A AT 066G THE ROLE OF PHONONS IN THE EXCITATION AND RLLAXATION Of (¥4 |
ADSPECIESIUY ROCHESTER UNIV Nt DEPT UF CHEMISTRY
A C BIRI FT AL. JAN R4 UROUHESTER/DC/BA/IR A7

1 HOO0 1A RO C 04877 VAR AR

‘Hl(l/\,.ll




A ——
e

i, 2
iz s e

o

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963 -A

L.
o s e o e e

" ooy



.
e Ao A it

Tie

FILE COPY

L

ettt ion/

fomtlubility "-’)dﬁ;::r “
» .,z,!v:‘.ll ;:nf:/cr 84 01 19 09 l

sred

MA137066

107G
caticn

OFFICE OF NAVAL RESEARCH
Contract N00014-80-C-0472
Task No. NR 056-749
TECHNICAL REPORT No. 47

The Role of Phonons in the Excitation
and Relaxation of Adspecies

by
A. C. Beri, Ki-Tung Lee and Thomas F. George

Prepared for Publication l
in ,
|

Proceedings of the International Conference on Lasers '83,
ed. by R. C. Powell S, McLean, Virginia,

Department of Chemistry

~V
.ok
University of Rochester ,(.“-i(-'g
Rochester, New York 14627 o e e B
. JAN 2 01984 | }

uction in whole or in part is permitted for any
se of the United States Government.

é
:
(

',
7 Thi$ document has been approved for public release
)sale; its distribution is unlimited.

. —
'

ol I

|
j

1
cla




Unclassified \

SECURITY CLASSIFICATION OF TN‘S PAGE (When Date Entered)
REPORT DOCUMENTATION PAGE BEFORE COMBLE TG FORM
I- i':O" NUI:!: 2. GOVY ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
UROCHESTER/DC/84/TR-47 40- AI37064
S. TYPE OF REPOART & PERIOD COVERED

[ (D ! o c T ° 0. ® EMENT PROJECT TASK
a'r N .-_?'"Cﬁ e:mds AME AND ADDRESS ﬁ'é%%'é‘g‘-o;kn‘gﬁEI‘J..’JL°.‘E§I' TASK

4. TITLE (and Subtitle)
The Role of Phonons in the Excitation and

Relaxation of Adspecies Interim Technical Report

6. PERFORMING ORG. REPORT NUMBER

5 AGTHOR(®) §. CONTRACT OR GRANT NUMBER(S)
A. C. Beri, Ki-Tung Lee and Thomas F. George N00014-80-C-0472

University of Rochester
Rochester, New York 14627

11. CONTROLLING OFFICE NAME AND ADDRESS
Office of Naval Research January 1984
Chemistry Program Code 472 13. NUMBER OF PAGES

12. REPORT DATE

Arlington, Virginia 22217 8
. MONITORING AGENCY NAME & ADDRESS(i! different from Controlling Oflice) 18. SECURITY CLASS. (of this report)
Unclassified

T8a. DECL ASSIFICATION/ DOWNGRAD
SCN&DUL! Oon/DowNa e

s e ————————————— P—
16. DISTRIBUTION STATEMENT (of this Report)

This document has been approved for public release and sale; its
distribution is unlimited.

17. DISTRIBUTION STATEMENT (of the sbetract entered in Block 30, if diiferent from Report)

18. SUPPLEMENTARY NOTES
Prepared for publication in Proceedings of the International Conference on Lasers
'83, ed. by R. C. Powell (STS, Mclean, Virginia, 1984).

ity by block number)

19. KEY WORDS (Continue en reveree side 1 y and id
CLASSICAL GENERALIZED LANGEVIN EQUATION

LASER-EXCITED ADBOND
RELAXATION BREAKDOWN OF MARKOVIAN APPROXIMATION

ROLE OF PHONONS DESORPTION
QUANTUM GENERALIZED MASTER EQUATION LOCAL HEA{irG OF SURFACE ATOMS

20. ABSTRACT (Continue en reverse side if necossary and identity by blesk namber)| NE@ [K TaSEr ex

adbond is studied by both a quantum mechanical generalized master equation

approach and a classical generalized Langevin approach. The role of phonons in

the energy flow between the adbond and the surface is considered. The latter

aoproach looks further at local heating via direct excitation of surface atoms.

