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ibstract | .

Photodesorption may be initiated by resonant, la‘aer"induced excita~-
tion of an internal vibrational mode of an adsorbed -molecule.- Via
molecule#selective couplings and/or resonant surface heating, desorp-
tion may then proce’éd. The photodesorption kinetics are predicted
from a quantum statistical theory pased on a master equation describ-
ing incoherent phonon- and phdton*assisted molecular transitions as
well as. elastic tunnelling processes. Explicit contributions to
desorption by coherent two p‘honon/photon absorption and emission, lat-
eral vibrational energy transfer between adsorbed molecules, and by
the resonant heat flux at the surface, are derived. | .

Photodesorption rates are. caléulated for the adsorption systems
CH,F on NaCf, pyridine on KC$%, NH, on Cu, CO on Cu, and CO on NaCt, and
are found .in general to depend non‘jlineérly on both laéer intensity
and on initial substrate temperature; The pr'edi.cted lineshape of the
photodesorption yield can differ from the corresponding infrared
absorption spectrum due to nonlinear intensity effects, vibrational
anharmonicity, and surface heterogeneity.

Qualitative agreement with e#perimental trends is found. Final.ly,

L}

. selective and non-selective photodesorption mechanisms are compared,  _

and implications for further experiments and theories are discussed.
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The physics of heterogeneous systems, such as the gas-solid ‘interface, ¢

is ‘cubnntly & subject of constcor,blo interest. The 'fndultrhl
i;portahco of heterogeneous catalytic roq‘lions provides impetus for
underst#ndins the rund;nental aspects of gas-solid 1interactions.!
Furthermore, photochewal reactions at. surfaces, stimulated by
intense laser radl:tlon. have been observed |(n a vhrioty of
sltqptions.’- These progoases are made up of basic steps such as »
adsorption, surface migration and reaction, and desorption.'»* We will

concentrate in this paper on the desorption process.

. *
r

A gas molecule is_sild to be adsorbed when it becomes localized at
the (solid) surface in an energetically r§v0urable configuration. Two
classes of adsorption are noted. As a gas molecule approaches a
soiid. it first experiences an attraction due to long range xav der .
Waals forces arising from the correlation of the fluctuating dipofe

r
moments in the gas molecule and golid. This interaction alone can

leaJ to adsorption, termed physisorption.® The blndlng energy of a
physisorbed molecule 1is generally less than a few tenths of an
electron ' volt. In addition, the adsorbed molecule may form a
stronger, chemical bond with. solid atoms l;ading to chemisorption.*
In thls case the binding energy can be of the order of electron volts.
While 1t {s this latter process that is important {n Chemical
\

)
processes, we limit ourselves here to0* considering pnyslsorbegi\v(

molecules,
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In the reverse process, wvwhen an adsorbed moleculé leaves the
surface to the gas phase, desorption occurs. F6} this enQotherm;c
process to take place, énergy must Se supplied to the adsérbate to
break “the surfaée bond. In thermal desorption, the energy ls
obtained from ‘the thermal (phonon) reservoir of';fhe solid (see Fig.
1.1{a)). fhis process can bz‘initiated by either (i)lreduc}hg'the gas
* pressure {n}. front of the solid ({sethermal desorption), or (iU

increasing the temperature of the solid (flaéh desorption). In either
case, the gas-solid ‘system evolves in responé;- to'.these non-
equilibrium stimuli. The thermal desorption' rate is found
experimental%y’ to typica}ly follow a Frenkeljﬁrrhenius:formula

»

rdes - \Y% e-Ed/kBT 4 , l o (1 -1)

Here E4 7is the adsorption energy and v 1s a kinetic pkefactor.' While
this formula éan be understood withi;' the contextx of Eyring's
transltién state theory® using quasi-equilibrium copsiderations,
nonequilibrium ‘ theor;eg‘ of thermal desorption have also' been
advanced.? Quantum mkchanical models, beginning with the work of
Lennard-Jones et "al.,‘o have been studied extensively in recené
years.}'”! From such microscopic models, it is possible to expligitly
calcﬁlate the prefactor v in (1.1) in terms of the forces Expebienced
by an adsorbed molecule.

Desorption can also bg stimulated by external energy 3ources. ‘For
e;ample, the chemisorption bond can be broken by using an electroﬁ or
a.photon beam to cause an appropriate electronic transition within the

adsorbate-solid system.!®* For physisorbed molecules desorption can

sy
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also be initlate’d by Infrared laser radiation. In this case, low
energy ~photons can excite vibrational modes of the adsorbate and
solid, while leaving the electronic state of the adsorbate unaltered.

It is this method of stimulating desorption‘.at we address.

Infrared radiaticon can be absorbed by the gas-solid system in

— —e— '}

several ways to initjate desorption. Direct Ybsgrption by the

substrate, generally a " non-resonant pfocess leads to localized
" heating of the surface region. This process is particularly important

on a metal substrate. Enhanced thermal desorption may then prooeed
from anfglevated surface temperature,'* as shown in Fig.1.1(b). -This
laser-induced thermal _desorption process has been used
gxperimental]fy."

The laser photons can also deposit their e'ner'gy-dir‘ect:ly into the

surface bond, exciting frustrated translational motion of the adsorbed

molecule, as in Fig.1.1(c). The poésibility of -stimulating desorption

N

-

by _.this selective absor‘ptinon, proce.ss' has been investigated
the.;ve:ically by George et al.!'* Explicit microscopic calculations by
Jedrzejek et al‘." predict desorption rates via this mechanism to be
negligibly slow except ‘at very high laser intensities. This can.be
understood by noting that the stronéiy anharmonic surface potential
(for physisorption) has unevenly spaced energy levels, r‘epr‘esentigg
the frustrated translational states of an adsorbed molecule. Ste’&)-
wise excitation by photon absorption quickly becomes a non-resonant -
process as higher states are reached. In analogy with the theory of
" gas-phase photqdissociation pr'ocesses,"s splitting of the energy
levels, due to rotational/librational motion, may compensate for the

anharmonicity somewhat. This photodesorption process has not yet been

4



experimentally observed. ’
Alternatively, the laser may be tuned to excite an {nternal

Ns?
vibrational mode of an adsorbed molecule, as in Fig.1.1(d). This

selective and r'eso;\;nt infrared absorption process 'has been feund
experimentally to lead to desorption, as discussed below.” Whether the
desorption process 1is also molecule-selective dependsﬂ on the
underlying ‘interact}on mechanisms involvéd. The pos"s.lbllity of
selectively desorbing is&opes will be discussed. The coupling i
between the vibrational and translational motion of an adsorbed
molecule, and. between the molecule, the sUb;trate, and the rest of
the adsorbate, leads-to different paths via which desorption may

ocecur, In this paper, microscopic models of these processes are

presented, from which the desorption kinetics is calculated.
I // \

The process of photodesorption initiated by resonant vibm

excitation has been observed for a number of adsorptio‘n systems to
- date.? In the initial work by Hei;iberg and co-—wor*ker‘ss.“-iz desorption 7
of CH,F from an NaCl substrate was studied. The {nitial adsorbat?
coverage was several monolayers, at a temperature of 6U4-77K - wqi/l
below. the thermal ‘desorption regime. A high intensity pulsed ,’CO2
laser wa‘s-tuned to excite the v, (C-F stretch) mode of the adsorbed
CHy, and desorbing molecules were detected in a mass spectrometer.
The'resulting desorption yield per laser pulse depends resonantly on ,
laser frequency, as shown In Fig.1.2(a).?? The peaks of tuhe
photodesorption and infrared absorption llr;eshapes are ggen to
coincide. In Fig.1.2(b), the de_sorption yield is found to increase
nonlinearly‘ with laser fluence . (Fluence =~ laser inténsity X pulse

time) This is suggestive of multiphoton vibrational pumping, by either
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coherent or incoherent processes keadlng to desorption, as notc:-sb by

o Heidberg et al. (For this system, ‘the heat of adsorpeion is roughly

K

equal to the energy of two incident photons.)

Experiments by Chuang and co-workers have yielded similar results.

They photo-excite the asymm\etric breathing mode of pyridine adsorbed

on Ag and on KCl substi‘atgs.”;" The dependence of their observed

desorption yields on laser frequency 1s in close agreement with the

corresponding SERS spectra.?® Once again, the yields are found to

increase' non-linearly with  laser fluence. More recently,

photodesorption of NH, from Cu(100) and Ag(film) has been observed,



R
with similar r;esults." In addition, coadsorption of NH, and N?, has
qbeen studied. Using the laser to vibrationally excite the r_m, species,
both isotopes are found to desordb with comparable yields. This non-
selective desorption process As discussed {n detail in Section 3.
Reaon;nt photodesorption by vibrational excitation has also been
observed by Heidberg et al. for the CO/NaCl system.® On. the other
hand, careful attempts by Mercier and co-wor;kers to desorb CO from Pd
failed.®* -In the latter case, the adsorption "bond is much stronger,
approximately 1.5 eV. While the experiments discussed above deal wiih
desorption of neutr.al. molecules, photode:orption of methanol {ons by
1nfrar?d photon absorption has also b’een reported by Mashni and
Hess.? | We will not consider this latter process further here. In
summ‘ary, photodesorption by laser-vibrational exeltatiton has been
observed for ; var'.iety of molecules Ehysisorbed on both dieiectric and

1}

metal swobstrates. C .
. N s \.‘

Theoretical ~studies & "th'e ';tesoﬁon.tuint'rared photodesorption
- .. [N ... » e

1 Iy

process have been“‘:advanqedt‘-co."helb‘ ‘t;r.mer"stand: the interaction
mechanisms involved. Beginn'ing' wif.xhl'a’ m‘icroscopic model for the
couplings within the (gas plus solid system, one attempts to predict
the observed desor'pt/ion behaviour shown in Fig‘.1.2. ‘l-.‘r'om the initial
investigations by Kreuzer and Lowy,*° Lm':"as and Ewing' énd‘George et
al.”""",,' various theories have been developed. Kreuzer cfnsidered
step-wise vibrational‘ excitation by incoherept absorption of laser
‘photons, followed by phonon'assisteq tunnelling of energy into gme
translational motion of fhe 'wadsor.bed molecule, leading to desorption.

The theory presented in Section 2 developed largely from these :ideas.

Ewing's theory of photodesorption is constructed in analogy with the @



related phenod;na of vibrational ‘predissociat}on of van der Waals
molecules. For weakly bound adsorption syatemp,.the prpbabillty of
elastic ftunnelling of a bound but vibrationalli excited molecule to
sh§ gés pﬁaae is calculate&. Both these’ studiés suggest that
_phopo&esorption 48 possible via the transition paths suggested'above.
but ﬁore detailed‘calculaflons are necessary tagpredict the desorption '
kinetics more exactly. |
Lin and G ‘rge" have ;studied the dynamics of energy transfer
betweén the in;jz>bd-act1ve vibrational mode of an adsorbed molecule
and low- rreqﬁency ’ libfational/translational' and phonon modes.
‘ Mslecular excitation levels are calculated, in terms of the gzuplings
within the laser-adsorbate-solid system, and used to discuss the
efficlency of laser-stimulated surface processes. If molecular modes
are stroﬁgly damped by the sUbstrate, non-selective thermal heating
effects are anticipated. However, selective _desorption may be
expected when the intramolecular coupling is stfbng or the damping lis
weak. Recently, the role of phase-dissipative processes in
‘compensating for laser detun;ng and anharmonic "bottleneck" effects is
also considéredﬁ;« It 1is cléar that the kinetics of photodesorption
depends critlcally_ on the competition between many microscopic
coupling processes in the adsorbate. _
In addition, Janda and co-workers investigated a desorption model
based on a two-level .vibrational ;;Qtem for a weakly bound
adsorbate.’® Photon-induced vibrational &xcitation, non-radiative
damping, vibrational dephasing, and tunnelling to the gas phase are

included <as phenomenological transition rates. By studying the

desorption yield as a function of the various rates, they predict that:



photodesorption of ‘a weakly bound adsorbate should sti{ll be
observable in spite qf rapid vibrational damping. |

| A master equation approach to photodesorpt:ion hasAbeen developed
in detail by -Fain and Lin and co-workers’® to model incoherent
transition péths leading to desorption. . Explicit rate equations for
the molecular vibrational level populations ‘. are derived, with
iransition raﬁe coefficlents to be determ.ined. In this way, a
nonlinear dependence of desorption yield on laser intensity ls derived,
and narrowing of the yield liﬁeshape is also predicted.."
' Furthermore, vibrational energy trrar}?te’r later‘ally' in the adsorbate 1is
shown®® to assist in pumping the ;uéhem qu}ﬁantu'm levels of aﬁ

(¢ .

anharmonic vibrational mode, as discussed in Section u The reduced
single-molecule master equation used in this work is similar in spirit
to the formalism we represent in Section 2. The main difference 1s
that Fain and Lin thermally average over the states of translational
motion of the admolecule, whll‘:e we will treat them explicitly.

In summary, one finds a varlety of theories proposed to explain
tr{e observed photodesorption process. The molecule-selective
mechanism in which desorption occurs by tunnelling of ~Eg\er‘,gy from the
photo~excited vibrational mode has beén most studied. On the other
hand, later~31 vibrational coupling induces energy exchange between
r;eighbourﬁ fn the -adsorbate élong the path to desorption as Fain and
Lin®® point out. 1In addition, indirect, resonant surface heating due to
strong vibrational -dam‘plng may enhance non-selective thermal

desorption. In this‘pager{, we consider the relative {mportance of

these three desorption mechanisms in detail.
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The kinetics of photodesorption stimulated by resonant excitation
of a molecular vibrational mode with a laser are calculated here‘T¥om
an explicit mferoscopic quantum mechanical model of the interacting
gas-solid-laser system. in Section 2, a theory of the selective
photodesorption procesa above ia developed for a low coverage
adsorbate, Using a master equation with explicitly calculated
transition, probabilities, the rate of photodesorption is predicted.
The effect of a resonaﬁt surface heating process on the desorption
bklnetics {s shown in Section 3, while enhanced desorption due ’to

lateral vibrational energy transfer is discussed in Section 4, Thg‘;g
selective photodesorption model presented in Section 2 is th;h

extended in Section 5 to more strongly coupled adsorption systems by -
the inclusion of coherent two phonon/photon transition processes -in
higher order perturbation theory. In Section 6, the photodesorption
spectral lineshape is analyzed and compared to the infrared absorption
line. Finally, a comparison of expllcit4lheoret1cal results for the

selective photodesorption process and for resonant heating effects is

discussed in Section 7 for a variety of experimental systems.



2. Basic Photodesorption Model Theory

; _Introduction | »
::“*ant to theoretically describe the resonant, selective photodesorp-
tion process initiated by infrared laser radiation’. By comparing the
calculated 'desorption kinetics, based on al microscopic model, with
experimentally measured photodesorption yields..the relative impor-
tance of the various reaction pathways‘is determined, First, a quan-
tum mechanical model'for the adsorption system {s needed. We 1in-
{tially consider a low coverage, homogeneous adsorbate of locallzed
physisorbed mof%éuleﬁ which have both translational and internal
vibrational d‘grees of freedom, at Jjow gas pressures. Interaction
with the laser radiation and with the phonon bath of the solid leads
. -
to transitions among the states of motion of the adsorbed molecules.
A quantum statistical formalism is used to calculate transition proba-
bilities entering a master equation that descrlbes the desorption kin-
etics, In this section, the basicArormalism {s presented, and i{ts use
to calculate desorption rates, as detalled in reference 60, i{s summar-
- i

ized. Along the way, points of departure for the more detailed study
that follows 1n.later sections are noted. The theoretical program {s
to modél the interaction process of Fig.2.1 quantum mechanically, and
develop rate equations to describe the desorption process.

The physisorption interaction between a gas molecule and the solid

is described by the surface potential shown in Fig.2.2a. The adsotbate

is bound to the surface in frustrated translational states labelled by

- 11 -
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Fig.2.1 The interaction process
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the quantum number  j, while gas-phase molecules have free transla-
tional states dendted qQ. Internat>v1brat}on of the adsorbed molecule
is assumed at first to be approiimately simple harmonic, giving an
eﬁergy specfrum of equally spaced vibrational levels, v. The double
index (j,v) fully describes the state of an adsorbed molecule in our
theory. “

To simplify gh‘ calculations we assume that the axis of the vibra-
tional coordinaté‘of the adsorbed molecule is oriented perpendicular
to the surface. We will rurthermor; restrict parts 1 and 2 of the
molecule to motion along this axlé? ~This one dimensional approxima-
tion {s most appropriate if the adsorbed molecules are mobile and free
to move on the surface. Lateral motion is then decoupled tfom the

motion perpendicular to the surface and thus the desorption process.

However, in thermal desorption calculations on localized adsorption

systems, it i{s found that a one dimensional model gives results that

-

are qualitatively similar to the full, three dimensional theory."’
The interaction process in Fig.2.1 causes transitions between states

(J,v). If-a gas molecule, i{nitially adsorbed in a bound state (j,v), is

12
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transferred to a free translational state (q,v'), then the surface




. 1
bond is bdbroken and desorption occurs. Note that whether the molecule

is adsorded or free depends on the surface bond index (j or q) only.
An adsorbate molecule t&at'ls vibrationally excited may in fact have
positive total onir;yAlr the vibrational contribution (state v) exceeds
the negative portion mo to }Lq dound -ur}wo state (J). The desorp*
tion process involves both vibrationdl and surface state exoitation, as
shown in two possible transition pﬁths in Fig.2.2b. Noplce that the

path to desorption may be vcfy complex, involving incoherent sequences
of many transitions along the Way. -

Ve assume that the dynamics of the adsorbate molecul?s is describ-
able by a stat{onary Markov process as discussed in Section 2.3. Def-

ining the state occupation probabilities nJV(t). we model the time-evo-

lution of the systemkbi the ‘master equation® .
I M IR M TTAGE (S (2.1)
A B

4 =

where, for off dlagonil terms (j,v # J'.v')ﬁ RJJ.VV' is ﬂ‘e<§1ngle par-
ticle transition rate from state (J',v') to (J,v). The diagonal term is

given by

RyyV" = - Z RJ,Jv'v - z Rch'v . : (2.2)
LRCAL 3L v .

The desorption rate, ry4, is equal to the raté of depopulation of

the bound states (j) and is given by

14



d
rey z nJv(t)

frg = = J'v : ‘ (2-3)
Z nj"(t) ' .
Jov - .

i PR .

and ;nly be determined by numerically solving the coupled system of
rate equations (2.1) for specific initial conditions. It turns out
that, in most cases, the 2csorptfon kinetics is describable by a single
time scale, given by the asmallest eigenvalue Bf the rate matrix
R;u-"". as discussed. in Sectiorf2.5. 4

« It remains to calculate the transition rates, Ryp'V' and Rgy VY,
for the interaction process d'escribed in Fig. 2.1. The first step lis
to construct the Hamiltonian for the gas-solid-laser system, including
appropriate interaction terms, as detalled i{n Section 2.2. The transi-
tion rates are .defined {n Section 2.3, where the master equation is

]
developed. A first order calculatigh of the rates themselves (s sum-

marized in Section 2.4, while subsequent, higher order terms (Section

5’ are anticipated. In Section 2.5, the solution of the master equa-
. '

tion, both by exact numerical computation, and by an analytlp approxi-
mation scheme, |8 considered. Finally, sample results are presented,
and a comparison with experimental measurements is discussed.

[

2.2 ;The Hamiltonian of the Gu‘-Somd“l..uer Systes
7 ‘ .
Thd\ﬂamiltonian. of the gas-solid-laser system {s now‘ constructed i{n

second quantized form. We assume, in this chapter, that the density

of gas molecules is small, both on the solid surface and in the gas
LY

phase, 85 ‘that gas molecule-gas molecule interactions can be neg-

13



lected. The gas molecules may then be treated independently.

2.1 The static hamiltonlan.

We consider one diatomic molecule in a vacuum'near a semi-infinite,
Q )

static, sqlid: surface, and will ignore thermal vibrations and the

\)

RN

Fig.2.3. Adsorbate molecule configuration.

laser fleld for now. See Fig. 2.3. Letting U(x,-x,) be the intera-
tomic potential of the molecule, and V¥(xj) be the potential energy of
the ith gas atom-s3o0lid interaction (i = 1,2), the quantum mechanical

Hamtltonlan for the diatomic gg molecule and the static saqlid is

16



n? 92 S K2 92
Hst(x,,xz) - - T?F; a‘lz. - °m, R + U(X]'X:) + Vx(X';) + Vz(xi) (2.u4)

) /T

For a molecule oriented perpendicular to the surface, atom 2 {s suffi-

clently distant(from(the surface to render i{ts interaction with the

solid insignificEnt. We therefore set V,(x,) = 0, and introduce centre
of mass variables, m = m, + my p = (M, ") + m,"H)7Y, x - -% (m,x,‘l+

m*\." ‘nd g = x, © Xx,, to get

stix,E) = H,(E) + Hp(x) + Hpeg(x,8) . (2.5)

wher'e

B 32 b
HY(8) = = 5= 31 + UCE) t
n: 92 u
Hp(x) = - >m 32 + Vi(x - —1 £o)
L 4
and
- X - - 2 (2.6)
Hres(X,E) - Vl(x 5) vl(x Eo)-
m, m, .

Here, E, is the mean interatomic 'spacing of atoms 1 and 2. Since

|£-E°| is small and V,(x) i{s a smooth function, the residudl term,
Hpes, In the Hamiltonian will be small; Hpog 18 therefore treated as a
“pgrturbation.

We now diagonalize H, and Hp as y

17



H (E)uy(€) = Eyuy(E)
Hp(x)é3(x) = Ejo3(x) (2.7)

“

Q

defining the eigenvectors and eigenvalues, uy(g) and Ev; and ¢J(x) and
'EJ, fqp H, and Hp, respectiveiy. Taking U(E) to be a harmonic poten-
tial and.V,(x) to be a Morse potential pgrmits analytic solutions of
(2.7).

The total system of many gas molecules is describéd by the second

quantized, many particle. static Hamiltongan given by

Hgt -’{ dxd£w+(x.£)Hst(x,E)w(x.E) . V (2.8)

\

We expand the field operator in terms of the complete set of eig-

envectors, {uv(£)¢J(x)}, of (H, + Hp) as
I v

B

WX, 8) = 2 oy(x)uy(E)ag" _ (2.9)
‘ Juv

-

where aJV is the annihilation operator for a particle in the jth state

‘of the surface potential and i{n the vth internal vibrational state.

Then, using the orthogonality of {uy(g)} and {¢3(x)}, (2.8){and (2.9)

give

S

o
H, + Hp -J dxdgwt(x, E)H(E)+Hp(x) W(x, &) = z EJVaJ"*aj"e,(ZJO)
Jiv

18



where
EJV - .EJ + Ev . ) (2.“)
»
Furthermore,
Hpeg = dxdEWT(x,E)Hpreq(X,E)W(X,E) . (2.12)

7
2.2.2 The electromagnetic field

The electromagnetic field at the surface due to the la;;r radiation
must be known. To do so, one solves Maxweil's equatiops for the
appropriate geometry and boundary conditions. The solid is treated as
a semi-infinite, lossless, non-magnetib, homogeneous dielectric, with
refractive index, n, (see F{g.2.3). In the Coulomb gauge and in the
absence of free charges, the electromagnetic vector potential, A(x,t),

satisfies the wave equation“!

e,/

2 - -
w0 (2.13)

where n x A, V x A, and n%(z)A*n are continuous at z = 0. Here, v(z)

= ¢/n{(z) {s the phase velocity of the wave, while

1; for z > 0O
- H . U
n(z) [ n.; for z <0 ‘ (2.14)

a
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i{s the rei’ractive'index, equal to unity in the vacuum (z > _0). and

given by np. in the solid .halr-'sbace (z < 0).

Before constructing the q'vixantized electromagnetic field from the -

solutions of (;.',1 3), let us review some of the limitatlons. and Jjusti-
fications, of employing such a simple model as (2. 14) for the dielec-
tric response at a solid surface.*®»*' Formula (2.14) claims that the
solid responds 1in a homogeneq;xs .mannér/'.to electromagnetic flelds at
all points in its interior howq-ver' near or far from the surface. The
step function change in (2.14) 1sﬂ1_ndicati\ve of a surface charge layer

of infinitesimal thickness and in'rinite' magnitude. This leads, via

(2.13), to a discontinuity in the perpendicular component of the eleo- '

t *‘netic field (E = »~ 3A/3t ) at the surface. However, from the
microscopic point of view of an adsorbed molecule, this picture m\;st
be considered with some care. In. actuality, the induced electronic
surface charge layer is of finite magnitude and th;ckhess, extending a
distance of a few lattice spacings into the solid. As a result,' all
‘fields vary continuously across this charged surface region, in which
longitudinal electric flelds are also present,

_ Another deficiency of using (2.14) to describe a real dielectric is

the use of a local dielectric function, e(x) = eon*x). A realistic

microscopic description of the electronic response of a solid gives

rise to a continuous and non-local constitutive relation such as

D(xpw)“ ! d'x' E(X,x',w) E(X'.w) (2015)

20



"where D is the electric displacement 'a,nd the dielectrlc.r;eaponse func-
tion, e(x,x',w), varies oontinuously‘ across the surface, In addition,
(2.15) al.lows the electronic’ response at x to depehd on electric
fields at points x' in a region near x. 'This non“local miom‘ of
the dielecf.rlc»response arises, in linear response theory,** from the
quantum mechanical, non-local natur_e of the electrons in the solid,
and is most signirlcént' for a metal. Nonrlocality is an essential in-

gredient in a microscopic determination of the rapid variation of the

perpendicular component pf the electromagnetic field in the surface

region. (For an adsorbate vibrational mode perpendicular to the sur~

face, it i{s this electric field that couples to the vibrational dipole"

moment in .the infrared absorption process that initiates photode.sor'p*-
tion.) o |

. Combining (2:15) with Maxwell's equations leads to, instead of the
usual macroscopic boundary condition (€E-n continuous across an inter-

face), an-integral equation for E.“? Alternatively, a Green's function

approach leads to an integral exp'r‘esssion"'S for the four~vector poten-

tial in the Lorentz gauge,

Ay(x). = AL%(x) N Z ! »-dfx@‘&f(x‘-xd\np\,(xl,x,)A\,(-xz) o (2.16)

PV

wher‘e_(u,p,v)q- 1,.;..14. .He,re‘ Au(x) = (lo(x.,i).'A(x,t‘v)) where ¢ is the
scalar’ electromagnetic potential, 'Duoo i{s the tre_e photon Green's
function, . and oy 18 the proper polérizability. derived In linear res-

- ponse theory. For a homogeneous (;nf“llnite) medium, N depends orly on

-
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the difference, x, - X, = (X,*X,,t,~t,), and (2.16) becomes a convolution
integral that is simply solvea by Fourier transform. Howéver, near a
surface, - depends ga. both x, and X, sep;rately, and Fourier transfﬁrm
loaioivan lnripite-siie_matrix equation in momentum space.

Maniv anﬁ Metiu“* have perrorme& an approximate numerical solution
of this problem for a "free electron" metal. Calculating I for non-
interacting electrons and phen solving (2.16) amounts to a Random

' [

Phase Approximation for the interacting electron system response.' In

this way, the electromagnetic field in the surface region is then

shown i{n Fig.2.4 to vary rapidly across the surface region of several -

Angstroms width. .The real part of the perpendicular component of the

electric field, E;, takes on the ¢onstant value of the standard mac-
éoséopic theory everywhere outside the metal electron gas. AS one
enters the metal, E, drops to zero in se?eral lattice lengths. Note
also that electron-hole pailr cgeation, dué to photon absorption medi-
ated by the surface, results in a non-zero imaginary electric field
component just beneath - the surface. These ef{gcts are absent in the
macroscopic dielectric description of (é.1u). Note tﬁat plasmon exci-
tation in the metal does not occur for infrared frequencies which are
far below the (flat) surface plasmon -frequency.

Let us see how these predictions will affect laser-photon absorp-
tion by en internal vibrational mode of an adsorbed molecule. We are
interested in the interaction, Hg, between the electromagnetic radia-
tion field and a charged, diatomic molecule. Describing the molecule
by point chﬂqges,'tQ, with masses, m; and m,, 1ocated at x; and x, as

shown in Ef&:bé:é, the method of minimal coupling yields*!

