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ABSTRACT . .«
A theory of photodesorption via resonant laser excitation of -

v

~iinternal adsorbate molecular vibrations<is presented Isﬁis applied
to physisorbed molecules -at low surface coverage on both dielectric
and perfect conductor s%hsttates. ' ,. '_ - J—l\\

v ‘ffects of the laser, ph%ons, and tunneling are included in a
y
calculation of mig roscopic transition rates: among the sta;es of the
physisorption surface'hond. Derivation of the macroscopic desorption
_rate is achieved by numerical sol:tion‘of a master rate equation incor-

porating the microscopic phenomena Desorption is found to be both

-
‘e °

temperature and laser intensity dependent, from low temperatures up to
fthe thermal desorption regime, and for intensities up to saturation.

‘ The influence of the system parameters - including the molecular vibra-

tional.frequency and the depth and range of the physisorption potential-

on desorption is also elucidated. Finally, results presented for the

CH F/NaCl and CO/Cu systems are compared with experiments in the

literature. -
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% '~ s1. INTRODUCTION o
- ' N . - o

The kinetics of gas—solid surface interactions ‘has been a subject
of escalating interest ~ both- experimental and theor:tical - in recent
years. Chemical'reactions catalyzed at solid surfaces are of funda-‘
mental importance - to industrial applications, for example - and their'
-kinetic theory 1s under current development The processes of" adsorp-
tion and desorption of gas molecules at a solid surface are an important

3

‘part of complex catalytic reactions.

Adsorption is the process whereby gas phase particles entex into
an energetically fav0urable configuration at a solid surface. (Desorp-
tion occurs when gas particles leave this configuration ) If the bond
" formed between the gas and surface molecules is, strong, with binding
energy typically greater than 1 eV\ then the reaction is called chemi-
sorption. 1In this case»exmeneive "electron sharing" occurs between gas .
and solid atéms. While this reaction is of prime importance to cataly— \
sis,,we consider instead the weaker gas-surface interactlon of physi-
sorption. A gas molecule is said to be physisorbed at a surface if the -
bond is weak - typically with binding energy <1 eV. In this case
electron sharing is minimal, and the gas molecules are chemically
‘unaltered after’ undergoing an adsorption and desorption process. We
. will focus our attention on the desorption of physisorbed polyatomic
molecules.

.Desorption may proceed.via many different channels; two of major

current interest are summarized below:



i) : The thermal motion of Ehe solid surface may couple to‘the gas-
'solid bond See Fig. la. By absorption of phonons, the surface bond
may be excited to a-continuum state, in which case desorption 6ccurs.
This process, called’ thermal desor:tion, has been analyzed using a- |
 full quantum statistical th%ory, by Gortel and Kreuzerl’?pﬂ TWo common
,'methods for initiatingothe reaction are l) reducing the gas pressure
at. the surface, and 20 heating the solid either slowly ("prbgramﬁed'
thermal desorption") or rapidly ("flash desorption") | ”
Experiments show that the single gas particle desorption rate Bay,

in a certain regime be parameterized by an Arrhenius-type formula3

-1 -Eg/kt o
1o, T S . (1)

" where ty is the characteristic desorption time T is the solid temper- -

ature, Ed is the heat of adsorption, and v is a prefactor that is '
classically approximated by ‘the vibrational frequency of the particle ;
in the surface bond. The more general theory of Gortel and Kreuzerl‘
predicts desorption via a cascade of step by step phonon-aasisted
transitions up’ through the surface bOnd states into the continuum
,Their results, which agree well with experiments, also delineate the
regime in which the simple formula given above may be applied.

11) Another means of stimulating desorption is to irradiate the sur-
face with high intensity'laser light - hence photodesorption The
. radiaticn energy may couple to the adsorbate-solid system either l) by ‘
‘directly heating the solid via non—resonant absorption of radiation
from a large laser pulse4, 2) by direct excitation of the adsorbate—
snrface'bOndS’s, or 3) by resonant excitation of an internal vihrational

mode of ‘an adsorbate molecule7—lo. (See -Figs. lb c,d, respectively )

s s
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We will only consider systems at low surface coverage, and have there-

fore ignored the'possibility of interactions between the adsorbate _
: molecules themselves.

Reaction mechanism (1) above proceeds via thermal desorpf’on from

a suddenly heated surface, and has been ‘termed "laser flash desorption"

On the other hand, the surface bond itself absorbs the laser radiation

in channel (2). Finally, reaction channel (3) permits the resonant

' Z absorption of light by the adsorbate molecule itself with subsequent

tunneling processes leading to desorption. It is’ anticipated that

-

mechanism (3) will generally be more efficient than (2) because anhar-
monicity of -the surface potential makes light absorption in (2) largely
vnon—resonant. This" is explained in greater detail in Section 3. 3

wé concentrate ‘on channel (3) above. Since different species of
“adsorbate molecules have different r‘adiation absorption spectra,
mechanism (3) may possibly be used to EEl\ctively excite the particu—

e

lar species we wish to desorb, by tuning the laser. frequency appro—

L priately.. The.possibility,then»exists of using this mechanism-to

purify and separate substances, or to determine the individual mole-
cular populations of a multico‘mponent adsorbate;. |

.Some basic details of the gas-solid system that e consider are
'»t,now presented | It is reminded that we deal’ only with a physxsorbed

low covenﬁge adsorbate at very low gas pressures. We assume further

that the adsorb\xe molecules reside at localized sites. and are .not

free to move laterally on the surface. The solid is treated as a con¥

tinuum, which interacts with the adsorbate via its surface only Our

‘

adgorbate consists of diatomic molecules adsorbed end on - that is,

. "with one atom much closer to the surface than the other. . ‘We may model

.
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someé p‘bly{atoﬁic molecules tdo, by replacing_the. outer "'aton;'i above with
a complex (e.g. F—CH ) The rotational motion of gas molecules, whether
adsorbed or free, 1s ignored By ignoring surface heating effects via
channel (1) above, the ehoice of -8olid is restricted to either a di- -
electric which is transparent ‘at laser frequencies, or tb a very good
cenduetora. (In sthe latter case we must also be careful to not use too
high laser intensitiessb.) Finally, our model process for resopant

_ photodesorption requires a laser that can be tuned to the infrared - '
spectral line of the appropriate vibrational mode of an adsorbate mole~

cule. ﬁ

reoa

Within the bounds of this model, we will calculate, in a quantum
mechanical formalism, microscopic transition rates from which “the

macroscopic desorptiou phenomena can be derived, see Section 2. The
_'"phenomenological characteristics of our model are. studied in’ Section 3,
where a comparison is made with presently available experimental

results and with other theories in the literature. Concluding remarks

are found in Section 4.



§2. CALCULATION OF THE PHOTODESORPTION RATES

'§2.1 Summary of‘Program

: We want to treat the interaction process. of Fig. 2 quan tum mechan- '

. ‘ically, and develop rate equations to describe the desorption process.'

'
\ « .

¢

e.m. field «— internal molecular ' tunneling " surfdce bond
(photons) . vibrations, - f 4 vibrations

Yo

b - E v | ' Lolid‘ v.i.l:xrat::l.or:lsI
: - ' , (phonons)

E Fig. 2. The interaction process.

-Suppos'e the 'surface‘“bond is described byl -a potential well (see

Fig. 3a) which has bound (adsorbed). states labelled by the -quan tum oy
number j, and £ continuum of free states, each denotedq (We will \/
use a Morse potential to model the surface bond.) Fux:ther, assume that
internal vibrations of the adsorbed gas molecule are approximately sim—
ple harmonic, giving an energy spectrum of equally spaced levels denoted
by the vibrational state index v. The double—index (j,V) fully des-
cribes ‘the ‘state of an adsorbate molecule in our theo;r:y. The inter-
action process in Fig. 2 cause&transitions between the states (i, v)

If a gas molecule, previously adsorbed in the state (j',v'), is trans-
ferred to a free state (q,v); then the surface bond is broken and the
molecule leaves the surface with some translat"ional velocity. This
process is called. des‘orption. Note that,.an.ladsorbate molécule in state’
'-(j»,v) may have total energy greater than zero, if‘the positive cohtri—
bution due to the internal vibrat'io'nall,.state (v) exceeds the negative
portion due to‘fthe bo‘md-surface state (3) Wh‘;therthe ﬁolecﬁle,is

>

adsorbed or free depends on the surface bond index (j or q) only. As

»
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an example, two possible transition paths to desorption are shown gra—

phically in Fig. 3b. Notice that the path to desorption may be very
’ complex, inv@lving many transitl cy along the way.

We assume that the dynamics £ the adsorbate molecules is a sta-

v
j(t)

we describe the time-evolution of our system by the master equation

tionary Markov process.’ ])gfining the étate dccupat:'ionfnmnbers n

-G

d W' . v'v
n (t)—\ ' z v I v(t) z R, 6 + n,(t) .
de (v' 33, 1) jj j v, 3")# (v, 3) 33 v' v cj 3

L | @

quv v

| ]

where Rjj' is the single particle transition rate from (j', v') to (j,v),

ch,' is the single particle transition rate from (j',v ) to all con-
l
tinuum states (q) with vibrational index v. (R jj' and Rvj, are given

by our microscopic quantum mechanical theory described later in this

section ) ‘ :

S

We assume that, iﬁitial__ly, the adsorbate is already present on; the
surfgce and that- no further adsorption occurs during the‘ desorption pro-
‘cess. ‘That is, there are no transitions (q,v') > (j,v). This is |reason-
"able siﬁce photodesorption e#perimetts are normall§ performed'in'ultra

high vacuum conditions; there are excéedingly few freelgas molecules
available for adsorptiom. '
i S

In postulating the rate equatiions (2), we assume that the thermal
equilibrium in the solid and the steady state conditions of the laser
are maintained throughout the des74ption process. The role of equations

£y

(2) in.a full quantum statisti'cal/‘ formalism is elucidated ih'reference 1.

.The desorption rate is now just the . rate of depopulation of the

bound states (j), and hence: !
' o

2
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ul

Des:rate=Nt;l=—Ed; Z nj(t) =~ Z‘F ;(t) | ‘ (3)
N N6 P2 ) I (3,v);
where td is the characteristic desorptio time and N= J nj(O)
< BGRY

In principle, the desorption rate may be determined by solving
the coupled system of rate equations (2) for sﬁeaified initial condi-

tions. We rewrite (2) in more compact form as

4 <> o . L i X
a(t) = Ra(t) - = (4)
- ~ R b:*;r >
where n(t) is a column vector of occupation numbers nﬁ(t) and R is the
’ \ .
rate matrix, with element - : Sy,
\)/\\"
eyt
‘R}’}’. for. (j v) #(j vy R
R .
jV’j'V' BRI
v v Z V.V for diagonal elements. - -
(V" j") j j v Cj % )

(We include only bound states (j) in the rate equations since gﬁ 1gn0re

the possibility of transitions returning from the continuum.) . \:”

g' L
Solving (4) involves a complex numerical calculation, but we may esti

. . M H
mate the desorptiom time by studying the eigenvalues of matrix R, as
‘described in Section 2.5.l

1 '

It remains to calculate the transition rates RYV and R cj' using

33"
the interaction chanmel described in Fig. 2.. To include the laser
radiation correctly, we must firet determine the electromagnetic field
near the solid surfece in'a suitable quantized form; see Secticm 2.2.
The Hamiltonian of the gas—solid—laser system, imcludimg appropriate
interaction terms, is constructed . in Section 2.3. A straightforward

application of time-dependent perturBation theory then gives the tran-

sition rates in Section 2.4.



. §2.2 Qu,antization of the Laser Radiation

a) Introduction

We shall calculate _the quantized electromagnetic field for: the

<

special case in which the solid is a lossless non—magnetic dielectric,'

and then at the end show how one can solve the problem if the solid
were a perfect conggctor instead. *

Suppose the dielectric filling the half eoace X< OVis described
‘by a uniform, scalar permitivity €, and thée x>0 region is the vacuum
(See Fig. 4a). We ignore the effect of gas molecules on the electro-

magnetic field, since the molecular density has already béen assumed

to be small, both on the solid surface, and in the free gaseous state.

dielectric vacuum

NN\

AN
" —)
!

v Fig. 4a. The semi-infinite solid.

v
B 4

g
v

We can, in fact, obtain the perfect conduc tor results from those

for the dielectric case by letting the ‘refractive index (nr) become - . -

infinite ’
L)th .