It is seen that the Markovian approximation is in general inadequate, and that
p

local heating is an important mechanism for desor 1ﬁ:’§;

0D e W73 " Unclassified

SRCURITY CLASSIFICATION OF THIS PAG .




S T ——

;1994

To appear in Proceedings of the Intewmnational Conference on Lasers '8$3,
edited by R. C. Powell (STS, McLean, Virginias, 1984).

THE ROLE OF PHONONS IN THE EXCITATION AND RELAXATION OF ADSPECIES

A. C. Beri, Ki-Tung Lee and Thomas F. George
Department of Chemistry
University of Rochester, Rochester, New 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 phonons
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 many diverse
applications include catalysis, localised melting, chemical vapor deposition and charged
particle generation. VWhile some of the macroscopic aspects of the phenomens occurring
during the laser-stimulated surface processes have been studied theoretically, a fundamental
microscopic understanding is lacking. In this paper we shall address the role of phonons in
the excitation and relaxation of adspecies. In Section 1II we present s quantum mechanical
approach utilizing the generalized master equation to obtain the probability destribution of
a laser-excited adbond. In Section 111 we present a classical generalized Langevia approach,
with application to flash desorption. Here, laser excitation of surface atoms in addition
to the adbond is also considered. Conclusions are presented in Section IV. *

t eoralized ¢y Equation

In a recent paperl we formulated a general theory of vibrationsl excitation of an adatom-
surface bond (adbond) by an IR laser, accompanied by relaxation via vibrational energy ex-
change between the adbond and lattice vibrations. That formalism is based on a first-
principles Hamiltonian approach utilising first-order perturbation theory, and the effective
poteatial appearing in the sero-order Eamiltonian for the adbond is assumed to be a sum of
pair potentials between the adatom and the lattice atoms at their equilibrium positions.

For the sake of simplicity, we modeled a process in which a short pulse of radiation excites
the vibrational states of the adbond which subsequently decays via energy transfer to the
phonons. Nere we extend that earlier work to include more general types of laser excitation
and introduce an alternative type of etffective potential.

Time Bvolution of t P,

We are primarily interested in the time evolution of the vibrational states of the adbond,
which is excited by IR 1laser radiation and is coupled to the phonon modes of the solid. Ve
choose a laser whose frequency is close to a normal mode frequency of the adbond but mot to
any of those of the solid. The total Eamiltoniasa of the systeam can be written as

’ -1, ;v“ * rr,_ + A.vu. * lr'd- | S (1)

BEere T, is the kinetic eaergy operator for the adparticle, V_, is the interaction betweea
the adparticle aad the t-th lattice atom, T; is the kiaetic “oru of the latter, Vg,' is
the iatersctioa emergy betwees the i-th aad L'-th lattice atoms, X_ is the Hamiltoaian for
the free radiation field and Z__ is the istersction between the adBond and the laser radi-
stien. The study of the time Jolution of the vibratiocoal states of the adbond then in-

volves extractiag the relevant informatios from the equatioms of motioa of operators 0 for

the whole system
£- -gB,o] ° 110 , (2)

In addition, we also need to specify a set of isitia]l cosditious compatidle with the history
of the system prior te the time the experimest is iaitiated.




We rewrite our Hamiltonian in the form

"'."'p""r"’”.p"u ’ (3
where .
By =Ty * W, 4
L ;‘T" + z'gu)v"") , (3)
Bop = JTarFar) (6)

Vv g 1s the thermodynamic average of Vyy over the initial equilibrium configuration of the
pBonon tie1d:

vu. - «'u.»p b 'l'rppp(O)Vu ’ N
0) being the initial equilibrium density operator for the phonon field. The adbond is

Pyl
Bw described by the Hamiltonian Hy. The radiation field is assumed to be that due to a
single-mode laser of frequency wp, and polarisation vector t¢. Accordingly,

g, = flugats , (8)
and, in the dipole approximation, oifif'f s 1, with effective adatom charge eg,

Hap = -:I.oo‘/ !:'%-r teg(a-at) , 1€-))

ore l.*.a are creation-annihilation operators for photons, t is a quantization volume and
X is the wave vector of the radiation field.