22
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Fig.2.4. netic fields a}{ a metal surface.** Real and ima-

ginary parts o e fleld ratlo Ez(z)/Hy(O) as a function of distance z
into the solid are given by solid lines. Dashed-dotted line is from a
simpler nonlocal model,*® while dashed line is the classical result.
Positions of the infinite barrier (I.B.) and Jjellium edge (J.E.) are
noted; kg is the Fermi wave vector, Mw is the incident photon energy
at the angle of dncidence ¢, and ! is the mean free path of electrons
in the solid.
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Alx,,t) 3 A(x,,t) )
He = 1"0[ ™, "X T m, y x| (2.17)

If we ignore the effect of the adsorbed molecule on the metal,
A(x,t) is Just that calculated in (2.16) for a sem{*infinite solid with
no adsorbate. Now, we assume that the molecule is strictly physi-
cally adsorbed so that it is completely outside the electron gas of
the metal. Since the fields outside vary slowly - with spatial scale
given by the {infrared radiation wavelength - A(x,t) nchanges little

over. atomic distances, such as £ = x,-X,, and (2.17) reduces to

Hyx,€) = = 1h 3 A, - 5% . (2.18)
This is the usual dipole approximation in the long wavelength limit; u
is the molecular reduced mass. The fortunate conclusion is that one
may use the standard, macroscopic, electromagentic theory to calcu-
late A(x,t) and the usual deri;;;ive coupling Hamiltonian in (2.18),
provided the adsorbate molecule is physisorbed. The successful use of
the dipole coupllhg approximation to describe infrared absorption data
;upports this conclusion. The use of a flat model surface, devoid of
roughness capable of 1nducing local field enhancements in the {n-
.rrared. is only justified in hindsight by the reasonable values of the
effective charge Q deduced from experiments. Enhanced infrared photo-

effects may still be possible on roughened surfaces or in certain geo-

metries.*”»** These possibilities are not addressed here.
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On the other hand, a chemisorbed molecule shares electrons with
the substrate and {s, therefore, not "outside" the (metal) electron
gas, implying that equation (2.17), along with the exact microscopi+
cally calculated fields, should be used. However, representing the
adsorbate molecule's electrons classically by fixed atomic charges is
of questionable validity anyway when chemisorption takes place. We
therefore consider only the physisorption case here. Finally, note
that we have thus far ignored the underlying at_omic structure of the
substrate which induces a crystalline electromagnetic field.**

In ourwphysisorption model, we therefore consider the electromag-
netic fleld of the laser to be described by (2.13) and (2.14), with {its
derivative4coupling to adsorbate vibrations given by (2.18). The quan-

.

tized electromagnetic vector potential may be expanded as®

A(x,t) = Z [°k8 U p(x) e 1fkpt Ckg * hermitian conjugate] (2.19)
kB ,

in terms of the normal modes of the electromagnetic field, appropri-
ate for planewave radiation incident on the solid. .These modes are
described by the solutions, Uke(x)e—mket. of (2.13) and (2.14), and
may be constructed from the sum of incident, reflected, and transmit-
ted rays using Snell's law and Fresnel's equations (see Appendix A).
In (2.19), k and B8 are the incident wave vector and polarization of the
normal modes. Qg 18 the oscillation frequency, &g 1s a normaliza-
tion factor, and Cyg is the (boson) annhilation operator for the (k,8)

mode. Orthogonality of the modes Upg(x) is given by
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.
»
J dx n*(z)Uyg(x)-Uyrgr (X) = Sggr 8 ' - (2.20)
Combining (2.20) and the boson commutation relations
[CRB'C;'B'] = 688' Gk.k' : [Cks,ckv B'] -0 (2.21)

allows one to write the Hamiltogian for the electromagnetic radiation

in thé presence of the solid as

|
St
.

1 T 1
Heg = 3 ’ dx[c(z)x'(x) s B’(x)] - RZB A agg (Ckgt Cp *

(2.22)
The interaction between the laser and an adsorbate mblecule (2.18)

is then written in second quantization as

rd

Hy [ dxdEv T (x, E)Hg(x, E)¥(x, E)

. -1p 8 + J
3 A(O,t)} axdgvt(x,€) xp ¥, ©) . (2.23)

In (2.23) we have taken A(x,t) = A(0,t) where the origin is chosen to
be just above the surface at-the adsorption site, since the radiation

wavelength {s much larger than the atomic dimensions of the bound
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state wave functions contained 1in w(x,E). Defining Cig(t) =

exp(=iQygt) Cxg in (2.19) gives
: »

,
AR = AQO,L) = 3 T 2™t/ 2Ug(ONCigtE) + Cyp(t) (2.24)
kB .

2.2.3 Dynamics of the Solid-Phonons

To treat the solid adequately requires consideration of its thermal

vibrations which induce a dynamic surface displacement®

a(r,t) = (glp-)l/2 2 wy*i/2 [ug(r)eiwgtp; + hermitian conjugate] .
J

(2.25)

4

Here, uj(r)e lugt

is the atomic displacement at (r,t) due to the Jth
phonon mode with frequency w; as calculated by Ezawa,® b; is the
phonon (boson) annihilation operator, and p iIs the mass density of the

solid. We will approximate a(r,t) by the displacement fleld found in

the bulk, where '
' 8pa 1p-
uy(r) = elp°r | (2.26)
Vx/z

R

Here, 2p, 1s the unit polarization vector for the phonon mode with
wavevector p and polarization o, and V {s the volume of the solid.
Choosing the origin to be at the surface position of the acjsorbed

molecule in question, we approximate the surface displacement as



e o
a(t) = a(0,%) = (gt L —BLo (pg(t) + b TE)) L (2,27
878 pe “po

Here, M, is the mass of the unit cell in the solid, Ny is the Ausber
. .
of such ce'lls and bpg(t) = o(ﬂ“’”t)bpa . This formula assumes that
an adsorbed molecule does not feel the lateral variation in a(r,t)
along the surface. This {s appropriate at low temperatures for thch
long wavelength phonon displacements dominate in (2.27). By employing
bulk phonon modes (2.26) to describe the surface displacement, we have
'neglected the softening of éertuyrace vibrational modes (Rayleigh
waves) due to the reduced coofrdination of the surface atoms. As a
consequence, the mean squared thermal surface displacement derived
from (2.27) As somewhat small,®™ and i{ts effect on an adsorbed molec-
ule, as given .below, is correspondingly diminished. However, (it i3
known that this discreptr;cy causes no qualitative e‘r'ror's in the
desorption kinetics, and may be accou‘nted for quantitatively by a
small anuatmént of substrate parameters.®®

To include the effect of thermal vibrations of the substrate in the
Hamiltonian, note that the surface to molecule displacement is now
x+a(t), which in (2.4) gives

—

Hst - liﬁt + V,(x,fa(t)) - Vi(x,) (2.28)

ignoring V,(x,) here. We thus identify the phonon interaction Hamilto~
nian which can be expanded in powers of the dynamic surface displace-

ment as
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Hpp(x, &) = Vi(x - f;‘-; € -.a(t)q‘- Vi(x - 7}‘ 3

- -g(t) g% Vilx - #& £) « £T (a° g% )’ V(x - it £) ¢ ..

(2.29) .

!

The second-quantized phonmon-=adsorbate molecule interaction i{s thus

’ --{ i ’ 3 .L ‘
%ah = ai(t)‘[ dxdg w*(x,{)[s;I V(x o, ()]w(x,() .

H

-

2
)}_' ai(t)aj(t)[ dxdE w(x.;)[&—fﬁ v - & z)]w(x.c)
1,)=1 .

+ .. : (2.30)

The Hamiltonian for the solid is, in the harmonic approximation,

—

Hg = 2 W oupg (dpg® bpg + 3) (2.31)
po

{
2.2.4 The complete Hamiltonian

We can now construct the complete Hamiltonian for the dynamical gas-
solid-laser system. It is assumed that initially (for t <0), thermal

equilibrium conditions exist in the gas-solid system, and that at t =« 0
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»

thé laser is turned on. 'The initial occupation of states, given by Hu
+ Hp *+ Hg *+ Hep, then evolves with time according to the interaction

‘terms, Hpp + Hg + Hpeg, which we turn on at t=0, The complete Hamil-

tonian is thus
H = Hu + Hp + Hg * Hep * e(t)[th + Hog + Hres]
= Ho + B(t) Hypy _ | (2.32)

Formally, Hpeg Should be included as a static correction to H, and

b

Hp for all times. This has been done Fecently by Landes et al.®,

u

leading to shifted nega;ive energy (i,v) states, ahd broadened, posi-
tive’énergy, resonance stateé. Initiallj, only the bound, negative
energy states are occupied in thermal equilibéium with kgT << Voo (Vg
is the maximum depth of the surface potential, V,(x,).) Since Hpes
does. not céntribute to ‘the dynamics involving only the adsorbed
states, it may be neglected for t < 0. We have therefore treated Hpqg
as a dynamic perturbation 225(2.325.“
. i ¢

Note that we have assumed that the laser 1is kept on
throgghout the complete desorption process. When a pulsed laser Iis
used, our theory predicts that desorption occurs, with rate rg4, for

S

the duration of the pulse. The connection between rq and the experi-

e

milﬁal desorption yield per laser pulse will be qigégfsed in Section

2.5. " S &
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2.3 The Master Equation

In Section 2.1, we proposed to describe the desorption processes by

the master equation

d—dt',- ni(t) - z.‘i' nlv(t) : (2.1)

1'

~

where the double index { = (j,v) denotes states of an adsorbed molec-

ule. ' This type of master equation was first derived by Pauli and has

’

been discussed from different points of view in the past.®*™%

Recently, Fain and Lin®®, Gortel and Kreuzer®, and Efrima et

-

al.?®, have considered the derivation of "master equatio%é,for desorp-
'tion kinetics., In photodesorption, an adsorbed molecule interacts with’
both the thermal phonon reservoir of the solid and the electromagne-
tiq field of the laser. The evolution of the density matrix of the
whole syétém is gove:ned bysthe ' Liouville equation. An equation of
motion for the reddbed density ﬁatrix of the adsorbate only %g\obtal
ined by averaging over the reservoir states, using the standard iQ;n-

zig projection operation method. To obtain a master equation of the

form shown in (2J5;_it 13 necessary to assume that the phonon and
N ‘ .

photon reservoirs equilibriate rapidly enough to lose memory effects

between molecular transitions. The desorption dynamics 1is thus
approximated by a Markov process. The buildup of correlatiens among

the phases of off-diagonal elements of the reduced density matrix is
‘,':3" ’ .
also ignored in (2.1) with transition rates calgulated in lowest order,

~as given by Fermi's golden rule formula.
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*To introduce our theoretical formulation of the transition rate
calculation that, follows in Section 2.4 énd especially in Section 5,
we construct the master equation (2.1) as shown below.* The quantity

of interest is the occupation probability nJ(t) for a molecule to be In

the jth state, given by
ny(t) = Tr [A3p(t)] (2.33)

where ﬁJ = |J><j|- 1s the molecule number operator, and p(t) is the
(normalized) density matrix of the full, interacting, solid + gas
molecule + lagser system. In the Interaction Picture based on (2.32),
the prace operation in (2.33) runs over all states of a gas molecule.
|J>, and all possible many-phonon states of the solid and many-phdton

o

states of the laser radiation. The density matrix may be expressed as

~1Hot /M tHot /M

p(t) = e U(t)p(0)ut(t)e (2.34)

»
in terms of the evolutlon operator

t .
U(t) = T exp| l dtHynel 1)
) ° . N

® t

~ 1 1 ’

- - ZO E_! ( m )n [ de...dTn T Hint(Tl) cee Hint(rn) (2.35)
N=

0

where T is the Wick time ordering operator.®® Equation (2.32) gives
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Ho d Hu + Hm *Hs + Hem (2.363)
and ‘

“{Hot /¥

eiHot/” [Hl + th + Hres] e . . (2.36b)

Hint(t) -

Before turning on the interaqglon at t = 0, the molecule, solid, and
laser states are assumed to be uncorrelated, soiehat the initial con-

ditions may be given by
p(0) = py pg Pg - (2.37)

Here, Pm,s, are the (diagonal) initial-time density matrices for the

«
molecule, solid and laser subsystems, respectively. Specificallx, Pg
represents thermal equilibrium in the solid, pg describes the steady

state laser intensity spectrum, while py, gives the initial, classical

thermal occupation of the molecdie states,

m = Z |J_>nj(0)<j| ' , (2.38)
J
where
~Ey/kgT
nJ(O) = e
Z e-Ei/kBT
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Substitutinge (2.37) and (2.34) into (2.33), and writing the trace

over molecule states explicitly, gives

ny(t) e« 2 Trgy Cat|ut(e) 9><g|uce) [1>pgpgd ng(0) (2.39)
i

ey

(Note that |1>, |J> are molecule states only, while U(t) operates on
staﬁes of the molecule, solid, and laser, and that the trace is taken

over solid andgaser states.) The time ‘derivative of (2.39) gives

2 nyv) - }J: Ry3(t)ng(0) (2.40)
where |
Ryy(t) = %'rrs'g C<a|ute) |3><s|uce) |1>pg04] (2.41)

To make the connection between equation (2.40) and the master equation
(2.1), we must f;rst consider (2.40) for times short on the timescale

of the evolution of ny(t), that is, t << typang. The transient times-

cale, typans, depends both on the magnitude of the transition rates

and on the initial conditions. However, we are not interested in times '

as short aSvﬁ/E where E 1;9}pe characteristic energy scale of the

-
N

system. In the time limit
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we have '

ngl0) =~ ng(t) ( _ ‘ ' : (2.43a)

and time-indepéndent transition rates ) »

«

P‘U - RU(t) . ' o ‘ ' \ (2.“39)

)

Equation (2.40) thus has the form of the master equation (2.1) at in-

)

itial times given by €2.42), .To extend (2.40) to later times, it is

necessary to lignore coher‘ent‘ growth of off-diagonal denSity matrix

Y .
elements, equivalent to making a repeated random phase approxima-

tion.*s Mar‘koviaﬁ behaviour is assumed implicitly by keeping the rges-
ervoir density matrices, pg and pg, const\'ani‘.-in (2.41) throughout the
desorption process. Under these ba;ssumptions. the master equation’
(2.1) may be used to describe the time evolut;on‘ of adsorbed molec-
ules, with transition rates calculated according to (2.41) in the
appropriate time limit, (2.42). . | .

In the next secti'on, we calculate these transition rates to lowest
order 'in perturbation theory. This is generally sufficient in the
limit or rapid dephasing of the‘ot‘t‘ diagonal density matrix elements,
as shown by Fajn and Liﬁ." This is often the case, as far as the 1‘n-
ternal molecular vibrational levels are. concerned. However, this

~approximation brealfs down when the surface bond states are also con-

sidered explicltly.\\ Efficient phonon-assisted transitions between sur-
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face bond states make the rapid-dephasing~approximation invalid far
these states. . By expanding the transition rate,'Rji in (2.41), to
higher orders in the interaction Hamiltonian, we relax the upper end

| .
of the time 1limit in (2.42) slightly and thus reduce t.hp severity of

,the "repeated random phase approximation”. Coherent effects repre-

sentéd by these higher order contributions to the transition rates are
consider_ed in Chapter 5. The usefulﬁess of the form of‘_eduation
(2.41) will then become apparent, along with its relation to the T-
matrix rormula;tion of scattering theory.

Finally, we note that higher of'der transition rate terms arise
within the phenomenological formulation of the conventional Bloch
equations,® when they are generalized to treat a system with more

(]
than two energy levels.

2.4 The Transition Rates in Lowest Order Perturbation Theory

1

The transition rates, RIJ, that enter the master equation (2.1), are

now calculated using the rate formula (2.41) taken to lowest order in’

the interaction Hamiltonian (2.36). First, the rate formula is simpli-

fied by taking U(t) to first order in Hypy in (2.35), writing the trace

operations explicitly, and insertinh an identity matrix for the solid

and laser states between UT and U in (2.41). This glves

o t

(]

d i

Ryg(t) « == DY | <Nyt Ng'd | Tﬁ! dtHyne (V) |1,Ng,Ng> |?
Ns'Nl' Nle 0

L 4
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*ps(Ns)pg(Ng) , o (2.uW)

-

where the diagonal density matrix elements, pg(Ng) and pe(Ng), are the

probabilities of the solid occupying the many-<phonon state Ng =

[nplof,npzof,;..}, and of the laser radiation being in the many-photon

state Ny = {nle%.nszi',...}. respectively. Performing the time deriva-
tive in (2.48) and taking the long time 1limit (2.42), gives Fermi's

golden rule formula

Ryp = 2 X | aNg gt | Hine [LNaN g
Ng'.Ny' NNy - —

Q

*$(Ey + Eg + Eg = Ej - Eg" - Eg') ps(Ng)pg(Ny) . (2.45)

This rate formula i{s valid provided the time scale of the fr‘ansient
evolution of the adsorbate M much longer than the timescale W/AE
corresponding to typical energles. of the system. Specit‘i{gally, AE is
the energy scale oh which the matrix element in (2.45) and the densit’y
of stateés of the phonons and photons véry. W'e anticipate here an in-
tegral approximation of the sums in (2.45), which allow for transi-
tions from all occupied initial states, and to all poss@le final
states of the so0lid and laser. . |

We now summarize the evaluation of the transition rate glven above,
which receives bthr'ee indépendent cdntrib.uiions - from the laser,
phonon, and residual coupling termé in the interaction Hamiltonian.

Details may be found in references 39 and 60.
r.
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2.4.1 Laser-assisted vibrational transitions

The electric dipole coupling of the adsorbate molecule to the laser
radiau‘on induces step-wise vibrational transitions, v - v ¢t 1, involv-
ing absorpf.lon and emission of single photons. Inserting Hg (2.23)
{nto (2.45) and writing the double molecule index (J,v) explicitly now

gives the transition rate .

v'v .
LJ'J - Z

Z pg(Ng) - |<N1',J'v'|H1|Jv,N1>|’
NQ' Ng

2

2m ! [ [} .
- T % I dk n—k |Y(J ,V ojvv) UkB(O)

*(ngh 6(Ep V' = EgV = HAy) + )(nksi + DEESY' = EjY + HRy)]
(2.46)

where nkB" is the mean occupation number for the“ﬂ) photon mode and -

\

¢

' ™ _n_- 9. d
“'V Jov) = =M 2€, M 6J'JJ dg UV'*(E) S_E‘ Uv(e)- (2.47)

We now use a one-dimensional approximation (§ = £n) and let- {uy(g)} be
harmonic oscillator wave functions with eigenvalues vAQ in the evalua-
tion of (2.47). Ignoring spontaneous photon emission (this is an
excellent approximation for an on-~resonant laser), the photon occupa-

tion function is related to the laser intensity distribution
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2
Ixg = o|Ukgl(0)| “nay nygt (2.48)

where Ukei(O) i{s the incident part of the wave amplitude. Combining
these results in (2.46) and integrating, using polar coordinates k -+
w,R, over the incident laser radiatiop wavevector which i{s strongly

peaked about Qg, R, and assumed to be p-polarized, leads to

L v'v._(ﬁ_
3 2€quch

TIG(RIF(B)[ V' 8y, yray * (V'*1)8y yroy 16yyr. (2.49)
Here, the dependence of LjUV'V on the angle of incidence, 8, of the

radiation {s given by

4n.2sine

n'Uk,E(O)

F(e) =

‘ g
k‘(Q/C E ) - nr‘ 1 4 (1'1/nr’)tan’e|
* "o

For an insulator such as NaCf& with np = 1.5 in the infrared, F(8) ls
peaked at an intermediate éngle of incidence of 8 =~ 60° For a per-

fect conductor, one gets by letting n. » = for 8 < 90°,
F(e) = 4 sin?p , (2.51)
which favours a grazing incidence angle. In (2.49) we introduced the

frequency distributioh of the incident 1laser {ntensity, assumed for

practicality to be given by the Lorentzian, so that

= (2.50) -
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ry/2

1
g(Q) « = s (AT T 1Y% (2.52)

where 1y and I'y are the central frequency and full width at half max-
imum of the laser line shape, respectively, and 0 is the vibrational

frequency.

In deriving (2.49) from the Golden Rule expression, the vibrational

levels were assumed to be sharply defined. In actuality, the spectral
line shape of adsorbed molecules {s non-negligible*! and we therefore
include a Lorentzian distribution of vibrational frequencies to be in-
tegrated over {in (2.49). This phenomenological procedure has the

effect of replacing the linewidth, g, in g(Q) in (2.52) with
[ «aTg +ly. .. (2.53)

(This procedure can be justified in the master equation formalism of
Fain and Lin'%, for example.) Thus, the total linewidth T entering
(2.49) contains contribrt&o?s from the laser (ry) and molecular (Ty)
11newidths. Only homog&e’cus broadening of the vibrational levels may
be treated in this way, as discussed further in Section 6. Further-
more, we assume that Ty is independent of the specific quantum levels
involved, as appropriate when vibrational dephasing is more rapid than

damping.®” This is anticipated to be the case here.*?

2.4,2 The phonon interaction

(1) Bound state-bound state transitions

Transitions due to the phonon interaction, th, can involve both sur-
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face states, j, and vibrational states, v. Including only the rtrst()
derivative contribution {n Hpn (2.29) in (2.45) gives the phonon=

assisted transition rate

SEMAID NZ pa(Ng) BT | Nyt 3ty | ~alt) 2 Vixed O]3v.Ng> |’
Ng s

2MgNg

2
2 8,,°
‘i" (—!_) Z l._.a.ﬂ._n.L |VJ'V',JV(‘)
D0 “po :

"(npo® S(EyY" - EyY - Mupg ) ¢ (npgSel) S(EpY' < EyY ¢ Hup)

(2.5%)

Here we have used (2.27) and introduced the thermal occupaﬁTgn func-

[4
tion npos for the phonon mode (p,o0). In the.onexdimenslonal approxi-

-

mation, x = xn, £ = En, wWe have
¢ - g

V,,(1).(|| aV - B
3V, 3 vl w0 w

S
?

.

I L SNty k!
. E: o (- J%) vieesed) vy PEY]

/ (2.55)

A Morse potential is used for V,(x - u/m, £), extending perpendicular

Y
V,(x - - £o) 1>

to the surface. Hence
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Vi(x) = VIO-ZY(x-xo) - ZQ‘Y(X“X.)]

(2.56)

This potential hps a maximum depth of V, at x, and a range gilven bf
Y.  The enerty‘éigenvulues and wave functions of this potential are
known analytically, “making the Morse potential convenient from a cal-
.Culational point or‘ view. Current experimental accuracy in deternmin-
lr'\g V, and Y~!, combined with our use of a one-dimensional theory, does
not necessitate the use or> a more accurate physisorption potential.
Since |£-£.| S Y, the evaluation of the surface potentia;l matrix
element, Vjv,,v.J,,(‘) for specific (J'v',jv), need only include the lowest
‘order contributing term in the expansion (2.55). (See Appendix B for
the explicit evaluation of (2.55).) Furthermore, t;y assuming the Debye
model for bulk phoﬁona and asSsuming wp g {s independent of the phonon

polarization o allows the replacement

. n, [“P B
2 |8, .'. -3 } du o? (2.57)
po

WD [ ]
in (2.54). Combining (2.54) to (2.57) and using (B.1*=4) gives

pJ,Jv'v - “.-J,Jv’v ns(cJ-V' - CJv ) e(cj"" - EJv )

¢ Fyp¥V' (1 + n3(ey vV - ey ) B(ey¥ = egrVN) ‘

ta(1 - |€va' - EJV ) (2??1)}
/ .

where ' -



— '..‘f‘,":txf"' ;
« (IR} V hd
— 2Ung,? Ex v>! Y hm,/m', ‘ sle
R 7 R U D B
/" ‘
J)”"?'G."J) Y. ~q4=1/ y2
m(OoJ 1/2)(04~J-1 2)UJ)
"[(v'-v)Gv = (J"J)(2o°‘J-J’-1)]
20,=9-3"1 lv=v'1 T |
" G.- -jt- . 1—2- v=-v'
[ Zoo,v Ij-xl (] . " ‘(2059)

\

-1
[
nS(e) = [oxp (- T‘Bi? €) - 1] ,

? Ca
P

and vy (v¢) s the larger(smaller)of v,v'. (Slmllar;ly for J, and j¢)

We have 'lcaled all energies by the Debye energy ﬁu)D. and defined
€4V = Ey¥/Mup and &y = Q/wp . (2.61)
The surface potential i{s described by the dimensionless parameters_
. .

2mV - 2m
Gg = (i,-;;-)l/’ and r = T;‘?i . (2.62)

Here, o0, is approximately equal toﬁ‘tAhe number of bound states in the
surface potential with range described now by r.

The general features of ‘the transition rate given in (2.58) may be
simply understood. The first term in (2.58) corresponds to absorption

~
‘of a single phonon from the solid, while the second refers to spon-

taneous or stimulated emission of a phonon to the solid, These

o




f:‘T\

processes are' ,pbssible ‘prow/{,ded the molecule state energy difference
is‘less ‘than the maximum ph.onon r‘requency,‘i.e., ng.V' - EJV | <1,
Note that the transition rates decrease rapidly as |v - v.'| increases
because of the small factor, (4mg/m,ré,) << 1. The ccllection of
~gamma functions from the surface pgtehtlal matrix elements involving
} and J§' has been shown to strongly t‘avour vtrjansitions whe{'e j and J!
. are close, sometimes differing by only one.®* This encourages a cas-
cade of step by step tmansitions through the bound states of the sur-

face potential.

(i1) Bound state - continuum transitions

—~——

The total phononéassisted transition rate "t‘rom a particular bound

Stat.e (jv) to any continuum state with vibratisnal index v! is

I

Z PqJV'V ‘ . . o ,“ (2.63)
q ,

Ty 2

J o
where the surface potential.state label q jis the (one=dimensional)
wave vegtor of translational motion of the free (¥esorbed) molecule.

Proceeding similarly as in (i), and taking q " to be a continuous vari-
"‘-,)'1:;

e DR

able leads to S
. Tkt
EJV—V'6V+1
PoyV'V = cyV'Vv [ ' de- 8{€) ?)JV'V(E) (e-ejV+v'éyInd(e-egV+v'éy)
€4V=v'6y-1 ' .

’ (2.64)

“opg
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.
s

nhd

where
-
1 | n |V'V'| 2g.-
CVV gy 31 M DL { ms 20e2071
3 DT Mg vl Tv=von? | mray 3TRaog=3)
et —
' : P sinh(2n”re)
wJV Vig) = lr(q‘o + E +{re)
cosh*(mo,) + sinh*(nYre)
1 . ¢ :
p; *[f + = [(02j=1/2)% + 20(1 - g‘lv v'I)ﬂ
~ ‘ “ -
- ‘ /
and ¢ | { \‘*‘]
“ [#)

ef 4 ey = - L (ogm2)t ¢ (v-vsy . :

.

The " integration variablé e in (2.64) 1is the kinetic energy of .the

desorbing molecule, scaled by the De\bye energy. Both phqnon absorp-

tion (s*v'évﬁcjv > 0) and phonon emission processes (c*v'év—eJV < 0)

are contained in (2.64). To see this, note that =er{~g) = e(1+rie)).

by

LR

2.4.3 Tunneling to the gas phase N v

The caupling (Hpeg) between vibﬁgtionil and frustraged translgtional

v

motion, when treated %8 a dynamic'gerturbation, can cause transitions

betweef}ﬂegenerate Staéés. Ignocing&m unlikely possibility of aceci-

dental degenerépy betwé»gy bound st.ates, {.e., EJV - EJ?" , Hpeg can
» . )

cause bound state to continuum transitions only. The tunneling rate

to the continuum is



?

QCJV'V - Z ?i'fl |'<QV'IV1(X - ?E_‘ £) - V,(x -

= E)|3v> ['6(Eq ¥ E")
Q. ’

(2.65)

Expanding the- difference In the matrix element above in powers of

(.C"Eo) as in (2.55) gives, by a similar calculation to that of Section

2.4.2,
- ]
vy n V! 1 um, I
ch = wpr ﬁ - T3 !
vl (fv=v' ) m,réy
20,234 r( . ‘I_ R 2
Tr(zory |70 * 3

sinh(2nvr €]

e cos?(ma,)+sinh?(n r(ey

Qa,
r

2
*[(v-v')cv + (1-21"""‘"")} 8(eyV = v'&y) . (2.66)

Although we express this transition rate in terms of the parameters
wp and r for c'onvenience, ho phonons are involved in this direct tun-
neling process between vibrational and surface bond states.

“This com’pletes the 1lowest order calculation of the transition

rates, which is to first order in Hyny for the transition amplitudes,

or to second order for tHe transi$ion rates. The off-diagonal bound

« 8State to' bound state transition rate matrix elements that enter the -

master equation (2.1) are

46



47

and the transitions to the gas phase (continuum) are

~

' . ) -“',
RCJV'V - PCJV'V + chv'v . (2.68)

™

. P
P .

2.5 Solution of the Master Equation

2.5.1 Direct numerical solution

To study desorption behaviour, we will follow the time evolution of
. - _

the adsorbate, MDy the solution of the master equation, f

Jmax Vmax

S = X X Ry apvie) (2.1)
J'=0 v'=0

subject to the (initial conditions

ny¥(0) = e'EJV/kBT/Z e By kBT (2.69)
va :

N4
Initially in thermal equilibrium, the state occupation nJ"(O) is given

by the Boltzmann distribution abpve. The gas molecules obey classical

statistics in the low coverage ‘and low gas pressure.situation consi-

dered here.

We follow the method of reference 14 and solve (2.1) by inverting
the matrix, RJJ,VV', which has eigenvaltmes, 1y, and eigenvectors, eri.

The adsorbate population, N(t), during the desorption process is then

-
wre oo



given, using basic linear algebra, by

N(t) - v - Ait ‘ ;
N(O) 2' nyV(t) Ei 31. e | where Re Ag < 0 (2.70)
where

q
8y = z nJV(O) éjvi z ej'v'l ’
Jv J'vl

and

2 Byl cegyt’ = 6y

Jv ‘
\
\

Adet‘ineS‘ éjvi . In practice, we find that one real, negative eigenva- \\

\
lue, XA, is much smaller in magnitude than all the rest, that is, Ixol

< |Re A1| for all { 2 1. Furthermore, the corr’esponding prefactor,
So, 18 typlcally m_uch larger than all the rest = 8, =~ 1 >> |81| for { 2
1.