‘10 .‘.
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To‘&gterﬁihe_the electromagnetic field near the solid surface, one

solves Maxwell's equations for the approﬁriate geometry and boundary

'
~

conditions. These equations are: T
4 " _ 3B 2 38 : '
V-E=0, . v.B=0, yxE= TRRRAAL: e, 5 . (58)
with
E'xﬁ} 'nz(x) E. E,'g'continuous at x =0 ' (5b)
where y

1L 3 x>0 c o
n(x) = | ;o =JE;: is the refractive index of the . °

r > X<0 0 dielectric.

¢

The solutions to (5) must be consistent with incident plane waves from

the x >0 side. Combining (54) g%ges the wave equations

2 ‘
L 2o.0 . ()
vz(x) ot y . . ,
> : cv ’ !
where u is a component of E or ﬁ, and v(x) = n (%) ig identified as the

wave velocity.
. \ ' '
Introduciqg the wvector potential, X(;,t), in the Coulomb gauge in

-the usual manner, we have

s Ak
E = 3% E = VxK . V-X =0 . - (7)

Substituting (7) into (Sa,B), the problem is rewritten as

2 - ‘
VZX-—Zl— %t=o._ . : (8a)

vi(x) 9t
where - . -
n x A , V xA . nz(x) 2.3 are continuous at x = 0 . " (8b)

For the quantization procedure (described formally in (c)) we will
need to expand thé electromagnetic potential Z(;,t) in terms of a set of

orthogonal modes {ﬁgs(;)} which independently satisfy equations (8):

\



o

L

: ﬁ -1Q, t : - ) ©
Az, = ¥ ( N ﬁ; (x)e kB ¢ +hermitian conjugate ¢))
£,g | kB KB ks | L)

*

where k and B are the incident wave vector and polarization of the

- . mode, @g% is a nOrmalizétion constant, Cgs is’thé mode %ﬂplitude that

will become the annihilation operator after- quantization and Q*B is the

S
oscillatiofh frequency. t

e In Section (b) we construct a suitable set of modes {ﬁ+ (x)}

present the appropriate orthogonality relations needed in the quanti-

~zation formalism described in Section (c).

b)'Orthogonal modes
To find solutions of equations (8) appropriate to the laser radia-
gion, we consider a plane wave incident on the dielectric, at angle @,

as shown in Fig. 4b. CIﬁstéad'of solving (8) directly, we determine the

i Fig. 4b. Ray diagram of laser radiation.

*The sum in-equation (9) is symbolic for d€. Since the system is of

lnfinite size, the mode wave number (k)i. continuous.

~ .

12



reflected and transmitted waves using Snell's law and Fresnel's'eq‘ua—
. a : . .

tionsll. The wave vectors of the incident, reflected and transmitted

. , > ) —
waves are respectively:

R -

Y

K& - bn (10)

<> A > <> A > >
ki—KK-I—L;n, kr-KK-‘I;n, kft

where r <0; K,3 are shown in Fig 4b, and b =n lkilcos 6
Z

/(n —l) Kz+n " by Snell's law. We use the coordinate _System x=§+ nx

r
_ where X3 —0. Let the‘incident radiation be described by (Ks + Kp) X

(1K, %-0t)
e
B. (B =3(p) refers to electricALgctor polarization perpendicular

(parallel) to the plane of incidence. ) 't;‘hen, using Fresnel s equations

Iy

to give the amplitudes of the reflected and transmitted waves we write '

3

‘the total electpemagnetic potential as a sum of incident, refl_ected,'

and transmitfed fvaves as

-iqt

A, = &G + @] e (1)
where
iR %Cx l-na ;.4 N Ny
Kze (e 1+ o2 YnxK ; x>0
IO
> .
2 iKR —ibx gxﬁ s x<0
o1+ n,a
. C » (12)
(+p iKR igx B3 4 igx 0™ ~irx ‘
. Aoe [Kﬁ(e +nr+a e )= ZK( nr+\a N 0
Kp(x) = { ‘
r
sp 2 iR -1bx . %
o a_(n %a) e e (Kn +bK) ; x <0

. cos et: l/ N 2
w1tha—-cose-=—-&- (l-l/n)+C

> > :
A(x,t), as defined in (11) and (12), is a solution of Maxwell's equa- -

tions (8),

'» where @ = clkil and KB is the amplitude in the polarization

13



Instead of the potential Xs(x), one requires, for quantization, a

set of orthonormal modes. Define a prospective set of modes as

- + ' .
Bk =L KR 28 @ (13a)
.2 RP
where °
> igx | 1-na —irx .
(e E:;;;;-e’__ Y ;3 x>0

R, x) =Foxk.
K

g 2 -ibx o .

- l1+n.a © A . i x<0
. A :
. . ' (13b)

igx B8 -?. irx “r";a -irx .

: Kn( A +;;tﬁ;e ? CK( n+a n.4a© ) s xf'O )
£ Rz = ' ) )
Kz 2" bx
— (Kn +bK) e ;5 x<0
r(h + a) .

“(Ns and N are normalization constants. )

The set {ﬁﬁ (;)} is a suitabie'bésis'in@yhich‘to'expand the electro-
B . L . . 3 -

magnetic field resulting from an external radiation source on ﬁhe‘vacuum
side. 'As shown in Appendix A, this set obeysvthe,orthogonality rela-
R .

tion

fd; 20 T, DT @ =5, s@-1) . (14)
kB k'B' BB .

The modes {6 (x)} are orthogonal with respect to the weighting factor.

kg .
n (x) defined in (5b). 1Im Section (c) we find that this form of ortho—
gonality relation is crucial in determining the form of the Hamiltonian

and the commutation relations for the operator Cﬁ .

We shall also use in (c¢) the additional relation:

J’di D0l @ (0= n, G +K")8(z =¢') . S as)
. kB kX'g’ K8 .

14



' This relation is derived in Appendix A, where the coefficient Ai is
B

defined

c) The quantiéggipd.formalism ,

To quéntiie;the electromagnetic field, we shall follow the

Lagrangian formalism, as described, for example, in Haken 2. We must

18

- first find g suitable Lagrangian that is consistent with the desired

equations of motion and Hamiltonian. Since the slectromagnetic fields
T(E and B) are derived from the potencial (A), we will find the Lagran-’
gian (L) to be a functicnal of.the,coordinate A(x,t) and its deriva~
tives. The equations of motion ere then

£ S | (16)
§A (x,t)  8A (x,1)

>

where Ai(;,t) is a Cartesian component of K(;,t) and the dot means 35/3t.
Equation (16) must be consistent with the wave equation (8a) that was
previously derived from Maxwell's equations. This is so if the

Lagrangian is chosen to be

. - 3 . -
L= fd'%' 1 — ] -[(Ai(?))z-(wxi(s?))z] : o oan
: vi(x') i=1 .

The céﬁstant of proportionality in the above expression was fixed
by requiring that the Hamil tonian be conéistent with the classical
_ .12 '
field energy expression

q = %Jd; P () 4 % 82

\-/
~

(18)

-

Using the chosen Lagrangian (17). one may define the canodipal
momentum, coﬁjugate to the coordinate Ai(;) ag

> 2 ..
moR ) = w—i_%_~ = v (O (e (1)
(SA.L(X,t) !

.+J



.. 4’. 16;'.: ) |

. Now, one ‘makes the quantization postulate, namely that

[A (x),IIj(x)] =1ﬁag<§ ;) o | | (20)
where ‘
L e R T

.
©

The first term in (21) is just the usual delta function, while the .
" second term is included so0 that the commutator (20) is consistent with
the gauge condition,‘. V-'-K"= 0. 12

The commutator (20) for the field coordinates, combined: with the
expansion for K(x,t) given in (9). and the orthogonality relations (14)

and (15), together imply the commutation relations for C+ and C+

kg, k's'. o
given below: ‘ L
. + _ : v D
"[CIZB’ Ck*'s'] B BB'G(k ' ' o (220)
| ' to R
b ’ =0 = ’ . ) . o 22b
[rk'e’ dl?'s"] _ [,Cic*s CI?'B']. _ ' S )

,r

In fact the commutators for CE are given by equations (22a,b) only if
: B8
A, (x) and H (x) obey equation (20)
One may ‘then express the Hamiltonian in the form R
R B. kB-kB
) where~Qg =c]§| To derive (23), substitute the expansion (9) for %

2]
into the expression for H given in (18). Then, using'the orthogonality

-
.

relations (14) and (15), and ‘the commutators (22a,b), the given result

ie obtained. .

‘Interpreting CI:B and C£8 as the annihilation and: creation Operators,
- N

trespectivn1v, nf the photon states (k B) of the electromagnetic field,

H=7J Jdﬁﬁn_> !¢, +%), To(23) o



e . 1’, AN g g-.,\ -..'
Y :

the quantization procedure is almost complete.“ Formally, one/must '
thurthet oheck that the chosen set of modes {ﬁ+ (+)} is cOmpléFe.- This
is required for the/}heory to: be self~consistent. We have not,_however,;

‘d this calculation. o ST ,la‘“

.id) Perfect conductingfsolid ‘ f ' J
5 m i ) ‘
If the solid is a perfect conductor (infinite conductivity) in-

, stead of a dielectric (zero conductivity), then one may perform the

- L
sane quantization procedure, provided one uses instead the orthonormal

-modes

N & " “
[i} (,3?) =N ei-- (eicx —iz;x) ax & 3 ‘x>0 .
ﬁz ) = WP i,ﬁ[ﬁ(eic’%‘e 1oxy | rp(ele® ic")] s x>0 (24)
- Bp o S
O, =T, (D =0 x <0 ™ ao
. Es \
with = L * N
jaiuk, B B m s 8@k o L o
S ~ R R <1

]d; '%B&)ﬁ (x) - 5, .s<ﬁ+ﬁ'>s<c-c> :

. . 3 N , . : .
‘The quantization donme in Section 2.2¢c then carries through iden-

~ . LAY

tically for this set of modes. ~ » ' ‘ . - —
N ‘A& ) . S

-

2 o a +

. 82, 3 Hamiltonian of the Gas- Solid—Laser System

We shall now construct the Hamlltonian for the gas-solid-laser
system in second quantized form. We assume that the density of gas

‘ molecules is small, both on the solid surface and in the gas phase, so

9

that gas molecule—gas molecule interactions can be neglected The gas

molecules may’ then be treated 1ndependently.



52'.'3.1 ?me static H’Ami‘ltoﬁian

We study one diatomic molecule 1n & vacuum near a semi-infinite

static solid surface, and will ignore thermal vibrations and the elec-‘_

tromagnetic field for now. See Fig1i5. Atoms one and tWOjof the

molecule are separated by the displacement £ = X -3

- | ) : - xz -}i't

Fig. 5. Adsorbate molecule configurationm.

Now let U(E) be the interatomic potential- of the molecule, and
> L S’ th
Vi(xi)_be the potential energy of the i

ga’s atomisolid~interac;ion‘

(i = 1;5). ‘The quantum mechanical Hamiltonian for the diatomic gas

molecule and the static solid is - )
2 .2 .2 2 -
. ) 3 hH™ -3 > . - S :
Hs/ +UE) + V(X)) + V(%) . (27)
oo T my, @ 1% T i) |
. \ . .