Using the projection operator tochniqu.’ we arrive at a set of coupled integrodifferential
equations for the matrix elements of a projected density operator p for the systea:

t lugg.t'
dtr  Re [<<hgq,(t')igg,>>e gg(t-t")

o

-2
ﬂss(t) = 28 sz

-1 t 10
- '¢[<<A”.(t!)4ss.>>. Ygge ']9sos.(t-t') (10)
where
Pgg(t) = <Blp(t)|s> (11)
p(t) = Tr"rrr'(t) (12)
with Trp and Try representiang traces over the phonon and radiation spaces. |[s> is an eigen-
state og By with energy l,. tigg is given as
m. - (&-"'),‘ » (13)
and W(t) is the density operator of the whole system.
Application of » Linear-Chainm Mode]

Ia most cases of chemical interest, some charge traansfer takes pPlace between an atom and
a surface during adsorption. Ve shall assume the atom to have an effective charge and
the charge transferred to the 801id to be distributed throughout the latter @0 that it is
still essentially neutral. Image-charge effects will be important for the case of metals,
but we shall think in terms of soametals bere to keep the treatmest simple. .

The vibraticnal levels of the adatom-surface bond are dictated by the effective poteatial
seena by the adatom. This potential is quite complex, being a result of electrostatic sad
exchange forces due to the muclei asand electroms of the solid, and is mot knowa for say real
systen. A simple represestation of the effective poteatial, however, caa be obtained by

independent pairwise iateractions detween the sadatom and each lattice atom and
suming over all lattice atoms. The advaatage of such & procedure is that the iaflweace of
l1attice atoms more thas & fev lattice cosstants away from the adatom is megligible (tes lat-
tice stoms should be sufficieat for most solids). If the sum of pair potentisls oaa further
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" be fitted to a single analytic potential, the vibrational levels of the adatom-surface bond
reduce to those of s diatomic molecule.

Ve define a one-dimensional coordinate system with origin at the mean position of the
outermost lattice atom. Let z be the golit:l.on of the adatom and =, the position of the t-th
lattice atom measured in units of [8(0)]=1 to be defined later,

5, = 5% +u, =100 s u, , te1,3... 10)

where u, is the displacement of the t-th lattice atom from its equilibrium position s{0) =
=(2=1)a, all in units of [8(0)]~1, agsuming a monatomic lattice with uniform spacing &. The
interaction poteatial at the position of the adatom is then a sum of pairwise Morse poten-
tials between it and 2ll the atoms of the chain,

- V(s,{x}) = ; v(s-z,) & { Vag » (18)

v(2-2y) = Dﬁo)

[-3{8-38‘”4‘( t-1)a-uy} -(z-sgmo-( l-l)u-u;}]
° -2e ’ (16)

where s8°’1- the posit 33 of the minimum of v(z), 8(0)ig now identified as the Morse ex-
ponent parameter and D is the well depth of the Morse potential. The zero-order adbond

Hamiltonian becomes
2 .2 -2(z-8,) -(z~2q)
.‘--LL(-%‘-L'#+D..[. = 0_2. ao] R 17)

snd d the lattice parameters a and <<u®>, where the last quantity is the mean square

who:;o e 80d Tq are effective parameters “ifh involve the pair-potential parameters D{0)
an >
displacement of a lattice atom.

¥ithin this model, the gemerslized master equation, Eq. (10), becomes

z t -1“ .t .
2 -2 uu? uu' n 88 [ (t-t*)
P oel(t) = 24 dtt (Re|A.7,(8+8')|}(Y,0.(t")} /ulle s’
N T g O (O

. louge,t!
- u[n‘;',jksws)[zu‘l‘}":(t-n"/..] o 88 ],”ct-tu + o 88t (18)
n
vhere the A's are time-independent coefficients:

410§0’12 | -u(s-s§02)
AL (8egt) = (epypen BN | -uca-af

[‘-u'(:-:so))]”.

8's
3, .3
x m[.u(],-1).-u'(]'-1). +* P_“*'_. <<||,3>>] (19)

sad the Y's are phonon displacemeat correlation fumctioas,
THU(E) = putecu (Ddug >> (20)

The term o, a4(t) is the costribution to dgg(t) due to the radiation field. Replaciag pge
by Pg, we write Bq. (18) as

t
Byct) = Latf[..z_'. {:“-w IPg, (£t )=Kg, gt WPg(t=t" )}] , (31)

where K consists of contributions due to the phonoms and the radiation field,

Koq (t*) = K{B(te) « K{Zh(er) . (a3
m.ml a8 oxygea on germanium, the .amplitude of is seen in Fig. 1 to be
-n:”or:'n of sagaitude larger thas that of ln? due to a 1 W/ laser. However, the
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rig. 1. Kernel functions Iq) and ) for 0/Ge. Onme-, tro- and three-phonoa praocesses
are included. The laser- nd mismatch is 3 em™*.