This separation of timescales leads to two regimes‘ot‘ ‘physical
behaviour. When the laser is first tu;'ned.on, there {3 a Very short'
‘transient period during which the occupation functions, nJ"(t). evolve
from i‘.heir initial values to a new, laser driven, .quasi-stationary
- state'. Negligible desorption occurs during this very  short initial
phase in whic{x many timescales {Ai'l} in (‘2.70) are present. Since
RJJvV"' is not symmetrié. som'e of - these rapid transients may even

exhibit a- strongly damped oscillatory behaviour characterized by
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Imiis0.
Once the initial transients have died, the adsorbate population then

decays exponentially with a single timescale (tq4) according to

Z|=
—~
cr

0) " So elot o o7Rat for lRe A1|t >0 1 21) (2.71)

The desorption rate (ryq = td—‘) is thus identified with the smallest

eigenvalue of the rate matrix,

rg = |Xof - (2.72)

Experimentally, one measures the desorption yjeld (Y) defined to¢ be

the number of molecules that desorb during the duration (t) of a

laser pulse. In our model, the yield is given by
Y = N(O) = N(t) (2.73)

where N(O) is the number of adsorbed molecules initlally exposed to

the laser beam. Since |Re Ail t, >> 1 for { 2 1 for typical adsorption

3

systems, we have
Y = N(0) [1 -eTdtLy

and approximating further,
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Y = N(O) rq t, provided rg4 tp << 1. - (2.78)

*

In summary, wé typlcally find a separation of timescales

_ LI .
transient time <<, laser pulse time R desorption time
(JRe agj™, 42 1) (t, ~ 10100 nsec) (tg = |Xe]™)

(2.79)

.

‘which leads ¥J a small yleld per laser pulse that is ;;oportional to
‘the desorption rate, according to (2.74). .

The matrix inverSlon leading to {sy} and {1y} in (2.70) is accom-
plished by a lengthy numerical_computation. The quantity of interest
~ the desorption rate ryq - is then studied as a function of the exper-

imental system parameters, as outlined 18 Section 2.6.

2.5.2 Approximate analytic solution

It 1s also possible to obtain an approximate, analytic solution of the

master equation for photodesorption, by making judicious use of the
.

wide range of time scales included in the rate matrix. An approximate

formula for the desonption réte 1s desirable in an effort to reduce
the computat}onal complexity involved in the straightforward matrix
inversion method described above. Furtherﬁore, computational innaccu-
racy due to round®off errors prevents us from applying the matrix in~
version method to predict very slow desorption behaviour. Reduction
of the master equation (2.1) has been ngviously accomplished by using
approximate ansatzes. At low enough laser intensities, it is valid to

approximate nJV(t) - exp(-BEJ) ny(t) which,  on substitution into (2.1)
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.!- . ”
glves a master equation in the v-states only.** This met‘pd ‘assumes
that the surface bond (}) etate's arg in thermal equlllbrium‘; At very
high laser intensities, all vibrational levels are equally oécupied in
saturation, and the ansatz nJ"gt) - -hJ(t) may be used to e‘lli‘pigpt.‘fwe the
v-states from the master equation.*® However, photodesorption experi-
ments are generally performed at 1ntermediite.1nt.ensit1es between
these two extremes. A dlggr‘ammatic approximation meth'Qdf.used by
Hill* to find the Steady state solution of a system of linear rate
equations {s elﬁployed here to predict desorption rates accur-ately at
all laser intensities. .

The photodesorption process described by the maéter equation (2.1)
consists of a short transient phase followed by a long k'inetic phase
during which desorption occurs, as given by equation (2.75). _It {s Jjust
the latter phase in which we are interested here. Although photod?;‘
sorption is a dynamic process, the moIeculyar"occupation functions
nJ"(t') are quasi-‘stationar‘i! during the kinetic phase for ‘times
tirans << t << t4. This (s so because the final tr‘ansi‘tion rates from
bound surface bHond states -j to continuum (gas phase) states,
chv'v + QCJ"’"’, are generally slower than bound state-to-bound state
transitions out of the state (3,v) and thus make a minor contributioné
to the calculation of ny¥(t) for t << t4q. (Actually, Po *+ Q¢ do affect
nJV(t) significantly for j near the top of the surface potential well.
While these high j-states are crucial in thermal desor'p'tion, they play
a smaller role in the more efficlent photodesorption process.) We
therefore caléulate the steady state occupation t‘unctijms nJV with theo

bound state-to-continuum transition rates, PoyV'V + QcyV'V, omitted.

The desorption rate during the kinetic phase is then gigen by



rq = z nJV Z (chv'v + QCJV'V) Z nJ" . (2.76)

The denominator {s i{ncluded above to correctly normalize the desorp-
tion rate per adsorbed molecule,

The calculation of the steady state populations nJ" {s essentially

equivalent to inverting the rate matrix as done numerically in the:

last sect;on, but with the transitions to the continuum omitted. A
diagram method devised by Hi11 to accomplish this task is now out-
lined. Only the recipe is given here; d-etgils a'nd proofs may be found
in references 66 and 67. The first step Is to construct all "partial
diagrams" for the given reaction system. A- partial diagr‘amy has a
vertex for every state of the system and the maximum possible number
of lines drawn between these states without resulting in any closed
loops. The 1lines r‘epr;esent allowable transitions between stat?s.
"Directional biagrams"'for a given state are then constructed by put-
ting arrows onto the partial diagrams in such a way that all (con-:
nected) paths flow toward and end at the given state. Eac;x arrow
betweep two states, jv + j'v', on such a diagram represents a corres-
ponding transition rate, RJ-JV'V. A directional diagram 'is assigned a
value given b;' the product of these rate constants. The relative
Steady state occupation nJ" of the jtate (3,v) 1s then given by the sum

of all directional diagrams for that state. To obtain the absolute

occupations, one must divide by a normalization factor equal to the

sum of all directional diagrams of all states, {.e., Z nJ". This .

v
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procedure is now applied to the photodesorption system. A physical
interpretation of the diagrammatic results will then be discussed.
Since it is impractical to draw all directional diagrams for a typ-
~1cal photodesorp system which has = 100 relevant stages, it 1s
essenti{al that t.r:“\?nost significant diagrams be considered in a sys-
tematic way. For this purpose we utilize a natural hierarchy among
the transition raté scales appearing in the master equation, summar-
1zed below. (The arrows below the rates shcw how they appear In
P1g.2.6 of the next section and in the directional diagrams to follow.)

vlv (2.77)

pJ,<va ”> pJ,>va > pJ'JVt1V > L
for &
The fastest rates of all are phonon emitting transitions PJ-(JVV down-
wards to lower j—states in a éiven surface potential well i{n Fig. 2.6.

- "These transitions do not chapge the vibrational index v. Considerably
slower at low tempe:ratures where kpgT < (Ej+1-Ej). are thermally
‘gctivated transitions P3->JVV upwards in a given 'surface potential
well. Provided the j-states that contribute most to photodesorption
are well sepérated in energy, the separation of timescales given above
is very good. SLower‘ still are phonon-assisted transittons
(§,v) » (J',v41) that involve tunnelling between vibrational and surface
bond states. These processesu are represented by horizontal lines
between adjacent surface wells in Flig. 2.6.0 Note ﬁhat direct transi-
tions such a v + v#2 are pegligibly slow and are thus lignored. The
slowest transition rates of all i{s the laser-assis;ed vibrational (de)

excitation rate LV:1V , represented by diagonal lines v + vi! in Fig.

2.6. Only at saturation does LV*'V pecome equal in magnitude to the
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tunnelling rates PJJvVi‘V . The largest directional diagrams are those
in the maximum possible number of the fastest rates - PJ'<_1"". The
slower rates involving vibrational transitions - PJJ-V*W and LVtIV -
are included in mlnl‘l_nal numbers. g

" Let us first c*ider the directional diagrams' shown {n Flg. 2.5a
for the moiecular ground state (J,v) = (0,0), which at low tempera-
tures and laser intensities 1s the most heavily occupied. Summing

over the indices { and {' in the diagrams in the figure gives the con-

tribution to Ne’,

tmax imax imax
0
TT Pre1g 2 . > Py )
fal 10 110
lmax i
*COTT Pyag" e 8g,00,, 0 € TT Pyg=r't + 6,0)
Jal+ 4=1

1

Each product in the sums above has only one slow transition rate from
vel=+0, Diagrams with a few thermally activated transitions (j-

1 + j) are necessary because the tunnelling rates PJ'J“ increase some-

what with j. For high j-states, many downward transition rates PJ'<j°°

besides the J + j*1 transition are {mportant. Additional diagrams

) )
taking this into account are included by replacing PJ..'.J“ above with

-1
YJ -.t PJ'JOO for J >0 . (2.78)
» ’.J'-o
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Fig.2.5(a). ectional dlagrams for the ground state (J=0,ve0)
ax=1.(J-states are shown equally spaced for con-

vien ly!)

Fig.2.5(b). Diagrams for U"’mag«,’- - The horizontal lines represent
rates Py{V'V or LV'Y, and vertical lines contain rates
Per VY
Pyrg™ . ,:")

\\
LBy,
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deaas

Fig.2.5(c). Relating nyY to nyV*!. The dotted vcrtical line deli-
neates the upper (right#hand) diagr@m parts that are

related to nJ-Vf‘ by (2.86). P

!,‘,, s '%» \
N ‘ % .
? ai]y ]gance S ‘

W h
Sy ‘J‘ ’ﬁw
L ¢ (Y
£ i

‘v

hérg AJ" g]AB(EJ;.‘B;)., The fTinal, approximate relationship given above
“ . ‘~_‘.s o ‘

ombining these results and extending the diagrams to vpax = m gives

the un*hdrmglizad occupation function . %
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A = (DX)® D m! , ‘ O (2.79)

where we define .
. .
Imax . o
D= 2 v | (2.80) «
{=1 :

and {F&

LY

Bt T
Lkt
’ _ . - ) . 1, s
-+ '

« lmax ||!max ;
X 2 2 Pyt e Lm| e (2.81)
‘ 1%6,, [ 1'=0

L ed

The m!’raccor in n,® arises because P{{+Vo¥V = vpy;v* and LV™IV . VLo,
The factor D represents transitions {-{' ‘;hile' X repreaénts :Vrv-1
transitions.

The occupation function nJV_ of lower vibrational levels will be

4
deduced afterwards. A general class of directional diagrams for the

state (§,m) 1s shown in Fig. 2.5b, leading?to the un*normalized occupa~
L}

’

tion function,

!
hjm = (DY)" D e m! (2.82)

where



imax || imax - ] :
Y- 2 || ¥ pp e e |, ‘ (2.83)
' f=0 || 1'=0 - .

3

a
J-
Directioo\al diagrams with additional cross-paths v + vil must have
'fe,w.;r' faét, downward rates PJ.(JVV, and are thus negligible, according
4
to (2.77). Note that the occupation probability of the vibrationally
ex’cited state (j=0, v=m) is smaller than that of the g"r'ound state (j=0,
v=0) by a factor (Y/Xﬁ. Vibrational transitions v » v+1, due to both

phonon and prioton assisted processes, are included in Y above. At low

[

enough temperatures and intensities, nearly all adsorbed molecules are A

confined to the ground state, j=0, v=0. 1t is therefore convenient to

define pargially normalized occupation prcbabilities, h)
P oo -
ngV = BV/R° . (2.84)
P
Dividing (2.82) by (2.79) gives
ny™ = ( % ™ e . (2.85)

. : -~
LA

We now derive a relatich between the occupation functions njV and
» :
njv"*f. First, we observe that the most significant directional diag-

rams for nJv"*'I must give the factor (v+1)!(DY)V*! from diagram parts

linking the v=0 to- v+1 states, in analogy with the caleulation of nj‘m

above. Regardless of the form of the diagram parts in nj"” connect-

ing vibrational levels v+1 to m, the crosssrates (Py{V*!V + LjyV*1V)

»
in Y can connect into any surface bond level i' of the vibrational
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v

state v+1. The directional diagrams fof the state (J',v+1) are thus of
the f?rm |

nJvV+1 = (v+1)1(DY)V*!

x (upper diagrém parts pirécted into (J',v+1) . (2.86)
;

S’agrams relating njV to nij*1'are shown in Fig. 2.5c. The first
term, with avminimum of slow cross-rates, represents thermal effects,
while thevqecond diagram withvan extra cross-path includes laser-in-
duced vibrational excitation. In both cases, the -.undrawn upper‘diag-

AT .

B [
ram parts are directed into the statéJ(r,v+1), and are related to the

occupation function nJV*1 according to equation (2.86). Using this

fact, the directional diagrams in Fig. 2.5¢c give -
imax ‘ .
nJv -7 fJva U‘j'v” . (2.873)’
J'=0
.
where '
ax y " imax
fig¥ = €8y | 2 R e L (vt 7}1 Yt 2 Py, (2.870)
i=0 =]

with

v
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-1 Imax : .
Yy - J}___ ¢ Z Pivim +L¥)e 84 for § > 0 (2.88)

Yy =0 for § =0 . T

) .
’ i

.

Since the right-hand diagram in Fig. 2.5c exists only for j > 0, the
secgnd’term in (2.87b) is set to zero if j = 0.
B)y repeated use of thf recursion formula (2.‘87) on (2.85), it is
straightforward to (numerically) compute the oocupatidn functions nJV
A
for, all yigrational’ levels. Substitution into (2.76) gives the prop-
.er'ly normalized desor"ption rate.‘ This computational method reproduces
the exact matrix inversion r’esults very well in almost all- cases, and
i{s used to obtain the theor:etical data presented in Section 7. 1Inaccu-
racles ‘ére encountered aAt ”'extr'eme]:y high intensities above 10°MW/cm?
where condition (2.77) is violated, and the method fails if the phonon-
assisted ‘r‘ates between adjacent vibrational levels is cut '6ff.

The sﬁeady-state occupation probabildities calcu’lated in this way
can be easily 1nterp;'eted physically in the 1low temperature
(kgT, << Ej~Ej-1) and moderate intensity (L' << Pjp°') limit. Photode-
sor.ption experiments are. typically done in this (Sub=saturation) inten=
sity reginie. but ;somebimes‘ at somewhat higher temperatures. In the

limits given above, equations (2.87) and (2.85) combine to give tne

occupation probability for excited viprational states J =0, v>0 as



6l

, v L ’ H :.,\"
v L 10 4

. (2.89)

L4

Z Pi'o(“ . LOI ’ “ N "‘
1'
A J

Step-wise vibrational excitation at the ra}e L' competes .with vibra-

tional decay processes assisted by phonons (Py15°') and photons (L°) in-

populating higher vibrational levels. Similarly, for low surface bond, .
‘ - b

2 it o
states j such that Ej - E, < Hd (= vibrational spacing), the oc¢cupatiop'’"
! . - ” * c
probabilities are
C YV Ay Yy Xy : g
V. (&
ny (x) (e 3 + (v+1) ¥, X ) . :
-A v+l,v . \ \
- nyY (e AJ + ‘I"‘—Y—J-— ) for § > 0 . 7(2.90)

»

v

Occupation ‘of ‘excited surface bond states can be induced by efither

thermal or .laéer-assi'sted processes, corresponding to the first and

second terms in (2.90), respectively. The second term arises from

v

photongabsorption processes exciting the v + v+1 transition, followed

by phonon‘aséisted tunnelling back to ex¢ited j-states at the vibra-

tional level v. The molecule then cascades downwards in the “urface
potential well, stopping at each state for an average time"‘gi‘ven/ by

-1

Y5

tion of,’e,xclt’ed surface bond states,. is shown in Fig. 3.2 of the next

. This‘ process, which is responsible for the non-thermal occupa-

chapter 'in éonﬁeotion with resonant surface heating. It is emphasized
~ -

that the occupation probability nJV for higher j-state is generally

considerably more complicated than the simple form given in (2.90),and
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forwnulae (2.85) and (2.87) must then be evaluated in full.

‘. ;
2.6 Early Results “ Theory and Experiment

2.6.1 Theoretical model results

The:‘dyn'amics of the photodesorption model just described are now
examined, beroi'e making a comparison with exper‘im‘ental results obta-
ined by Heidberg et al. We now apply the theogy to a model gas-solld
system, The system parameters ar‘é chosen to model the physisorption
of CH,F on an NaCf (100) “surface, insofar as the experimental parame-
ters are known.?»?* Tre CH,f molecule is assumed to adsorb with the F
atom closest tq the surface and the CH, complex sticking .outwards.
(Thé laser g;ciﬁes the v, vibrational mode, corresponding to a
stretching Qf the C=F bohd.)_ The system is characterized by
1) the inter'nval-vibrational ‘f;r‘equency (g = 970 cm“‘)-and’linewidth
(Ty s 20 cm™! FWHM) of the adsorbed molecule, and its atomic
masses (m,,m,), and effective change (q -' 1 ei.ch.)*.
115 the depth (AVo = 22.5 kJ/mole) and range (Y~! = 0.3 k) of the sur-
face p'otential,

{i1) the dielectric constant (np), molecular mass (Mg), and Debye tem-

perature (Tp = 281 K) of the solid, and

iv) the laser intensity (I), linewidth (rg< 1 cm™), pulse duratiOn'

*The effective charge, Q, 13 related to the dynamic  dipole moment,
udyns Of the molecular vibration by ) ‘

ugyn = Q YHY2uR ,~ S (2.92).
Ld N
where u on the pjeht hand side is the reduced mass of the molecule,
. : v

>
e . - .



(ty, = 200 nsec), and angle of&q{&ﬂce (8 = 60°). . (2. 91;@
(Note that we replaced V,, Y"!, and 'tg with o,."r' and wp ipr the rates ~
calculated in the last section.) o

The molecular and solid parameters (i and ii{ above) are generally
all known, with the exception of Q and- ly. The effective change, Q, #
is estimated from the infrared absorption peak 1ntensity for_ the
adsor'bed molecule which is known to within an order of magnitude for
-CH4,F/NaCL.** The observed infrared absorptfcgn ;Linewidth may in general
receive contr;butions from both homogeneous and heterogeneous sources,
ar;d thus sets oniy-an upper 1limit on the homogeneous vibrational
width, T'y. (Phatodesorption from an inﬁ%mogeneous é_dsorbate {s consi-
dered in Section 6.) Errors in Q and 'y, however large, will affect
our results by simply rescaling the laser Intensity dependence of the
desorption rate.

There is dlso sc;me uncertainty in describing the surface potential.
The well debth (Vo) can be roughly equated to the isosteric heat of
adsérption, determined from &fuﬁibrium adsorption measurergents. The
range, Y !, of the potential Is not so ‘easily determined experi.men-
tally, and is unknown for CH,F on NaCl. We have theret?ore assigned a
reasonable value. Y! - 0.3 R for our model analysis. ;l‘hese surt‘ac§
potential Weters translate into the dimensionless variables, o, =
18.6 and r = 35.7. ' y

The surface p“ote;'ntlal for this model system develops 19 bourlmdvh

. t’st:_at:es‘ r‘epr‘esen;ing frustrated translaf.ional motion. The energy 8pac-
:&?ng between adjacent surf’a\ce b'l?nd Astates is alw'ays less thgn one

‘Debye energy, f3 purelj thermal desorption via one-phonon processes 13

possible. A mdlecule in the surface ground state (J = 0) needs a min-



imum vibrational excitation of v = 2 to bring its total energy posi-

tive, into degeneracy with the continuum of gas phase stat:el“.'@.e shown

Y

T

' )

— e 4

. —

3 N . 4
J'a

l&. v

V=° ° vy

F LXR A ci

Elg.2.6. Energy level diagram for CH4 on NaCf. Surface poten-

. tial well corresponding to different vibrational states
(v) are transposed laterally for convenience only.
Some transition processes g'cluded in the theory are in-
dicated by arrows: Piri¥ V indicates phonon-assisted
bound state =~ bound state transitions (i,v)+(1',v');
Pet’'V and QY'Y are phononassisted and elastic tun-
neling rates from bound states to the continuum; Ln""’
represents the laser coupling.

A -

in Fig. 2.6.99

in' this secll

Ll

_ fésorption .rate is greatly diminished if we
’ Teduce {\jvm" Ow. thls level. . Increasing. vp,x above 2 enhances

‘desor’p‘,tj.l.on slighfly, bug, iqtrog%ces" no ‘qualitative differences.)
L3 . ~ , - o

'g‘g?'éég_ﬁ;vma,},'-'v 2-in (2.1) for the calculations
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Using the method described in Sections 2.1 and 2.5, the desorption
rate is calculated as a function of laser inténsity and temperature.
In Fig. 2.7, the desorption rate is plotted as a runctiop of intensity

in a log-log ‘graph, for T = 50 and 100 K. The desorption data is red-.

T

CH; F/NaCl - T = 150K
4 100K
\
)
S 5
o
o
3
4
. : 4 6 8
0G40 I (W/Ccm?2)
Fig.2.7. Desorption rate versus laser intensity for CH,F/NaCf at

different temperatures. System parameters are given in
(2.91). Broken line represents experimental -results of
reference 21, .

3
L
»

»' isplayed in log rates versus inverse temperature graphs tﬁ Fig. 2.8.

<

~ (Note that a slightly larger potential range, Y~! = 0.37 R, is used in

tRis figure.) On the latter graph, we include an estimate for purely

L]
. — ‘\ .
-~ thermal desorption, without the laser. This process, relying75ﬁfirely

L4

on phonon-assisted transitiohs to higher energy levdﬁ: (4,v), has been

%

considered previously. The thermal desorption grvﬁi‘;;SﬁL,straight
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Flg.2.8. Desorption rate versus inverse temperature for.

CH,F/NaCf at different laser intensities I[MW/cm?]. The
surface potential range is y~!=0.374.

'qine, indicating an Arrhenius form for the rate
i :
e
Ay -

“Eq/kpT (2./93)

Y ~ Pdeg =~ v e
The activation energy, E4, is approximately equal to the depth of the

lowest bound staté&¥3 = 0, while the prefactor, v, depends on the
L3 .

microscopic transition rates entering the master equation.



The photodesorption graphs show enhanced desorption rates at low
temperatuE;s. At 50 K, the laser enhances the desorption rate by
many orders of magnitude over the thermal rate; desorption ingceases
nonlinearly with intensity in Fig.2.7. Note that the T = 150 K graph
shows 1little intensity, dependence; thermal @esorption ddminates in
‘this regime. This behaviour arises from competition between the dif-
ferent (and complex) transition pathways leading to desorption, as
seen by examining Fig. 2.6. At high enough temperatures, a%forption of
thermal phonons by- the surface bond leads -to vertical transitions
Pyr51VY, without vibrational (v) excitation. At lower temperatures
these processes are less efficient, and then photodesorption may be
observed. Photon absorption excites the internal molecular vibration
(e.g., v = 0 + 1), represented by the diagonal transitions (LV'V) in
Fig. 2:6. From an excited vibrational state, the molecule can tunnel
(near horizontally) into an excited surface bond state, converting
vibrational energy into frustréted translatiénal motion, with'absord-
tion or emission of a phonon occuring to conserve energy. (Consider,
for example, the (i,v) = (0,1) + (6,0) transition with rate Pg°'.) This
process leads to enhanced occupation of excited surface bond states, J
-> 0. However, at low témperatures, these states decay rapidly by
spontaneous phonon emission (Pp(iVV) as the molecule cascades down*
wards to the bottom‘ of the su#face well. "This cascade deposits
energy into the phonon bath in the surface region, which is considered
in more detall in the context of resonant heating in the next chapéer.

Alternatively, the molecule may be stepMAwise excited to higher
vibrational levels. From ;he (i,v) = (0,2) level, the adsorbed molec-

ule is degenerate with gas phase states, and desorption can occur by
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é%e transitions Pcool + Qco°’. An often favourable route to desorption
is for the molecule to give up its vibrational quéﬁta one'at a time,
by a near horizontal (tunneling) path such as ({,v) = (0,2) » (6,1) ~
Ycontlnsum,O). The photodesorption rate ihcorpor.toa contr}butions
from all }hese photon and phonon-assisted paths, whose individual tim-
escales will be considered in Section X,

The efficiency of the photodesorption process depends on the depth
(V,) of the surface potential which, along with the vibrational fre=
quency (f1) determines the energetics of the proceSs. Desorption rates
also depend on the potemtial range (Y*') which affects the strength 5}
the coupling to the phonons. These effects, discussed in ééciion S,

make accurate experimental characterization of the adsorption system

essential to the theory.

2.6.2 Comparison with experimental results

We will now compare the theoretical results of the last section with
the experimental data by Heidberg et al.?»?* Their measurements on a
mult}layer adsorbate of CH,J on an NaCf single czystal at 64 K were
discussed in Section 1. At a laser pulse fluence (fluénce =~ {ntensity
X pulse duration) of 200 mJ/cm?, a desorption yield af about 0.2 mono*=
layers per pulse is measured. This corresponds to a desorption rate,
rq = 10* 87!, at a laser intensity of 1MW/cm?. In addition the inten*
sity dependence of deso:ption is found to follow rq « I =2°7.

A comparison with the ﬁheoretical model results is shown in Fig.
2.7. The iheoreticalvgraph at T = 50 K {s displaced from the experi-

mental result to intensities about an order of magnitude larger. This

could be due to the inaccuracy in the determination of Q, as discussed
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above. On the other hand, if the vibrational linewidth (r,) is attri-

buted partially to imhomogeneous sources (this is likely to be the
case), agreement with experiment is slightly ilproved. The experimen-~
tal accuracy in making absolute coverage and deserption yle;d measure-
ments must also be considered in attempting a quantitative comparison.

More {mportantly, the theory shows a som:what yeaker {ntensity
dependence desorption rq « I'**, as compared- to the experimenﬁkf
result, ry « I%7, at moderate laser intensities. We show in Section 5
that a 50% deeper adsorption potential would cause the experimentally
observed dependence. Recent experimental work is in suﬁport of this
possibility.*? 'However, for such a deep adsorption well, bound state
energies are separated by more than the maximum phonon energy, and a
higher order perturbation theory for the transition rates is needed.
This {s the topic of Section 5. Alternatively, resonant surface heat-

ing could assist the photodesorption process, as considered in the

next chapter.

Many bo?i effects within the&q,sorbate. negle%ted thus far (n the -

«®
theory for low-coverage systems, must be considered, since the experi-
mental systems are at a higher coverage. Specifically, one expects
effifzbnt resonant interaction between the vibrational modes of neigh4

bouring adsorbed molecules. Possible érrecps on the desorption kinet-

ics are discussed in Section 4.
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3. Resonan? Heating

13

<« SR
3.1 _Introduction . ’

In this section, an 1nd1red€? resonant, laser-stimulated surface heat-

ing process is investigated. Previously, in Section 2, a photodesorp-

e

vibra

1 ' 3

-

tion mechanism was f{ntroduced which was initiated by resonant
tional excitation of an adsorbed molecule, and which \qescrigeq ‘tﬁe ¢
selective desorption of that same molecule. Igg é:hperature o}’the “
. K .
substrate was assumed to be constant. Hewever, thisﬁ’pro%?;§' of

:

desorption is quite {nefficient energetically. The fractior’ of the

4 L

a

absorbed photon energy that actually ends up in desorgéd hglecuies is
4 ) . N

typically small, as shown below, L. ‘ .. i

desorption rate x heat of adsoﬁptlon : ‘.,
photon énergy absorption rate | p

efficiency =

PdV, ay ’ < . N
-m = 00107 ‘ (3‘1)_.

In fact, mést of the absorbed photon energy, which is initia;ly dgpo-
sited into an adsorbate vibrational mode, decays into ;he soiid. This
-1s shown plqtorially in Fig.3.1; the two vibrational decay péths facil-
itating this process involve (a) indirect, phonon‘assisted vibrational
dgmping. and (b) electronic damping, and will be discussed in detail
latgr. The result of this energy flux into the solid is local surface
heating. The temperature at the surface is no longer static, as was

assumed in Section 2, and modifications to the theory of photodesorp-

tion are necessary. A large rige in surface temperature may lead to
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”

enhanc'ed,t.hermal desorption, both of the molecules originally excited
by the la'sor. and of other co~adsorbed species.
The indirect, resonant heating precesa descfibed here can be
obeer"ved as a pfotoacoustic effect.” A 1light pulse direcfed on a
solid induces local surface heatieg which, because of thefmal expan-
sion, geherates sound waves in the solid. By detecting these acoustic
wWaves, one can ‘measure the infrared absorption spectrum of adsorbed
- molecules. The absorbed laser energy. eventually spreads, from the
surface region, over the whole sample, causing a minute temperature
rise that has also been detected in aid of infrared spectros.copy at
surfaces.’”” Note tha.t. in this context, one has also to consider the
possibility of direct las@r®surface heating, which 1is a non#resonant
process. This is eapily separated experjlmentaliy from the reeonant
heating effects by stu';iying the 1aser“f‘r‘equency depencience either the
photoacoustic signal, or in our case, the desorption yield. '

In this section, we will first present a full calculation ér the
photodesorption kinetics, .determining explicitly the surface tempera-

ture rise throughout the desof'ption process.”® Vibrational damping to
-

electronic degrees of treedom ‘11 be -neglected, “as appropriate for' an

insulating substrate such as NaCt.