Introducing centre of mass coordinates, H

becomes
t

18



T A . - a‘... o — L A

» 19
2 .2 .2 .2 ' |
5l ] gl 8 U
g =-02__38 _ % + 0@ + v, (x-—— 5) + v, G+Ly (28)
st 2m a§2 2p 322‘ m, ) o
where - :
1, -1.-1 ‘
u (ml + m2 ) ’
- > >
X = — (mlxl + m2x2) ’
- - ‘»
E = x2 - x]_ ¢

To simplify calculations considerably, we choose to ignore the
1nteraction between atom 2 and the solid and thus set v (x-+JL-E) =0.
~ Atom 2 is sufficiently distant from the surface to render its inter-

‘action with the solid insignificant. Then, defining

PRGN s +u(d
» H (%) = ﬁi:iii + V. (X Sxg y - (29)
oo Bpt® = - 2m 3;2 1 ® my Eo » '
and : )
e (T _ B _ +’__u_+ .
B o(%8) = VI-.§X —t) Vl(x £)

1 s T

> ., . ‘.' .
where 50 is the mean interatomic spacing of atoms 1 and 2, one has

PGS > .y ‘ +> > '
BoeGo8) = H (&) +H () +H __(x,E) . . (30)
Now, since IE—Eo[ @ IEO| and Vi(;) is a smooth function, the residual

ternm (Hres),in the Hamiltonian will be small; Hres is the;éS;re treated

as a perturbation.

It is desirable now to find a dl&gonal basis,fon the operatox - ~“4 5

° - -

H (E) ﬁH (x) H and H n~ -&an be diagonalized indepgndently, as

Ty e e
EE- T

e b e ow d - e e - g . - -

o exprESSed by equat10n§'(3lafand (31b). - -~ s s



: ingly sets of eigenvectors are complete and may also be orthonormalized.

W

BOu® = o 0@ I (31a) |

~ - ,. — ' . : :
\.Hm_(x)oj(x) = equj(x) . o N (31B)

.where uv(a) is an. eigenvector of H with corresponding eigenvalue A

-

and oj(x) is an eigenvector of H with corresponding eigenvalue Ej
(For our choice of V (x) and U(E) - Mprse and harmonic respectively -
the solutions to (31a)and (31b)are known in analytic form. See

Appendix B ) Since H and H are Hermiﬁ?en operators, the correspond-~

Then A o f{

[Hp(EHHm(:?)],qu(;)uv('é)f ey +800, Gu @) . @)

We shall now adopt the formalism of second quantization to des-~

cribe the total system of many ges molecules. The second quantized,

many perticle, static Hamiltonian is then‘'

i [& G nuad | o @3 -

We expand the field operator in terms of the ‘eigeni/'ectors of (H’u+th
as

VED = § o @u @) o (34)
v J v -3 .
+ ) .
a;(u; ) is the annihilation (creation) ovperator for a particle in the
.th

>

3 scete of_the~éurface;gorential~and-in>the th molecula¥r vibratianal -

-

state. Then, applying’ (32) through (34) and using the orthonprmality

s o .o -~

of {u } and {9} leads to—-~

- B

«
J B -

s -

oA - v vt v o
(Hu-‘f-‘ m'). fdx dE w(x g)[H (3)+H (x)]w(x,e;)-jz Ej“j oy - | (35)_ |

where EY = e+ A, and
] J v

20



:

~ v +'- -+ ‘+ > + '
o= fdx at w’f(x,emres(x,'é)w('i,s)a L 2Eavgtvalal  (36)
' ji‘wv
where _ ,
. ' ' _ AP P P > > > > SN
2(3,v,3",v") = fdx DD, Do, D, @) (37

i

§2.3.2 The electromagnetic field interaction

In Section 2.2 the electromagnetic field due to laser radiation
;in the absence of any gas molecules was determined, with Hamiltonian

given by equation (23) as

-~ . ’ 1 ' s
H =Vldkq, cct 3 . 38)
em g[ e g T2 3%

To calculate the effect of the electromagnetic .field on an
adsorbed gas'molecule, we use the method of minimal couplingla. The
kinetic momentum E of a point particle with charge‘Q and mass m is

replaced by 3~—QX; and

-2 2_2
o

Assuming that the‘molecule'comprises point particles 1 and 2 with
charges Q and -Q, respectively, substitution of (39) into (27) gives

2

Y3

We have made the app;o#imatibn Ehat,;since_the,radiation wavelength is

40y

g - in Q70T L.
Hst Hst ih u.A.(x,t:)

LT B UGN -+
much la;gerjthanﬂlil,_A(x) changes very little over £. Thus
4{\ L y o S : . .
) 2 KX 3.9 -3
v oy
-where.i =.1,2, Tbé’Iaser_coﬁpling term is then

which gives {0 gerrond quantization



- [d?c 4 "G D, % DD
=-15 2 t f&«p*(;)x(;,'t)‘b . (i’)-[d?;’ FOL @
H 33 "' h| h| .

vt v!

oy % (41)

Now, assuming the adsorbed molecule is 1ocalized at a particul‘ site
on the surface, we may take K(x,t) 3 K(O t) where the origin i: ‘:hosen

to be on the surface at the adsorption site. Then (41) becomes

~ - _ -Q‘K [ 9 v'f' v'
H ih 0,t) - 2 -4 {dE u (E) u ,(E)a Uiy . (42)
2 35w Jj E‘ i3 .

 (This 1is ‘the so-called-dipole ‘approximation.) Expanding K(;, t) 8 in
\ '

(9) and defining

vyt = 8 fdsu ®Fu, @ , (43)

€o
one may rewrite the laser interaction term in the Hamiltonian' a

-i0s t
=30 ~ K
[U_, (0) e 3. CR*BHI' J

. . vt v
B, o= ) 'Y(J,Y,j ,V )aj 5 fdk Q, kB

ji'vv ks

(44)

§2.3.3 Dynamics of the solid - phonons

An adequate treatment of the solid must not neglect its in rnal °
thermal vibrations. We assume that the only relevant effect of hese
vibrations is to move the surface: adjacent to the adsorbate mol ule

-> - >
fromx = 0 to x = a. a is a function of time and may be expand in

terms of the norﬁgl modes, or phonons, of the solid as

/ J
ALy, b +b 45
a c' § - (t) J(t)} N (45)

s J

whe re Mg== mass of a selid molecule, Ns ¥ﬁumber of molecules in >1id,

>



[9)

\

J 1s a multi-index identifying the vibrational modes (phonons) of the
1
SOlld each of which has annihilation (creation) operator b (b ) it

polarization vector eJ, and frequency wJ

To include Ege effect of thermal vibrations in the Hamiltonian

B

-1et the surface to molecule displacement now be,x a(t) in equation

(28) (and ignore VZ) to get
HSt Hst + Vl(x a(t) n £) Vl(x n £) . (46)

Expanding Vl(;-a(t)-di 3) in a Taylor series to first order in g(t)
1 .

glves

— - (). 2 > _ k7
Hst Hsc a(t) s Vl(x n, £) . | (47)
1]

The validiry of this approximation, which includes'one phonom processes
only, is discuseed in references 2 and 15. We note here only that the
coupling to the phonons in the solid must bé weak.

.Defining

= -3 -2 v G-y . (48)
X m

-
ph 1

and using (45), the phonon interaction term in the second quantized

Hamlltonlan becomes

~

> > t > > > >
th Jdnf dg ¢ (x,8) thux,a)

[}

-5
€

Y J + > k> % 9
i_l—. — (b.(t) +b _(t)) . [d d€ ¢, (x) ()—;
ZM N § wy I J jjzvv' [ xdt J(x Ute ox
-5 V+V
x V_(x - £)® () (Fﬁ o,
1 m, i
or -
i 2 [ i(. v." V+ V y - (b (t)-#b (t)] (49)
Ph ca v JeVad s -]‘

- ii wv J V(UJ
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' wﬁe"rve‘: .-"- '.'.;' '.‘_' ". ’;).‘ - .t. '. h .V-A -~ :‘-h‘:‘-‘: .“‘ “‘ . i T - ~' ‘ - ..
PR o el L
PPN . [axd c»j( %yt @ G a tyo. .(x)u (.

(50)
"We have assumed here that the phonon spectrum of the solid is essen-"
tially unperturbed by the: adsorbed molecule, and hence uj commutes with

J (This approximation excludes the possibility of ‘heating the.solid

-via this interaction ) The Hamiltonian of the solid.is in the'hafmonicp T

4

epproximation, '

_§ﬁmJ‘(bJ_bJ+2)<‘t.,.. AR P g?l)t

§2.3.4 The complete Hamiltonian

¢ t =

Ve are’ now-prepared to construct the complete Hamiltonian for" the R

[

' dynamlcal gas—301id-laser system._ It is preSumed that, initially, (forA~

t <0) equilibrium conditions existf: The initial occupations of states

~

are assumed to be given by ﬁu+-ﬁm+-ﬁs Hem,.which is diagonal in .the

basis we 'use. Then at t =0 the laser is turned on, creating a non-

equilibrium situation. The'subsequent time evolution of the system is

PN

determined by the non-diagonal interaction terms ﬁph+.ﬁ2 H res’ S0 we

turn on these .terms at t =0.l The Hamiltonian may then be written as
~ ~ “ ~ ~ A F\
H = + + + + 8 + + . 2
Hu Hm Hs Hem (t)[Hph H Hres] (52)

A

Formally, &res should be included as a correction to Hm for all
times. However, it will be seen in the next section that ﬁree does not
contribute uan the gas molecules are restricted to adsorbed states.
This is essentially the case for t <0, since the‘occupation numbers of
the surface states initially follow a Boltzmann distribution and

R

kg T <<V - (V_ is the depth of the potential;well;qfﬁtne‘qugﬁace,Pond.)nv'

T T FR

Pk e ey r'--..,_u < A e, Ef s er e > oews A G s,



Note also that we have assumed that the laser is Rept on through-
out the complete dese:ption process. Thus, when a pulsed laser is

used, our theory predicts a desorption rate’ that carries on for only

“the duration of the pulse.

.

§2.4 Calculation of the Transition Rates

§2.4.1 - Application of the perturbation theorﬁ
In Section 2.1 we proposed to describe the desorption process by

the master equation ™

'

n\(t) = e , ,(c)-[ ‘ R, V+ R"’,"]n‘-’(t)' )
3 (3 V)#(j v) Jj _ (j'sV')z(J,) 3" ; €3 )3

(2)
- - R Coela " N ._vv___‘ v"v .
. We will calculate the contrjbutlons ‘to the rates--Rj j and_chA due
:LQJChgslnte:action terms H ﬁ ﬁ, and H 1nd1vidually Using Fermi's.

Golden Rule, (second order time dependent perturbation theory) the

single particle transition rate from state |a> to |b> ‘is glven by16

_ 27 2 .
Won = 7h—,<b!Hint[a>| §(E, - E) (53)

>

where H is the interaction term in the Hamiltonian and E is the
int : (a,b)

energy level of state (a,b). Equation (53) 1is vaiid in the long-time

‘limit, and provided that the interaction (Hint) is sufficiently weak .

The state of a single adsorbed gas melecule is described by its
?1rface bond state (j) and internal vibrational state (v) which have,
in our approximate model, a sepa}able state function |j>|v>. The state
of the solid is characterized by its phonon distribution {n?h}, pre-

viously assumed to be basically unperturbed by the gas molecules and

_.laser. _The lase; electromagnetic fields are described by the photon

25



.26

distribution {néz}, independently of both 5ﬁonons and gas molecules.
The complete one-gas-molecule+solid+laser system may then be described

by the separable state function |j>]v>|{nph}> 1{ We can now apply
“It

(53) to our system to calculate the single particle transition rates.
According to (53), the transition rate from (j',v') to (j v) due

to the laser term (H ) is

' 7 2
L;;. _;; <j|<Vf<{np }|<{ }'H ]j >|v >|{nph} >|{ Ez ’>|

X ‘Ej v, {nph} {nem} Ej',v' {nph}' nem}d _ (54)
Substitutlng expre531on (44) for Hg in (54) and nqting that,H is indE~z79‘A5’

pendent of phonons, we get, after a. few simple algebraic steps,

e 3 ek sy ol
em v _v' em v v »
S(E, -E_ ,- A )+ +1)8(E_~-E,, +h . 55

Similarly, we substitute (49) for~ﬁph dato (%3) to get the phonon assig-

ted transition rate,
L ]

p e I'z'
33T R

IX(JVJ.V) €

V'V' ZTTE_L
1.0 J

'

. ph _ 3 + ph’ v_ Vv J
<[5 - B ha s o3 TR R ) 68,

. . e . e .
~ S . N - i

(We'may replace the bound state'inééxfj with'd to get the't:ansitidn'" .
rate to a continuum state.) Finally, the transition rate due to tunnei-

ing via ﬁres is calculated by substituting (36) into (53) to get

' 2‘“’ > 2 v v . .
. =— |2 » 9"9 ! S(F. Fl) . 57
Qq“J'. & 12@a,v, 57,9 | (F - F | (57)

We assume that the energy levels E. are non-degenerate for all bound

states. This is plausible gince 51 and AG take on discrete and un-

[

B

R



v' ’ Coe
related values,} s0. it is. highly improbable ‘that EJ Ej, =0 if both j*

~—and j ‘are bound stateé Therefore ij = 0. If the final state is in

the continuum it is then possible that. Eq —Ej, =0, and hence Q J, may

27

- be non—zero It should be remarked that Lucas and Ewinglo have consi—f.