"frequency” of g;.) is dictated by the Debye frequency of the solid, whereas that of !ﬁ?
depends on the of resocmance between the laser and the levels of the adbond and can be
made’ arbitrarily ssall within the rotating-wave approximstion. For probability functions Pg
that ge slowly during the vibratiomal period of typical p » the contribution due

to will be subject to cancellations, whereas that due to will not. WVhether this
cal "oct can bridge the gap due to the differesns in magnitude of the amplit of
and depends on the sharpaess of the laser-adbond resomance, the details of

and the total irradiatice -time. - - - .

An important comsequeace of the nmature of ! t, that the dynamics is seez to be:
non-Markovian since there is no iadicatioa tha is localised in time. In general, one
expects very complicated moalocal effects due to ocombined laser phonon fields, and great
caution must be used whem applyisg & Markoviaa approximation to such processes. Numerical
investigation of the detailed time evolution of a swmber of laser-adbond-s0lid systems is ia
progress aad should provide some more defizitive asswers. . v

Classicel Jeneralised Leasevis Boustice
Ia this sectiocn, we shall formulate the prodblem of flash degorption via a uuﬁu ap-
proach. Ve model the problem as am incoherent process. Thus, the motions of the phosoas
serve as & heat bath for the adspecies. :

Yo start with the equation of motios for the i-th atom 1a a three-dimeasional solid
F . = ’ ’ . teo0
RN ; Kyyry ¢ 7y ‘E’ 84Ty ¢ ; bty ¢ Ty 1;.’ 04Ty ¢ r: 1!3 647y ¢ } 04Ty ¢ (29)

where &, aad 7, are the mass and position of the i-th solid atem, and kgi, “i. byy, Ote.
are the olmt‘ sad higher-order nonlinear foroe coastaats. TYor siaplioity, let ocasider
the atoms t0 bave wait Basees and 2lso assune the Bonlosal, mealineer effects to be wais-
portaat. Heaece, By. (83) reduces to

p - -; Byyry v Ty ; 8gty ¢ Ty ; .“r: . t: ‘L Gty *oee (3¢)

Yo rowrite By. (54) i matriz sotatien as
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with ' and y' diagonal matrices, rfy = ry and v = vy = r§,
VWe now define projection operators P and .Q such that
g(t) = P r(t), s(t) = (1-P)r(t) = Q r(t), PQ=0, PP =P (26)

{y(t)} are coordiantes of those s0lid atoms interacting with the adspecies, and {z(t)} are
coordinates of the remaining solid atoms. Applying these projection operators to Eq. (28),

we obtain
Ct) = [fpp + 7'(L) app + L'(E0pp Y (L) + -0 ]ylt) +
[-Bpq + I'(t) 8pq + 1'(t) bpg 8'(E) + «--]m(t) (a7)
and

£(t) = [~kqq + §'(t) 8qq *+ §'(t)hoq F'(t) + -..]u(t) +
[-kgp + 8'(t) agp + $'(thgp (L) + +++]y(t) (28)
'(t) and y'(t) are diagonal matrices with ], (t) = t d t) = -
:PQ 2 e, ete) ¢ {4 £4(t) and y{;(t) = y,(t), and kpp = P}P,
In general, Eq. (28) cannot be solved analytically, so that we seek an approximate solu-

tion. urst. we obtain the homogeneous solution by spplying the equivalent linearisation
procedure. Thus, we have

so(t) = co-[g(a)] g snd !(a) = gladt + 9, (29)

where g is the amplitude vector of the bath oscillators, and {§ the frequency matrix and ¢
the phase matrix. Hence, we can write down a firgt-order formal solution for s(t) as -

B(t) = z(t) + ma(t) , . (30)
where
Lo g1
21(t) = cos(y(a)] ¢ +Ldt' 7" sin[g(t-t')1gqp y(t") (31)
and
s3(t) = Edt' g1 sin[@(t-t')][(g4(t*) apq + B§(t) bpq y' (L) +---]y(t*), (33)

and again =g 43 = %),1- Subsituting (30) into (27), we obtain the generalized Langevin

equation
!(t) - ‘m !(t) - h &(t) + [!' m +$ !' b’!. +* on.]!(t)
* 7'(t) goq S(E) + J' Roq F(E) B(E) + oo (33)