Then we wj.l_l also treat ~3sonant. heating effects at a metal Sur-
face.” To do so, vibrational r'e_laxation mediated by t}le electronic
damping pr;ocesses must be considered. A dynanﬂric dipole moment of a
vibrationally excited physisorbed molecule is g‘dg%led to b'the conduc-
tion electrons of the metal. This interactien allows for ‘vibra‘tiona%

relaxation by eleetron“hole pair excitation near ghe .supface. Assum-

ing no charge transfer between adsorbate and 'solid, Persason and Pers*
/ ~ ‘-
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Fig.3.1 Resonantssurface heating pathways. - , :
(a) Vibr‘ational damping to phonons of solid via surf‘ace
bond. N
(b) Vibrational damping into metal electrons. o

's6h”™ calculated a decay time for the C-0 s‘tretch vibration of the
; ‘ ) )

CO/Cu(100) system oIR ~10"*°sec (see also Brus’). By, 1nclud1ng charge

* .

. tranar&' in order to model chemical bonding,\they suggest a shorter.

decay constant of = 10”2 gsec,’® to match the observed infrared g!bsorp-'* :

. 7 ' ' o e
/tion linewidtr:_‘&‘ 5 em™'.”7 At a metal surface, vibrational damping

.~

_can clearly Dbe dominated by this ekectronic process. To treat reso-

nant heating eft‘ects on a metal ‘We 1nclude such relaxation processes }

- ¢

phenomenologically in a simplified deaor‘e‘ion model - These results

~

. are eompared with experimental observations for both si/ngle ar;d‘

» - . MR
. h

multi-'species adsorbed

. .
> L] . N .
. -
~ [ ]
) % ' . . . v
i - ; .
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3.2 Theory \ ; ' . “ .

.

The photodesorption model presented in Section 2 is now generalized to
fnclude resonant heating "errects."" Rega}l that the master equation

(Z.ﬁ conzﬂs }.ranaiuon pr'dcesses (2 58) 1nvolv1ng .phonon absorption

B

and dissi& Pﬁ:" ¥,- which de‘pend on the eubstrate surface tempera-

ture. Since these ’processes. tranéfer.'tenergy between ’Ehe adsorbate

s

and substrate, they may disturb the thermal equilibrium in the surface

»

r'egion of 'the. solid during a desorption experiment, This latter

effect, while ignored in the last section. can be uriderg,tood' in terms

of the microscopic transition cycle shown in Fié. 3.2. Upon absorption.

.73

ot
;;.
’

of an infrared photon from the laser, the (cold) adsorbed molecul’

5 ' . . . . ,
lifted out ot"the grpund state to a vibrationally excited ‘state; v =20
. A - : .

. | , bﬁw .

I % ‘ ‘ ‘ ? ‘.
, v - ) »
, ‘f - . ) . - .

’
29

*- 1. The molecule then undergoes a rapid tunneling traﬁaitiog. P
- Y A | TN e

v ‘e



* The phonon occupation r’l{gtion Wpo ificreases whenever an adsorbed

¥

- A § .
for example, which converts .vibra.tion‘al energy to t‘r'trat.ed transla-
tional motion. The latter is then efficiently damped at, low tempera-
tures, i:hat. is, for kgT ‘<< HQ. This océurs via phonon emitting transi-= ’
tions such as j + J - 1 as the molecule cascades downwards, to gnd Qp

again in its ground' state (J,v) = (0,0).

The effect of this repeated -cycle {s to p@vidﬁeﬂ an energy’ flux

t /
{
i

& -

into the surface given by
R 3

74

) dn ) | ‘ : .
E = Ny Z ““’pa ~-7‘-%-q (per unit surface area) (3.2)
» po .- . /\\-‘\
¢ . .o —
. . ’ , - s -
- i >~ e 7

. -
- . o

where N, 1is the adsorbate concentration on the surface; gpg amd wpg
o - ) . - *
are the occupation function and frequency respectively',', of the phonon

modé (p,a). -Ia :equilibriﬁm, we have

npoeq .b(e““;po/kBT\n 0o , . < . (3.3)

4

-
-

! N
molecule makes a transition from an initial state with energy EIV to a
final state with lower energy Eiv"'. 1ting a phonon of energy Mm‘po
' 1 4 . -

- E{V ~ Ei.-V' . On the ofner hand, npg decreases whenever t%re‘verse

-

'traneition, 1nvolv1hé»phonon agbsorption, takes place. Specifically, we:

éha've » ; $ ‘ o ’ T i

~ L L :
at af 2 emR; Y V(p,0)ng V(L)



-

. ﬁ , . \ .
-y Z’ .bsRi'iv'V(p'o)“i Z abquiv" ngV(t) (3.4)
iv {i'v q,v' .

]
where q runs over continuum surface bond states. Ryv;¥ V(p,0) 1s the
transition probability per uniY time  for the in_olecular transition.
(1,v) » (1',v"), accompanied By either e.m.is'sic}n or absorption of g3

phonon of momentum p and polarizaﬁion ag. Energy >
o = s
-y

' ; . . . B .
E4V » Ei'v ““pa- allows us to express the energy f‘l\ux (3.2), using * -

»

| "‘
vatidgn, . \

€3.4), in terms of the Py1{V'V transition rates as .

‘

g : -

4

E(t) = Na Z ng¥(t)

_ iv
*. . oo
. |
: ' ' ; ' ‘g )
o EPARNGE RN BN GE SN (3.5)
B S S S q g »
. r C - 6 L -
<

-

.
K

" where wé normalize Z niV(0) = 1. At low ceverage, the heat flux is/

Av )

proportional to the adsorbate concehtra’tion,. Na» oft the: surrace,‘ '.
because each malecule contributes independently. | ‘

The effect on the solid of the phoﬁon émi;sion and absor;ation
processes, Rivi"'v(?,o), is to force tpe phonon’ occupation functions

v
Np,g(t) out of equilibrium due to (3.4). However, re‘laxa'ti‘on processes

within the solid tend to r'apid_ly»_'v %re loéakl‘ thermal equilibrium
‘v'con.ditions. ~ The ,phongn system éd‘ﬁfiibriates- on ‘the timescéle' of

A\l

phonon. lifetimes, whichf are much shorter than the times over which

———

heating occurs, as we shall see later in hindsight. As a result,
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. R ‘ . ,
local equilibrium conditions are maintained in the surface region. T.he
energy distribution in the splid may then,be_describeq by a space and
-time-dgpendent temperature field, T(r,t), which varies little over dis-

tances of the order of the phonon mean free pa’éh and over times of

the order of the ‘phsnon relaxation time. In this case, the tempera-

ture field obeys the heat equation”™ 4 y a4
. : P ’ . v -

n - -.. . )
£ x VT '0 : 4 (3.6)

with a radiative bouggary condition describing. th‘@t flux at the ¢
. v I o b
,_surface, . - I N . * .
. » . ; . '
e - - {m‘ & :

a
>

R (3.7)

. ' .
i n
3 v \
.« *

Here, A is the thermal coanductivity of the solid and Y is the thermal

a
9z

diffusi{vity. For a surface withr no lateral variation, T(r:'%’f)“ -“rm}.
oo R

» . .. L {

"3.2.1 Exact solution’?

L4

. * R ‘ » . ' " .
To c¢alculate the resonant heating effeat in photodesorption, we must’.|r '

"solve the heat equation (3.6) with boundary ‘conditibn (5.7). However,: *

b

. . T : ) \
the energy flux E(t), given by (3.5), depends on th? molecule occupa-

tion f¥hctions, niV¥(t). To determine niV(t), we must solve the master

equation (2.1) which is - .



" 2 ' ‘
£ oY) = 2 R0, 0nghe). (3.8)

{ty? s

er, now the transition rates Ryy1VV' depend on the surface tem-

e, T(0,t), and thug evolve tmelvea with time. We musg

"arore‘solve the coupled set of equatiens (3.6) to (3.8) ‘simultane-

ously, giving both the adsorbate state populations and the temparature

. d‘ .,
distribution in the 3olid as a funttion of time. = I

Equation (3.6) may be solved by standard Green's function tech-
niques™ for a semi- infinite homogeneous solid (z>0) with boundary con=

dition (3.7) at z = 0 to ¢1ve

. \'1 N ‘ ,

v
?

R P

Y Y

2Y 1y

. e‘(z+2')’/‘%x(t“to) ] T(z',to)
. (t_to)x/z .

' t
A T - ' ") ) -
. Cm 1 J apr -2/ Ux(t-t!) Egt (3.9)

- 1/2
e, (t-t')

. .
. N ) l
Here Cy is the specific heat per mole and Vy is the molar volume of
the solid: z’ 1s the distance into the solid. The first term descrihes

the relaxation of a nonuniform tempex*a@ dtszrwutlon, T(z',te),

. ‘while the secord term explicitly 1nc1udes the dissipation of the

external energy rlux i(t' - An iterative numerical procedure is uged

 to sdlve (3, 8)~and (3. 9) together. At a sequence of discrete times,“ti

where 1 - 0 1...., we cons&der ‘the temperature profile, T(z,%P, and the

S
) o
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- molecular‘ chpation functions. {nJ"(tin Initially, we have a uni-

for'm temperature pdiatr'iwt'ton. Téa, t'- T,, and thermal occupation
~ -

ﬂ

functions nJV(t,,-O) Jexﬁ}by (2. 69). Assuming T(z, to) '.arly con- »

A Y
stant over the .time, Interva; t t;, we solve the master equatipn
(3.8) which ylelds . ' .-*"- \ "( @ ‘*“’”{‘ "l
nJ"(t) - Z AJ'kV(to) e’*k(“)(t'“) for te <t < t, . (3.10)
K : \ "
K .
M L)

v (The coefficients Ay, k¥ and eigenvalues xk‘ depend on the conditions at

‘) He hen let the adsorbate evolve according to (3. 10) t‘rom .

$

t,, to give ny¥(t and via (3.5), B(t, ) ’ To calculate T(z,t,), we take.

. A
E(t') = E(t,) -over the interval t, < t' < t, in equatian (3.9). This

«p:dure is then iterated til foll
§ n

olution ot‘ the adsorbate
popglation and the temperature f

the solid @th time. yThe

adsorbate popul ation
. . o ‘ e, . ’ . ! .
P T AW : - v
T C - - 3 ~
N(t) = N(O) & my¥(t) "'li.ff - BEan.

W Jv
]
Gr

>y . - N

- . ¥ .

1
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no l‘or‘xger obeys a simple exponential decay- laﬁ because <the sﬁ;fb,

temperature {s changing with time throughout thé desorptlton ,pf‘oce

In practice, we define the desorption i;ime', tqg by

N(tg) = N(O) e L 3a2)

*

-

.
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effects ignored. In actuality, the adsorbat}pop‘latiqpﬂ,solfﬁ blrﬁ .

'r‘d-td

y 79
\ P
Choosing time steps, tj4q - t§ < 0.1 t4, ve determine the desorption
time with sufficient accuracy. . ¢ )
Applying “this procedure for the adsorption system CH,F‘y ‘74*'
NaCf, using the model parameters given in Sect.lon 2,6.1 (except wher

1.
Sy

noted), gives desorption and temperature behaviour shown {n j‘igs. 3‘ "

to 3.5." The non-exponentlal decay of the adsonbéﬁ %fﬁliatidh ovgr ‘,
£ !

¥  oin
tHE desorp“t“wﬂ proeese is graphéd 1 Fig. 3 3. For reference, an ex
[

nential curve fitted to the initial slope, or initial desorption ra

tq(0)7!, 1is shown as a dashed line. This represents photodesorpuoh
!
.~ “ d
the {njtial substrate temperature, = 50K, with. ;'esqy!hb heq.

decays more rapidly, leading to a 30% small desorption tim® ty =

1.5-107* s, as given by (3.12). The ten':perat_\_(é at qthe surrace

throughout this process‘is graphed versus time in ?ig 3.11\ T.:ze 'surt‘,aee ,
temperature incrqases from 50K to over 60K within the de.)rption zi;ng.
tq, and then decays @s the adsorbate 1eaves the surface J_‘ad ~the rao‘-,‘

namt heating fiux E(t) drops to zero.
. F. S

The effect of this temperature increase ¢n the desorption rate,
"“, is .understood by ref:erring back to Fig.2.8 in which we plot~

ted' rq vs T4, At satiration intensity, increasihg the temperayture v
from S50 to- 6QK gives an increase in the photodesorption rate of about #
1/3, in agreement with the result of Fig.3.3. This moderate,increase

in the desorption rate is a result of the relatively weak dependence

of rq on T in this region, as shown in Fig.2.8.' Photodesorption at

e
T

he tactor Cy/Y in (3.9) is estimated, for tHe temperature range of

.1nterest rrouqdata given in reference 80.



"/t (0)

Fig.3.3. Time dependence of the _coverage, 06(t) = N(t)/N(0) for
the CH,F/NaCi{ system atssaturation intehsity with sur-
face pdtential range T"- 0.358. . Dashed line is pure
exponential decay ‘ignoring heating effects.

5
L

L

this tesperature and laser intensity {s stimyTaved mainly by photo-

excitation processes (LV'Y) rather than therpal itation.

- .

On the other hand, at ‘higher temper?atur.es, thermal excitation
processes become more efficient and cgntribute more signiricagtl} to

~photodesorption (see Fig.2.8). As a Tesult of this stronger tempera-—-

b

ture dependence, at T, = 100 K, a smaller temperature rise of AT = 6K
is still sufficient to reduce t‘xe desbrption time by U40%. Resonant
heating als¢o dependg on the adso}'bate system parameters. At moderate
intensities, be€low saturation, the resonant heating cycle s\ho‘wn in
: v

Fig.3.2 i3 limited by the laser-vibrational excita_tio‘(-ra':-e LY*Hv
high effective charge (Q) and smail vibrational linewidth (ry) lead to

more efficient heating in this case. At higher intensities, the vibra~

80

»
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(2Z0-12)x10%s °® w
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- . - &
Ng.}.h. : Relative change in surface temperature,

AT/T, = (T(0,t)=To)/To, as a function of time. The change in tq 1s also
noted. (These graphs are only relevant to the experimental aituau%
for times t < t|, = laser pulse duration.) Laser intensify is measur

. in MW/cm?;-initial coverage is half a monolayer.

o> *
A

tional-to-translational trahsfer rate, .é.g., Peo®!, may limit the heat-
4

ing process. Stronger coupling of the 'adsorbat.e to the solid, achia

eved by increasing the'depth (Vo) or decr‘easing the I"ange (v~ ‘) of %

surface potentiah enhances this rate, leading to greater su\‘ace W

heating at.high interisities; <Tpis 'et'rect has bedén verified nu
cally. ) < .
Also of theoreticdl interest is the temperature prorilék.in the ..
solid, as grap‘hed f'or' different Fimes through the desorption process
in Fig.3.5. A:. a high intensity and for a nar"rower surface poteptiél
range, a surface tem;fératur_'e rise of over 30% is predicted. Even in
these conditions, the temperat..ure rise extends 500 ‘to 10004 .into the

|3

solid. These distances are longeér than the typical length scale of



‘o
S
4 .
1
Fig,3.5 Temperature profile into the solld at high intensity for
; CH,F/NaCL system with Y™! = 0.25R, at various times
t/tyq(0)=0.1, 0.4, and 1.6. Inter)sl,gy I {s given in units

of Mw/chz2,
. . .

the phonon mean free péth, {.e., = 100R.\\\Furthermor‘. AT/T’ changes

on a Mmicrosecond time scale in Fig.3.4, which is much longer,’ than the
[ 4 o \

phonon 1ifetimes. These observations show that local equilibrium con-

ditions exist, justifying the )use 09 a (macroscopic) thermodynamic des®
» . A )
cription - {.e., T&.t) - for eEhe ener'g_y‘distribution in &he solide |

- Approximate solution”’

Thé4/analysis presented ‘aBove shows that resonant heating {s most eff¥%
" "

cient in enhancing desorption‘_uﬁder conditions in which the photode=

sorption rate is strongly mpepature dependent. However, the large

theoretical photoAenhancem@nt {ff desorption yleldss found’ in Sectiof
' \

-
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4

2.6 depends rather weékly on temperature. Rather, heating effects are

.most important {n situah}qns for which pufely tr;ermél desorption r‘rom
the elevated surface’ témpﬁ'aturo is efficient. We nou present a sim-
pliried theoreucal description of this latter situation, which s thcn
compared with experimental work on both single and ‘multlcom‘ponent

absorbates. In additiom, we include phenomenologically other vibra=

tional decay mechanisms, such as electronically fegdiated 'prochul‘.. .

i Ay .
that are not treated in the micrpscopic theory of Section 3.2.1 a'hov*&

. L4
The procedure for simpl’it‘y’* the full mdst@r equation (3.8) an¢
1nclud1ng electronic vibrat.ional dampf’né is now .acrlbed. In cases

ror which the photo‘enhancpme‘nt ot‘ desorption 1n Section Zﬁ‘not too

efficlent, rapid phononMassisted transitions thgrmalize the molecular“

occupation of the surface.bond states, i. This allows us to use ;rfe

- -

*- ansatz

A T

nv(t) = ay(t) e -EI/Z ' ', (3.13)

.

LY e ';"q

. . . . LA v)‘:
Note that the vibrational stato occu on ‘by a‘,t;) are not
. - A\
: s o i ’ fvf'? S de
necessari\l%' a 34 B _ \‘ ik 1S Fadce s \ Y fon, obta=

.- - '
Y S
L av(t) = 2 WY e Ry <l T WYY« RVV)ay = Rgay , (3.10)
v' v'

) =

f . - < -
where

.
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RgV = & o 081 (Peg¥'V + Qeq ")/Z e 4. (3.16)

vy ‘ -,

In (3.14) tor(3.16), the sums, over v', T, and ' exclude the terms.

\
(i'v') = (i,v). The diagonal rate matrix elements {n the master equa-

tion (see @)) are included explicitly as the last two terms in

(3.14). The transition rate term.LV'V describes stepwise vibrational

(de)excitation By the laser, P;i;¥'V represents phonoh-assisted transi-
»

-tions between bound states, “while Pei’'V and Qqy''V- are,-respectively,
]

phonon~3ssisted and- direct tunneling rates to the gas phase.® (These

ra;bs. were described {n Section 2.4.) The additonal transition rate
. .

term in (3.15), Rivl"'v,~ s included to describe vibra‘tional damping

.ariemg from mollecular‘coupling to the conduction electrons of the

A}

metal. Sihce we do not calculate Ri'l explicltly. the entine ‘

v -

% .7
vlbnational transition ‘rate, RY'Y, s treatéd -as™a phofﬁmenogucal
parameter. Note also that we assume.that the desorption term in

(3.14) is independent’ of v; that {s,

Rq¥ = Rq - - : o307

-

This approxima}ion is valid provided diagonal vibrational terms, v' =

84
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° 4

v, dominate in the sum {in (3.16), as;is the lase when the photo-

enhancement of desorption in Section 2 is small.' 1In this way, we
. . N *

assume that the thermal desorption mechanlam dominates in (3.16), and

P
s
N

\ A |
therefore write Ry in its customary plﬂh.tﬂz&}lon Lo

N,
’ : t

“BBd | g o 1/kgT o - (3.18)

Rg = ve

. L
as given previously in (2.93). It s through this term that the sub-
- |

"
strate temperature (T) enters the master equation (3.;’11;).
. i ‘
The heat flux {nto the solia, previously given by (3.5), now
|

N

receives contributions from both phonon and electronic processés,

PyrgV'V and Ry1gV'V, respectively. This ylelds /

E(t) = Nag 2 2 (EV < EQV)(PiyV'V + Ryg¥'V) nyV(t) . JERLY

v 1ty o .
S g, ./
x .

(The last term i (3.5) due to t/ansit.lons to contlnuum states has
N\

negligible contribution tzo E and is thus dropped here.). A simpler
form for E(t)- is deduced by examining the features o( the resonant
heating cycle show’n in Fig.3.2. At low temperature. 'the domina.nt
phonon tunneling transition,y P1-;" (horizontal 'line‘.in Fig.3.2), fs
immediately rnll'owed by a r cascade )o’f',ddunw_a,- frqnsgtlonél.
Pynegr that-tak& the molecule back to the grofmd ltaﬁg (1,9) = (0,0).
‘'The net ameunt of energy given up to the solid in this phonon ’emlssion
sequence 15 MQ. To deScribe this process we may approximate E(t) by

letting 81 = EppV' - E" - E, v - MQ(.v v i (3. 19) .and uslng tbe

83



ansatz (3.13) for n{V(t) to get .

E(L) = NgHe 2 (v=v)RY'V ay(t) . (3.20)
v,v' . '

* ;
(The summation over v,v' omits v = v' terms.)

- . \
i

- . o/
The heat K’lux given absv{ results from laser-assisted vibratilenak

excitation, immediately followed by vibrational da;nping into the
1phonon bath of the splid. The damping may occur via either (i) excita-
tion of translational motion (PyryiV'<V), or (1) ‘electronic excitation
in the substrate (Ry{¥'V). Provided the electrons and phonons {n the
substrate thermalize rapidly, the rate RY'V in (3.26) satisfies deta-
i{led balance. K That {s, |
s ‘
RV'V o BIVR | guvt TRV ’ (3.21}
. . ‘
The resonant heating process deposits the energy flux, E(t) in
(3.20), into the substrate, which then experiences a temperature rl.se

4

given by*(3.9). Starting from an initially uniform temperature fleld
- {
in, the solid, T(z',t,) = T,, and assuming E(t') is constant over the

’

duration of the laser pulse time t; (this will be justifted below),

' allows for simplification of (3.9) to

O I A 1
T(z,t) = T, mgﬂ dt’ y (3.22)
o . v '/ﬁ to (t_Fv)l 2

—

1
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The surface temperature rise is thu's given by'

-
: .
AT(t) = T(0,t) =T,
v . b
-2 T ¢ [/Y Bty =t) + 't « Y-ty ) G(t-tL)] (3.23)
Y Cy'x

L

)
To understand this temperature rise, we rewrite (3.23) for t<t; as

AT(t) = 2 _ Bt '\‘ »
Yn CyVp Tt :
v
—_——— . _2 energy absorbed per unit surface area (3 ZU;
Ve CyVp~! x depth heated :

L4

This shows simpiy that the resonant heat flux penetrates the solid to

a depth of Yxt, as expected from the diffusion equation (3.6). The

resultant temperature rise at the surface in (3.24) is proportional to

Vi X fvn v : - : '
'y

- Y . (3.2%)

4
since the diffusivity is given by x = 2 Vp/Cy. Increasing either the

heat capacity per unit volume (Cy/Vp), or the thermal conductivity

(x). decreases the rise in. temperature at the surface. For example,

" at 100K, the thermal conductivity of Cu i{s an order of magnitude



N

‘ Al
. 4
larger than\that of NaC{%, while the heat capacity of Cu is smaller by
about the same amount. The result is that the ratio in (3.2%) differs

by only 25% between Cu and NaCf. Furthermore, increasing temperature

causes an increase in Cy, but a decrease in iA. The substrate parame~

4

ter‘s‘(3.25.) in the temperature rise formula are therefore qu;te simi-
lar for the experimental photodesorptioq systems considered to date.
We now return to consider. the reduced master equation, (3.14). At
moder'a:e laser intensities, higher vibrational states are considerably
less occupied than the lowest levels. It is then sufficient to in-
clude'only the v = 0 and v = 1 levels in (3.14). Furthermore, the
detailed balance condition '(3.21) states that R!° << R°* at the low
- temperatures considered here. That 1s, vibrational damping (R°!) by
the substrate is much more 'éft‘icient than thermal excitation (R!®),

The laser provides the only significant vibrational excitation prdcess.

In these approximations, the rate equations (3.14) reduce to

== a, = -(L+ a * (L+R$a

s g woma

d .
Tt a, = La, - (L+R+Rygla, ) (3.26)

¢

where we let L = L' and R = R%, Solving (3.26) leads to

£

NCe) a, + a, = e Rat Ny

N(0) (3.27)

and . ?
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L _-Rqt _ _L_ _~(2L+R+Rq)t
2t = g e Ral © | | (3.28)

Equation (3.27) shows that desorption occurs with a temperature depen®
dent rate, R4q. Note that the second, transient term in a,(t) 15 of
negligible ampiituqe for times tR>>1 and l‘ilay‘ therefore be ignored.
'Substitucir;g (3.28) info (3.20) and using the same approximations as

those contained in (3.26) leads to

CB(t) = NaMoRay(t) = Naho ghee e db ' | (3.29)
Since Ra depends on temperature, one gets, in principle, a nonlinear,
equation for AT by substituting (3.29) i{nto (3.23). However, exper'[
mentally a.measured photodesor;;tio'n yields are 'typically very smali,
implying that Rgtp << 1 (see (2.75)). This shows that the energy
flux, E(t) in (3,29), is practically constant over the duration of a
laser pulse, with its exponential factor equal to one. This justifies
taking E out or\éhe 1nte@l in reducing (3.9) ‘to (3.24).

In summary, equations (3.18), (3.23), and (3.29) predict thermal
desorption at an enhanced surface temperature due to resonant heating,
with rate constant

A

Ry(To*AT(t)) = v exp[-Eq/Kp(Tq+AT(t))] (3.30)

where
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AT(t) = — ) Reol
LN
‘,
*/T altpmt) + (VB - YESEL e(t-ty)] . (3.31)

Since Ry depends exponenti'a'lly on AT, experimental desorption ylelds
receive their main contribution from Ry4(Tq) where Tgq = T, + AT(ty) is
the maximum surface temperature. We therefore discuss the behaviour

of Rq(Tg) in the next section when compgring with experimental work,

3.3 Comparison with Experiments; Discussion

Recent experiments on the photodesorption or’NH, and .ND, from Cu(001)

provide support for the re’sonant heating mechanism discussed above.

By resonantly exciting an inte:nal_ vibrational mode of adsorbed NHj,

Hussla et al.’“ observe desorption ylields that depend on laser fre-

quency and intensity, and on absorbate coverage. - They also ;o-adsorb

ND, and observe laser-stimulated desorption of both NH, and ND,.

These experimental phenomena are analyzed in terms of the the‘ory of
'

photodesorption, including resonant heating effects.

First, we consider the NH,/Cu(001) adsorption system. Using tem-
. »
pereture~programmed thermal desorption measurements, the heat of

adsorption (E4 in (3.18)) 1s estimated for the different adsorption
~y

phases present. Uaing a kinetic prefactor 'v = 5:10* s {n (3.18)

glves adsorption . energies of Eq = v + 7 kJ/mole and

EB = 52 + 5 kdJ/mole, ldentifying two distinet adsorgption Sites at mono-

\
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layer‘ coverage. At multfilayer covera\ge. physisorption is character-
ized by Ey = 351t 0l kJ/m(§le. and a "solid" NH, ~phase with
Eg = 29 kd/mole is seen at still higher gas dosage. The prefactor, v,

" was chosen to fit Eg to the heat of sublimation of solid NH,. How=
’ o&er. ch_anging v by an order of. magnitude causes only 10% .variations
in the energy estimates, which {s within the experimental error. Pho-
todesorption at monolayer coverage is !expected to deplete the ‘B-‘phase.
while the Y-p.hase is removed in multllayer conditions.

Using a pulsed laser tuned in the infrared frequency region 3320 to

cm®™!, experimental photodesorption yields are found to depend

!
NH3/Cu(100)
| Toutemase ® 90K
3 :
§ |
®
2
>
_§ -
g
3 .
. ér (),
,.
/
i {
/
/ d
TR S WY S T \
1280 3320 3360 340Q 3440 .
Laser Frequency » em-!) 4
Fig.3.6. * Photodesorption yields of NH, on Cu(106) as a function

of laser frequency at a fluence of 10mJ/cm? and cover-
ages (a) 8 = 1, and (b) 8 =~ 3.4,7°

5]

resonantly on the laser frequency, as shown in Fig.3.6. Superimposed
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are results for (a) monolayer‘ coverage, and (b) for abo;Jt 3 mono%
yers, The peak positions at 3340 and 3360‘ cm™' are close to the sym-
metric and asymmetric stretching modea‘ of gaseous NHj3, which have
frequencies vg gas = 3377 cm™ and vy gas = 3414 cm™, respectively.

The laser fluence dependence of the desorption yleld is ‘given in

o

-

A

L e yrcuni00)
Tounawree * 90X

Photodesagption Yield (Astitrary Units)
g

¥ O ol 1 1 ! .
4 12 18
Laser Fuence F, (mJ/cm?)

>

F1§.3.7.. Photodesorption ylelds -of NH,/Cu(100) as a function of
aser fluence. (a) 8 = 1, Qg = 3340cm™; (b) & = 3.4, Qg
3370cm~t.7?

Fizg.3._7 (laser fluence = intensity X pulse duration.) At /monolayer cov-

erage, desorption of the 8~phase shoys a smallér‘ _magnituﬁe, but more

strongly nonlinear in.tensity dependence, than that of the Y-phase in

the multilayer situation. The;e effects can be understood theoreti+
i [ ]

| cally, as outlin‘ed below.