Rt

dered desorption due to this tunneling term alone We will later see

’ -

-~ <

how their theory fits into ours. '

' R l h l~‘. .y
" The calculation of the transition rates ng,, ij., and Q i’ ,

involves ‘the evaluation of the matrix elements Y(j v,j',v"), itj v,i',v'")

T

and f(j,v,j s v, respectively. To simplify the calculations in the

following'sections Swe -assume - that. the ‘axis-of the -adsorbed” diatomlc

WL e =

molecule is perpendicular to the surface. We furthermore restrict atoms

1 and 2 to motion along this ~axis, and take the wave function for

the molecule to- be one dimen91onal hence ¢ (x) = ¢j(x) This one-
. &

dimensional approximation is really more appropriate .if the molecule is

frpe to move on the surface, rather than highly localized as we assume

o

here, We do not, however, expect this approximation te affect the

1
results gignificantly in a qualitative way

)
52.4.2 ?(j,v,j',v') and LYY, o

T

B To.calc§3ate LJj' , we firsr evaldate lY(J, v,j',v')- U+B(O)|
n;Z , and substitute these. expressions 1nto equatlon (55) for LjJ

Y(J,V i',v ), given in (43), is now rewritten in the one dipEns{onal
approximation (? En, x= xn) using bra~ket notation as:. ;

Y(i,v,5 . v") - ik -

Qs fdau*(e) 2 u L (om
y j v 3E OV

o ] £

=—iﬁ'/;ﬁ— Q <v lii'lv'>g §.., - (58)
280 U 3t ' ii™ ’



L4 0

Since the molecular,&iorations'are éssumed to be‘éiﬁple-harmonic;'.

‘we make use of the anni?}lation (creation) operators a (a ) of harmonic

vibrational modes to €xXpress

o ma I
L]

_ S .
- - Ve B - e :
- o

P . o o v oL ot ) | . )
L 3yt [y o R
. < —_— > = —— <vylg - > ] _ '
. iv IBE ,V-A~*.'2ﬁ i _.l «é_[? . | “ L h
L /uwv‘[,—_. g ]
.. dm - _v-kl s , ot v, N 4.1 )

3

) i C v, v ,v-1

where w, is the fundamental molecular vibrational frequency. Combin- ,

ing (58) and (59) gives

Qéﬁzw AR e
v | =*"90" 2 o
,Y(JVj ,v)ﬁ»(O)l W[n-ﬁgsl | .
— « [(Wl?év',vﬂ-l +v 'av,,v_l] (60)

where ﬁEB is ﬁzg(x) evaluated as x+0 with x > 0.

(Note that only p~polarized,photon modes contribute to (60).)

Substituting (60) into (55) and rewriting the delta functions slightly.

gives
E e
. vw'  Qn P> >0 (2[ em
\ B 'ij,_— Te_uc Jdkl.n Ui{pl ,{nﬁp VO +(m+p+ D(v+1)s,, bl

n
x a(f‘l T (61) :

1

It is convenient to. introduce polar coordinates in (61) as k-+kk to-get -

. , 2 ) . .
LW' = _O:.L‘d." dk. k26(_v_ k) | dl(ln I
jj . ZEOUC’ Jito)oe e k],p
em em . ' .
x [nklz.p v 6\7' ,V-l+ <nk12p+l) (v+1) 6V' ) ] , (62)

Quppose the laser radiation is strongly concentrated about one

~

direction, ko, so HEE . 1s sharply peaked. The slowly varying term
g P , = bl

-+ 2

In.ﬁ:ﬁ‘l may then, to a good approximation, be removed from under the
o ’ Ataghd

¢
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. . .
integral over solid angle k.. The integral over k is easlly evaluated

using the dehta function, leading to

. e
e @m? N e
Lyyr= ;fff“? ij'h |7y ,g’;pﬂ‘{VGV v=1" (o) s 7,v+1]f dknwv .
‘ FoMe ¢ 0 7<Q "= KsP
2
+ (w8, [ | (63)
£<0 'ka p!

-

It is useful to express nﬁB in terms of an easily measured quantity,;ﬂn

.;” - . o

s such as the incident laser intensity (I) which we' take to be the ampli-

tude of the incident Poynting vector. For plane waves in a vacyum one

has
—_—

L= lg |avef/ /__'lﬁl(x t)l ' (64)

where "ave" means the time average and superscript."i" means that only

the incident component of the wave is included. Considerihg now the

- T
- -contribution due ta..the incident portieon f a ginalé mede (kB),

aquations (7) .and (9) in (64) yield

- 1
T o| T |17 the (5™ +3)] . (65) .
ke | QB, TRe ® ks 2 L

“‘Note that this is judt the energy density times the wave velocity.

Ignoring the zero point energy countribution, (65) way be rewritten as

k8 )
ngz - — lgi ]7 , (66)
K8 kg

- e
(This approximation is valid since we find “Qg >> 1.)

Since-Ig is sharply peaked about ﬁ( and lﬁésj fs much more olowly
B Al

varying, we get approximately \\

29



'f ¢TI gw.)

~ em 1 1 0~ v

dk = = dk = 67
o O R,p P9 T | [ I“’_V B o2l |2 ®7)
) c P : Ep £<0 c’ v ¥p .

To 5rrive~at the second equélity above, we have téken the total
laser intensity to be I with normalized frequency distribution g(ﬂ)
The factor of 1/2 is due to the fact that only p-modes. contribute to the
interactlon, but we assume that the laser radiation is unpolarized

Substituting ©  (67) into (63) we get

-+ :
n.ug " . 2
' Qz'ﬂ'wz 2. i’y_ k_,p
TVV = v 8 c c’ 0’ I ( )
Rk 3 753" 3| o8
. 2€ HC zhm Uw
o v v -
—C—’kOsp
, - N ,
x [V‘Sv',v—l'+ (wl)év,,vﬂ] +(V+l)6v',v+l j dk|n- o -
. —k,p
T . T £<0 [S
photon,_ . qtimula{ed B R |
SR (absorptlon) emission ) (spontaneous emission) (68)

S~ N

PP

To proceed furrher, details of. the laser radlation must be.speci~"

-~

fied. At normaI laser inrpnstties, the last term in (68) - due .to spon-

- taneous photon emission- can be safely ignored. We shall also takgfthé

>. 30 ~

frequency distribution-to be Lorentzian, centred on the moleculéflbibra4'

tiohal fredheﬁcy, wV7 That is,
.
g(® =1 3
@ -6’ (/Y

(69)

where v js the half-width of the frequency distribution. 1f.the laser
ig in ceomtinucuce wave operation, then y is the line width of the radia-

tirn associared wirh decay processes of time constant T,- On the other

hand, a laser in rulsed operation - "Qogwitchad" with pulse duration

T ~ 100 . vil1 hova fretnenev o read

p given hy rha Fourier transform



T

{

)

of the pulse shape, and: hence Y ~rp;{ (We assume that the frequency spread

due to the pulse shape dominates over all other sources of 1ine broad—

Do
.

: ening, that is, Té <<T£ D In either case, the frequency distribution

may not be Lorentzian, but the error introduced here* is small. Equa-

~

‘tion (68) then becomes

o AR

o o, - o
\A 2N o’ [
L] —_Q_Z.e'ducﬁm - (1,7) ——-——~—-—-ﬁi R l+ (v+l)6 ) 1] y
' . L Wy, - o . .
L . ) —..: k o*P T ‘ . €70)

For a pulsed 1aser, we’ let the pulse fluence be Fz = IOT,' (In

B

fact in the case of continuous wave laser operation, we: may use the

‘term "fluence -as’ defined above to mean the intensity times inverse
S - A

1ine width.)'

o

Fbr our dielectric solrd equations (13a, b) give

> FO .
I}Um" i ? T 4a? sin?e S '

. < o'P_." IR _ _ o (71

TS | Mg+ /1 + (1-1/02) canZe]? . E

Wy, -
_évsﬁosp . :

.

. .(Note,that,'aS'ni +.1, (71) -+ éinze. This is just what one expects in

.

an infinite vacuum without the solid.) The final expression for the

transition rate is

2 4n2 sinze
s

v Q
i3’ zeoucﬁm

§ " : 72

N A L ' - .
' From the form of ng, above, it is clear that .the photon interaction -

X Flve i+ (P8

1nduces one- step transitions be tween vibrational (v) states, but does

~not affect the Surface state (j).




Y

fen

!

e 7-%-’3

-,

et

.

in (72) with

a. oo 2

W

—EY'skosP

i,

v e
< kor?

“"'N

As an aside . We, note thaﬁ ff the solidewere instead a, perfect

T,

= 4 'sin’e .

-

conductor, one mst use equation (24) te replace'the form factor (71)

- (73)

Both form. factors give zero, contribution at’ perpendicular incidence

(6 =0).

While the form factor for the perfect conductor is largest at

grazing incidence, the dielectric form factor is maximized at an inter—_'

mediate angle.

cally.’

4

o N
Q.
Y &
Y o
S -
&
o)

& B
23

¥

-

o 30° .. 80 90

Incidence. angle (6)

Angular dependence of the vibrational
transition rate.

See Fig. ‘6 in which (71) and (73) are compared graphi—
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§2 4, 3 The phonon interaction° X and PV, 55 o

LA e er LI S o Powy T e T e o m,. RN B b} -
d) Bound«state-bound‘state transitLons~ Coa ~"-;-o~:£ R
@ eWé*shéil now~cahculace the . transition rates due to. the phonon

™ . oG . PO K3 2 ¢ - & e « R4

jinqa;acgion,‘ﬁpﬂ.“ First, consider transitions among bound Surface”

e

‘ becomss e

Cam - B S B — « . . - e e

states only.
: e
The phonon—assieted transition rate, P;;,, given in (56), depends

on the matrix element X(j v j In our one-dimenSLOnal theory (50)

L : o 1S SEE R e e B i e
i RS fdx #100) <v] 2=V (x a O30, (08 (74)
P T e T 3 v e ' .

®

We choose to use a Mb}ee g%rfgpe.potential‘extending perpendicularly

to the surface. Hence

—2y(x—x ) -y {(x~x )
V(x)—V(e ~ - 2e °H. < (75)

*

This potential has a maximum depth of Vo at X and a range given by vy

Provided we have xofz Y, so Vl increases rapidly for x < 0, we expect.

this potential to be realiSticl. In Appendix B the energy eigenvalues
and wave functions of this potential are listed.

Ekpédhing Vl(x - iL €) in a Taylor series about x‘—iF EO in (74)

. 1 : 1
ﬁ%ives
>, ﬁ‘.%m‘lﬂl oy,
XGovitor'y = 2v v T T & Ay Lyys0 <Vl (E=E ) [vi>R (76a)
. S's =0 1
where o
IQ.-v = f ‘U dé ¢f(C)e—C(22é*C - l)¢.v(t5 (76b)
W ey gy T J
0 o m

) ~L .
and ¢j(c—co) =y 2oj(x). These bound state Morse wave functions are

given in Appendix B, and Iy is evaluated in Appendix C. The

-1



. that the .gas. particles do nd't penetrate the. solid

.

