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TEl OLE OF PBOONS IN THE EXCITATION AND RILAXATION OF ADSPZCXIS

A. C. Berl, 1i-Tung Lee and Thoms F. George
Department of Chemistry

University of Rochester, Rochester, Now York 14627

Abstract

The IR laser excitation of an adbond is studied by both a quantum mechanical generalized
master equation approach and a classical generalized Langevin approach. The role of pbononm
in the energy flow between the adbond and the surface is considered. The latter approach
looks further at local heating via direct excitation of surface atoms. It is seen that the
Markovian approximation Is in general inadequate, and that local heating is an important
mechanism for desorption.

Introduction

The coherence, monochromaticity and high energy density of lasers have recently been ex-
ploited to influence dynamical processes occurring at a solid surface. The may diverse
applications include oatalysis, localized melting, chemical vapor deposition and charged
particle generation. While ame of the maroseopi aspects of the phenomena occurring
during the laser-stimulated surface processes have beon studied theoretically, a fundamental
microscopic understanding is lacking. in this paper we shall address the role of phonos in
the excitation and relaxation of adepecies. In section 11 we present a quantum mechanical
approach utilizing the generalized master equation to obtain the probability destribution of
a laser-excited adbond. In Section IUI we present a classical generalized Langevin approach,
with application to flash desorption. Here, laser excitation of surface atome in addition
to the adbond is also considered. Conclusions are presented in Section IV.

Quatam Generalized Master tuation

in a recent paperl we formulated a general theory of vibrational excitation of an adatom-
surface bond (adbond) by an IR lamer, accompanied by relaxation via vibrational energy ex-
change between the adbond and lattice vibrations. That formalism is ba d on a first-
principles Hamltoalan approach utilizing first-ordor perturbation theory, and the effeclv
potential appearing in the zero-order HamltonIan for the adbond is assumed to be a sum of
pair potentials between the aatom and the lattice atOm at their equilibrium positions.
For the sake of simplicity, we modeled a procoss in which a short pulse of radiation excites
the vibrational states of the adbond which subsequently decays via energy transfer to the

-1 pbenons. Here we extend that earlier work to include more general types of laser excitation
and Introduce an alternative type of effective potential.

Time volut ion of the Laser-Adbond-Solid Stettm

We are primarily Interested in the time evolution of the vibrational states of the adboad,
which is excited by 12 laser radiation and Is coupled to the phono modes of the solid. We
choose a laer whose frequency is close to a normal mode frequency of the adbond but not to
any of those of the solid. The total Kamiltonlan of the system can be written as

I aTa +" ?91 +T, A, , * ",* m ar

Bee Ta is the kinetic egr operator for the 1610tile V Is the Interaction between
the as 1010 land the 1-th lattie atem, T, is the kinetic ber8y of the latter, vis Is
the inteaction emomry between the I-th sad I -th lattise atoms, IF t the Hamiltonan for
the free radiation field and & Is the interaction between the adloid and the laser radi-
aties. Mhe study of the time Shiutio of the vibrational states of the adbond then In-
volvo• Wgraztift the relevan Informatioi from the equations of otion of operators 0 for
the wole system

is 6dldtu1, we also naed to Isif a "t o saltide t ocmpatible with the historyofthe gyem prio to the tim0 tMo emperinet Isl Iiti1;ated.



We ewrte urIamiltoni,.n in the form

10 - ewaite + I'r +map + ar (3)

where
ma3 uT a +lis (4)

V~is the thermodynamic average of Vap over the Initial equilibrium configuration of the
p aOnon field:

>> I TpPOp(O)V*LP (7)

p (0) being the Initial equilibrium density operator for the phonon field. The adbond is
;;described by the Namltonian I.. The radiation field is assumed to be that due to a

single-mode laser of frequency bWL and polarisat ion vector c. Accordingly,
IFr 4uataa , (6)

and, In the dipole approximation, e*IiWF m 1, with effective adatom charge e09

mar a-10 -i 5 e/r- I*i(L-at) ()

There at's are creation-annihilation oprtr fo Mpoons, T Is a quantization volume and
iK Is the wave vector of the radiation field.