We first attempt to predict the yield versus intensity dependence

of Fig.3.7 using the photodesorption theory of Section 2, ignoring
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resonant heating. A phenomenological, vibrational damping constant of

lig”1 has been included to account for electronically assisted relax~

y . -
ts shown {n Fig.3.8 for desorption from both 8
-

o
2

stion,’v"*

and Y phae te constant, rq = 10s** at I = 1MW/cm? and
T = 90K. However, the theory of Section 2 predicts selective desorp=

tion, while nonselective desorption of coadsorbed isotopes 1is observed

, NH,/Cu
4|y =035
. i Vo = 34 kJ/mole
-===-Vo = 45 kJ/mole
~ 2r
)
o
N,
oL
2L
2 4 6 8
- logyo I (W/cm?)
Fig.3.8. Selective photode;orption rates for NH,/Cu(100) as a

function of laser intensity for T = 90 and 150K, Sur-
face potential depths V, = 34 and U5kJ/mole represent
coverages of 3.4 and 1 monolayers, respectively. I =
40cm”™*, :

experimentally, Furthermore, the mbderate intensity dependence for
both phases is predicted to be linear, leading to poor agreement with
thgq experimental results in Fig.3.7. For these reasons, we now apply

the\resonant heating theory of Section 3.2.2 “ namely, enhanced ther=>

4

"
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mal desorﬁtlon from an elevated surface temperature - to explain the
observed photodesorption yields.

The resonant heating theory requires as inputs, in addition to the
Arrhenius parémetrization of thermal . desorpilon kinetics (R4(v,Eq)),
‘\\yalues for the vibrational damping rate (R) and laser-excitation rate
} (L) given by (2.49). We Ereat R and Q, the effective charge entering

L, as phenomenoclogical parameters to be fitted to the experimental

results. Note that at multi-layer coverage, direct electronic damping

1s expected to be {nefficient. However, raplid vibrational energy
transfer between adsorbate 1ayers is anticipated, even- in the eventur
ality of some vibrational energy mismatch. (See Section 4, and refer-
ences 81-86.) This ;llows for efficient vibratlénalddamping of physi-
sorbed overlayer molecules by a multistep process involving transfer
of vibrational quanta to molecules in the first layer which are subse-
quently damped by electronic coupling. In this way, infrared absorp-
tion by all moiecules {h the adsaerbate contributes to surface heating.

This feathé“contributes to the coverage dependence of the desorption

yields.

In attempting a comparison between theory and experiment, we
first note that the desorption yleld axis of the experimental graﬁhs
in Fig.3.7 is uncalibrated. Only an upper limit on the absolute magni-

tude’ of the desorption ylelds is known; this translates, via (2.R¥).

into a condition on the rate constant,
rq < 3-10" 874, (3.32)

at a laser fluence of 10 mJ/cm?., We therefore have to choose, some-
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"+ what arpitrarily, an absolute  desorption rate scale {n Fi1g.3.7.

(Recall that yleld « rate x pulse duration here.) Once this {s done,
the coupling parameters, R and Q, may be chosen to predict the correct

intensity dep'endence‘of rq for the mono- and multi-layer coverage sit-

\ 13 T T T

- — -
L 4 (=] - ~
T T L] L4

1 1 |

[
L

~
T

[t 7Y

»
Ll

t

Photodesorption Rate ry (x10® sec ')
w» (- J
T T

i .

TR T S G S|
0O 2 4 6 8 W0 12 4 16 18
Laser Fluence F (mJ/em?)

Fig.3.9. Desorption rate versus laser fluence for NH,/Cu(100).
The angle of incidence is 75° and the effective charge Q
given bdelow corresponds to laser linewidths [ =
1.023.0cm™. Curve b: Eq = 35kJ/tole, R = 4,6°10's7%, Q
= (4.2-7.8)e. oQurve a: Eqy = 51kJ/mole, R = 2.6-10's™,
Q « (5\9)e. Here Eq and v = 5-10'*s™' are the thermal
desorption parameters “l (3.30).

uations. .In Fig.3.9, the fitted theoretical rate conatant rq 1s shown,

super!&od on the experimental results of Fig.3.7.' The increase in
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surface temperature needed to induce these desorpt:on rates fs shown
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Fig.3.10. Maximum surface temperature rise used in Fié.3.9, calcu-

lated from (3.31) at tet ebnsec, ‘and using the parame-
ters given under Fig.3.9.

in Fig.3.10 as a function of laser fluence. A higher temperature s

L
needed to desorb the more strohgly bound, monolayer adsorbate in (a)
than the physisorbed overlayer molecules in case (b). Theoretlically,

to obtain comparable yields for the two cases requires that

Tg/Ty = Eg/Ey. This. very approximate relation is obtained by using

*In obtaining the theoretical results shown in Fig.3.9, we assumed ori-
ginally that the homogeneous vibrational width was only 1-3cm™, while
the spectrum in Fig.3.6 is considerably broader. If the additional
broadening 1is caused by inhomogeneous effects, it may be taken into
account in our theory by simply'rescaling the (already arbtvtrqg’)
desorption rate axis in Fig.3.9. On the other hand, an increased homdé™
geneous linewidth may“pe included by rescaling the fluence axis in-
stead. This would necesattatle redetermining the fit between theory
and experiment, although qualitatively similar results at slawer

desorption rates would be expected.
)

J

.
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the fora (3.30) for rgq and auun'xng vhat vg = vy, and s roughly
obeyed in Fig.3.10. We find, in Fig.3.10, that desorption from the

aultilayer, Y~phase occurs more readily than from the monolayer,

- #phase. This is due to the smaller ihoat of adsorption for the

_ Y-phase, that is, Ey/éa < 1. The nonlinear dependende of rq on laser
fluence (or oqulvalont}y. intensity) arises from the exponential depen-
dence of R4y on temperature in (3.30). Thus, while the temperature
rise, AT(ty) in (3.31), is proportional to the fluence, rq is not.

The significance of the parameter choice used in obsaining the data
fit {n Fi1g.3.9 must be considered. First, wé note that the Qibranonal
damping rate {s diminished by a.factor of 5-6 in going from the mono-
layer (R = 2.7:10" s"!) to the multilayer (R « 4,6:10'° s~!) case. This
{s reasonable because (i{) {n the multilayer case, only the fraction of
the adsodrbate that {s in the ’rirst monolayer s damped directly by the
substrate, and (i{1) vibrational ‘transfer rates between adsorbate
layers may partially limit the damping of vibrations in the overla-
yers. The rather large values of the effective dipolar charge per
adsorbed molecule, Q = 2-4 el, ch. in going from Y to B8~ phases, may
be reconciled by postuiatlng a moderaté field enhancement at the sur=®
face,*® rather than by invoking arf unusually large molecular polariza-
bility. The smaller value of Q assigned to the overlayer molecules
may be interpreted in terms of an orientational effect. One may spec-
ulate that in the submonolayer case, N(H, adsorbs with the nitrogen
atom claoses to the surface, and that the symmetric stretch mode with
dipole moment normal to the surface s excited by the laser. (The
electric field has nggligible amplitude in the d;rec':tlon parallel to

the metal surface.) Overlayer molecules, with less propensity for
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this porpondl‘cular orienhuon. ‘vou'ld' be expected to oouplq less
strongly \'m,n the radiation, leadipg to a smaller offective charge, Q.
"(This orjentational disorder would also permit the ssysmetric stretch
mode, previously fixed nearly parallel to the 3?1’;«. to adsordb radi*
ation too. Infrared adsorption in the overlayer could receive contri-
bytions from both vibrational modes.) The fact that the multilayer
desorption peak in F1g.3.6. {s higher than in the monolayer ‘se Ls due
primarily to the smaller‘bindlng energy for the overlayer’ (vy-phase)
molecule.‘ !

Hussla et al have also measured photodesorption of NH, and ND, from
g:u(om)." Iniiially. NH, and ND, are’'coadsorbed in equal amounts to a
total coverage of 2=3 mon'olayers. The NH, molecules are then exclited
vibrationally by the laser tuned to Qg = 3370 cm™'. However, both NH,
and ND, are detected as desorption products in the mass spectrometer,
with roughly equal yields. Thus, to within an error of 25%, there s
no isotope selectivity in the photodesorption of these i{sotopic co-
adsorbates. Although only N}_i, molecule:. are .initlally excited by the
laser, either the resonant heating mechanism described above, or
direct non~rescnant vibrational transfer processes cause ND, to desorbd
as readily as NH,. This is {n .comtrast to the predidions of the

- ~.
selective photodesorption mechanism descr‘ibeme\vlouslyi) Section 2
where heating éffects were ignored. \ ~ -

We conclude this section by comparing the photodesorption process?s
discussed so far and considering their relative importance. Flrst‘, it
was shown in Section 3.2.1 that resonant heating does not enhance the

already efficient photodesorption process' for CHF on NaCL at submono-

layer coverage. In this case, selective photodesorption may be possi-

\

9™



ble, On the ot(her' hand, in Section 3.3 abdve, we found that the reso-
nantc heating process best preéicts the deso;ption of NH, from Cu  at
monolayér«to multilayer coverage. In r‘act,.photodesorption is found
to Dbe non-seléctiv; isotopically in experiments on this adsorption
s&vem. This ﬁay be ‘attributed to the inef:f'iciency of/tfie sel-ectiw;e
photbdesor‘ption phocess as shown in Fig.3.8‘, ‘and to an efficient reso-
nant heating mechanism. While the theoretical resulté in’_ Fig.3.9 in-
volve phenomenological fitted parameters, it is suggeste;d that reso-
nant heating ean induce a significant amount of thermal desorption in

the NH,/Cu case. To better pin down the théoretical parameters and

che\ck the accuracy 6f this theory, additional experimental work 1is -

needed. An adsolute determination of the ‘desor'ption ylelds is desir-

able. Infrared adso}'ption data would fix the effective charge ((Q) and
set an upper limit on the ‘damping rate (P.)‘. Additional
desorption spectra at a second temperature ramp rate would pin down
the .parameterization oi‘ Rg(v,Eq) better. Theoretically, explicit detx
iermination of lateral energ);_»transfer rates iﬁ the adsorbate, espe-
clally betwe_en different igotopes and adsorption sites, wouid be—
useful, as would be a full three dimensional calculaticn taxing into

account‘energy exchange with rotational/librational degrees of free-

dom.

In spite of this, some important qualitative conclusions are in '

order. Resonant heating is clearly reduced aﬁt low coverage and at

low initial substrate temperature. A high specific heat per unit

’

volume and a high thermal conductivity both diminish the surface heat=
ing effect. Reducing vibrational damping by electr‘onici)r'ocesses, ach=

ieved by using a dielectric substrate instead of a metal, leads to
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both reduced heating and more ,éfficieﬁt selective photodesorpti®n.

All these conditions clearly qﬁhance the possibility of selectively

/

desorbing isotopes, initiated by resonant absorptiggvor {nfrared radia-
v /;"

tion.



4. Lateral Vibrational Energy Transfer

4.1 Introduction

T

Molecules in the solid state and at surfaces may undergo efficient
vibrational energy transfer {f the energies of their respective vibra=
tional modes are in near coincidence. The effect of such a transfer

process between adsorbed molecules on the kinetics of photodesorption

P2

is considered in this chapter. Impetus for studying this .phenomena
comes l'ar'g'ely from experience with matrixlisglated moiecule_s.“
Infrared 1laser-induced vibrational excitat\;ion .to high éuantum
numpers has been observed in molecules trapped in rare-gas matrices
in the past.®*%*’ Howevegr, anharmonicity of the internal vibrational
mode of such molec.ules rﬁakes the singl’e photon absorption process,
vV o+ v+l "m-esonant for such high quantum levels. Vibrational enérgy
transfer, due to the dipole-dipole interaction between molecules, has
-.-been proposed to assist in the excitation process. For examplé,' a
molecule that is excited to its first vibrational level (v, = 1) may
interact with another, leading to the transfer process = v, = 1+0,
Va * vyt - as shown In Fig.4.1. The transition can be resonant, as
shown in (a), or nontresonant, as in transltion (b). In the latter
case, vibrational anharmonicity (exaggerated in Fig.U4.1) can cause a
signi_ficant energy mismatch between the two vibrational transitions

involved. This is so because the vibrational energy level spacings of

the adsorbed molecule are not equal, but rather given roughly by

.
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(a) A resonant transition (b) A non-resonant transition

Flg;ﬂ.i Possible vibrationadl transfer processes between molecules.
Eye1 = Ey = K(Q=va) : ' (4.1)
for small v, in terms of the anharmonic defect A, with Q = E;-E,. The

anharmonic energy mismatch in a V-V transfer process where v, * v,-1,

Va2 * Vp+1 is then defined by

Evaz = (EYI_EV “1) - (EV3*1-EV2) - A Vz"vl+1..£.x y (8.2)
x .

For example, the energy mismatch is E,, = 2KA for the tran;ition shown
in Fig.4.1(b). The excess energy must be taken up by the other molgé-
ules in the solid matrix, and can oceur by excitation of. acoustic
phonon modes. This tybéABf process has been used, in a master equa-

tion approach, to successfully explain the observed vibrational level

populations.®® Phondn-assisted vibrational transfer has been shown to

Sy
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be an efficient process, which, even for resonant transitions, is only

an order of magnitude slower than *61rect. dipole-dipole mediated
A q
transfer.'t *

Furthermore, detailed balance requirbs that the phonon-emissi&n

process shown in Fig.4.1b be faster than the reverse transition in=
/kgT

3

volving phonon absorption by a factor of eEVx"z For low enough

s

subgtrate temperatures T, fi.e., kpT < M4A, " nonresonant vibrational
: trar&a!’qr favours excitation of high levels, v + v+1, over de-excita-
tion, v » v~1! This fact has“l been used to explain observed population

inversion of the vibrational levels.**'*® Note that this effect is only

possible i{f vibrational damping by the substrate i{s less et‘t‘Icient than

the transfer processes discussed above. In matrix isolation, vibras

tional lifetimes are exceedingly long, typically 104100 msec, and in

fact dominated by radiative decay.’? This, combined with narrow spec-
[ 4

- tral lineshapes, facilitates effective vibrational transfer in a solid

matrix. v

& a surface, however, the broken translational symmetty of the
substrate leads to enormously shortened vibrational lifetimes and bro=
ader lineshapes for adsorbed molecuies.“ To understand this, we in—
tuitively picture the matrix and\,\.isurrace cases in Fig.4.2 below, and
study translational and widbrational motion‘ of the molecule in the hor-
izontal direction. To the extent that the (van der Waals) bonding
(dashed lines) is the same to both ends of the diatomic molecule in
the matrix, then at low temperatﬁres, long wavelength phonons will
affect only the translational motion of the molecule. Its vibrational
motion {s uncoupled from its translational coordinate, except in the

presence of short wavelength phonons, present at high temperatures
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(a) Matrix - (b) Surface
’
Fig.4.2  Comparison of mol'-thl‘e‘.'m,fgafﬁy aBd at surface.

-
—~ PR .

(T = Tpepye)! Oh the other h'an"!. an ‘adserbed' molecule, bonded as
shown in Fig. 4.2, has vibrational and translational coordinate's coy-
pled by the "residual ipberaction" term giver; by (2.6). This coupling
is due to the much stronger interaction of the solid to one end of the
molecul_e thah to the other. As a consequence, vibrational dampln&} by
transition to an excited state of frustrated translation (Py,0¥™"V tn

1

_Section 2.4.2.) 1is >an efficient process, assisted by a (long wave-
length) ph:)non. Furthermore, the low temperature limit (kgT < Eyyr)
of the matrix case {s not realized in most photodesorption exper‘i‘-
ments, in which kgT {3 typically several times larger than Eyyr. (This

is partly because of using higher temperatures, but also due to the

fact that vibrational damping at the surface restricts one to low

3

104



' - 105

vibrational levels where the anharmonic mismatch, ¢'Wv. is less.) We
should thus not base our intuition too strongly on matrix4state res=
ults-f) when considering vibrational t;ransrer between molecules adsor'b‘ed
at surfaces. . } : -
. ‘ : Y
Vibrational {nteraction between molecules adsorbed on a solid has
@been studied by means of infrared absorption spectrosocopy. Dipole-
dip01'e coupling in e adsorbate leads to collective normal vibra-
tional modes (optical phonons) with frequency shifted from the single-
" molecule case.®” The effects of partial, cbver‘age ar;d of the substrate
on this interaction have also been addressed.*® However, in a theory
of desorption phenomena, the dynamics of individual molecules must be
considered. Note that absorption of infrared raydiation' excites only
long wavelength obtical phonons, in which neighbouring adsorbate
molecules vibrate in unison in response to the same fncident electro-
magnetic field. We may then describe this energy transfer process in
terms of phonon absor;;tion per i{ndividual adsorbate molecule. The
coverage induced frequency shift {s contained in the vibrational
normal mode frequency, 2, determined experimentally.
Heidbérg et al have suggested the possibilfity of accessing higher
vibrational levels in adsorbed molecules by vibrational coupling.*®
Recently, Fain and Lin® showeq t.ha}: V=V coupling can enhance photode-
~ sorption 'when photon-assisted vibrational pumpin%v;is Cl:t off above the
first excited level. They assume that a laser, tuned to resonantly
excite the lowest vibrational level (v = 0+1), cannot efficlently
excite higher levels due to the energy mismatch arising from large

vibrational anharmonicity, 4 >> I (T is_thé vibrational linewidth).

Vibrational energy transfer, {f rapid enough, then excites higher
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vibrational levels by transitions such as v, = 1+0, 'v, = 1+2 as a nec-
essary precursor to desorption. For example, they consider the model

shown In Fig.4.3 where the adsorbed molecule must be excited to its

: - ko
-~ « »===> gas phase
2 — /
|
| W2
|
1 1 : !
o : | Wi {
i

v=0 , |

Neighbours A molecule

Fig.‘l.3 The photodesorption mechanism of Fain and Lin® Solid
’ lines indicate vibrational transfer; dashed lines repre=
sent single-molecule transitions.

second. vibrational state before desorption 1is possible. Then, from
this excited state, v = 2, desorption i{s allowed to proceed with rate
constant kp. The laser excites the v « 1 level with rate w, but
vibrational damptng i{s assumed to occur at a much faster rate, w,.
The VAV transf&r rate W is assumed to be faster than all other
processes, leading to a homogeneous distribution of vibcational excita-

v

tion throughout the adsorbate.

!
In these approximations, Fain and Lin® arrive at a simfle formula

for the photodesorption rate, due to the pathway shown {n Fig.4.3 for

. )
monolayer coverage,



Wt W
rd'P*kD'(w-,) w,*kaD )

for times t > (wytkp)™', w,! (4.3)

This formula may be interpreted as follows. Since W << w,;, the pro-
bability of a molecule occupying its v = 1 state is W/w,, and the pro-
bability for a pair 6! molecules to do so simultaneously is (W/w,)2,
The molecule thqn_absorbs a vibrational quiﬁta from one of its neigh-
bours with pbobability per unit time N, to end up in the v = 2 level,
This process competes with decay from the v « 2 state at the Fate
Kp ¢+ wy. This gives thé second term in (4.3) and the occupation proba-
bility (P,) of the v = 2 level, from which desorption proceeds with
rate kp. . Note that, since w is proportioral to laser Iintensity,
desofption depends on intensity squared. This formula {3 obtained by
using a reduced master equation in which only the vibrational coordi-
nate is considered expl}citly; thus averaging imﬁlicitly over the frus-
trated translational and rotational motion.’® We will see shortly
that the "large anharmonicity" and "fast V-~V transfer" limits are typi-
cal of some, but not all, adsorption systems. Later in this cﬁ%pter.
we therefore consider the moderately anharmonic caSe. in an effort to
apply the model desorption mechanism discussed above to the CH,/NaCi
adsorption system.

-1t is essential that we determine the timegcales of the microscopic
vibrational processes occurring tn the adsorbate so that the macros-
copic dynamics of photodesorption may be better understood. This lis

discussed in the next section. Macroscopic energy flow in the adsor-
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energy leaking laterally out of the laser-illuminiated region
ﬁ *3%rrace is considered. Finally, the effect of V-V coupling on
. '«fﬂassisted pumping of higher adsorbate vibrational levels is
calculated in a dynamic mean field theory of photodesorption In Sec-
tion 4.4, The latter calculation, for a weakly anharmonic vibrational
‘mode, supports the general predictions by Fain and. Lin' discussed’

above,

4.2 Resonant V-V tgansitions

Vibrational energy) transfer between {dentical adsorbed molecules is
facilitated by their mutual interaction energy, which for large inter-

molecular separation {s™dominated by the dipole-dipole pair potential

1 Uiz
Une, [r,-r,‘

V(r,,r,) = (4.4)

\

where the two adsorbed molecules have positioQP on’ the surface given
by r, and r, respectively. Their dynamic dipole moments, Y, and y,,
are assumegA to be aligned parallel, corresponding to an internal
molecular vibrational mode oriented perpendicular to the surface.
Here, ¢, i3 the permitivity of free space and F i{s a correction factor
that takes {nto account the electronic polarizability of the adsorbate
and the image effects of the substrate. Since these Lwo effects par-.
tially cancel one another®, we will assume F =~ 1 to get order of mag-

nitude estimates for the vibrational transition rate relevant for our

{s then considered i{n Section 4,3, where the possibdbility of vibra- *©
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discussion. The internal molecular vibrational mode has energy levels
m:,,1 where vi{ = 0,1,2,..., for the ltjh molecule {n the adsorbate.
Vibrational energy transfer between two moioculoa. due to the in-
teraction potential (4.4) {nduces V"'V transitions v, + v,-! with
Va * va*l. The transition probability per unit time. for this near

resonant process {s given by

2 1 . !
vy = B | ey < v < vart v |
» . l (rl’rl)/z y (u.s)
’ W ey c1veg ermey,mey )t ¢ (T#T) /M

,
>

where the vibrational transitions are assumed to have Lorentzian line
shapes with widths [y given by the .interaction with the substrate, anq
ap = |r2‘rl'.' This transition rate formula arises from takifg the
Fermi's golden rule éxpression” and integrating over the lineshapes of
the vibrational modes of both molecules, and i{s valid for small
linewidths, l.e.,, T << €. K

Equation (4.5) permits efficient vibrational transfer between ldent-
;cal molecules for resonant transitions, with v, = v,+1, (Then v, * v,
and v, + v,.) Consider, for example, the adsorption system CH/F on
NaCk, with the infrared-active C~F vibrational mode assumed to be ori-
ented perpendicular to the surface, The transition v, = 140, v, = 0-+1,

N\
occurs with the rate D, = 210! 87! for an intermolecular separation

of a, = Uk near full coverage; Do, = 3:10' 3™ for a, = 5.6 at partial
coverage. (Here, typical parameters for the v = 0-! transition,

[, =Ty=20cn"' and <Oju|1> = .2 D, were estimated from Iinfrared
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absorption data®, letting F = 1.) It is clear that dipole~dipole ctou-
pling is sufficient to cause rapid vibrational transfer between

adsorbed molecules. See Tadble 4,1 where similar data are {ncludeg for
o

Table' 4.1. Resonant V-V transfer (D,,) and vibrational decay (Y) con-
stants, and V-V diffusfon length (d) for adsorbed molec-
‘ules with nearest neighbour distance a,. A matrix-state
example {s included for comparison.

Phonon~assisted vibrational damping rates calculated
from (2.58) and (5.50) for the system parameters given in

(2.91).
** Using <Oluj1>== 0.25D; T = Sem™; Y = I,7%7 .
*#* See rer. 82.
System ao(h) Doy(s™M) Y(s™Y) ak)
CH,F/NaCt 4.0 2-10M 2-10° <40
T « 100K 5.6 3-10%° to 2-10"
co/cu(100)** 3.6 $3-1012 1+10%2 <6
T « 100K

)
CO in ,
Ar-matrix*** 40 10’ 7-10° 10*

T. = 9K

the CO/Cu(00l) system as well. Note that vibrational damping, calcu-
lated in Section 5, can occur with rate Y on the same timescale as V-V
transfer. This situation is {n contrast to the matrix-isolation case

in which both rates are drastically reduced and D, >> Y at low tem-

L J
perature,

¢

Near-resonant transitions such asl vV, = 1+0, v; = 142 are also pos-

sible in equation (4.5), provided the vibrational anharmonicity is #ot

Rl S
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too great; that s, 8 = (g,~c,) = (€y%c,) < T, _On the other hand, for
larger anharsonicity.or for non“resonant vibrational transfer bdetween
different species, phonon assisted transitions-can occur, u_ oslculated
for the matrix situation by Blumen et al.** Phonons enter the dipole
coupling Hamiltonian in (4.4) because they mod;xlate the relative-posi-
tion a'nd orientation of the molecular dipoles, u, and yu,.. Finally, we
note ‘'that, for small intormol;cdlar separations, short range chemical

forces (neglebted here) contribute to V-V transfer.

34.) Macroscopic energy flow

L4

The extent of macroscopic energy'rlow in the adsorbate due to micros-
copic VAV transitions is now assessed. To d0 so, assume, for simpli-
city, that each molecule {nteracts only with its neighbours according
to (4.4) {n a monolayer ad’sfr’bat.e that forms a square array with latx
tice spacing a,. Adsqrbed.nolecules experience vibrational damping by
the substrate, charac£erised by the decay constant Y. Note ‘hat Y<T
because the vibrational linewidth, I, receives contributions from decay
effects, as well as fram dephasing and heterogeneity.®!

Supposing an infrared laser i{lluminates a spot on the surface :nd
resonantly excites molecular vibrations in this region of the adsor-
bate, one can gstinate the efficliency wlph which vibrational energy is
transported laterally out of this area. Resonant V=V itransltions (4.5)
permit this energy transfer along the surface, while vibrational damp-

ing sets the timescale, Y™, during which the process may occur. As

shown in Table 4.1, vibrational lifetimes Y~ ! < 10“'* s are to be

expected. In this short time, vibrajional quanta cannot dirruse‘ more -

]
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than a few lattice spacings outside the {llumiriated region. '

‘Quantitatively, one can follow the hopping motion of a vidbrational

-

quanta which constitutes a symmetric randos walk®, {n’ the direction
perpendicular to the edge of the illuminated region. At the moderate
la_ser intensities used in photodesorption- experiments, rapid vidbra-
tional damping maintains a very lou\l level of vibrlt‘lonal' excitation
within the irradiated region. A8 a result, excitation @bove the v = 1
level can be ignored and the random, lateral Vnotlon of 1ndependon¢
vibrational quanta out of the {lluminated area i{s described by the

L]

difference equation

d
o Pi(t) = Dg(Pysq * Py_y - 2P u.6
at P1(t) = Do(Pyey ¢ Py 0, (4.6)

: ®
Here Py << 1 {s the probability of a vibrstional quaqta existing on the

molecule at site 1 on an axis along the surface p'erpendxcular to the

edge Jf the lit region. This equation ignhores vibrational damping to
: !
the substrate for now, and {s to be solved for boundary conditions

which place a firu/t/ vibrational excitation probability, P,, on the

boundary, { = 0. )

It is straightforward to show that equation (4.6) leads to diffusive

- bos

behavlour, This implies immediately thJ vibrational energy spreads
/
to a digtance .
~. [}
d = ag"D,, Y ¥ (4.7)

A

outside the illuminated area, in the characteristic vibrational dasping
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“ time, Y"!. Typical diffusion length es£1mates, d, are given in Table
4,1, Since DY ! = 0(1-i00), it is concluded that energy transfer
occurs over microscopic distances only; and there is no significant
leakage.of vibrational energy to the rest of the adsorbate. The fact
‘that ¥d is small Jusgiries the use of a one-dimensional randem walk
modei. i @ 

In conditions of high vibrational excitation, vy > 1, one‘must con-
sider transitions such as (vq{ *+ vi{+1; Vis+1 * Vi+1~1) with corresponding
rate Dy, vy, = (vi*+1)v{+1Do;. This leads to the same difference ‘equa-
tion (4.6) for the vibrational excitation level vj, which is now not
restficted to the low levels to which Py was previously. We therefore

¢

expect the same result (4.7) independent of laser intensity.

[

Note that anharmonicity of the vibrational mode, which has been

N

.
ignored here, has been considered in a detalled master equation

approaéh by Manz for V-V transfer in the matrix state.®™ However, for
;‘typical photodesorption system, anharmonic eff%Fts are not expected
to significantiy alter our main result. This conclusion stems from
the observations that (i) vibrational damping is efficient at a surface
and (i1) non-resonant V-V transition rates remain nearly symmetric in
spite of vibrational anharmonicityvprovided the substrate temperature
is not too low, as discussed earlier in Section U4.1.

Lateral energy transfer is equally well understood by studying the
vibrgtional motion of the ’!Eorbate in terms of collective phonon
dddes. Dipolefdipole.nearestﬁneighboﬁr coupling in an adsorbate that
is weakly coupled to the substrate gives rise to dampéd normal vibra-

tional modes cohs}sting of transverse optical phonons localized in the

adsorbate monolayer. Using the {interaction model of Section U.2, one
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can calculate the dispersion relation, and thus the group ve(gzzky VK
.

of these phonons, given by

1

Qz
VK ~ Um‘}zm sin(Kae) ; K = |K| > (4.8)

for
* __E_T. r4,9)
uﬂeoao U

-+, » is the phonon wéve vectbr and is taken afong a nearest neigh-
bour direction on the surface. The limiting condition we find in (4.9)
makes vk very small, severely 1limiting lateral ’energy transfer,
Specifically} we may construct a Boltzmann equation fpr the local
phonon density, nk(x,t) - ‘.

f

ong(x,t)
at coll '’

’

2 ng(x,t) + vg * g; ng(x,t) = ( (8710)

ot

where x is the position vector in the surface plane. The collision

term {s taken in a relaxatiom.time approximation® to model damping of
phonon modes to the substrate with time constant assumed to be the
vibrational decay time Y~'.