; dimensionless integration variable in (76b) is T =y(x- xo—-—— g ) We

\‘l

.ehoose-{he iower MHmit of - integration - equivalenf\:o~x==0 = to imply

Since the v states

”'bare those of a harmonic oscillator, we express - the coordinate & - £

'as £ - E = /2um (a-+a ) and expand <v‘(a-+a ) Iv > = <vl(a ) [v > +

<v|a(a )(2 l)l + ...., to find that, for v>v',
R ‘ " . - 2 v-v'
v! 1 uy -h 2 -+
X(j v,3',v") =2vv (ZM N , (v'!) (v—v')! 2m? n
8's 19
. ) v - P -
A LIRS e {‘IYZ v+l " EId B
Ny bl
X(I(V"V')J'j' omle | VD) (v A2 (v-v'42) 34 ] (77
Y} Zﬁ
But (-—%r—— <<.1, so weé may .write, to a good approximation,
Zmlwv : . :
Iv-V’l A
< | R R TS MY ‘ﬁ >
x(jiv’j”v') =2YV |50 1 I ' o
| : o‘ZMsl.‘Js’ (v<' IV—V ! ‘ ) [v-v'13j
(78)

where v>(v<) is the greater_(Iesser) of (v,v").

4 2. To perform the sum in (56), we must know the phonon distribution

at the solid surface. This has'been'calculated by Ezayale, and.used-in
previous desorption calculations by Goldys, Gortel and Kreuzerl7.
However, they found that the numerical results differ only slightly
from the parallel calculation done using the bulk Debye phonons appro-
priate for an infinite solfd. We will simply use bulk phongns heretand
expect our results to be qualitatively correct. The phonon index (1
then describesithe phonon momentum (P) and polarization (o). For the

Debye model, we may substitute . ’ @

3N tz_
{ w dw .,

St
El
O w



- which absorbs the E.ZJ factor in (_56).19 Using (78), and splitting
the transition rate into parts involving phonon emission anﬁ absorp-

tion, we get

L , SRR o o
vv vv Vv L (79

337 T en’350 ¥ abstyys

where
i 67N
vv' - 8 [ ph,_v' _v J . . .‘2 vl v
) enfyi" %3 (Bjr=EDH[[X(3,v,3", v (],- E))
v v v' v o
x. 0(hw - E_,+E,)6(E., - E, 80
o ( D i j)a...( ' 5 R R ,(L’)«. ‘
v 6TN

ph v __v' gy 2 v v
(By= B0 [X(G,va3',v) |7 (8] -E]))

xe(ﬁw -E +E )e(E - E;:) . : (81)

j'
" The 6~furrctions ensure that the initial and final molecular states (j,v)

differ by at most one Debye energy. The phonons obey Bose Statistics,

so nph is the Boson occupation number in thermal equilibrium

It is useful to scale all rates by the Debye fquuency,pwn, and
intrnduce the dimensionless quantities,
ZmVO meD
7, ﬁzyz . and r = -;;5- : ’(82)

(do is approximately equal to the number of bound states in the surface

potential. See Appendix B.) The energies are all scaled by the Debye
fenergy,MﬁwD.

Using the results of Appendix C, (80) and (81l) may be rewritten as

\} l

vv vv'[ ph v' v -
pV, =" [ -a)+1 e(1-¢V) +e¥a(Y - oY) 83a)
em jj' "jj' (e j 3t ) it ¢
vv v% ph, v V' v v v v' _ :
P € )8l +e N0(e. - &) 83b)
absTiit 11 n (EJ EJ') ( s te (FJ 5 | (83b),

where



G;'“ 24"0§ m v, ! 1 . ( 4m /m ;v v I 'F(ZU ‘J )
il wD oM v (v 197 i ol

5w

. ;..L x (c -j-—>(o ~j*—~0<j 4% [v -v)s +—<j j)kéé =3 3'-1>]

26 -3j-3"-1 —lv—v'l .
e o+ A2 | (84)
) [3-3"| o
T
W e - . . . o
and Gv-=zr-= fundamental molecular vibrational fregqenqy,inhnnits ome
° s~ a - " B : ﬂ“ﬂ‘.,"r-o lj etk e a wra 6. LI R N e *
« o o S %W I 2 . . .

j (j ) is the greater (lesser)of (j i')s

eh-ey = (v-vs +¥u¢ﬁacﬁ—y4n

o voER o Te T Tl
h Lo . D _ :
ST R

Notice that the transition rates decrease rapidly as. Iv—v | increases
because of the small factor ((4m /m )/r6 ) << 1. The collection of
gamma functions from X(j,v,j v ") involving j and j has been shownZO‘
‘to strongly favour transitions where j and J differ by one This

encourages a cascade of step by step transitions through the bound

states. Ed

i1i) Bound state to continuum transitions

The total phonon—assisted transition rate from a. particular bound

v

‘state (1',v") to any continuum state with vibrational index v is

Vv{ vv . L ' S
P ., P . 85
CJ Z qj' ) ’ - ( )’

where the surface state label q 1is the (one- dimensional) wave vector of

the free (desorbed) particle Using (56) we have

36
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. & . " %A s o a Aew ';3' It
S owv' 2% > | e
SR A |x<q‘._v,x,v'>-ejl
,.q Jood ST ,
. . S S e e
[ a(E"-E;’.-nm e (n +‘1)6'(_E:fE}’,+ﬁwJ)] :

Proceedlng similarly to’ above in (i), we use bulk Debye. phonons

and pass to the continuum in q to get,

WI .VV'. - ;’vl K
= - _ (87
ch' em cj' abs cj' ( .)
T ThereT TN T ULttt e e e
’ b v 1 v ) o -
w' vy AV v
emfcj' = Cyr V'f dx 8(x) Wj. (x)(*s.j.-vtsv x)'
gj'-vév_l A ~
« i Ph V-' L. . . - . . . ) R
: x. (ely =v6_ =x) + k] "~ - - .. ... .. (88a)
3 v o o - - - ..
‘/ . - ev:—V6"‘;+l I - % e
PVe= VY : dx 000 W () (5= &7+ v6 e Vs
abs” cj". '~~vvp_,e F“ x»ﬂj S ij' v X j{ v
: > j'* Ve X |
- = , e (88b)
~with ' : - - .
. . . .|' L2
CVV' » 3 @ v ! 1 tl&m /m )Iv v ZQO—ZJ ~1 :(89a)'
) P ] - N 1 ." - = 1
- - .':9 .- D [t MS V< .,4_;( I V‘:V' |1)2 ] :5‘(20—0 J )
N |F(Oo +% P l2 Zsinh(2n/§)
cos (na ) + sinh (W/;E)
B o . , | )
D o 3 o 2 ' 4
. x {m% {(co—j}"{;-.}—%) + 20 (1 '__"_"T ')]} | FH(89b) "

e

‘after some computation,

Lyl B2y
- (c0 j 2) + (v'~- v)dV

The integration variable (x) in (88) and (89) is the kinetic

; . .
energy of the desorbing particle, scaled by the Debye energy (ﬁwD);

The limits of integration combined with the theta function allow de~

sorption to’

a

L4

state (q,v) via phonon absorption if the available

g



Do T

L energy (Gj = ) is wit:h l (DebYe energy) of the contiuuum (E: '=0) (That .

- P Tt

. 1is, , -v§ +1 >0 ) Desorption with phonon‘emission ‘can -occur- if~ e e e

,j s
-
g e; -va ‘;Q._ The form of the factors in C87) to (89) is similar Lo

‘that in (83) and (84) for bound state to bound state transitions. The
matrix element X(q, ,j ,v ) encourages transitions in which the v index

varies by as little as possible and in which j is as: close ‘to the con-"

v

tinuum’ aS'possible..u

. - «~. ' . ‘
"§2z 4'4 The’ Cunneling transition' Q“}r Tt e e e v e e e o L.

As explained in'Section 2.4.1, the.punneiing process due to'ﬁres v

can cause bound state to continuum transitions only. In analogy to the
~ phonon assisted rates of theliasfjseofion,;wé‘1et~the7funneling rate to.
the continuum be
vt w' _ 21
_Q."z Z Q .";?‘z
: ; q - .q

') . (90)

Icha ,J 'V ), G(Eq-Ej

(To arrive at the. second equality, we have substituted equation (57)
V

for O )

qi’

_In one dimension, and using a Taylor expansion of H 629 ) in
2(q,v,ji',v") (37) leads to

2V

2(q,v,j',v'") = Z o7 & I(l_l)qj,<v|(gggo)1,v'>': . (91)

/7 2 L
This equation is similar in form to (76a) for i(j,v,j',v'); The inte-
gralk Iﬂqj' 1s the same as Iljj' in (76b), except that the bound state

wave function for j is replaced by the continuum state function for q.

This integrallis‘very similar to one calculated for reference 1, so only

the result is quoted in Appendix C.

' ‘k‘ )



+

"delta furction ‘gives

. - P P B L T Y

i '-i‘r-..-_. . e . el L e A T B S R

Performing on (91) the Bame manipulations ‘that took (76a) into° o

(78) in Section 2.4.3 and substituting into (90) after evaluating the__,

e a o~ .

14

W w i (““‘ fay 1oyl 202291
Q' =“p” 16 v_1 ,'!) T D

S " sinh(21Yr(e¥,~vs ))
x IF(C +i r(e ,—vG ) )l .| v

cosz(nc )-+siuh2(n r(e;,—vév))

20 ’ A.|~ ‘« N M
ﬁv ws-k—-u 2t “WVIJ e@}fwy - (92)

" e - N 3 &

Although we express the rate. in (92) in-terms of the parameters wy

and r for convenience, it must be remembered that' no phonen processes

© dre invdlved here. Rather, this process involves a direct tunneling

of energy between vibrational (v) states and surface states (j). The
Li

remarkable Siﬁilarity of the components of QZ;,

'
(92) and ng, (87-89)
is due to the very similar forms of the matrix elements Z and X. (X

involves the lth der{va;ive of the surface potential whilh 2 contains

the (2-1)%% )

This completes our use of nae
‘&!{ 3

. &
theory. We can now construct the *full transition rates that appear as

microscopic, quantum-mechanical

coefficients in the matrix of rate equations in (2) nr (4). The hound
state to bound state transition rate is

1] 1 '
R, = LYY, +p7, (03)
33 13 ii ‘

while the boimd state ton rontingqum rate ie

\J
R &
cJ



potential of the gasl. (The initial distribution of occupation numbers‘

i:fsiﬂéf_Soiaéiéafqi?ﬁﬁe”ﬁhéle}"hquation‘

SRIELREN o) study ‘tHe “tinie evolution of the adsorbate, we- will solve the

I VR P S

.....

T,

rate equations - s I - SR
“ . ' . .
K(t)“: R n(t) ’ ‘ ‘ (4)
subject to the initial conditions

~(EY.

2(0) = N(0) e

N(0) 1is the initial population of the adsorbate and ugzlsfthe clremical

—u )/k T
g

~

M

in thermal equilibrium is given, for low particle densities, by the .
Boltzmann distribution above )
. . We follow the method of reference 1 and solve (4) by diagonaliza-

> T ..A’f“ “— . - 3 . o . ) . - - ».. -‘i
tion of the matrix R. *Suppose R has eigenvalues Ai and eigenvectors e J
It is then shown in reference 1, by basic linkar algebra, that the

adsorbate pooulation is given by

nV(0) At
N(t) = i : ~'
N(0) jZ NG ; s, e (we find ;< 0.) (95)
where ’
v .
n_(0) , :
Sj <z "‘L—N(o) éi Z ei, ' ‘ . ’ 3
. jov ! Jwv iy j'v
. 1 . > .1 f
with e / =the (j,v) component of e » and Z 8 =8, ..
v R T
Now. ler the eigenvalue of emalleqt magnitude he XO. Then, as t + =,
At '
Ne) 7.0
N 5, ® (96)

where Xo 0. That is, at large times, the desorption rate may be char-

acterized by the smallest aigenvalue, ‘n. if s 1s not too small. 1In
N o



-

‘“'practice, we find by numerical calculation that s 1g usually very

1ose to unity and all other si s are normally ‘much smaller in magni-
tude., In this case the relaxation-time form given in (96) describes'
the desofotion process well dften we find a few other'si 8 aré'signi—
ficant too, in which case the desorption proce57’T“Volgsi\feveral
different time scales.

