegbahn [12]
along with dynamicelly adjusted Sato pParameters. Contour plots in Figure
5.14 demonstrate that there are small activation barrlers of =0.035 oV and
=0.045 oV in the entrance channel of "a'* and ot - respsctively, but that
at least for the atop->center dissociation, there ls also a barrier in the
oxit channel. The orlencacion dependence of the entrance channel barrier
has not been derermined quanticatively yet, but the vibrational dependence
is quite weak. And the variacion with position in the unit cell is also

veak. Howaver, the exit channel barrier obvlously has a strong depsndence
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upon bond lengeh. Thus, the PES is more complex than assumed in reference
19, but Lt ls not apparent how the other features than the entrance channel
barrfer affect the dynamics.

To provide some understanding, wa have performed classical simulations
in which all degress of fresdom of Hp can be Ilncluded. The surface was
alloved to move initlally buc chis Save negligible effscts, and all the
results in Figure 5.15 are for a rigld surface. There must be some
dynamical fm-lcuru of crientation and bond length since Sp in Flgure 5.15
doss not become unity ar E;>0.1 eV, which excesds all the sntrance channel
barriers. On che other hand, 0.635,50.7 ar such energies and so most of
the molecules do dissoclace after surmounting the entrance channel barrier.
And, che angulsr distribution of scattersd wolecules is quice narrow,
indicating small translacional te rotational energy cransfer. Perhaps the
most Interssting lllustratjon of the laportance of rotations is the
depandence of S, on Initial rocatlonal scate of the Hp. As for the
N2/W(110) system, the dependence is quite complex but it is clear from the
decrease of S, ar high j that the dynamics after passags over the sntrance
channel barrier(s) msc play a considerable rols since by j=8, S5, decreasss
by 508 from the J=0 resulit.

Much more work is nesdsd to understand the above behavior. Indeed,
while much 1s known about the dynazics of a few simple mcleculs-surface
reactions, very few general rulas and licrile global understanding ls
available., Ac this stage, SVery systea presents a new challenge and new
characteristics. They alsc present new opportunities, and that ls perhaps

the best scatsment to remembar.

11

18
9
4
1|'8
5 ir
2
3 8
— ——
w ==
ol I i
8 I EESSU I
g @
|
2| 5%3 Is
= ¥ O
£ 738 9
& wadoe 1"
~ Y = © ~ Y a°
- o P a o a =]
(8} i *qu) fiyysuep Jequnu
;‘ a [4+] T -
! 8
g i o - — ~
] [11] e
-g : {& g e ‘R '?—' L]
Q -
iy E v B o
= q o Bl& o =
— oo/‘q o 8 '.6 1®
= ' =0 _ &
qd t‘ o O a - s |
2 i . . 0 z |-
a -+ W s, T &2 B
S Yo W~ -
—_ \ \\ / 8 8 cna
o] Q WV\O P —_
=2 X o\ q"f\ = L L]
ppead w g 3 < *
g a o\o\‘h-n S &
. . 8 : a
T 8§ 3§ 3 § ¥ T & § 3 9§ 3
o w

Ff%b‘- re s.15



12
REFERENCES
1. A. Kara and A. E. DePristo, Surf. Scl. 193 (1988) 437,
2. A. Kara and A. E. DePristo, J. Chem. Phys. 88 (1588) 2013.

3. A. Xara and A. E. DePristo, J. Chem. Phys. 88 (1988) 5240.

4. H. E. Pfnur, C. T. Rettner, J. Lee, R. J. Madix and b. J. Auerbach, J.
Chem. Phys. 85 (1986) 7452.

5. H. P. Steinruck, K. D. Rendulic and A. Winkler, Surf. Sci. 154 {1985)
99.

6. H. P. Stalnruck, M. Luger, A. Winkler and K. D. Rendulic, Phys. Rev. B
32 (1985) 5032.

7. A. V. Hamea and R. J. Madix, J. Phys. Chem. 89 (1985) 5381.
8. A. Kara and A. E. DaPristo, to be publishad.

9. C. Y. Lee and A. E. DePristo, J. Chem. Phys. 85 (1986) 4181; 87 (1987)
1401; J. Vac. Scl. Tech. AS (1987) 485.

10. €. M. Chlang and B. Jackson, J. Chem. Phys. 87 (1987) 5497.
11. 8. Jackson and H. Metiu, J. Chem. Phys. 85 (1987) 1026.

12. P. Siegbahn, privata communication of Ha/R1(100) ab-initfo calculations
PES.

13. M. J, Puska, R. . Nieninsn and 1. Manninen, Phys. Rav. B24 (1981}
3037.

14. A. D. McLean and R. S. MclLean, Ac. Daca Nucl. Data Tables 26 (1941)
197.

15. These were computed by the method detailed in J. D. Kress and A. E.
DePristo, J. Chem. Phys. 87 (1987) 4700,

16. W. No, R. F. Willis and E. W. Pluamwer, Surf. Scl.95 (1980) 171; P. W.
Tams and L. D. Schmide, Surf. Sci. 26 (1971 286,

17. k. P. Huber and G. Herzberg, Constants of Diatowic Molacules (Van
Nostrand, 1979).

18. J. T. Yates, R. Klein and T. E. Madey, Surf. Scl. 58 (1976) 469.

19. D. Halstead and S. Holloway, “Quantum Mechanlcal Scattering of Hy from
Mecal Surfaces: diffraction and dilssoclative adsorptlon,” J. Chem. Phys.
{ln press).

Pl T T B T TR L LT

ACKNOWLEDGEMENT

This work has been supported over the past six years @ainly by the National

Science Foundation, division of Chemical Physics. Parcial support by che

Petroleum Research Foundatfon adnlnlitcnd by the American Chemical Soclety

has also bassn recelved. Generous amounts of supercomputer time, providad

by NSF mainly at the Pitrsburgh Supercomputer Center, made this research

possible. Finally, smch of the ressarch on reactive scattering is the

result of the cleverness, persistance and physicai ingight of Drs,

Abdelkader Xara and Chyuan-Yih Leas. By the sawe tokan, the work on

semiclassical inelastic scattering ls malnly due to Drs. Ann M. Richard and

Lynn C. Gelger.

13



o S