Solving (4.10) with boundary conditions describing a quasi-steady

. [} >y
state phonon population in the illuminated region, shows ‘that the
phonon occupation probability decays exponentially with distance out-
§ide this area. The characteristic decay length, d = vKY", depends on
phonon wavevector K. It is maximal for K = i/eao.‘anq then agrees

precisely with the earlier length estimate of (4.7). This represents

an upper 1limit on d because honon-phonon scattering in the adsorbate
3 :
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(not included exp\licitly hebe) may not significantly popula: %tgh K
modes, beginning from only the K - 0 modes excited directly by photon‘
absorption. However, we clearly see that, whether the adsorbate
vfbr‘atlbnél modes are treated as locallzedl or collective excitations,
lateral energy trangfer out of the illuminated region of the surface
is negligible macroscopically, and therefore does not reduce the effi-

clency of the photodesorption process. I

'

4.4 Microscopic V~V transfer in photodesorption

The effect of Intermolecular vibrational transfer on laser-assisted
vibrational pumping i{n the photodesorption process isyvnow addressed.
We specifically consider Nthe case in which more than one quanta of
vibr;tional ehergy is needed to stuimulate desorption, as studied by
Fain and Lin®. Recall that they employ a reduced-master equation for
the vigrational motion and allc;w laser—excitation from the ground
vibrational level only.. We now consider the effect of V-V coupling on
photodesorption when &fFécE laser-excitation of higher vibrational

levels 1s still possible. This represents the small »vibrational

anharmonicity limit (A < T), in contrast to the large anharmonicity

case (A > T) treated by Faln and Lin'. Experimental systems, for

which A and T are both of the order of 10-30 em™, fall in between

these M limiting cases. For example, the CO/NaCf (100) adsorpt

n
system®™ has A =25 cm™ and T = 14 cm™, while & = 16 em™** “and
8 «w

*For CHF/NaCk, we use A estimated from matrix®® and gas phase res-
ults®, which agree closely.
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I = 20 cm™ for CH,F/NaCf(100).
. Our; stﬁdy of the photodesorp;ion process i{s based again on the
master equation (2.1)»w1th‘ one~phonon and one#photon—éssisted transi«-
tion probabilities given by (2.67) and (2.68). In this way, both the
vibrational and translation motion of the gas molecules are treated

explicitly. Intermolecular vibrational transitions in the adgerkate

are now includeghi.n ‘the master equation in a dynamic, self-cgq
mean field theory. To do so, we begin by assuming that the mag
dynamics of the adsorbate layer are adequately described

master equation

di n(i,vit) = 2 S(,v,1',v")n(i',v';t) ; (4.11)
i,v :

where (i,v) = ll,vl,...,'iN,vN describes a state of the adsorbate which
contains N molecules, n(i,v;t) is the occupation probability for this
state, and S(i,v,i',v') is th7/ _transition rate matrix. Its

(4,v,1',v')~component s the trans\tion rate from the state (i',v') to

(1 v). We separate the rate matrix as
S{1,v;1',v') = R(4,v;1,v') + V(i,v,1',v') . : (4.12)

Here, R 1nclude§ transitions involving only one molecule, as given In

-Section 2, while V contains vibrational transfer between any two

molecules, as given by (4.5). (See Appendix C for explicit definitions

of R and V.)
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The sirgle molecule occupation probability is given by

. g ‘ .
ng(,vit) = E‘ n(i,v;t) , (4.13)
1,v)'

where the primed sum goes over all (i,v) Jith the th molecule held
in the state (1,v). Perfqrming this sum on the master equation (4.11)
it

and letting 1 run over both bound and continuum states leads to the

equation

d
3t Mel,vit) - z Ripe VY ng(1',v';t)

ity
-
1)
v XX Y e g vt (4.14)
kkf v'v"

v"' 1"

\

Here, the two-molecule Joi‘nt. brobability function {s def;ned by

¢
13

No(igve,ik,viit) = Z n(i,v;t) ' (4.15)
(i'v)n 5

where the pgr'imed sum .goes dver all (1,v) with the &'N molecule held
fn the state (1g,v,) and the kth in the étate (ik,vk).‘ The first term
in (4,14),describes tfansitiohs undergone by the &'N molecule indepen-
dentlylor its nélghbours. This is just the rate process considered in

Section 2. The second term describes vibrational transitions of the



tth molecule due to V-V transfer with its neighbours (labeled k). The

raté factor Vymyn'V' in (4.14) contains the vibrational iﬁ:rsrer
. ]

processes given by (4.5), and is defined in Abpendix C.

Although equation (4.14) is an exact reformulation of the master
equation (4.11), some approximations must be made in order to solve
it. We first ignore pair correlatibns and'wrike

1Y

Ngr(lgvg,dkviit) = ngllg,veitin (L, viist) .

Averaging (4.14) over all N adsorbed molecules, and replacing ny {n
(4.16) by the average probability (mean field approximation) leads to

the equation

| -
a%‘ .1v(t) - Z [anvv' + WH'VV'(C)] Eiytt (4.17)
{'y! "
where
N ( )
V) - & 2 ng(Lvit) ‘ S (18)
L=1
and

R - *
wu.vv'(t) = §qqr Z Z [GV,V'#1 Dyry¥* + 6V,V'—1 Dy*yr] ni"’ (t)
Qa i*V‘ .

for iv 4 i'v', (4.19)

and

— (4,16) .
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WVV(E) = - 2 HpgV'V(R). (4.20)
itvidly

The a*sum ruris :)ver' all advsorbat.e molecule sites except a reference
one, labeled a = 1. (Dyry is given by (4.5), with ao = {rg=r,|.) The
first term in the brackets in (4,19) describes vibrational excitation,
v' + v'+1, of a molecule by absorption of energy from a neiglﬁ)our in
the adsorbate; the— second temﬂ refers to the dé—exéitation process,
v' + v'-1, Note tﬁat we can ignore summation terms in (4.19) for
which (ii,v') = (i,v), as these processes merely exchange the states of
two neighbouring molecules without altering the average occgpation
probabilities. ‘

We see that the inclusion "<_>__r dipole-dipole pair transitions, ‘1n the
approximations described above, leads to an additional term (13.195 in

the single molecule master equation (4.17). This extra rate term,

Wi VV'(t), depends on the occupation functions nyY(t) which evolve with

time. As a result, the rate matrix R + W(t) is time dependent and the.

combination of (4.17) and (4.19) represents a nonlinear <equation for
ngv(L). -

To study the desorption behaviour, we must solve this nonlinear
master equation numerically. "Starting from {nitial conditions‘ot‘
thermal equilitrium :and then turning on the laser, an iterative proce-
dure gives the evolution of the mean occupation prqpabilities. nyV(t).
This involves calculating Wys«VV'(t,) at a given time ty, from {nyV(ty)},
and then letﬁ;&”ﬁhe system evolve for a short time interval to tig+

. by assuming wu.VV'(t) is constant on this interval and diagonalizing

the rate matrix as in Section 2.3. This gives the occupations at ty.y,
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n¥(te+q), which are used to calculate wil-vv'(tk.1) and hence the
system evolution over a subsequent time interval. In this way, we
célq.xlate the decay of the adsorbate population, N(t), which may be

expressed as

5
‘

' - .
N(E) & 2 V(L) = 2 Sc(thexp(=A (t)t) . (4.21)

i,v K

Here '{-A,((t)} are the eigenvalues of the rate matrix (square brackets
in eduatién (4.17)) which depends on tige through the V-V coupling
term, W. The prefactors {S (t)} are derived from the eigenvectors of
the rate matrix, and also depend on the initial conditions.

As in Section 2.5.1, it is found that one eigenvalue, i,(t), 1s typi-
cally several orders of ma“gnftude smaller than the rest, Q:(zg that it;s
prefactor, S,(t), is corbespondingly larger: than the‘ rest. Further-
more, it 1s foun- that {A.(t)} and {S.(t)} stabilize at {Ai.} and (S.},

respectively. ' - “imes, long before the adsorbate population- has

begun to de : : «... . These two theoretiéal results shoy that,
after some‘ iz ¢ wyp #ts have settled, the adsorbate population
decays expon’utI the single rate constant xo‘ that i{s i{denti-
fied as the desorp 1oﬁ rate, just as in Section Z;Vhér'e V=V coupling
was neglected. |

We now present results separately for the harmonic and weakly

anharmonic cases.



4.4,1 Harmonic vibrational mode

For a perfectly harmonic vibrational oscillator with anharmonic defect
A = 0, the desorption rate cénstant calculated above s found to be
essentially unchanged from the very low coverage limit described in
Section 2 where V-V coupling was neglected. The resonant vibrational
coupling transitions included in (4.17) have no effect on the experi-
mentally observable desorption rate, i,.

Tﬁe iranaient behaviour can also be studied theoretically, although
experimeﬁtal observation is difficult because of the short timéscales
involved. (Typical laser pulse times used are longer than the transi-
ents.) At short times, t < t¢pans, the individual parameters A.(t) and

Sc(t) are not physically meaningful, but together they give the time
dependent desorption rate, rg(t) = N(t)™! é% N(t), using (4.21). It is

found that rg4(t) increases from an initial value at t = O correspond~
ing to thermal desorption to a rinal value given by Ao Over a transi-
ent timescale of the order of the vibrational damping rate consﬁant,
Y"'. While V-V transition terms in the master equation alter the eig-
envalues 1, .(t) at these short times, the desorption rate rg(t) is
unaffected. Thus, resonant vibratibnal transfer {s found theoreti-
cally to have negligible lnrluqug on desorption on any timescale.
This result, which is particular to the harmonic case, i{s explained

below.

To understand the effects of vibrational coupling, we examine the

form of the transition terms in (4.19). The rescnant V-~V coupling

rates satisfy detailed balance if the occupation prdbabilities obey
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ng¥*2(e) . ni""(s

—= - - ryt) . ' (4.22)
e mYe)
7
This condition 1s {nitially satisfied at t= 0 when the ratio in (4.22)
is given by rf = ebnn/kBT in thermal equilibrium. However, the laser

then drives the adsorbate out of equilibrium, through the transient
-regime, and finally 1nto,(,a quasistationary state from which desorption
slowly proceeds. The c;ﬁa/sistationary occupation brobabi‘lities calcu-
lated in (2.60) also obey (U4.22) for the very low i-states that are

most populated. However, ry(t) {s much larger than {ts initfal, ther-

mal vaiue\. The fact that the desorption rate rq(t) {s unaffected by

the VMV transfer rates suggests that equation (4.22) is essentially .

valid (for low f-states) for all times, keeping the V-V rates in a
s't\ate\ot‘ detailed balance. This {s not surprising, since (i) stepwise,
photon—-assisted vibrational excitation occurs with the slowest micros-
copic transition rate (LV*1:V) of the whole system, and (i1) tunnelling
transitions from excited bound states to the gas phase are slow com~

pared to bound state-bound state relaxation rates.

4.4.,2 Anharmonic vibrational mode

Moderate vibrational anharmonicity is-now included in the dgggrption
rate calculation. We let the anharmonic defect A be non-zero in the
V-V transition rates (4.5), and must also alter the laser induced

vibrational excitation rates LY'V in (2.49), as discussed in Section

6.3. The laseér-assisted transition rates include anharmonic detuning ~*

effects through the lineshape function giver'1 in equation (6.3). A
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laser tuned to excite the lowest vibrational transition, v = 0+1, will
be detuned by an amount vA from the v + ¥+1 transition frequency,
according to (4.2). This detuning results in slower laser-excitation
of higher vibrational levels and conaeﬁuently lower steady state occu-
pations for v > 1| than that given by (4.,22). The near-resonant vibra*
tional transfer rates to these higher levels are al¥o less efficient,
but still satisfy detailed balance: when (K%.22) {s obeyed. (On the
other haAnd. phonon-assisted V-V transitions, while not calculated
here, are no longer In detailed balance under condition (4.22) when
KA > kpT.) It is thus natural to expect that the photodesorption kin-
etics will be affected by V=V transfer when anharmonicity is signifi-
cant. N

Whether V-~V transfer or laser excitation dominltes in populating
higher vibrational levels depends on their respective transition rates.

Lacking a microscopic calculation of phonon-assisted vibrational
transfer at a surface, we are limited to the near resonant, or weakly
anharmonic case,

i Using the modifications outlined above, we calculate the photode-
sorption rate for the CH,F/NaCi system, including V-~V transfer as
before, but taking into aceount an anhar&ic defect of 4 = 8 em™."
It 1s assumed tr_mat the laser {s tuned to resonance with the v = 0=+

transition, l.e., 1g = Q. The magnitude of the V-V coupling rates dep=~

ends strongly on the adsorbate coverage, or intermolecular separation

*The measured anharmonicity® for CH,/NaCi is a factor of 2 larger’

than that used here. The magnitude of the enhancement of desorption
due to V-V coupling is thus somewhat underestimated in Fig.4.4. The
discussion above {s not altered by this fact.
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Fig.u.4, Photodesaorption rate as a function of V-V transfer rate

Doy for CHF/NaCt at T = 50K and at laser intensity
I « 1MW/ em?, The vibrational anharmonicity is 4 = 8cm™*
and the linewidth is T = 20cm~™'. Other system parame-
ters are given {n {2.91). The upper (lower) dashed
lines give the desorption rate calculated without V-V
coupling in the harmonic (anharmonic) cases.

3. In Flg.4.4, the desorption rate constant, rq = A, 1is graphed as a
function of the V-V transfer rate D,,, which {s related by {(4.,5) to a,
and hence coverage. ‘ .

For large intermolecular separations, a, > 16‘, vibrational

transfer is too slow to affect desorption. However, as the separation

i1s decreased (by increasing coverage), the photodesorption rate con-
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stant in Fig.4.4 increases. Finally, for coverages larger than 0.2,

the desorption rate begins to level off at a value slightly less than.

the rate calgqulated from the model in Section 2 with anharmoniclty
and V»V coupling ignored.' The changeAover region in Fig. 4.4 from the
slow to fast vibrational transfer limits s cent}'ed at an intermolecu-
lar separation a, =~ 10‘, corresponding to a coverage of about 0.1 mona
olayers. The lateral V-V transfer rate at this coverage is given by
Doy = 2:10° s™!' « Y, the vibrational damping constant r‘or the v =1
state. These features can be expllﬂgu@ qualitatively by the simple
model discussed below.

Intermolecular vibrational transitions act Qn parallel with laser-
assisted vibratfbnal excitation processes. Specirlcall}. the v = 142
transition is accessible by off-resonant photon absorption \at*a rate
L¥n!, and also via V-V transfer processes with transition rate D,,n'n,
The latter term is nonlinear i; nY, the occupation probability of the
vth vibrational level, since V-V coupling involves a pair of adsorbed
molecules, As noted below equation (4.3) and derived in equation
(2.89) with V-V transfer neglected, we find that n' s L'!Y"! n°. From
these simple arguments, it is expected that V-V transfer dominates In
exciting the v = 1+2 transition if D,,L'Y"! > L?, or equivalently, if
Dy, > Y. This is precisely the cross-over behaviour observed in Fig.u. i
as noted above. However, increasing V-~V transition rates further does

not lead to unlimited enhancement of the desorption Yrate. - For

Der 2> Y, the V-~V transfer prscesses saturate and maintain vibrational

*our perturbation approach to the V-V transTer ~ates in the master
equation solution breaks down for smaller separations, manifested by
poor convergence in the numerical iteration.
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- ~
level occupations n?/n' = n'/n® « L'y gecording to (4.22) for intensi<

r

N ’

ties much below saturation, vas ls approximately the case here (see
Fig.2.7). These are the same occupation probabiiities as expected In
the harmonic case (4 = 0) with V-~V coupling ignored (see Section 2.5).
Thls'oxp1a4ns the "high" coverage (8 > 0.1 monolayer!) desarption kin-
etics seen in Fig.4.4, In arriving at these results, we have assumed
that near-resonant V-V transfer dominates over phonon-assisted vibra-
tional coupling. The lattér process may be thermally activated and
induces guite different behaviour 1n‘the fast V-V transfer limit.
Specifically, the equilibrium condition (4.22) {s al£ered to favour
population of higher vlbfational states, and the upper limit to the
desorption rates in Fig.U.4 {s raised. Recall that the result (4.3)
derived by Fain and Lin'® does not immediately show a finite, fast V-V
transfer limit. This {3 due to neglecting slow VAV processes requir-
ing thermal phonon absorption, as 1is valid for 1low tempgratures
KpT<<HA.

In summary, enhanéed photodesorption yields are found {f lateral
vibrationalt tranafer rates exceed the ?!baa&ionadf,damping constant,
The magnitude 6f the enhancement (s greater for iarger anharmonicity.

-
In the fast V-V tran§rer limit and at not too low temperatures, the
desorption rates for a lasgr tuned resonantly to Qg = Q approach

those calculated previously in the harmonic case with V=V transitions

neglected.

- 8.5 Discuasion

‘EE 1s clear that vibrational transfer processes take place within a

{ . .
homogeneous adsorbate during photodesorption experimental conditions,
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However, it has been shown in Section 4.3 that macroscopic energy flow
.away from the laser'-*llluuﬂnated region is negligible. Efficient vibra-
tional damping by the substrate severely limits later‘al'energy tran-
sport, even for fast V-V trapsfer conditions.

On the otl)er hand, V&V transitions can enhance the laser-assistéa
pumping of higher vibrational states. For an harmonic vibrational
oscillator, the macrd/sébpic desorption kinetics is_unchanged, both at
short (transient) and lio;lger' times. In this case, vibrational transfer
rates parallel already efficient laser-induced vibrational excitation
processes. Ho;lev;‘r, in .the more realistic situations where vibra-
tional anharmonicity 1s non-zero, photodesorption yields‘ are enhanced
if the VAV transfer ra.tes exceed the vib,rat:io_nal damping constant,
which occurs for the CH,F/NaC% system at all coverages greater than
0.1 monolayers. This result was shown in Fig. 4.4 for a weakly aqhar“

K A
monic adsorption system for which A < T' and supports similar results

derived by Fain and Lin (4.3) for the strong anharmonicity (& > T)

case.’
@"u
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5. - Coherent Two~Quanta Processes

5.1 Introduct.i* \

In this chapter we calculate additional transition rate terms in the

master equatiof for phbtodesor‘ption. These terms, arising ih higher
perturbation theory, include the coherent absorption and/or emission
of tu;o phonons, two photons, or; one p/hoton plus one phonon by an
édsorbed moleculqe. These processes gi've rise to transitions betwee'n
states not directly accessible by a single one-qu‘anta .-pfq’cess. Sinée
the coupling between the adsorbed molecule and th pr‘hc.mon‘bath is
‘quite efficient, higher order coherent processes contribute s;ignit‘i-
c"antly to the master equation, which already describes incoherent
sequences _of‘ single phonon/photon-mediated transitions as \ééscr‘ibed in
Section 2. -;'The calcglation’of ‘these coherent two~quanta effects,
based on the expansioon of the transition rate formula (2.41), permits
the extension of our results to more strongly bound adsorption
sytems.,?’

Coherent multiphonon processes In thermal desorption have been
previaasly addressed by several resgarch groups and are discpsseg
below. Bendow and Ying!? have considered phonon-mediated desorption
of an atom physically adsorbed in a shallow surface potential that
{gevelops a single .bound state. They calculated multiphonon contribu-
tions to the desorption rate, given by the probability per unit time
for a bound state to continuum state transition, in a three dimen-

sional theory. An expansion of the transition matrix®® ytelds the

desired higher order terms which are computed numerically. The tran-
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sition prohablility, Ealcuiated here to describe the coherent absorption
O e \

of two phonons, includes the first order term in the interaction Ham-

i{ltonian
Hint = —a(t)V(D(x) + -21—!-<a’(t)v‘(2)(x) + % ar(t)v3(x) + ... (5.1)

taken to fourth order in perturbation theory. (Regall that a(t) is the

surface displacement, while V("in is the nth darivative /of the sur-
face potential acting on the atom at x.)

Gortel, Kreuzer, and.Teshima” have also treated thérmal desorption
from a single bound state., By iteréting the éeisenberg equation for
the adsorbate molecule field operator, the .desorption) iransitioa
probability was evaluated to fourth order in the phonon ampligudé,
a(t). fheir calculation includes both vertex and self energy correc-
tions, and receives contributions from‘the first three terms in (5&&5«
It was shown, for example, that ,interference beﬁween‘the two-phonon
absorption process due to the'EE%ond term in (5.1) taken to first .
order, and the first term in (5.1) taken to second order in perturba-
tion theory, i3 very important. They find that absorption of a singile

phonon dominates in the desorption rate for a weakly bound atom pro-

vided the bound state energy is less than the maximum phonon energy.

)

On the other hand, two-phonon absorption s essential when the binding
energy becomes greater than the maximum phonon energy.®®

| Multiphonon effects in thermal desorption from more strongly
bound systems which develop many bound states have been addressed by

Jedrzejek et al.'! They employ a master equation approach%gn which



the transition rates contain the effect of the full 1nter§F;10n Hamil-
4r.

N 5

tonian in (5.1); but taken only to lowest order in pertu tion theory.

In this way, some of the coherent multiphonon contriButions aEe in=+’

cluded, and are found to play an important role in the deaorptio ro-
cess. The inclusion of coherent®multiphonon effects in pﬁotodesorpi

tion is thus of interest. N j\ r

In this chapter, coherent multiphoton and multiphonon effects are
now calculated for photodesorption systems .developing many onnd
States, using a diagrammatic formalism as described 1nidetail in Sec-
tion 5.2. Coherent absorption and emission of two phonons, a neces-
saryﬂbrocess for strongly bound adsorption systems where bound state
energies are séparated by more than thg maximum phonon energy, Iis
considered in Section 5.3. Since large laser {ntensities are used in
;hotodesorptign experiments, we calculate, in Section 5.4, the vibra-
tional transition rate due .to coherent absorption of two photons.
This pfocess is nenlinear in the laser intensiy. In addition, the coh-
erent absorption/emission of éne photon plus one phonon is considered
in Section 5.5, and found_to contribute asymmetrically to the photode-
sorption line shape as detalled in Section 6. In these calculatlo;;,
‘certain higher order virtual processes must be accounted rof in the
form of self energy corrections. Finally, we include these coherent
two~quanta transitions in the master equation and discuss their effect
on the desorbgion kinetics in Section 5.6.

"

5.2 Formulation of the Transition Rate Calculation

The calculation of the transition rates is based on an expansion of

the rate formula derived’previously in Section 2.3. The phonon and

130



photon reservoirs of the solid and laser radiation respectively are

described using thermal field theory methods. Higher order transltion‘

rate terms are then derived in perturbation theory. Bound state reso-

nances necessitate the inclusion of molecular state line widths in the

rates in our master equation.

5.2.1 Transition rate formula
Our task 1is to gwvaluate the transition rate for a single adsorbed

molecule between state | anr f, given in (2.41) as

+

4

T Trs,2 C<tjut) > <elue)|t> pgpgd. (5.2)

Req(t) =
Recz;‘.il that, i{n the appropriate time limits, this expression becomes
independent of time. The trace operators in (5.2) run over all many
particle states of the phonon and photon reservoirs, This makes
higher order terms in a direct expansion of the evolution operator
U(t) in (5.2} quite complicéted. To overcome this problem, we adopt
the methods of‘lThermo Field Dynamics (TFD)!°°® to describe the phonon
and photon systems. This approach is advant.ageous~ over the more con-
ventional techniques of thermal field theory'°! because {t is compati-

ble with our time-dependent formalism and is also capable of describ-

ing the non-thermal photon states of the laser radiation.

Using the theory of TFD, averaging over the states of the phonon

and photon reservoirs is accomplished by taking an expectatiom value

given by
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¢
Trg, o[A(t)pgpg] = <B|<I|A(L)|I>]8>. ‘ ~(5.3)

—

The operator A(t) i{s an arbitrary function of ;he phonon and photon
amplitudes. It s averaged by takihg its expectation value in the
"thermal phonon ground state" |B> of the 3solid, and in the "photon
ground. state" |I> of the laser radiation. ‘The former is characterized
by the inverse temperaﬁure. B; of the solid, while the latte; depends
on the intensity distribution, Iy, of the laser radiation. The infor-
mation stored in the reservoir density matrices, pg and pg, is now
contained in the states |B> and |I>, respectively. The field opebators
\ .

for which |B> and |I> are ground states are related to the original

phonon and photon fields by unitary transformations,!®® as described

later.
Substituting (5.3) into (5.2) gives N\
Rey(t) = ad; C<B|<zi<t|utcer|e> <fluce)]i>|1>[8>]. (5.4)

We now define the identity operator in the reservoirs' state space to

be

I- 2 2 “|ns(8)>|n1(1)> <ng(Dng(8)]. ¥ (5.5)
ns(s) nl(l)

Here, ng(B) represents a state of the transformed "thermal" phonon
field, with respect to the "thermal” ground state |B> of the solld.

Similarly, ng(I) denotes a state of the transformed photon field with
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respect to its ground state |I>. The sums {n I run over all such
states. Inserting this identity into (5.4) leads to the single molec-

ule transition rate

Ny s —
’

Reg(t) = qu Z Z | <ng(1),ng(B),fjUCt)|1,8,I>[% . (5.6)
ns(e) n[(I)

The sum over ng(B) and nyg(I) above enabies us to classify contribu-
tions to Rey(t) in terms of one and two phonon/photon absorption or
emission processes, and so on. For a given term in the sum in (5.6),
the transition rate is just the time derjvative of a squared transition
amplitude.

The rate Rpy(t) in (5.6) must be calculated in the time. limit
given -1n (2.42). Anticipating the inclusion of molecular self energy
(1ine width) corrections (5.59) in the expansion of (5.6), we must con-
sider times larée on the scale of the inverse line width, (wpojy) ™.
On the other hand, the transient evolution of a molecule driven out of
ther:mal equilibrium by the laser occurs on the rate scale of the

vibrational decay constant Y. We verify by explicit calculation, the

separation of time scales relevant to (5.6) as given below
(wpogy) ™ <<t << Y°b | , (5.7)
®
Note that the surface bond states are primarily lifetime broadened,

making a conventional rapid dephasing approximation inapplicable’.

This 1limit amounts to taking t + = in (5.6) and corresponds to the
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- usual long time limit encountered in deriving the Fermi's golden rule
expressions as seen already in Section 2.u;

For future conveniehce, we do the time derivative in (5.6) expli-
citly using (2.35). This leads, in the time limit described above and

after a few manipulations, to the time-independent transition rate

Rey = 2 2 <ng(D),ng(8),f]U(=)]1,8,I>
ng(B8) ny(I)

*<ng(I),ng(B),f|U(=) (Hyne(0))/1N |t,8,I>* + complex conj (5.8)

The thermal phonon and photon fields (and states ng(B8) and ng(I))

introduced above are now described in detail.

4

5.2.2 Description of the reservoirs with Thermo Field Dynamics 1

Some basic elements of the TFD theory are now introduced, so that the
thermal ground state can then be defined. Details are found in the

text on this subject by Umezawa, Matsumoto, and Tachiki,!°® and ear-

lier papers referenced there. Flrst consider‘the free phonon fleld,
introduced in (2.27), with annihilation and creation operators bp and
\bp*, respectively. The quantum index p = (p,0) deseribes phonon wave-
; ctor and polarization. The many phonon sta%es Ng of the solid are
defined below equation (2.44),

We now assocliaje with the phonon field a duplicate tie;d built up

from a duplicate set of phonon operators, Bp and bp*. This second,
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independent "tilde"-field {s introduced for mathematical reasons that
are discussed below. The many "tilde"-phonon states of this fileld are
denoted ﬂ,, in a one to one correspondence with the original phonon

states, Ng. The thermal phonon ground state i{s then given by

B> = pg'/? Z INg > |As>, : (5.9)
NS
where
uBH AR
S I (5.10)

s ° Trgle BHs)’

with Hg defined in (2.31). This form for |8>, along with the analo-

gous photon ground state |I>. satisfies equation ﬁ). as required.
a

The inclusion of the "tilde"=states in (5.9) is crud¥al to the evalua-

: [ 4
tion of the thermal expectation value,

BlaI[e> = 2 D Ng |os't A(t)pgt |Ng'><Hg [N'g >
NS.NS' :

= 2 dig|ps A(L)|Ng >
's

-- - Trpg A()], (5.11)



since the term <fg [Ng'> = 8Ng,Ng' reduces the double sum above to a
single one. The physical significance of the duplicate phonon fleld
will be seen after considering the transformed, thermal phonon flelds

for which |8> is the ground state.

The "thermal" field operators, bp(B) and bpf(B). are related to the

original phonon field bp and its duplicate Bp by the unitary transfor-

mation?®®
bp = coshep by(B) + sinhep by (8)
bp™ = sinhep bp(8) + coshe, b, T(8), ' (5.12)

By defining the thermal phonon operators in this way, the Boson com-
mutator i{s preserved by the transformation. By combining (5.12) (in-

verted) with (5.9) and (5.10), it i{s verified that
bp(8)|8> = 0 = BL(B)|8>, ' (5.13)

provided we define

: : 1/7
)
sinhep - (l’lp)l/2 - [m] . . (5.14)

This condition defines the unitary transformation (5.12), and hence the

thermal operators.