The determination of the g and Xi values is a lengthyinumerical"

calculation, involving the diagonalization of the rather large matrix

- _ . .
R, and the inversion of the matrix of elgenvectors. To keep the matrix .

size finite, the spectrum of vibrational levels~is cut off at an ugper

w R b : T ‘ . -

" limit (vmax)' Vibrational states are then restricted to v=0,1,2,...,

vmax' Such a cut-off is not inbprinciple nnreasonable. The inter-
atomic potential of a real molecule is o fact anbarmomic, so the
hlgher excited states are not evenly spaced. A laser tunedAinto the
evenly spaced Jow energy Jevels will therefore be unable to resonantly
oxcire the higher levels. The exact level at which this cnt~off ocecurs
will depend on the laser line width and »n the degree of anharmonicity.

Tn the next section, we will perform the numerical calculation

outlined above on several systems of speeific interest.
= ) :

»



53. NUMERLCAL RESULTS AND DISCUSSION

§3.1 Characterization of our‘Phbtodesorption Model

The behaviour of our photodesorption model must now be examined
before theoretical predictions may be compared with experimental Te-
sults as detailed in the next section.. Our theory is first applied to

a set of model gas-solid systems for detailed study. The system para-

me ters are

i) the fundamental vibratlional' frequency (wv) of the adsorbate
” molecule, its atomic masses (mi’mZ) aad dipole charge separa--
tion'(Q)x - | ®
ii) the depth (Vb) anq'raﬂge (y-l)lof the supface potential,
iii) the dielectric constant (nrﬁ, moieeulaf m?fh (Ms) and Debye
" temperature (TD) of the solid, and |
iv) the laser "fleence" (FQE intensity x inverse line width), andv
incidehce(;ng]e (8 ). |
(Note that we will replaceAVO and TD with the gscaled paraﬁeters. FO and
r as defined ia equation (82).)
The system parameters are choeen to model the'physisorptien'of
CH3F on an NaCl suiface, ingofar as the experimental values are known.
The CH3F molecule e helieved to adsorb with the F afem closest to the
surface and the CH3 ~omplex sticking outwards. (The laser excites the
C-F bond.) The adsquate unlecuie and solid parameters (i and iii
ahove) arve, with the axception of Q, generally all known. The value nof
N is eatimated from free space measurements of the C-F bond dipole
mament in the paseous CH_F molevu]ezl. While it ie known how the C(-F

3

hend vibrational frequency crhanges as the malecule e hfought up against

[ SN



v

Athe surface, the effect‘ou 0 is unmeasured The error in Q introduced
uere however large, will affect our results by simply rescallng the'
fluence axis of the graphs.

There is-also some difficulty iu describing the surface potential.
The well depth (Vo) may be rgadily estimated from the heat of adsdrp-
tion as determined by thermal ﬁinetics experiments3. fhe range.(Y_l)
of the potential is not go easily deterudned from experimental data.
We therefore choose three di fferent values for v and investigate the -
desorption kinetics in each ca¥e.

Tn Tabie 1,-parameters fot the three systems are listed. Weylet

~1

Yo = 22.5 KJ/mole and ¥ " =.35, .25, and .15 & in systems 4, B and C

. k . . - ”‘1 .
respectively. While fthe lower two ¥ valves are somewhat smaller than

Table 1. Svstem parametevn for C”3F on Na't .

ysten vl o,
A 1s 2?2 R 53.9
R RIS 167 27.5
e 15 715 6.9

ther parameterg are-

T - 7§1 ¥ o, noo- 158 & - 4onA

™
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. what éne might expect to find physicaliy, these three systems shqﬁ the
varied results attainable using our model. The energy spectra 6f the
corresponding surface.poteﬁtials are shoﬁn in Fig. 7.

' By way of introduction, we first c6nsider.sys;em A, which is

characterized by the parameters o, =22.8, r=53.9, and Yil =.35’X.
o q

The energy spacing between adjacent surface states is a ways less than -

-

one Debye emdrgy, so purely thermal desorption via one-phonon processes

is possible.

Using the method described in Section,b, the desorption rate is

. * i ’ :
calculated as a’ function of fluence and temperature . Then log rate is

T

graphed against log flﬁence for various temperatures in Fig. 8;;.the -
data is redfspjafed in log rate versgus inverse temperature graphs in
Fig 9. Oo the latter graph we ineclude an estimate for purely thermal
deanvprion, without the lager ot the vibrational coupling. This is
acrompliehed by includinhg only the phonon—-assisted rates ng, and PZO
in tha ra]cﬂlétioﬁ, which is precisely the thermal désorption calcila-
tion nf roeference 1. The thermal desnrption,g%aph is a straight line,
indicating ap Arrhenive form for the tate (ge~ an;oduction), with the
heat of desorpri n wwproximately eéqual *~ rhe depth of the lowest bound
stata,

The phetadacnvpticon eraphs show enhanced dasorption rates at low

temperatures. At 100 K, photo&esorption occurs at a rate 100 times

jl

“We set Vmax "2 for the dalculations in this section. A molecule in the
surface ground state (j =0) needs a minimum vibrational excitation of
v=2 to hring its total energy into a degeneracy with the continuum
states. We find that the photodesorption rates are greatly hindered if
Vmax 1s reduced below this level. Increasing Vmax 3bove 2 results in a
slight enhancement of the rates, with no qualitative differemce .. We

prefe¥ t’'keep Vmax =2 bere in ovrder to redure the complexity of the
nupey’-s ‘o 3 minfmum.
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1arger than the thermal counterpart, provided the laser fluence is
greater than 107 J/m (See Fig. 9). At 50 K.the laser enhancement is
‘of‘ma;y orders of magnitude. The fluence dependence saturates for
F, 21 J/m*. This is also seen in Fig. 8 where rate versus fluence :
curves . level off to the right. " Note that the T =200, 250K graphs_show
little fIUence dependence; thermal desorption’dominates,in-this'regime,
(The Debye temperaturevof‘yaCl is T =281 K.) We shall now moVe on to
study-system:B ’ or which a more detailed analysis is desirable.

" As shown in Fig. 7, system B has fewer bound" states since the

-

range of the surface potential has been lessened. As a result, the
) bottom three surface states<ﬁre separated by greater than one Debye
energy; . thermal desorption alone cannot occur from the ground state.

The desorption data given in Figs 10 and 11 for this system is rather
-

48 -

complex, so in the next seven paragraphs we investigate the fluence and .-

temperature dependences with reference to our microscopic model.

’

The log rate versus inverse temperature graphs in Fig, ll are

»

qualitatively similar to those for system A, except that the high tem-
. a
perature rates roll off just before meeting one another on a common
"thermal desorption" 1ine This effect will be discussed shortly.

Before embarking on the main analysis, it is instructive to modi fy

‘the rate equations temporarily by deletlng all bound surface state tran-

1
sitions j +j'; that is, P;;} =0. The resultingly small. desorption

‘rates are graphed as dashed_lines in Fig. 11. 1In this very restricted
case, the only desorption path is via (j,v) =(0,0)f+(0,1) +(0,2) »(c,0).

The last step in the path,'(b,Z)-+(c;0), is'the'rate determining step

for fluence in the range F' > 10-3 J/mZ; The transition rate for éhis

step, which is Qco +PO§, turns out to be only slightly temperature

'
s s
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much smaller fluence the step from (0 v) to (O, v-l-l)\is slower and

51
dependent. This 1s because Q 0 is temperature. independent, while the
phonon density of states in POZ depends on temperature; see equations
(87) -(89). The transition rate from (0 2) to (c, 0) is thus independent
of temperaxure at low T, but increases slightly as the Debye tempera-

ture is a,pproached. 'Ihe corresponding desorption rates shown in Fig.

11 have just this form for fluences F > J/m . However, for

becomes rate’ deter_mining. For example, at Fl =10 6 J/mz, the desorp_
tion.rate in Fig. 11 is_ :10-4‘8-1 at all temperatures. This is equal
to the v=0 to v=1 transition #te L;‘g We shall now turn our atten-
tion back to the full system of rate equations.

With ij, included, much more complex behaviour is observed in
Fig. ll. .To assist in our nnderstanding of the underlying processes, |
we display the numerical values of just a few typical transition rates

in Fig. 12. The vertical steps at the right side of this diagram

- correspond to the desorption path outlined in the last paragraph. it

is clear from Fig. ‘11 .that this path does not normally contribute sig-

nificantly to desorption since th.e full-sys.tem rates are mostly much

greater. than those (dashed lines) pmdicteffrom this single path alone.
From Fig. 12 it is evident that vibrationally excited molecules

can transfer - via a(phonon interaction ~ to excited surface states by,

for example, (j,v) =(0,1) +(5,0). The molecule can then step up and

vdown among the surface states very rapidly with phonon assisted transi-

tion rates P’ ' This thermal cascade" is included at the left side

3T

of Fig. 12. . If the molecule energy (ej) 1s positive, desorption may

~occur by a transition to the continuum. (See the top of Fig. 12). The

transition rates into the continuum from a highly excited bound state -
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i =\]?5, v=0 or even j =35, v=1 for example ~ are much faster than from

v'v

¢

@3d Q favour transitions between close surface states and adjacent

the surface ground state, j=0, v'=2; This is because the rates P

vibrational states, as explained in Section 2.  The actual desorption
rate 1s determined by a complex process of competition between, .the
complete set of transition rates. We now return to exami;e the photo—
desorption graphs in detail.

The high teﬁperature behaviour snown in Fig. LQ is discussed
first. - WhiIe tne low temperature graphs of rate versus fluence are
qnalitatively simiiar to those for system A, ‘the desorption rate at
YT > 150 K and low flnence is limited by a straight diagonal line. .This

effect 1s a characteristic of our model, and is easily explained using

Fig 12. Ve begin with the adsorbate molecule in the ground state

j=0, v=0. (For temperatures 2150 K the initial Boltzmann energy dis-

tribution dictates that practically all adsorbate molecules start out
in the'gro d state;) Sinee the lowest surface states ‘are separated
by‘greate than one Debye energy, our one phonon tran@ons are cut
.off.' The molecule must therefore undergo a vibrational (laser induced)
transition to the j =0, v=1 state before proceeding further on a path
to desorption; At low enough fluences, this becomes the.sole rate
'determining step, governed by Log ol 1010 Fi' The diagonai line in
Fig. 10 obeys this equation. This effect is manifested in Fig. 11 hy
the rolling off of the rates at high temperatures. The roll-off points
fall on a straight line (dotted line in Fié. 11) that may be charac-
terized by an activation energ& of 6.9'ﬁmD. This 1s very nearly the

depth of the j =2 surface state, which is the lowest state arceccihle

-

via one phonon processes., The dotted line ATPears to veprasconpt e

53
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a

‘themmal desorption from the j =.2 state! With this observation, we

postulate that the roll-off ocou;s when the vibrational trensitonriate, . .

' L;g, is exceedea.by the thermal desorption rate from the j =2 state.
'At high temperatures, eﬁt main path to desorption apparently involves

<

thre@@@eneral steﬁ‘é és shown in Fig 13. The molecule is first vibra-

tionally excited, then couples, ~la phonon emission, to an excited

i

surface state, and finally aesorbs via a thermal cascade of phonon-

l .-

.theory to one-phonon interactions, whiie the&lowest surface stateg age‘
spaced by greater than one Debye energy.