The first two terms on the RHS, which rpnmt the harmonic approximation, are equivalent
to the formalism and Adelman and Doll. The third term describes the anharmonic coupling
among the y-oecillators. The rest are higher-order response terms which in general can be
neglected if the set of y oscillators is sufficiently big. Thus, Eq. (33) decomes

(8) = (-}pp + ;' wr * Y Prpy’ ¢ oo 11(t) - g s (t). (34)

Yow, we lude the motion of the adspecies to form a complete set of equations of
motios. Let {x(t)} be the coordimates of the sdspecies. We them have

2(L) = By (x(t),5(2), D) (38)
) t
206 = [-fop * ' o * ' B I' *0o0E(R) ¢ By(xC),7(e),®) ¢ B(E) -Lw St IyCt  )(38)
with Iy (x(2),9(8),) = - V(x(2),7(t),E) and B, x(2),7C), )= =g VCx(t),3(t), D).

T 418 the equilidriwm positioa of the bath cecillators. BHere, ﬁ(t) - 'gg!'l .“(stq)m is
the respease functios and R(t) = -ﬁ oo-(g:;‘)g is the flyctuating force. These tities
are related by the seccad fluotuat tioa theo:

S e I 2
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<B(t) BY(0)> = gpq cos(Pt)<z(0) 5T (0)>hqp = kgT g(t) (37
where we have used -
g(0) = col(g)g (38)
and )
<g(0) gt(0)> = g=3kgT (39)

for the canonical ensemble average. The above formalism is ideal for the study of the
dynamics of flash desorption by UV radiation, provided the excited electronic potential
V(x(t),y(t),2) is knowmn. The initial vibrational temperature of the y-oscillators, which is
in general higher than the bath temperature, can be chosen by means of the Franck-Coadon
approximation. Hence, one can study how these y-oscillators relax and transfer energy to
the bath and as well as to the adspecies, which leads to (thermal) desorption. However, ex-
cited states associated with the adspecies—solid interaction are rarely kanown, which is the
worst obstacle to solving the overall problem. .

The above formalism can also e used to study IR laser—induced desorption by simply in-
cluding the oscillating force (representing the driving force via the IR laser) inm both
Eas. (38) and (38). We would like to point out that previous studies®-8 only the adbond or
the internal motion of adspecies are IR active. In another words, the oscillating force is
included only in Eq. (38). Here, we assume some of the surface modes (y-oscillators) are
also IR active, having frequency compatible with the IR frequeacy. Actually, this is a
reasonable assumption, since these surface atoms which surround the adspecies behave quite
differently than the bulk atoms. Thus, the ertion mechanism considered here is not just
& TeSONANCe Process as considered previously,’»® but aleo an incoherent process which is in-
duced by the local heating of the y-oscillators. Let Ty be the steady-state temperature of
the y-oscillators and Dy be the dissociation energy of the adbond. If kpTy > Dg, the de-
sorption mechanism is an incoherent process. If kpTy < Dp < kpTy + lu,_ ;o s the
frequency of the laser, the desorption mechanisa is ihon a partially coherent Process, as
shown in Pig. 2. The steady-state temperature of the y-oscillators, which is in geseral
higher than the bath temperature, is due to two complicated completing processes: sulti-
photon excitation and multiphonon relaxation of the surface modes. The steady-state
temperature must satisfy one of the two above oo’dttim; otherwise, an unrealistic high-
power laser is required to desord the adspecies.’>® One must search for an optimum laser
frequency for the system of interest in order to schieve the desired steady-state

VAR

Pig. 8. Dy is the dissociation energy of the adboed, is the laser frequency, aad
w t:r!'-l eaergy due to the m:f heatiag of the y-oscillators,
£ .

.
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t:-porzturo with a laser of reasonable power density. The steady-state temperature is
given by:

aTy(tg)
a0 _ (40)
with . '
1 o*?
Ty(to) = i Lo at <y(t)y(t)> . (41)

Here, T is the period of the IR 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 gquantum 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 1I points out the inadequacy of the Markovian approxmtion.
Furthermore, the laser pumping can be comparable to multiphonon relaxation for conditions
such as a shallow potential well for the adbond and/or 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. PYor example, here the response function, which is ths
classical analog of the kernel function Kgs' used in Section II, is more easily obtained.

It is seen that local heating of the surface atom by an IR laser is an important uchui-

for desorption.
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