2Using the projection operator technique, we arrive at a set of coupled integrodlffernUial
equat ions for the mtrix elements of a projected density operator p for the system:

M1(t -26-52 LOUfta [C ,.t.A.e } (t

-~-lw a[ t)A einat (10)

P=(t) -celpmt)g' 11

P(t) - r Yr (t) (12)

with Tr and Tr representing traces over the phonon and radiation spaces. Iu> is an eigen-
state 3 a wItK energy % , o~o is given as

%a1 (-% I ) /a P (13)

and W(t) Is the density operator of the Whole system.

AnulIcat ics at a ULer-Cai Model

In most cases of chemical Interest, sam@ charge transfer takes place between as atom and
a surf ace during adsorption. We shall aseMeM the atom to hav "n effective charge I and
the charge transferred to the solid to be distributed throughout the latter so that it Is
still essentially neutral. 'ma-hrg fet will be Imortast for the oase of metals,
but gwesal think In term Of ou tala here to keep the treatment O"le.

I"e vibrat ional levels of the aam-erf ace, beed are dictated by the effective potential
Sm by the adatom. This potential Is quite cmplex, being a rsulIt of electrostatic and
achage fores due to the nuclei ad electrose of the solid, and to not knows for ay real

system. A simple represestat io of the effective Potential, hoNwvr, an be obtained by
&aselaig independent paitwime interact ioe between the adatom and each lattice atoo and

migoer all lattice atem. nho advastage of *sc a procedere to that the Influence of
lattlce atm mo"e thea a for lattice esat *may from the adaten Is negligible Ote lat.
tie sang should be sufficenet for ams solids). If the mo Of Pair potstils9 a" furterw

rel 4-



-1be fitted to a single analytic potential, the vibrational levels of the adatom-surface bond
reduce to those of a diatouic molecule.

To define a one-dimensional coordinate system with origin at the mean position of the
outermost lattice atom. Let z be the position of the adatom and a, the position of the i-th
lattice atom measured In units of [(0 -1 to be defined later,

s £ + -(-s)0 
+

)  
, £1,2... (14)

where uI In the displacement-9f Ihe L-th lattice atom from its equilibrium position si 0)
-(L-1), all In units of [(u)]-, assuming a monatomic lattice with uniform spacing a . The
Interaction potential at the position of the adatom is then a sum of pairwise Morse poten-
tials between it and all the atoms of the chain,

V(s,(,)) - 1 V(--.) • [ Vat , (15)

r 0 0 ).( 1
- -~ 2 (z-z0+(£I)a-u0l -(- (t(-1)a-u&)(6

where s6O)Ie the positS81 of the minimum of u(s), S(O)is now identified as the Morse ex-
ponent parameter and D is the well depth of the Morse potential. The zero-order adbond
Eamiltonian becomes

(0)*r 2.2 -so=0 _-(Z-20>

a - " .[ -2 (17)

whowg , e ands are effective parameters which involve the panr-potential parameters DjO)
n u~and the lattice parameters a and <<u0>, where the last quantity is the mean square

disp acement of a lattice atom.

Within this model, the generalized master equation, Sq. (10), become

2 - t 08o8 . (t-t')
0Id - 2 " 1. 1 .1 ~~ e s ] )

- L.[A~ du..s &,(8 IU8> :te£a. eiha~tt]088(t-t) + pr,8 8 (t . (18)

where the A's are time-independent coeffiieonts:

AU'(~s)- 1 0 I,[

x ep +(L-1)a-1'(t'-1)n + <<u2l> (Vq <)

sad the Y's are phonon displ meat correlation functionst

The torm 9 (t) is the ontribution to 48(t) fte to the radiation field. eplaciag pW

by Pe, we kl/writo Sq. (1S) an

- ol- ,I ( , t -t , , t s c -t, ( n )

where 9 osssts of @ontributio s due to the phoneme and the radiation field,

Per a syste uh an Ofomaon germani'm the alitde of K~2is seen in Pig. I to be
msy erders of saitu larger than that o1 Kuore to a 1 /M lser. Uowevert the

_T ------- X_
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Fig. 1. Kernel funct ions and) )for O/G.. One-, t~-and three-phonon. processes
are Included. Nb le-Snd mismatch In 3 on'r