~ W
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Fig. 13. Path to desorption at high temperatures
for system B.
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" At lower temperatures now, Fig. 11 shows a very strong enhancement

I3

of desorption rate as fiuence is increased. At lower fluence levels,
- 2
the enhancement is less. 1In fact, at fluences of 10 2 J/m” and less,

7tﬁe photodesorption rate at T 2 75 K drops below that level estimated

. - LI )
severa} paragraphs back by ignoring P;},! (The solid lines in Fig. 11

faliifenéath dashed lines’ for FZ < 102 J/mz.)' It appears that, at

[

L

. these low temperatures, the thermal cascade (see left side of Fig. 12)
is directed strongly downwards because spontangous emission of phonons
dominates in the rates P;;,. The cascade then acts as a sink f&r

adsorbate molecules, resulting in decreased desorption rates at low T.
It appears that the temperature dependénce of the desorptioﬁ rates may
- be attributéd mainly to the characteristics of the thermal cascade.

Finally, at the lowest temperature - T= 50K - the graphs in Fig.l1
have mostly levellea out, to become';ndependent of temperature. This
is expected, since the individual transition rates gain their tempera-,
ture depen&ence via the phonén densi ty of%gtates, which vanjishes at low
temperatures. The differeﬁt levels for different fluences at T = 50 K
. indicateg that the sink mechanism competes lgss efficiently against the
‘desorption processes at higher fluences. ﬁhile we hope that‘the simple
4 intexpretation given above will provide some dualitat?ve insight inro
the underlying rare mechanisms involved, it“igfemphasized that the
actual prediction of desorption rates ﬁedessitatéc the ﬁumerica] enlu
tion of the complete master equation This compleres the analveie of
fystem B.
The photodesorption rate graphe far avetem C are shown in Figa. 14

and 15. Sjrce rhe baund gurface atates of rhis‘syefnm are verv wjdely

spAared (eao Pig. 7), the thevymal! caacade {a eypertad ro plav a migimal
»
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role. As a result, the temperature dependence of the, photodesorption

rates is considerably less than for t:he previous two systems.

r

C‘nmparing the three sys tems yields important qualitative trends.

&

-—

CAs Y. T 1g vdecreased (from system A to B to C), the desorption rate
saturates at higher levels and at higher fluence values. “The teuipera-
ture dependence decreases as vy -1 decreases. The number of bound states
also decreases with Y 1, eventually preventin; thermal desorption from -
the ground state. Tt is thus observed that, by varying Y -1 ‘among
these three systemg, the characteristic fluence and temperature depen—
denre nf desorption is dramatically altered

Eqna”v impertantlyv, the magnitude of the desorption rate is .
changed hy manv ~rdovq ~f magni tude bydvarying Y—l. In Teble 2 the

-

Table 2. Des rptton rates (s : ) at typival tempe ratures and fluences

R D F/Na(‘l sy¥stems A, R. and .

~

System (v"! in %)

: o e b
T(K) Tty N AG3s) B(.25) c(.15)
~ oo
50 1 . 1.av0® 4.5><105“ 1.5x10% 7"
A : .
50 N0 ‘& 1.5%10 2.9;;:109 7.6><lO11
150 R 1.6+107 5.0x108 1.5x10°
94:':‘ ,
150 T 1.8v107 . 2.6x10%0 1.4x10%2

° 9 9
250 » 5.2v1n0 2.5%10 1.5x10




As a result, the rates Pj*‘lj dominate, inducing steg by step transi—'- .

.,

LA

‘ desorption rate for each system is compared at several values of

fluence and temperature. The rate ‘at Fz..ﬂ.l J/m and T = 50 K de—

~

creéses by 5 orders as y -1 is increased through systems C B, and Ar

If‘ we-increas'e Y l further to 1 ' (them o =65 2, r = 440), the :
fluence dependence disappears and pho‘todesorption is no longer detec—'l S

~ table above " the. thermal rate,‘evEn at T = 50 K. 'I'his 1s understood to

result: from the fact that: the . xates ij,, P j" and Q" ,.‘l' become very

small exceedingly quickly, as the ~difference between the states -

Ij | I- increases. This effect is amplified as oqgincreases with Y l.'

-~

.,_ .

tions in . the thermal desorption cas&de. ne e

x:

4
D

Additional spectroscopic data,.such as- bound state separation energles,

‘may be used to fix Y more accurately ‘»

‘We .-note, in conclusiou, that our'theory “depends strongly on the

[

" shape and depth of the surface potential. (While the adsorbate molecu—

"

Jar mass (m) and the Debye temperature (T ) of the solid ‘are also '
< -

Y

‘ 'important in determining c and r, these parameters are more accurately

T

‘known It will be seen - through examples in the next section - that

3

‘ the size of the fundamental intemal molecular vibrational energy (ﬁw )

in comparison with the well depth (V ) is also important. On the other

) 4hand the other characteristics of the solid aqd the adsorbate enter .

) N

.the. rate equations in a -much ‘more. innocuous manner. :

a

§3.2 Comparison with Early E:iperimental Resuits; Discussion K

We will -now compare the theoretical data of the \last section with
experimental ‘Ifesults. Althoug_h photodesorption experiments are 2 like

- a

- The correct ch01ce 'for ?is thus crucial in modelling real systems. )
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the theories -.in the earliest stages, the: kinetics of the CH3F-on—NaCl

I

L K

in ‘a high vacuum.— The sample is exposed to pulsed radiation from a

high power TEA CO2 laser which has been tuned to the vibrational fre—~ ,

i ’

quency of the FLCH3 bond. Desorbing molecules are detected with a

 mass. spectrometer. After repeated pulses,othe adsorbate covera 'is'
deple d. At ‘a pulse fluence of‘the order of F ,2.10 'J/m - this

is equivalent to an intensity of 1 MW/cm .— he measures .the. photo- '

desorption rate tdl ~,106 s 1, with the. fluence—

“dence given by

e . N . ; o ~.
Y. £d -1 3 . . . . . s . .l
4 5 - b ey . . o . . B o
.

R : , R \
Our model dbes not immediately predict these results. A compaki

son with the T = 50 K line in Figs. 8 10 and 14 shows that our model

\\ predicts too large rates for smaller systems, and much too 1ittle
: fluence dEpendence for the - larger two syStems which are in saturation.
2 4

e The maximum fluence dependence observed anywhere in our’systems occurs

in system B at Tx=50 K, for FZ . "1 J/m ,. where we find t Fl 9
Noting that a lOZ increase in V shifts ‘the. j. =0 v-2 state below
the continuum, we have tested the effect of this change on system B.
Increasing V to 25. kJ/mole raises d -to 17 1.. We' now take’ Vmax ,3.
and then find that the desorption ‘rates are~not altered appreciably!
| . The discrepancy between our predictions and the experimentaI
' reSults does not necessarily imply an inconsistency. Our‘theory is |
o designed for low coverage (that is, s’ub—monolayer) systems in which '
adsorbate.particles do not interact among themselves. The experiments

of Heidberg et al. involve a multilayer adsorbate which will likely be.

1nfluenced by interactions between adsorbate molecules. The precise

4 system has been studied by Heidberg et al.?. He begins with an adsor- j:

-

\\‘\\ bate of monolayer to’ multilayer caverage on the Nacl surface, at GQ K. i 'l:;

160




. N : S :
. effect of such adsorbate molecule-molecule interactions, and the extent

v'to which they may contribute to - the observed discrepancy are not known

’Our estimate of the dipole charge separation (@, taken from measureh r

'vments on’ CH3F in the gas phase as previously mentioned is also of -
questionable~validity. Since the fluence coordinate scales according
. tonZ, ‘an . error in Q can cause a significant sHift along the fluence

axis in our graphs. ~Such a shift could, for example take-one Lrom a

region of ‘fluence saturation to one of considerable fluence dependence.

This remains an'open question until the correct value of Q is known
‘Another feature that we have ignored in our'discugsion is surface
gheating, which may occur in:two’ways.‘ First, the surface may .- absorb
!laser radiation ‘directly; this effect is safely neglected in an essen-
tially lossless dielectric, such as NaCl in the infrared Second the

surfa@g absorbs phonons ‘dg an adsorbate molecule cascades downwards

through the surface states The sample transition path shown in Fig. 16

744

~ shows how it may be possible. for a vibrationally excited molecule to
transfer almost all its energy to the phonon bath. « A detailed calcula-

tioﬂrof the surface hea%ipg via this type of me chanism has not yet been
dpne. . .-v f"; _ - ‘:“ . . ﬁ

" Photodesorption e;periments on somewhat different systems have.

. been carried out By Chuangs. The adsorbate is an organic ring molecule
pyridine, “and desorption from both metal (Ag) and dielectric (KC1)
surfaces has been observed. By_varying the laser frequency, they find

" that the photodesorption yield is- peaked at a characteristic v1brational
mode of the ring molecule indicating that the laser couples resonafitly. '

" to the adsorbate’molecules. On the metal-surface, they estimate that

direct heating o% the solid'contributes to 3OZ of the desorption at a

e
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‘ . Fig. 16. A laser-induced heating mechanism for system B. -

fluence F '==10 J/m » and to only lOZ at- half that fluence' the contri—

bution drops off rapidly at lower fluences. Chuang concludes that the

: dominant photodesorption mechanism here must involve molecalar resonant

absorption of the laser radiation. We do not- attempt‘ to apply our simplé
(diatomic molecule) theory to the pyridine system.
Photodesorption of CO from a Cu crystal by.non-resonant .surface

heating has been’ recorded by Viswanathan et al, 4 Using a high i'ntensity

laser with a pulse fluence F, lO J/ur they desorb CO molecules at a
-1 4 -1 )

. rate td =10 8. Our theory predicts that a laser with ‘pulse fluefice

-1 J/m tuned to the co infrared absorption line would produce about

the same desorption rate. (See .Section 3. 3 for details ) 'Ehis prediction

N ~

awaits expe rimental verification l

6



-§3.3. ‘J.O'ther Theories
It is worthwhile to compare our theory presented here with several

vothers in the literature. .
: ~ .

In a series of paperss, Lin and George have developed a theory of
photodesorption based on a reaction mechanism very different from
ouﬁx They suppose that the laser ‘radiation is directly absorbed by
the surface bond and ignore coupling to the internal moleoular vibra-
tions. (This channel is shown in Fig. lc in Section 1.) This energy
absorption then induces tZ?nsitions to higher energy surface;states,.
with the assistance of the phonons of the solid. The surface bond is
modelled by .a harmonic potential plus-wen anharmonic correction temm;
desorption is defined to occur when a molecule reaches g preselected
.energy level. in this potential. oOur criticism9 of this model*’i_s--t:wo—'i
fold: g \ |
.1) Since the real surface potential is, in general anharmonic,

the associated energy level spacings will vary considerably
The -laser frequency‘cannot be matched to'all'these spacings at
oncel The laser coupling to~most of‘the transitions‘in a multi-

State potential will therefore be non-resonant and'hence quite

weak. (For this reason; they consider also a two laser system

Y

4
with the second laser tuned to excite electronic transitions in

the adsorbate too'sc).

ii) The validity with which one may approximate the surface bond -
with their very simplified model potential is unclear, and
apparently unnecessary; as the following authors- point out.

An apparent improvement on the model described above has been made

by JedrzeJek et al.6 They consider the same desorptiEHMZh:nnel as Lin

;%¥JL»
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and George, but use a much more realistic Morse potential to model the

- surface bond. However, this work too is subject to. critiZism (i)

above. As a result of weak coupling to the laser radiation, Jedrzejek
v b

‘finds that his theory needs-laser intensities four'orders of magnitude

larger than realistic values, to give measurable desorption yields.;

In contrast, our theory predicts desorption rates tham saturate with .