The thermal field operators, bp(8) and Spi%). have independent phy-

sical roles. Consider for a moment the original phonon operators, bp
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and bbﬁ Since |8>, defined in (5.9), contains excited phonon states,
/

bp|8> 4 0  and, of course, bp'r B> # O. (5.15)

This means simply that {t is possidble to both annihilate an excited
phonon mode contained in |B8>, and to create an additional excitation
of the pth mode in |B>. Let us now see how the thermal phonon opera-
tors are used to perform these two independent processes. Clearly,
bg(e) creates an additional phonon excitation when it operates on
8>. However, equation (5.13) sets by(B)|8> = 0, so we need to use the
additonal, tilded thermal operator bp*(B) to independently annihilate
phonon modes in |8> by creating "thermal holes”.

While the discussion above dealt specifically with the phonon
reservolir, the laser phg!on field s treated in an analogous fashion,

We construct the new photon ground state, similarly to (5.9), given by

..

1

|1> = pg/2 2 [N |fg>. 7 ~ (5.16)
Ng

Here, py 13 chosen to describe the steady state intensity spectrum of

-

the laser radiation. The photon field operators obey “\\

Cx = cosh8, Cy(I) + sinne, C,HI)

Ct = stnney, Cu (1) + coshey T MID) (5.17)
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where sinhg, = (n§)*/? « Ikl/'. (See equation (2.48) relating n§ to the
intensity distribution I,. Here k = (k,8) denotes photon wave vector
4
and polarization.) The operators Cg*(l) and Ck*(l) create photon exci-
tations and holes, respectively, with respect to the intensity distri-
bution described by the ground state |I>. “
The equations af motion of the "tilded" flelds are similar to

those for the original flelds. For example, the original phonon annt-

.hilatlon operator, bp, obeys the Heisenberg equation

»
I = bo(t) = [bp(t),Hel, (5.18)
which gilves
bp(t) = by e lupt (5.19)

3

using Hg in (2.31) and Boson commutator [bp (thbz(t)] - On
»

$p.q-
the other hand, the Heisenberg equation for Sp has a negative sign in

front of the time derivative {n (5.18) which leatis to

bp(t) = by elupt. _ (5.20)

The positive frequency associated with the "tilded"” operator above {3

consistent with earlier identffication of bpt(8) with the creatton of
\

thermal holes.!®® The theory éescrlbed above {s now applied to the

[ 4
transition rate calculation.

{de
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5.2.3 Perturbation expansion of the transition rate

To calculate the transition rates, the matrix elements in the formula '
given in (5.8) are simplififed by expanding the evolution operator U(t)
in powers of the interaction Hamiltonian according to (2.35). The
appropriate formulae are given below, before describing their evalua-

tion using Feynman diagram techniques.

ng(D),ng(B).L{U(®) [1,8,1> = & # ( I1i )"I d1,...d1p

nel °
’<n,_(I),n3(B),r|T Hint( 1) Hipne(ty) |1,8,I> (5.21)
and
<~ng(1).n3(s).r|u(-) (Hint(0)) /1R |1.e,1>.~ L.

-

<n,,(1).n,(s).r|(umt(0))/m [t 8.1>

\ 2: JT (I%)n } d1,...d1,
n.1 .
*<ng(1),ng(B),f|T Hine( 1) Hine(1y) (Hine(0))/16 |1,8,1>

(5.22)

The "final" state appearing here

|£.ng(8),ny |£>]ng(8)> ny (1) /o

~—

is constructed using the molecular and thermal field operitors

. according to |f> = apt |0>, (|0> is the Vacuum gtate for the molec-
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transition is expressed in (5.23) in terms of the exciiatlon of thermal
particles with respect to the thermal ground state‘. By choosing
Ing(8)> = | p,§ > = bJ(B)bq"(B)It!) for example, we single out molecular
trarllsit.ions that involve emission of a thermal phonon with quantum
number‘p, and absqrption of a,thermal phonon, q. This classification
of molecular transitions in terms of real. thermal phonon processes is
not. neceséarily equfvalent to the 'analogou's classification {n terms of
"original"-phonon processes as used in Chapter 2. However, at the
tree diagram level, that {s without self energy or vertex corrections
included, these two classification schemes yleld identical transition
amplitudes,

The matrix elements appearing in (5.21) and (5.22) have operator

parts (see Hypt iIn (2.1?’,(2.23), (2.30), and (2.32)) of the form

HTuty,, 1V 1 0T (Y 1) Wy, T 1> * <ng(B)|T alty)...a(1) ]8>

-z
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»

* <ng(I)ITA(11+1)....A(Tm)|I>; 0K L §m<n (5.24)

(Here, y = (x,£)) The phonon fleld 'a(p) and the photon field A(t) =

n-A(t® are expressed in terms of the "thermal" operators, bp(8) and

Ck(I' respectively. Tre matrix elements of. interest above involve
) +*

only ground states or few thermal-particle excite’d é.tates. As a
consequence, {t 1is f‘r‘ui:fl}l to apply wiék's theorem to the thermal
operatorsg, 'leading to a standard Feynman diagram analysis.” The diag-
ram rules are given explicitly in Appendix D. Only the;‘» nighlights of

the expan‘sion’fre outlined below.

]

The kinds of molecular transitions permi-t_t,'éla" are vaerned by the
interaction Hamiltonian. The .different terms in ﬁin,t‘ a'r‘é‘snownf,p,iiatb'-

railly in Fig.5.1, corresponding to the dlagram v'erjticg“s liétéd' in
¥ . : S, o e

Appendix D. The basic processes‘from which the traqsitibn arr;p{lic;ude

is built up are: . \ | ' ’ >

(a) singlme photon absorption or emission by the molecular vibra~ '

I tional mode; T e ~ , o
’ EE \ o % 5

&

(b) abSorption/emission of n phohons, ‘correspondng to the nth

derivative of the surface potential in the ﬁhonon interaction;
ok .

o T

and~ - ,is,« A

’W‘c) direct tunnelling betwéen m,‘glecular' states due to the r‘esi;-

» K
| dual coupling between the tr,.anslational and vibration modes of
the adsorbed molecule. : ‘
Combinations of these processes are included i’n the transitwion ele~
ments in (.5.21) and (5.22). In the expansion of these transition amp-
litudes, it is convenient to re-group the terms in (5.21) and (5.22)'

according to classes of dlagrams constructed from irreducible vertex

/
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Fig.5.1. Interaction processes due to Hyp¢. Solid, broken, and

wavy ;l'ines represent the adsorbed molecule, phonons and
photons, respectively. In (b), we define H(N) = (-1)%/n!
a(t)ny(m(y « W/m, £).

and propagator parts.*® This allows for a straightforward separation

of transition rate terms based on the number of real phonons or pho=

tons absorbed or emitted to the reserovirs. We therefare re-write the’

transition amplitude in (5.21) in terms of these cpmposite diagrams, as.
described in general in Appendix D.

=2 1

The tr§nsition amplitudes involving abborptjon or elil.ssion of Pne

.or two real pbonons/phd}:ons conresp'bgd to the diagrams in Fig.5.2,
< ) R ..

which r‘em;g'sent,th'e fo'rjnuioae given pel&g‘,ﬂ-l’»‘or example, the term for

absorpt{on of of)e ,r‘eal\phonon (p)/, in the overall amplitude

<ng(1),ng(B),f|U(=)]1,8,I>, is written as
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Ap (1(p) = <I,p,flUC=)|L,8,I>

1
) JZJ 2 J dw Opy, O (=w) Vy,5,p Gy i (wrup). (5.25)
1J2

(wp = =wp )
Here, GOUt and GIN are Green's functions connecting the final and in-

ftial states, respectively, and are defined shortly. The irreducible

»

vertex function, VJ‘sz describes absorpticn of a‘phogon’ mode p while

os | 4

instead.) The amplitudes for absorption ® emission of a single

£

photon mode k, Arin(i) and AJi”(k) respectively, are defined in anal-

ogy with (5.25), but involve the one photon vertex,vjljzk instead.
The amplitude for the emission of' two real phonons, p and p',con-

tains three terms shown in Fig.5.2(d), corresponding to °

<Lpp', f|UC=)|1,8,I> = Apg(2(p,p") + Ap1(@(pr,p) + ap(Dip,p)  (5.26)

AR () = 2 51; j dw GRYS(Aw) Vi3ap Gipgs(wtwp)Vy g pr
Jievde
* GFilurupgupn) ‘éﬁ‘??)

s .
s

Py
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(a) <k, B.tiU(™){ifB.1> {b) <LiptlU(®)|IB.1>

k 114
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Fig.5.2. Transition amplitudes containing one or two real quanta. \
One and two photon processes are given by (a) and (c), ~
respectively, while one and two phonon processes are
shown in (b) and (d). In (e), the one-~phonon plus one-
photon process is given.

-
N '

and

-

AH)(p,p') - JZJ % J dw G?SE(.-“’) V.90 G}r;i(w*wp‘wp') (5.28)
1Je ¢

The 1irreducible vertex functions, such as the two-phonon vertex

VJ;szp’ occurring above, are expanded grabhlcally in Fig.5.3. The two=

o'

photon and one-phonon plus one—photo%gsaqs given in Fig.5.2(¢c) and

- 1 4
LY 4
0
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(e) are defined in a similar manner, amounting to replacing the pho-
" nons (p's) with photons (k's) in equétions (5.26) to (5.28).
While the, above discusslo.n> and Fig. 5.2 refer to the transition ‘amp-
litude ;ng(I),ns(s),r|U(-)|1,8,I>, the transition rate in formula (5.8)
also contains® the amplitude <n1(1),ﬁs(s),r|U(-)Hmt(0)/m|1,s,1>. This

latter amplitude is calculated from ithe same dlagrains given in Fig.

5.2, but with a modified molecular Green's function, cin' defined by
oin(y,t;0)' = s(L)GN(y, L) (5.29)

“Féplacing ¢l n (5.25) to (5.28) (see also equation (5.30) below). In

this way, the Hine(0)/iA factor is taken into account.
The molecular Green's funcétions, GOUYt, G, and GIP are defined in

coordinate space to be
A

Gly,y',t) = <I.e.o|wﬂ(‘y.t>wﬁ‘f(y'.0)|o.e.I>.
GOUt(y,t;f) = <1,s.r|m*(y.t)|0.e.1>
and

Giny,t;4) = <I,8,00H(y, )|t 8,1>, (5.30)

where the glelsenber'g field of the molecule, Yy, 1s related to interac-

\tion picture operator, ¢ (2.9), by
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Wly,t) = Ut iy, t)uce). . (5.31)

(a)

(b)

(c)

(d)

(e)

Fig.s- 30

()

1e e P
1 | I ® |
Vip = I ¢ i+ <t ¢ €
\\_// @.
X Q\f’ /r p \\5\3 /’ P N, ’ 7
, n NS \
Viier 1’@‘1 R o T IR s B \‘:‘:7
P pk K op )
\ [N |
. \ . . I - '
Vie = T j = fttffi“ij:§7l +
‘:,’ 7T N

Irreducible vertices and the self energy insertion. Onev
and two photon vertices are given in (a) and (b) respec-

tively, while the one and two phonon are shown {n (c)

and (d). In (e), the one-photon plus one-phonon vertex

i{s shown, and the molecule self energy is given (f).
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The "Fourier" transformed propagators appearing in the amplitudes
4

(5.25) to (5.28) are then defined as

-
.

Gyyr(w) = I dtdydy’ o5*(y)Gly,y',t)eg(y")elwt (5.32a)

\

CPY(w) = } dtdy Gout(y,tif)ey(ylelut, ‘ (5.32b)

and

\

G}Q(w) - ! dt dy oJ(y)Gin(y,t;i)eiwt, : (5.32¢)

-

where ¢y(y) = ¢3(x)uy(g) 1s the molecular wavefunction defined by (2.7).

While the invariance of Hy,y under time translation make the Fourier

transform from t + w useful, the spatial translational symmetr!y is
broken by the surface potential, making the momentum repregentation
unhelpful here. (Recall that our theory 1is one dimensional.) Instead,
we transform from the space coordinate y - (x,£) to the .molecular
state index J -‘(J.v),above, usingvthe kernel ®y(y).

Dyson's equations!®! are constructed to describe these full propaga-
tors in terms of the corresponding bare propagators and the molecular
self~energy insertion, as Shown in Fig. 5.4. The bare propagators,
representing a non-interacting adsorbed molecule in the absence of

phonons and photons, are defined by replacing ¥y with ¢ in (5.30),

o )
]
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leading to

1 -
SJJv(w) - GJJv m - GJJ"SJ(“’)
SrSUt(w) - 2n8ry S(wrer),

Sjin - SJi(“’)'

and

Sjin(w)' - Gji .

(5.33a)

- (5.33b)

(5.33¢)

.(5.33d)

In these equations, €4 is the energy (divided by H) of the j,th state

of an adsorbed molecule, and Y i{s positive, real and infinitesimal.

The energy delta function in (5.33b) removes the single integration

over:w in the amplitudes Afin) given in (5.25) to (5.28). Note that the

bare propagators above are diagonal in the molecular state index J,

whereas the full propagations in (5.32) have off-diagonal components.

@' This {s due to off-diagonal terms {in the self-energy insertion,

ZJJ-(w), which is expanded diagramatically in Fig.5.3(f).

equation represented by Fig.5.4(a) is

Ggge(w) = Sgp(w) + 3 Syy(w) Iyp,(w)Gypr(w).

Juda

The Dyson

(5.34)

Replacing G and S here with GOU' and SOU! gives the corresponding
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Yo |

(8) Gpw) = jwxEX[w = jwr—€—xjw *+ jwr—<—Ppr—xj'w
(b) G (w) = texjw = fe€xjw + fe—€Zrx—jw
(€) G (w) = WD = jux—<=i + jWAD—<—i

(d) G,'." (W) = jwcxPi = jw—E®i + 'ij::':::@—é—@i

Fig.5.4. Green's functions for adsorbed molecule. Double
(single) lines are full (bare) Green's functions, and the
shaded oval 1{s the- self energy insertion shown Iin
Fig.5.3(f).

equation for Fig.5.4(b), and so on. »

For completeness, we define here the phonon propagator
D(t) = &B|Ta(t)a(0)|8>. (5.35)

in terms of the phonon®induced surface displacement a(t), and the

photon propagator
E(t) = <I|TA(t)A(O)|I> (5.36)

These are both bare propagators for non-interacting Boson flelds. The

phonons and photohs do not receive self-energy corrections because we
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only consider their interaction with the adsorbed molecule. Since the
molecule fleld does ni§ contain antiparticle ("hole") states, moYecul e-

‘lodbp diagrams are identically zero, leading to zero self~energy cor-

rections to the phonon and photon propagators. -

In principle, the transi;ion rate calculation now amounts to: (1)
evaluating the vertex functions and self-energy corrections as
expanded in Fig.5.3 to the desired ac?uracy. (i1) solving the matrix
equations (5.34) for the molecular propagators, and (iil) substituting
these quantities into the formulae (5.25) to (5.27) for the transition
amplitudes whfeh lead directly to the transition rate Rey.  In prac-
tice, we calculate the vertex functions to lowest order, keeping only
the first diagram in each line of Fig. 5.3a,c,d, and ignoring the two-
photon and one-phonon plus one-photon vertices in Fig. 5.3 (b and e)
altogether. The hiéher order ferms in these expansions are expected
to provide small, quantitative corrections to the vertex fupctions.
but will not cause qualitative differences.

We do {include seif—energy corrections to the molecule propagator
by evalugting the diagrams shown in Fig. 5.3f. To reduce the complex-
ity of the calculation of GJJ| in (5.34), off-diagonal terms, Jj, # J, In
zJJz are ignored. The Dyson equation i{s then trivial to solve, leading

to an approximate molecular propagator -

(W) = (1= Sqpe(w )Iyr(w) ]~ Syqe(w)
3 13 3 33

S . S
33! w"EJ"l ZJ(W)



- 8350 Klw. ~ (5.37)

77
The diagonal self‘enery corrections, }:J(w). are in general complex*
valued, contributing both an energy shift and linewidth to the molec-
ule states j. We will ignore the energy shift, assuming that it is,
for-a given temperature and laser {ntensity, already contained in the

energy levels €y. (The laser-induced contributions to the self-energy

are, in fact, negligible at typical intensities below the saturation.

region.) The 1line _widt,h contribution, due to the {maginary part of
1£J(w). must be retained to prevent the two-quanta transition rates
from diverging, as discussed in the next subsection. Broadening the
lineshape of the bound state energies ¢4 reflects the fact that these
states are in actuality quasi-stable, and therefore not discrete,

The propagators GOUt  ¢in  and cln', gorresponding to external

lines in Fig.5.2, cannot be dressed as described above. If one solves

a Dyson equation like (5.34) for the dressed external propagators, the

resulting transition amplitude {s zero. This fact {3 related to the
time limit taken in (5.7) and to quasistability of the molecular
states, and can be understood as follows. Note that the Dyson equa-
tion gives the molecular energy levels finite linewidths arising from
decay and dephasing effects. We evaluate the transition rate for
times long compared to the inverse linewidth, but still short compared
to the relevant transient repopulation times. In this time limit, the
tranaiticln;amplltude has already decayed due o initial and final
state line;udth effects. A meaningful, non~zero transition rate can

only be obtained if the initial and final states are treated as sharp

and long~lived. We therefore use bare propagators, sout | sin | and
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sln' , tOo represent th;bexternal lines in Ptg. 9.2. Note that decay of
the initial and final states for a given transition are inclyded in the
occupation functions, nJ(tL (This s discussed furthet belo;.)

To make the approximation described above, we substitute (5.33b, ¢,
and d) i{nto the transition amplitudes (5.2%) to (5.28). The 1nte§rals
are done irivially by Srgut(w). and substitution into (5.8) gives the

ra‘e formula

Rey = 2 Z

ng(B) ng(l)

-I<n1(I).n5(B).f|U(-)H1nt(0)|1.8,I>|’6(cr-c1*£1*£3) (5.38)

The energy=conserving Delta function arises from the bare propagator
Sj?(w). The energies of the final photon and phonon‘states areAgiven
by NEQ and Meg , respectively. The derivation of (5.38), which 1is
shown in general in Appendix D, {s based on approximating the external
molecule propagators {n the amplitudes with thelr bare counte;-
parts,and is discussed below.

In the approximations discussed above, the amplitudes glven in Fig.
5.2 are nowzreplaced by those relevant to (5.38), as shown in Fig. 5.5.
The one-photon and one-phonon amplitudes (a and ¢) give precisely the
transition rates previously calculated in Section 2.4, Tne two-quanta
rates, as calculated from (5.38), will be described in Sections 5.3 -
5.5.

")

- _
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5.2.4 Bound state rgsonances in the two-quanta transition rates

It was noted above that the two phonon/photon tranolpxon rn_t,i calcu-
lation encounters dlvergénces if the intermediate state molecular pro-
pagators are not dressed, so that the intermediate state energies are
sharp. As a result, we derived approximate expressions for the tran-
sition amplitudes shown diagramattically in Fig. 5.5, which are made
finite by the inclusion of intermediate state linewidths, as i3 physi-
cally reasonable., The resulting transitlon“ rate expression, given |in
(5.38), 1s equivalent to the usual "T-matrix" approach .used 1n.mscatter-

ing t.hdél:y, deséribed, ror exa;ple by Messiah.®® By symbolically def~

¥
" ining tr% T*mfﬁx % “ ﬁ"% ) : \

S

'g y
fo Y ‘\: 4. XNy E
e A' '*": N, 3

i, “‘a&' (5.39)

. ‘A . R » N . }
v \i A '.:ii'. & ;"**J % PR I
. B 3 . Lo vk .
AT .v‘rgu Yy ." .J‘Y > i Q-‘v' "‘\“53 .

¥ ?1&5"31:@? R s, |

'jn%1 - B I<ein|o |fBEe-gp). | (5.40)
Ah ;first term m T in (5 39) will contribute to the first order tran-

gives higher ‘order processes. By approximating G « G' in (5.39),

F HintG Hyny terd describes the two-vertex transitions which we in-

: 4

¥ i? by expanding U(=) in (5.38). Note that this %rocedure does not

<, ﬁlhg.ud? the effecs or decay of the 1n1tial oﬁ riqal states in the
u " i’

; ,_,?trkgmiuon rates Rn 1n (5.wor. smnar results ay

3, ol R .
i?" . . ‘3 ‘
* “"\ N o L ™ Moo » '

ived in differ-

»
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g 5.5, Approximate transition amplitudes. The intermediate-state
propagators G are indicated by "r" above. Initial and final state
lines are bare.

ent ways by Dirac!®? and Heltler!®’, {n which the intermediate "molec-
ule" states ener"g%es are represented by a line shape ’runcf.ion when
treating the resonance conditions.

It must be emphasized, however, tﬁat the transition rates R“

]

that enter the master equation are not physically observable quanti-

«
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59
ties in themsélves. Even if 1t". were prop.ose.d to prépare an adsorbed
molecule in a given sta’te i and watch it ‘decay 1n;o some other state
f, or:e‘ could ohly observe the decay‘or the combined quantity "Reqny"
‘as a ;;mction of time. That is, one measﬁres the combined effect of
single.particle raie, Rey in (5.40), and of the decay of the initial and
finite states. When the system under consideration h.rfxa\ only two
states,)\ or two sets of states, 1: and f, it 1s possible éo calculate
the' comblr;ed quantity above which is physically observable and finite.

This has been done by Gortel et al.®® for thermal desorption from a

single, discrete, bound state. The transition rate they calculate in=

cludes both the divergent two-vertex terms (c.f. Fig.5.5(d) but with G

replaced by the bare propagator S), and also equally divergent initial
and final s ate. self-energy cor'r:ec-‘t\i'c:\;xs. " These divergences, which
arise exclusively from treating the intermediate states as discrete,
cancel, to yield a finite overall transition rate. This cancelatibn is

‘a manifestation of the uniparity of the S=-matrix, UT(=)U(=),

However,- in our case, we describe the system dynamics in. terms

» -

of two quantities, Rey and ny, in construéting the master equation' for °
B (s

an adsorption system with many bound states. As a result of cutting

the coherence of the transition process in this way, Rey can contain

divergences if the intermédiate states are discrete. The fact that
the calculated intermediate state linewidths are larger than the in*
verse of the transient times of the system ensures that it is physi-
cally meaningful to bro;:\d°en these states to give finite transition
rated, Rgj. Note that this procedure includes the full linewidth
(5.59)- of the intermediate states in Rey, while the decay of the in-

itial and final states is included in ny(t) and ne(t). Only d?hasing
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effects on the Initial and final states are not included in the formu-
lation presented here. This {s not anticipated to cause any qualita-

tive errors in the desorption rate calculation. (Although tHese

,deﬁhas"ing effects must be included in the coherent two-photon transi~

tion rates, these rates are shown to be negligible for typical photo-
desorption systems.) The unitary of the S-matrix that i{s, the conser-
vation of admolecule probability, is preserved in our calculation, due

.

to the relatian.

Rif = - 2 Rri.r (5.41)
f»‘i

which says that the decay rate of the 11th molecular state is equal to
the sum of the transition rates into all other states, The p.hysical
meaning of the transitién rates (5.38) based on the arhplitudes shown
in Fig. 5.5 has thus been established, in a maste’ equation f8rmalism.
The transition rates derived in this way are described in the

]
next sections.

-

5.3 Coherent Two-~Phonon Transitions

Molecular transition rates mediated by the coherent absorption and/or
emission of two (real) phonons Vane “nowe calculated. These proces;aes
are particularly ‘impor'tar’lt for 'adsorptjton systems where the lower
energy staf.es (eg) .1n the surface potential are ?;parated by more than

the maximum phonon energy. Furthermore,’e will restrict our calcu—

lation to transitions between bound states only, and ignore two-phonon

contributions to bound state“to-continuum transitions.
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The two-phonon transition rate i{s given, according to (5.38), as

L4

o _ . {
Dpy = % Z 2n| (AM)™1<T,pp’ , £ |[UBIH; ¢ (0)]1, B,I> |28 (ep-eg*wtuw'). (5.42)
pp'

The sum over thermal phonon final/states p and p'\ r:uns over both par-
ticle and hole staltes; the factor of 1/2 prévents double count.:ing 'dUe
to the indis‘tinguishability of bermuted phonon states such as

|p,p'> and |p',p>. (We define w = wy and w' = u;pv in"@.llZ).) According

to Fig. 5.5, the transition am‘ﬁlitude i{s given by

(W= <T,p,p7, B UM e (9|1, 8,1

.

L]
1Y v tp pa, P -
i | . ! ! N/
: b . oo ! o \ .

= f i 4+ fe—€—e—Ll @i + 2|fe—€t—€9i] (5.43)

“a .
The terms above are calculated by using the explicit forms of the

molecule propagators, Sin', sout and G in (5.33) and- (5.37) to sim~

plify the amplitudes above tp

f E,A }E | ¢ |~.‘ - % Veyp Cilegrup) Vygp ' (5.44)
) |

and



Y ' . It 158

\ 7 . = Veipp' » respectively. Y (5.45)

The bare one and two phonon vertices, Vpip, and Vpyppr respectively,
correspond to first and second derivative terms {n the phonon inter-
action (2.29), and are given explicitly in Appendix D.. N T

Substituting (5.43) to (5.45) into (5.42) and manipulating thefpum~ .

K

mation indices using the fact that Vfip and Vfipﬁ' are pure imaglnary

leads to the expansion for the transition rate,

e -y T[T L
pp' L3¥

'

[Vespusipeye Viap 1§l VegpUpip ¥ egrp g 1f3ww)]

+ 4 Z Vpr Vl.jib' V*I‘ipp' IS”(N) + U Vf‘ipp' V'f'ipp' I(O)_jl . (5..46)
j , . ,
o

The functions 1¢M), contalning the energy~conserving Delta fufiction in

(5.42) and the intermediate-state propagagors G, are given by g

&
1(0) . ’2116(gf-51+w+w') N ‘ . (5-“7)
’ ‘ - 0y .
131)(w) - {GH(efwm) ~ c.e.)(0) ‘ Q (5.48)

-~ -

»

Ly Plww) = [FlerrwFylepran)® + e 1O (5.49)
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<

[ )

' The first two terms in Dgy above are due to the product of the
two-vertex terms in (5.44) in (5.42), leading to the double sum over

intermediate states j and ,J" in (5.46). The third term with the single

J-sum arises from the product of a two3@vertex amplitude with éu

v

single-vertex one, such as (5.44) x (5.45)*, The product of the
single-vertex amplitudes, (5.45) in (5.42}, gives the final term in the
transition rate. This last term {s equivalent  ¥® the Fermi Golden
Rule transition rate formula, with the second derivative phonon inter#
action term in (2.29) providing the perturbation. The two-vertex
terms, on the other hand, use the first derivative phonon interaction
twice. It is foun;!"t.hat all four terms in (5.46), including the cross-
term, play an imibrtant role in the rate Dgj.

The 'physi't.:al "r'ne,aning»of ‘the energy-functions, I(n), is clear.
Overall energy conservation for &he transition, { »f, 1s‘ ensured by

the delta function in 1(0) in (5.47-9). The bracketed terms in 1(1) and

1(2) have energy dependences of pseudo-Lorentzian form that are reso-'

nant at er - €4 + w = 0 or ep gy’ + w' = 0. At these resonances, the
intermediate molecule state (ej) is degenerate with a state composed
of the final molecule state (ef) and a phonon excitation (w).

The evaluation of the transition rate Dgy invol-ves expanding the
vertex functions Vfu;'and Vt‘ipp'- as glven ir; Appendix D in terms of
the first and second”derivative matrix elements of the surface poten-
tial “and including the phonon thermal occupation functions. . As 1in
equation (2.57), we tréat the phonon wave vector as a continuous vari-
able and sum tri’ially over phonon polgrization. Explici; expr‘eésions

-

for the surface ~p&ent1al matrix elements aré given in Appendix B!

4

Altogether, substitution into (5.46), convertivf to dimensibnless vari-
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ables (see (2.61-2)), and writing the double index J -explicitly as

(J,v), now gives the final formula for the two~phonon assisted transi-

tion rate from (j,v) to (J',v")

V)!

DX:X = wp A -v?!- al\l-v'l[l"1 + F,+ F,) i (5.50)
where
0" 2 m,/m B
S <R el (5.51)
r o —2 \ 2 .
Fx - -8- w [(V)HV()!] (I(V>-V<#]’J|.J)) Jlt (5.52a)
Jmax b Giry19,G
F, = 'L! [vy=v )T T(vy=ve¢+1,3%,9) z z 3'v'iuMiujv »
- J'o Usy, (v>-u)!(u"‘V()l ’
- (5.52b)
and ‘
£ Y
Imax v o
2 2 Gy'v'1uB1ugvOy v itu Gty gy (5.52¢)
- - -1y! [N L R .
2 3,3'=0 u,ut=vg (vy=u}(u-v ) H(vy-u" ) (ul-v)!
@

" Here vy(v() 1s' thel greater (lesser) of v and v'. The terms F,, F,; and

'F, derive from the’third, .second, and first two terms in (5.46), res-
3 . 1

pectively. ‘To reduce the computational complexity somewhat, the sum

-
’
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over intermediate states in (5.52b and c¢) s restricted to v¢ <h‘*$!‘f~>.
This is a good approximation when.a << 1, as 1is typically the case.