"frequency" of KU? Is dictated by the Debye frequency of the solid, whereas that Of g
depends on the dderse of resonance between the laser and the levels of the adbond and am be
mad. arbitrarily small within the rotating-wave approximation. For probability functions PS
that n$a* slowly during the vibrational period of typical php.th contribution duo
to I& will be subject to cancellations, whereas that due tobona wl not. Whether this

dws al ;eatcam bridge the gap due to the differene in magnitude of the apltuds of
Q20M~ad48(depndson the sharpeess of the laser-adhond resonance, the detal. of Khf

And the total 1r- -

&a important consequence of the nature of g):qthat the dynamic. in seen to be
non-Narhovian Giace thereI isno Indication that-Kut is localized in time. in general, one
sepects very complicated nonlocal. effects due to tie combined laser phonon field., and great
caution, mast be Goed when &pplying a MarhowmtaprOUSISatOn to such Processes. V~mercal
lavenstiti of the detailed time evolution of a sumbr of lamer-adbosd-solid systems In I
progress &ad should provide sme re definitive soon".

Classical ftneralime LeAMvi hain

In this sect ie. we "hall formulate, the problem ef flash 6eeorpt Son via a Langevin ap-
proesh. We model the problem as an incoherent process. T hus the metlics of the poos
serve an a heat bath for the adopecies.

we stawt With the equation of motion for the i-th aoms is a th.....: ossoal solid

p*est bav malt Mosand ease assm the mieal" mealisen. effet to be mmlm-

psrtent s ftmoo ft. (2 tu) ma to a11 11i tSjr :j(4
J IIJ -r
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- " + iOr .v +z' (25)

with n' ad j' diaeonal matrices, rj1 - rl and v - vi  - f.

We now define projection operators P and.Q such that

- P r(t), s(t) - (I-P)r(t) - Q !(t), Pq - o, PP - p (26)

(Y(t)) are coordiantes of thoee solid atome interacting with the dspecies, and (t)) are
coordinates of the remaining solid atoms. Applying these projection operators to ]q. (25),
we obtain

f(t) - + 11(t) tp + Z'(t)PP I,(t) + ...1(t) +
a nd(t) q + I,(t) pQ ,(t) + ...I!(t) (27)

ad

fi(t) - C-kQQ + 't(t) ,oQ + i'()M 11(t) + ...I!(t) +

- * + •,(t) Jgp + 1 ,(t)t q ,(t) I ...11(t) (28)

vl(t) and Y'(t) are diagonal matrices with uLt(t) - si(t) and yJi(t) - yi(t), and b PIP,
- PVQ,eotc.

In general, Sq. (28) cannot be solved analytically, so that we seek an approximate solu-
tion. Fit, we obtain the homogeneous solution by applying the equivalent linearization
procedure.8 Thus, we have

1(t) Cos[T()1 % and 1(W) - Q(m)t + to (29)
where g In the amplitude vector of'the bath oscillators, sad 9 the frequency matrix and
the phas mtrix. gene, we can write down a first-order formal solution for s(tl as

Jg(t) - L91 (t) + 92 (t) , (30)
where

81(t) c OS(?I(s)] I +dt 9- sin[(t-t')I P z(t') (31)

and

sg(t) - Jdt' -1 GilnC(t-t,)][u,(t') +p % =6(t) Q y'(t) +-*.*.y(t'), (32)

ad again =0.:i 0 0,1. 8ubsitutilng (30) into (27), we obtain the generalized L aevin

equatioa4 f(t) = -p (t) - f It(t) + [V p b '+
I 'M(t) Vq G(t) + 1' WQ 1 (t) 4(t) + .. (33)

The first two terms on the t33, which represent the harmonic approximation, are equivalent
P to the fomlism and Adelman and Doll.- -The third tem describes the anharmonic coupling

emog the y-oecillators. The rest are higher-order response term which in general can be
aegleated if the net of y oscillators is sufficiently big. Thus, Sq. (33) becomes

1't) a H" + is " + to Tope +) - b'Q 21(t). (3)

wi,. we lImd the motion of the adspecies to form a complete set of equations of
moti. Lot x("t)) be the coordinates of the adepeole. We then have

1f(t) -rTZ (W0t,YMP)) (35)