LR

respect to intensity at relatively small fluences. The predictions of ,

our theory may be compared with Jedrzejek's in Fig l7 where data
applied to the CO—on-Cu system is graph‘a Since our t predicts
much faster rates at loWer fluences, it is concluded that rebonant laser

coupling to molecular vibrations, as employed in our theory, initiates

a much more efficient photodesorption process. : «. :
=

Photodesorption rates-have -also been calculated by Lucas and

Ewing R employing a part of the channel used in our theory. They only '

include the tunneling*term - essentially Q 0 - between excited vibra—
tional states and continuum surface states'-see Fig. 18 For the
system they consider (Al ), the vibrational energy spacing is much

greater than the surface we‘ll depth (i e._ heat of adsorption) They

b

assume saturation of the vibrational states, and their estimate of the

desorption rate ‘is,. in their approximations, equivalent to

-1 , S ]

td,=Qc0 o (97

j64-;

In the specific regime they‘consi,der, o_u’)r: theory reduces to appro:dmate—‘-

L

ly this result too. This simple result can be easily understood after
noting that transitions between excited vibrational states and bound
states are highly’ unlikely because of the very large energy difference.

®

Consequently, desorption proceeds mainly by the two parallel processes:
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Fig. 17. Log rate versus lbog fluence for the CO/Cu

system.
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-Fig. -18. Desorption mechanism for the H /Al 03 system.
i) thermel-desorption, and
ii) laser assisted vf%ﬁ?j,v) =(0,0)H+(O,1) +(c,0).
This is illustrated in.Fig; 18. At the low temperatures considered
(40 K) thermal desorption is negligible, so process (ii) dominats, For

high enough laser fluence, the vibrational transitidnb are very f?st,

66

.and hence the final Jump to the continuum is the single rate-determiningg,

step. In our theory, the rate of this transition is’ just Q POl

c0’
Normally, Pgé b2 Q O,vand we thus get almost the same result asg. (97)

¢ -
Finally, we note that the authors Kreuzer and Lowy9 have previous-

oyt

ly considered, instead of the Q O term, the effect of the P01

c0
This work, which involved ‘some calculational simplifications, is in fact

term. .

the beginning out of which the theory presented here has evolved.



§4. CONCLUSIONS

A fuiiy quantum,@ech;nicai theory of desorﬁtion via laser- ‘
stimulated} resonant excitation of adsorbate molecular vibratioﬁ’héé
been ﬁrésented5 .Thé_theory is based on a simple microscopic model in .
which desorption‘entails'a cascade of surface and vibrational state
transitionsﬁ -All physical paraméters ip;roduced iquur model may in '

principle bé fixed by experiments; desorption tiﬁes are predicted err
a full range of temperature and fluence. A comparison with‘other |
theoretical calculations and experiﬁental results indicates that the:
resonant laser.cdupling process considered here may be a useful way to
selectively ana efficiently_stimulate desorption. 1In the c;ses cited
in Section 3, the use of a laser to excite internal molecular states |
appears to he muéh more practical tban exciting the sur%ace states -
directly. .
An actual verification of the present theories awaits additional
experiments; obtaini.ngjxaccurate desorption measurements is clearly not
-(an'easy task.' Our theory relies on e;cperimentally determined parame-
ters, such as TD, vo* mv, Fl’ Q, and Y; the {fst’two of the;e are not
presently available for most.systemq.‘ To check our theory, future
Photodesorption experiments éh&ﬂldlﬁé‘performed at measured, submono-
'layef coverage. The potential fégge:parameter (v) may be determined

ei#her spectroscopically orfby’thermAl desorption experiments done at
the same coverage. (The latter method prov;des an evaluation of Vo
too.) ‘The molecular dipole separation (Q) may in principle be found by
measurement of the infrared absorption intensities of the adéérbate.
An unequivocal, experimental evaluation of our fheory for resonant

.~
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photodesorption could then be obtained. ¥,

Several necessary improvements ‘to Our theofy are immediately
apparent. Most notable 1s our neglect of the surface heating effect
due to phonon emission from inelastic transition processes. The
seriousness,of this omission should be determined by future calcula-
tions.w'Another weakness 1s our use of a one dimensional surface |
potential and a fixed molecular orientation. A complete three dimen-
sional calculation (permitting molecular rotation) seems appropriate

here. It must also be remembered that our theory is designed for

localized, physisorbed (weakly coupled) systems at negligible surface

'coverage. In practice, the coverage isausually greater, allowing for .

significant interaction between adsgrbate molecules. Resonant "V-V'
coupling between molecular vibratio al states in the. adsorbate, as ¢

suggested by Heidberg7C for the CH /NaCl syatem, is an important fepa—

ture that has been’ ignored in the work presented here. Furthermore, we
have treated the solid as'a continuum throughout, and coupled the

1 macroscOpic electric field of the éaser to the molecular vibrations.of

s

the adsorbate via fts infrared absorption spectrum. The currently

developing topic of "Surface Enhanced ‘Raman Spectra ,22 although ignored

here, mayngrovide additional features to be utilized in future photo-
desorption processes on metal surfaces. There'are clearlyvmany areas
open to study, both theoretical and experimental

It summarizes to say that the utility of. photodesorption - via‘
resonant laser—molecular coupling = as a tool for selective desorption

awaits the developments of many ongoing investigations.
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- APPENDIX A

‘Orthogonali ty of {ﬁKB }

Equation (14) ‘is nowlvderiVed for the modes 61_:8(;) defined iﬁ .

‘equations (13a,b).' Using (13a), : :

. [d; nz(x)u_, @0 (D=L fdiei(i =4 )if 2028 (018" ()
k'B" 4l Ko ™" g '
- s -%)s ,.fdx 0 08 & 3 : (a1)
o ke o Koo . ’

Tﬁ-remaining integral in '(Al) must be evaluated explicitly for the”

cases B = S,p. Using equét:ion (13b) in the s-polarization case gives

® : 0
2 -2 2 1(b'-b)x .
den (x)?isz (x) (x) —N N {(l-i-n ) (l+na) fdxe | !
p . l-n a .v o . 1-n a' . A |
icx r _-igx,, -ig'x r iC x

+ J dx(e e e ) (e timar ® )} 5

0 r : r

s* s _2n -

= -+ -
N" N s a)(l+n 2’ {(1+2n 2 n £2 )G(C z) + a term’ 1nvolving

§Cg'+r)} o ' ' , (A2)

———

where a' and b' are evaluated at z'. To arrive at the second line

-above, we note that

=1 —— + T84T'-7)

' .
f dx ei(.c‘-;)x i
: L-C
0 ‘

L3

where P denotes the principle part distribution. The terms involv-

ing #/¢- L; all cancel in equation (A2). Since we require z,z' < 0, the
) L
term in (A2) proportional to 8(z'+r) does not contribute. With N
defined as - ‘
. l+na o
N = L — (A3)
/27r(l +2nra + n::‘_az) : :

. . . ‘~
4 \ 7 741 - {




equation (A2) reduces to ‘ w

a4

: f dx n (x) f+ (x)- KI;'(X) = G(C C) . ‘ ’ . | (A4)

Similarly, substitution of (13b) into (Al) for the p-polarization case. 3

and performing an'alogoos mahip.ulai;ions_.yi_elds‘

fdxn x) f+<x> t, (x>=<s<r, -c) | L (as)
where v
’ n v +.a .-. ) .-' . -y i N N L . . ) v"""' "'. ‘
N = r 2 . S ARy
»/Zn_(KZ_ + ng'+',2n2a' +‘a2)" . L DR
.' .. - _'(. \7 ' B
© Finally, substituting (Al;) and (A6) 1nt:o (Al) gives the orthogonality
‘relation :
. > 2 > .+-+*' > > > ‘ . ++ " ; i
. ) =6 6 K - )= 1! .
. de n (X)'UR'B(X)UK'B’:(X) T .('K‘K )6 (z-c') GSB,G(lg k') (4_7)
Equation“.f‘(lS) is derived in a similar manner. 'Using (13a), we have )
> >
> 2 o 5 1 + T(K+K')R B
dx o (x)U, (%).T =-—~de¢2 —'[d X % X) .
J Lot @5, o ek it
‘ ) , '_" "_"1
= §(K+K')6 fdx 08 0, . - (A8)
88 i(’c -K c.' B
Evaluating the integral over x usi‘-ng the s'ame)method as before leads to /
| fd; 20l D8, G =-A, SRS (z- ). (a9)
kg- k'g' - kg B e
where -
2:2 1 : 2 2
: 1l - na . nl: - a
Ay = and A, = - . (A10)
ks 1+21r1a-+-n2a2 ~ kp 1:124-211a+a2 ‘ I
r r r r
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41242 o -ZY(x-x) '-Y(x-xoj s el '
-55 dxZ‘I’Cx)+v AC T 2e )¢(x) = E@(x) : ' (Bl)

are quoted directly from refenence l The energy eigenvalues take on

discrete, bound state. ,levels glven by

212 I T

= .ot.'-.j,'_-'%,j = 0.'15 .t.'“.‘jmf‘-go-i ‘, q.

et e

AN

Were q is the wave P;ector of the particle, - _ iy

The bound state wave functions are ' - s : .
| o j(x) | ¢j(C) L 5 R (B4)
whene ?; = Y(x-x )- and ‘_' B L | LR
- o ) 2s+j% L e
(C)”(ZO )j r- (Zs )( ] exp(—a e )exp(-sj;)L J(Zcr e’ )
“"in terms of the Laguerre polynomiai Lj j(u) Y o

The continuum state wavefunctions, normalized in a- bo.x of lengt:h

L are given by B B EUNP R

) -

a (x) - b, (%)
:"'-_Q.T‘{iﬁére n s q/Y and
T e T TR O R |
R, St il 0 M g, b 20 )
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» 1 til‘tr {F(k-c +1n 1+21n,z)

. @y P(1+21n)1'(5§-0 i, T
"2 FO‘"’ "1n,1—21n,z);f:{.*;'y._, S

o 1"(1'2:l1r1)r(1-.f»a +1n)’ i Lo o L

‘ (-- q. +in,1+21n,z)




Evaluation of the Integral I

The integral Izjj' may be rewrittén by substituting the wa.ve

e

functions (B5) into (75b) t° get j B

ol / j!juzstsj 3 O. BRI (cty
';gljjf_- 20 JP(Zsj+-j4-l)F(28 ,+j +-1) gjji_ ? R S N

Where L L z;o e | |
T %o i%?be'h" “u sj+sj' P j 2s,, e B 2
: \ v‘gvjjv, “i du, e u - Go~ ~us l) L ('u)L @ =z szj' (C)

(We h&ve substituted u=2o e & Q) SR ,' B J-" "

‘

'l‘he method of eValuation ‘of lej described below follows that

used by R. Teshima t:o do similar integral in reference l We ‘first
separate (CZ) into two parts

. . . Lo
o ‘2.'7‘ o

‘Z'Zijjl fi?;;,li_f Iéa" FEEA R S fn(c;>*

where R S
L[ sy QoedgT-b) 20 -23-1 20 -25'-1 S

Ifdu w ° UL YT T W@ . (c4)
i ?o F i o

' Since I is symmet:ric with respect to j j s WE 1et j >j' " L’We_.then : .

o ' 20 g23=1 . : R '
expand Lj . (u). using L

) - X -a n ] . . : ' e L ’

: = & x: d¢ . -x n+a S R Ca

' and ‘then 'int-evgrate f‘I ,byﬁ parts Y,j"ti,mes_ i to get

r(2q5 O ) SR ST R .
—. 9 \f ""r;-_.f‘,i Co (_C6.)‘.,'.

2 . j+j

3 Similar operations performed on I lead to o

'r(zo-j) L .
—'—“31— [(J+l)(29°7j)—3 (20 —j '-l)].. - (en).

gfgf&

(—’i) 3+’

.
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- ¢ . i - R 'r-‘_‘_.r g Y s

f_'Now, substitution of (CG) and (C7) into equation (C4) gives

._:l

We finally get I!,jj' .by substitution into equation (Cl)t

The corresponding integral including bound and continmyn state :

o

L

reference l so we: Just: quote the final result here._ |

Z9= (20 '25’-1) II‘(&-O -in)]
(1)12 (za)“’/

B :,,"" 7 !I‘(20 =R ]r(21n)|

2

oo l“c +-1-+1n>| i entea0 o2 >1 R

where 1 = q/Y. £

~'»wave functions (Iz j') :Ls almost identical to one) appearing in ,

L6