(t) = * r ['~ ' i O ' +000 11(t) + ]y(z(t).y(t),S) + 1(t) - Ldt' &(t-t')Z(tS)(36)

with 12 (Z(t)'7(t).) a-rVzl(t),y(t),i) and

sto the eqmllbelue pomtIo of the bath oseillators. ore, j(t) _- r sin(vto) p Is
the respsmse h asle Wad 5(t) o G Os( +t)g is the flyetuatiJt forme * Tse qiatities
M related by th seemed flustuat --d lsd onU teoremn

'- : t
• • • • • i= • | ii



'

<B(t) Rt(O)) -#pQ cos(et)<c(o) "()>p - kT (t) (3)
where we have used

1(O) - coe()s (36)

and

<(O) It(O) - 0-2k9T (39)

for the canonical ensemble average. The above formallm is ideal for the study of the
dynamics of flash desorption by UV radiation, provided the excited electronic potential
V((t),y(t),s) is known. The initial vibrational temperature of the y-oecillators, which is
in general higher than the bath temperature, can be chosen by mans of the Franek-Condon
approximation. Hene, one can study how these y-oscillatore relax and transfer energy to
the bath and an well as to the adspecies, which loads to (thermal) desorption. However, ex-
cited states associated with the adepecloe-solid Interaction are rarely known, which is the
worst obstacle to solving the overall problem.

The above formalism can also be used to study IS laser-Induced desorption by simply In-
eluding the oscillating force (representing the driving force via the IR laser) In both
Sas. (35) and (36). We would like to point out that previous studies6-8 only the adbond or
She Internal motion of adspecies are ZN active. In another words, the oscillating force in
included only in 2q. (35). Here, we assmeq some of the surface modes (y-osoillators) are
also tR active, having frequency compatible with the IS frequency. Actually, this Is a
reasonable asmption, since these surface stm which Surround the adepecies behave quite
differently than the bulk atom. Thus, the ddmrption mechanim considered here Is not Just
a resonance proco as considered prevlously, 1, but also a incoherent process which is in-
duced by the local beating of the y-oncillators Let T be the steady-state telmerature of
the y-oeillators and Do be the dissociation energy of the adbond. If k8Tv 3 DO, the de-
sorption mechanism in an incoherent process. If k Ty 4 O < IBTy + 4uf hels wLIn the
frequency of the laser, the desorption mechanism IS then a partlally coherent rocees, as
hbown In Fig. 2. The steady-state temperature of the y-oclllators, which is in general
higher than the bath temperature, Is due to two complicated completing processeet mlti-
photon excitation and smltiphono relaxation of the surface modes. The steady-state
temperature must satisfy one of the two above ooadltioas; otherwise, an unrealistic high-
poer laser Is required to dseorb the adepece. *,W Ono mst search for an optimum laser
frequency for the system of Interest In order to ahiLeve' the desired steady-state

158. 3. _D Is the dismoeslatom eergy of the abod, a is the laser frequescy, and
tothe timal eMr to to e lo L heating of the y-oellato.,

. . I .



temperature with a laser of reasonable power density. The steady-state temperature is

given by:

dTy(tO )-T7 ( - 0  (40)

with

Tto

T (to) dt <imtimt> .(41)

Bore, is the period of the ZR laser.

The usual shortcomings arise in this classical approach. For example, spontaneous
emission and tunneling effects are not treated. Fortunately, the deterministic mechanisms
of the above desorption process are the incoherent heating and single-photon absorption.
Therefore, the neglect of quantum effects will only lead to a small error in the calculation.

Conclusions

Both quantum mechanical and classical treatments of the dynamical role of phonons in the
excitation and relaxation of adpsecies have been presented. Using a linear-chain model,
the former treatment In Section 11 points out the inadequacy of the Xrkovian approximation.
Furthermore, the laser pimping can be comparable to multiphonon relaxation for conditions
such as a shallow potential well for the adbond andlor very close resonance between the
laser and adbond frequencies. The latter classical treatment In Section III is better suit-
ed to a three-dimensional analysis. For example, here the response function, which in th9
classical analog of the kernel function t 8  used in Section I, is more easily obtained.
It is sen that local heating of the surface atom by an 12 laser is an Important mechanism
for desorption.
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