The fungtions G and I above arise from fhe (Morse) surface potential

matrix ements and are given by

I(v=v'|,1,4') 1f (1,v) # (1',v") (5.53)

Guvu'v' -
% (2ve1)I(2,1,1) f (i,v) = (i'v")

and

1(8,1,4') = 1 [1)”‘(20,“1))

= T0T(20-1¢) 1= 41~ 1/2
Oo 1(![‘(200-1() (UIo 1-1/72)( 0441 1/2)]

*[21 le-%l (200%1-1-1) + 22‘1]. ' (5.54)
]

with 15(i¢) equal to the greater (lesser) of (i,i'). The integrals over

(dimensionless) phonon frequency are '
e
1 | B
Ji = !-1 dx xn(k)[e(1f|Yl)yn()f)]y_q';_sx_x [ . (5.55)
1 ,A‘" ‘ ,: h.c.' p }
Ja={ . B xn(x)[801-|yDyn(I. e y_os (5.56)
"a' _!‘-"1,- , ’. , I [ ' .y.e}.ag} X —
o N . a0
.o . o , »
' ' (] 1 v
Jy = ’ dx [Piu'inﬁ'[c}v-c‘f-x.;}we‘}wx} + Piu.;!u:&?}'f“f’*v5}'5?'*"]]
i ] -1 ' , 'v. i ‘ ) . p



* xn(X)[9(1‘|Yl))’n(y)]y_q;_q_x- (5.57)

where n(x) is the thermal phonon occupation function (2.60)and

‘

Xy+0f{y0iry*
(x*+ civr)(y’* Oivv'ﬁr)

Piv,tryrlx,y] = . (5.58)

.

As in equation (2.64) for the one-phonon rates, the 1ntegrétion over
negative x-values represents phonon emission, while the, positive x-

region accounts for phonon absorption in the integrals in (5.56).

I
The 1line widths oy appearing in (568) and (5.56) are related to.

the self-energy correction Ij,(w) that enters the intermedtate molecu-
lar state propagator, G in (5.37). In units of the Debye freduency of

the solid, o4y is given by

'Here we have assumed that the w-dependence of the self—enef'gy func-
tj:on Ijy(w) is slow, and made the replacement w = €Y in (“5.56)(“.aand
(5-58) Using this approximation, the line width oy i3 thén fhdepen-
d;nt' of frequency.
' ;To evaluate the 1line width, the self-energy insertion Ei‘_v("‘:)‘ \is

calculated ‘according to the diagram~expansion given in Fig. 53,\1*999-

ated below : f

%
-,4/\

Liy(w) = i%i @+ e +‘L’<l; + @4 (‘-:_ql‘, +...(5.60)
S

-~
~
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where the index J on the right hand side stands for the palr (1.‘v).
"The first two terms above contain only a single yertex and glvieva‘pure-
imaginary contributions te }:1‘,;1 they do not contribute to the 1fn\e
width in (5.59a). Using the diagram rules in Appendix D, the last three
terms tn (5.60) are evaluated - this involves a single frequency integ-

ral in the third and fourth terms and a double integral in the fifth.

The result is ,

1 Jmax VYmax ' ' Voax*!
oy = T Z X [PY'Y + DY'YU)] + Z [LY'V+PYiY + Q¥iY]
{'=a0) Vv'=0 v'=(

(5.59b)

The line width given above i{s the sum of the transition rates out
of the state (i,v) into qther bound or continuum states. The laser-in-
duced one-photon‘??:qnaition rate LY'V arises from the fourth term in
(5.60). The third term contributes the one-phonon transitions PY:Y and
PY{V.The last term in (5.6Q) gives the two-phonon transition rate term
DY;X{I). This rate 1is precisely that part of the total two*-ph‘onon

ra?gyﬁy which arises purely from the second derivative term in. the

yV .

by 4

o F *
plgﬁqn interaction; DY'Y(1) corresponds to the F,~term in (5.50). The
3)
tunneling rate QY¥{V is calculated from a self-energy diagram involving

two residual Hamiltonian (Hpeg) vertices. Strictly speaking, this term

w

does not belong in the irreducible self-energy correction, which actu=
: i W

ally contains orf diagonal terms. However, after ignoring the off=
diagonal part of Ijy(w) in deriving (5.37), the inclusion of Q¥{" in

(5.59b) accounts for some of these neglected terms. (The contribution
£

from QY{V and PY{V to the line width oy, is in fact very small.)
&



Also included in the sums in (5.59b) are line width terms labelped
PYY and D{Y(1) arising from terms in (5.60) for which (i',v') = ({,v).

. These diagonal terms, which do not appear as rates in the master

7y

equation, represent trapsi‘tions in which the mollt;cule remains i{n its
initial state while the phonon system undergoes a change. Although
these processes do not cause the molecular wave function to decay,
they do Interupt its phase coherence. This dephasing effect makes a
contribution to the line width of the molecular states, in analogy
with Ti~lifetime included in a phenomenological approach (Bloch equa-
tions) to two level sy;tems.” The two-phonon ter‘m‘ DYY(1) represents
elastic scattering of a phonon off of the adsorbed mblecule, whicﬁ it
sees as a point defect. Since the eigenstates of the molecule do not
-have wéli defined momenta, phonons can scatter elastically, changing
wavevector but not energy. The line width term \PYY repr'esents absorp=
tion of a soft phonon (w = 0) by the adsorbed molecule. These two
line width contributions are calculated using (5.60), and are identical
in form to their off-diagonal counterparts, PY;Y and DY:Y, given In

(2.58) and (5.50) respectively. Explicit evaluation gives

' * go-i-1/2
DYY(1) = wp 36w -mj! -o—?:- (%——-)2 [1*7a(2v+1) + _uu_g (2v+1)’a’]
_ mg- T Oo
1
. [ dx x*n(x){ 1+n(x)] (5.6
=1

and
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PIY = wp Sl -;‘—S ‘r% Fr (50 = 1 = 3 )ak(@ve1)s (5.62)

\

where a 1s given in (5.51), and Tp {8 the Debye temperature. 'fhese
dephasing pro’cesses can sometimes dominate in the line width g,y for
the lowest surface bound state. However, for excited surface states,
J >0, 94y is usually dominated at low tempera_tur‘es by phonon-emitting
transitions given by PXYJ with 3'¢J. The laser-assisted rates, LV'Y,
make negligible contributiop«s to aJv’at realistic intensities.

Computation of the transition r‘atés D}:} in (5.50) is accomplished
numerically. The coherent two*-phonoh transition processes appear in
the master_equation in paralle1 with the one*phonon transitions given
by PY:Y, as well as contributing new transitions that are not other-
wise possible. While t,he‘ effect of two-phonon transitions In the
master equation is i{llucidated in Section 5.6, a general discussion of
the rates Dx:} is now in érder. .

Thg 'rastest phonon-assisted transition rates e_nter’ing the master
equation are those tha‘t change only tr;.é surface bond state whi‘le
leaving the vibrational level v unaltered. For a deep surface poten-

tial, the lower states may be separated by greater than one phonon

energy, that (s 2wp > r.]” - e’! > wp. For these states Pﬁu is zero,

but Dﬁ'w can still induce step-wise excitation in the surface poten~
’ \

tial. The two-phonon rate receives roughly comparable contributions

from each of the three terms in (5.50) for these transitions. At

slighf.ly higher states in the surface potential, where one-phonon

processes are also possible (wp > c]*‘ = c]). the two-phonon rate

works® in parallel, making contributions that are typically of the size
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D}'YU ) O.ZPB’YU. However, for j-states in the upper part of the sur-

v

face potential, we find that two-phonon processes oan dominate over

one-phonon transitions, that |is ng > PXVJ. For these higher, more
densely packed states, the energy leve_l widths ar“e calcplated to be
larger than the small energy level spacings; oyy c!” - cj. It ts
concluded that the perturbation theory used here"for the phonon inter-
action is valid for transitions between the lower states in the sur-
face well, but breaks down in the upper part. How this 'sour¢e of in-
accuracy affects the desorption rates i{s discussed below.

The effect of two-~phonon transitions between states in the upper
part of the surface weli can be determined by artificlally cutting off
the rate Dj’-‘t’ for jmax > 3'.J >J'. In pr‘agtlce, we determine by trial
and error the cut-off level J'. up to which it {s necessary to include
t« >—phonon transitions in the master equation. The cut-off level J'
is typically midway up the surt‘acekpfozential for CH,%‘/NaC!. in (2.91),
but depends on the speclrg_e,adsocpaon system under consideration.

Vibrational state transitions can also be mediated by phonon-
assisted processes. For example, the transition (J,v) = (0,1) » (§',0)
via nglo and Djovlo de-excites the vibrational mode, while lifting the
molecule to an excited state J' In the surface potential. For these
transitions, it {s often found that the two-phonon rate is faster than
the one=-phonon process. In addition, two-phonon emission allows for
transition to a lower J' state than possible in the one-phonon case.
The more favourable wavefunction overlap between j = 0 and -this lowver
J' state makes D?-lo very efficient. Large line widths for exciféd 3=

[3
states in the mid-well region make many 1ntermedf\%tg states accessi-

it
ot

K . \ . ’ ‘ < 4
ble in'the sums fn (5.52b) and (5.52c). Thise g}{ec& c%ﬁbine to give
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two-phonon contributions to vibrational damping that can bg consider-
ably larger than the one*phonon rates Py’&l.. In the master egﬁatlon.
this leads to less efficlent ’oto"excitation of higher vibrational
levels, but increased excitation of J states. Depending on the adsorp-~
tion system, the desorption rates can either increase or decrease, ¢ue‘l’m

to these two-phonon transitions, As a consequence, the model regu'lts cLe
kY . .

presented in Section 5.6 must be restricted to a study @f qualitatiwe *
Pa - . Ty »

features of the photodesorption kinetics. A nompe‘ft_urbatlvg tr‘eat.?‘
ment of the phonon-assisted interactions discussed )aboie 1;"4 cleérly
: o PR
essential |f quantitaiive predictions are éesired. To. t\hla' erld.,time—'
resalved experiments to determine the vibrational‘ J.iret.mi?~ :lduid‘, cgr;“o o
tainly be helpful in checking the accuracy ot‘tﬁe qalcul_étep_ t;rjgnsiﬁm“

.

- e e

tion rates.* o

5.4 Coherent Two-Photon Transitiona ) .

]

Molecular vibrational transitions induced by the coher;ent a‘b;,{ofpiion
and/or emission of gwo photons are now considered. Thesg ;;rocesses
allow direct vibrational transitions v + v' = vi2 with a rété pfopor-'
tional to laser intensity squared.!°® Two-photon transitions parallel
incoherent, stepwise, single-photon transition seqﬁences such as v -
v+ +'v+2 in the excitation of higher vibrational levels. In this sec-
tion, we n:ake an order-of-magnitude estimate of the size of the coh~
erent iwo-photon transition rates, apd show that they are usually
much less efficient than the oneAphoton rate V'V 1n stimulating pho~

todesorption.

\“rhe two~photon transition rate, as given by (5.38), is



Cey 'z‘! z ':‘; |<k1ka-8-f|U(')H1nt(0)l1.3.1)]'6(({‘(1’0;’0.) .
Kk, .
5.63)
wherg Fig.5.5b glves
(1W)71 <K,kpy 8, ] UC=)Hne (0) |1, 8,ID
- Z [v“kx Q(Efﬂ),) VJlk, + Vkaz q(cf‘ﬂi)vjik, ]. (5.n4)
J L

J

with Q, = Qg, and Q; = Q. . Combining (5.63) and (5.64) gives

1 .
Cey = 2 Z z [vfjkl Vit, V*fj'kx V'avikz 153)(10“0‘)
kxkz JJ' )

+ Verl klkz v*fj'kz V*J'lkx Isg)(ﬂhﬂz)]

‘ ’ (5.65)

L4

where 1(2) {3 defined in (5.49). rﬁe that two“photon terms 1n the in-

teraction Hamiltonian are not included here. Since the lnrrar;ed radia-
"tion wavelength .{s many orders larger than atom{ic dimefsions, the
L
dipole approximation represented by the one-photorf“;j;rtex {s antici-
Ppated to be sufficient. .
To evaluate the rate term Cry we write Veyy in terms of the dipole

matrix elements of the harmonic vidrational pdtentlal as gilven 1Iin

(B.5), and treat the photon wavevector k as a continuouous yvariable as
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4

in deriving (2.49), to get

C{f2:V = cYpvre |
V . el ® | o \
= Co (v+2)(v+1) dQ,d49, -——R—!Q—'r— 5(29"3; Q,)
[]
o .
w, .
. AN - .
*[Biyei(090,,0-2,] + PiyeiC290,,0- 0] Y (466
t." , » C. .
» ]
where
\ 4
xyrwployy ' ' ;
Pivix,y) = ———0———F— (5.67)
' _ (x*+wp?ojy Hy*+wp®ogy?) ‘ : o
, ( : ,
\\ \\ . " '
3

/intermeaate’ states are Included- in (5.66).

/‘:nol'ecular line wifths.

' s_tates.

and Cq = % (R*Q°F(8)*/ €, A*c?u?) I? for p-polarized radiation. (All other

transition rates CY:Ykare zero.) Note that only the "‘Im%s,t significant
Here, g(f) is the 1laser’

line shape given in. (2.‘52), with v{idth,
o p

: .
rg <1 em™,; much less than the

In this limit, the integral in (5.66) is inade~-

\

quate to descriBe two-photon absorption, because ,our ,/T-matrix formal-

1?{ has .neglected line broadepmg'of the initial and final molecular -

This shortcoming is r‘emedied-hem‘by‘ broadening the enérgy*
wonserving deita function tn (5. 66) into a Lorentzian with width I‘. .

T 3 -
more rigorous rormula%m may be found in r‘et‘. 105 For 91 =Q in the

on-resonant case;? and taking all molecular line  wigths to be of the

- . N
AR}

I
order of‘. [ leads.to ' ‘
- 4 ’ .‘
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.

)2 F(8)*(v+2)(v+1)

ey =4 gt HORER e G

.

" in e 11m1">)r2.w1th F(8).given by (2. 50) il

v

Mf‘&he %er\ hmgt qof typh:_al laser intensit‘.les used in resonant

photodesorption experiments, I - 1MW/cmz and for the CH,/NaCl

k4

po
adsorpﬁion system parmeters used previously in Section 2.6, (5.68)

»

gives

o ~
N i
.

c2? J 7410° s compared to L*® = 6-107 s~*. (5.69)

Tq coMpare the et;ficiency of the two=photon transitions with one-

- ' Y
photon _proces!es, an incoherent sequence of one-photon» ansitions
must first be modeled. To do so, we note‘that one-photon "abgorption

processes occupy the first excited vibrational level'}with population

< {10 ’
l’ll1 ~ --Y- nio, - . ? ‘
ro ) . . - ’
A
R as shown in equation, (2.90) in Séctikan 2.5 for intensitieg below satu-
o ' A p‘ - ‘(
i .
ratiory Here Y i= the vibraticdal damping rate due to transitions
{ N .
Piv?1 and DIQ;g v Absomtion of 'a second photon with transition r‘ate
,\o Q' ‘} N ¥ N \
L2 then‘z‘gives the ‘pf po;g‘ ation of the v = 2 state as (take | =
. : v
SRR ~g % ,
0 for simplidity) . - kX
! - o w t){“v LN
1 seft A —~—
e AR -
Y ) > ) "
¢ ’ ‘m ’

* -

‘This '.15 to be compared with the cohereht two-photon rate,

[ 4

/



171

. . @
co n°.
Using (5.68 ) and (2.49) gives . !
c§9 Y - " ’
=y v ' .
LzlLloY-l - 'F - 10 ¢ ) :‘;‘ (5-70)
t . - : -

For the CH,f/NaCl system, the coherent two-photon process is insigni-

ficant in exciting the v = 2.level compared to incoherent s@g{_‘

* .
one-phagen transitions. : - T T e

. . \ s

It is therefore concluded that coherent two-photon transjtions q:e
of negligible ‘effect on the.adsorbate dynamics, provided, the :ibra-'
tional dampiﬁg co»nétan‘t‘.Y is much smaller than the homogeneous vibra-
tional width I. This is Jjust the rapid depr'lasing limit (where T =
dephasing ratf), for which Eain and Lin p\redict thgt tl’ qne-pho;on
rates sheuld‘dominate."-"" We therefore do nqt incll.xde' coherent twop
photon transition rates CYI'V, €the master ’éqﬁe}ion. .

' It must be noted that the rap]d ’dep'hasing l;mit (Y << T) may noxt be
,valld for all adsorption systems. Fc'>r~ . mple, it is believed, for’
the CO/Cu(100) system: that"f = I.’* In tHis case, coherent mu pho-
@n absorption procesaes are jus't as erres;tive as incohereht one- .
photon se’ences of t‘ansitions 1n initiating photodesorption. In addd‘
ition, the /V'{brational 1inme width T becomes dependent on the vibr'a-
tional levgl Qsolved so modification of the one-photon transition
rate formula (%359) is then necessary too. {/

: %

Finally, we o%?erve that for neither se discussed above are

"n{gh field" effects sugh as ‘power broadening\or Rabi sidebands to be
A . . . .

[
L J

»
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expected.*”® The large line width of adsorbed molecules makes these
‘features undetectable at all typical laser intensities. The "high
field" regime sets in for L 5 r.*corresponding to laser intensities

N , ‘

" of the order of I ~ 10°W/¢m?! ' ' - .
» - ‘ ' ¢

»

5.5 Colyei'ent oiIaPhoton plus One-Phonon Transitions ,t

In this section." rent absorption and emission processes. inyolvmg

one photon and one phonon are considered. It will be shown in Section
x .
6 that these transitions can lead to an asymmetric photodesorption

line 'shabe. This asymmetry arises from the vibrational éxcitation

process 1nvo&ving coherent absorption of a photon and phonon that
)
works in a near parallel with the single-photon transition, LV'Y in

the - master equation. We now calculate thes%_ rates for bound stat'e-

-

bound state transitions, given in (5.38) as . oy
S
J ) .
By = 2 3% | <k,p,f]U(®)Hing(0)1,8,1> [*6(ep-cqsagrup) (5.71)
kp A

4

The transition amplitudes, as given in Fig. 5.5(e) and using'\ (5.33).
]

(5.37) and (D.5), are

J &4

- L 4
(18) <k, p, £] U(»)Hy nt (0D |1, 8,15 5‘%“
. - Z (Ve GGlep+sMdVygp + Vf:jp GS(‘Cf’mp)VJ“(.].' (5.72).
J . .

.

Each term in the transition amplitude above contains both a one-photon
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vertex Vyj, describing dipole coupling to the laser radlation, and a

one-phonof vertex resulting from the first derivative term in the

phonon coupling (2.29).

C

To compute the tr'argition rate given in ((‘5.71), we employ (5.72),
. writing the vert.ices exmghlctly as given in Appendix D and r.r-eat'.i“ngY th
phonon and photon spectra in a corztinuuum appr‘oximation‘as before.
The 1ntegra‘k’over pr;onén energieg is dc?ne ‘trivially by.using the Delta .
function i{n (5471), while the ‘i'ntegr'al over  photon frequencles disap-

Y L4

pears in the limit of smahl J\ase‘_r 1line widths. (Sinct' laser\ line v
width s an ordér of -magnitude dmaller’ than the J®ecular level

wid:hs cont’ined in G" the phgfbﬂ ﬂequency distribution can be taken
' .
as sharp. This means taking g(n) = &(a-Qg) in (2.52).

These operations give &e oneﬂphoton plus one-phonon transition

“

rate, which. at‘ter‘ some strdﬂtt‘orwar‘d simplifications, becomes

¢

B = Bo, 2. [0(1-dxDXR0O lymcfi-cYos W

=18y . Co A {
.- ’fé,
’ Vmax*] _ . -0 o f
. * Z [Hslzuvuv 'PJvl&jvkuv[(v"‘u)ﬁv*G,(V"-.\J')GV*QS]
u,u's=0 ' ?

(‘/ : [ 4 » a v’

* Hidur Pruguf(vew)sy-6,(vauniey=61  ~

+ Hsamuv PJ'RIU'[(.V'—U)GV*G'('V ‘U')év‘GJ] ,. . (5-73)

where B, = 67g,'r ® m Mg~ 5,837 F(®) Q¥ equchwp®)™ I, and we define &g

= Qg/wp, &y = Qy/wp, ahd F(8) 1s given in (2.50). The Lorenzian-like
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resonance functions Pj,ji,t(x,y) are defined in (5.58). The functions "

contain two single-phonon and two sing}e-phqton matrix ele-
h = one.from each of the two ampl ‘_t.ude& multiplied in (5.71).
‘ared‘mag’nltudes of the first and Sgcond ~amplitude terms .in
g;ve H‘) and H(2) respectivély, while H(3) contains the crosss
téi‘qs. Not? that tﬁe‘sums over 1nct.ermed1a;e surface bond j‘it;es in
(5.72) have been removed in (5.73) by “the one-photon \;';Etex which is
diaéonal' with respeet to the ”J.-statesvs. 0;xly sums over intermediate
vibrational states, u and u', remain in (5.78). These sums are further
restricted ‘by. the (‘one-photon) dipole se-lecti‘oMules coptalned expli-

. ]
citly in H{J}i,+, which Is shown in detali in Appendix E.

Some main features of _tgl:xe coher\' ome~-photon plus ong-phonon
~‘t‘.r\'ar"lsit.ion rate, B];.j. 'are now Aiscussed.w~ The. photon 'interactlon con-
tributes a linear laser-intensity dependence to the rate, while the
phonon coupling gives the transition rate a tem;;er'ature dependence via
the thermal occupdtion function n(x). The theta. function in (5.7
restricts tr‘ansitiohs(j,v)‘-’ (J*,v') to those for v;vhich

- . \ “ w~ *

B “wp ((CJY'-EX)J)D t Qg <wp. ‘ ,‘ ¢ (5.74)

r
T e Y ' .
- VY D A ., . .
The +“or =~ sign above refers to photon emissioﬁl absorptids,. r%spec~
o , ) .

tj,irel}. The rate’ B]:! ‘contributes to transitions .wher‘e initial and
final states are_separateq by the total energy of on'e phot:ron g and»
one phqaon (iwp' -t-p}j mD) For..-example, the pur'.ely‘ vibrational transi-.
tion’(J,v)‘- (Oi.(;).y» "(0,1)' ‘alﬂr"‘tady 'access'fble by the one-photon fate L
alséwrecéivés é~ qcontributio.n from Bj? Typically, we rin_d B <0.1 L*

for:' Rg = 0, so B! represents only a small correction here. However,



| . , - 75
. 2 e ’ '

the transitlon (J V) = (O.Q» > (1 1) ls accessible via B.b if ;‘ - e. <1,,

while the onehphot.on n.i ? cannot ﬁ:{:lbu,te» here. Consht one= h
photon plua ono—phonon proceaaes +thus contrlbute ngv mtes :he ui
~umetera equation between states prevlousu?ma%cessfble*mtrect1y, ;?:
well as providing a small correction term to the one-photon~assisted
vlbrational l:ransltions, v + vil,

The Waln, effect of these rates BY;Y on desorption phenomena is seen

in the line shapf of the photodesorptien yield described in Section 6.

I

- .

‘ N% that the thermal phonon occupation factor "xn(x)" {n (5.73) fav-g

our spontane%us phonon emission over themqal phonon absorption a.
. )

low temperatures, /fé favours detuning of the laser frequency to

the hlgh side of the molecular transition energy e]v - e} ‘over. detun-‘-
ing *the low side.” As a res* t‘.' one-photon plus ,one-
phonoﬁ'rates have asymmetric frequency. spectra, and caﬂ affect the

photodesorption line shape in a similar waW

P\ 2 »

! 1
5.6 éttect of Coherent Two~Q Processes on Desor"pﬁon o~
Kénetics . | I
. . + . ) . .
By incorporating the coherent, two-quanta transition rates described in -

5

~ Sections 5 345.5 Lnto the master equation, the et‘rect of these higher.

f%"rder processes on the photodesorption klnetlcs i{s studied. The inten=
-«

sity dependence of the desorption rate {s considered here, while the
lasér-tre;;uency spectrum of the desorption yields 1is discussed in
detai]l in Seation 6. |

;'l‘he ”celc'ulat'ion of the desorptien rate (proportional to the deeor:p—
tion yield) is based on the master equation (2.1}, as described in Sec*

tion 2. However.l the lowest order transition rates calculated' there

/ t
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are now Jjained by the coherent two phonon/photon rate terms so that

the molecular transition rate from state (J,v) to (J,'v') is now given

by

v

w

’

Here, L and P represent the one~photon and one-phonon transitiom‘

processes considered previously in Section 2. Added o them in (5. 79)'

» "' ‘» s..

" are additional ‘bound state-*bound state transition— rateoie&ma..a. Q;.

o
and D, calculated in Sections 5 3 5.5. The cohe‘\t absorBthﬂ(a‘nisﬂ

gion ‘of one photon and one p;xopon, given by ?}-’ in (P.73). and the
coherent two-phonon processes contained in D}:] in ('5'56) :ﬁabgimpor-
‘tant contributions -to the o‘ver'all“‘tr‘an'sition rate, R]:] On_ Q\e other
hand, the coherent rf;o-photon tr‘ansitions given by C]j were.shown 1n
Section 5.4 to be un}mportant for the photodesorption s'yst,ems consi*—
dered ;1er'e, and ar.e therefore neglected. "
_The transitions to the contiﬁuum (gas phase’ states are still

described by the one-phonon and ‘direct tunneling rates calculated in

lowest order in Section 2, so that

RYV = PYJV + Q¥)v. | (2.68)

The master equation (2.1) with transition rates given by (5.75) and

(2.68) 1is sﬁved by matrix diagonalization, as described previously.

The pﬂ‘ysically observable desorption kinetics i{s again govérned by the

, . Py N
slowest eigenvalu® of the matrix, which is equal to the desorption

rate per adsorbed molecule, ry.

[ ' ' ‘ / e ar ' .
“u UL PPY Y Py Y (5.750 R
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The photodesorption kinetics %f .the model CH,f/NaCl system consi{-
\ .

o
v o

dered previously in Section 2.6 i now pe-examined, with pwoMquanta

transitions 1ﬁluded. The desorpffon ré%. which depends also oh tem-

perature, is calculated as a functiorf 'of laser intensity using the
adsorption system pafametvrs given.ulsik;(é.91) except as noted. _'i‘hese
theoretical results ére shown graphically in Fig. 5.6. For a tempér‘a-
ture of T « 100 K, deaorpt&n n_a'Q?s rq-are determined for three dif-
ferent values of the surface potential well depth,,vo - ’22.5, 33, and
46 kJ/mole and for a potential range, Y ' = 0.37 R. These choices of

V, span the range of experimental measurements of the isoteric heat

: B
. of adsorption at varying coverages and; for different " adsorption
. ' & Y ’

~
- -

s‘ites.;’ v ) -

For V‘. = 22.5-k~J/mole. th_e desorption rate 'previlously ‘predicted
by the singl® phonorn/photon theory is included as dashed line in
Fig. 56 A comparison with the full two-quantg gr shows that. the
lhc;usion of coherent higher .onder transit‘ioﬁ pr;ocesses shifts th;
desorption rate .constant to higher. lasér ;ntensitie's. This shirt. s
due«té efficient two phonon rates whiéh Peinforce single phonon tran~

, ‘ -,
sitions within the surface well via D!;] and significantly increase

vibrational damping due to coupllné between vibrational and surface

bond states by, for example, aiding transitions such as (j=0, v=1) to .

(J-S._v-O).‘ Consequently, saturation occurs at higher intensities and

4

with\ higher desorption rates. However, it was found 1(- Section 5.3
that the crucial vibrational damping rates “cannot be accurately deter-
mined by perturbation theory due to the strength of the phonon cou-

pling. It s therefore not possible to precisely determine the abso=-

lute lateral positions of the desdrption rate graphs in Fig. 5.6. Con-

L]

)
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Cls F/NaCl Vo® 22.5kJ/mol
6h
. -
—— “.b‘ .
)
ol .
| =
-’ ' )
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b 4 6 8 i0
logio I (W/cm?)
N
Fig.5.6. . *otodesorption rate versus laser { Intensity for
}{JVNaQI for different adsorption energies Vo. Dashed
line is without coherent th quanta processes. T=100K; .
r=2lcm™!; Y*'=0.374.
,—
o . -
: : .e \ '

‘\sidering also the experimbntal uncertainty 1n the absolute infrared
absorption 1ntensit1e$~ per molecule discussed in Section 2. 6, a quanth

tative comparison with existing

‘y!elds remains unavailable.

v

q'berlmentally measured desorpti

-

In spite of this reservatlbn. the dependence of the photodesorption

kinetics on the heat of adsorption can be deduced qualitatively from . -

Fig. 5.6.

intensities and becomes 1hcreaslngly nonMlinear in intensity.

\ R
As V, is increased, the desorption rate is shifted to higher

Specifi-

‘\cally. the power law dependence, ryq « IG, 1a‘apprex1mete1y obeyed at
®*

»

moderate intensities and at fixed teéemperature.'

generally less than .the level of vibrational excitation v'

The exponent a is

—
required to

’ .



179

bring the surface ground state (j=0) into degeneracy with the contin-

uum of gas phase states. This is due to the occupation of higher j-

‘staen with v < v" under quasi-stationary conditions from which

desor‘ptfon is already possible. See Fig. 5.7 where energy level Eiagl‘
. rams for she adsdrbed Cﬁ,F molecule are shown for each surface poten-
tial well depth, Vo, = 22.5, 33, and 46 kJ/pole, defining the vélues for
= 2, 3, and U, respectively. The maximu.m slopes of the three solid

rves 1n Fig.%.6 give rexponents a = 1.4, 2.6, and 3.7, which are some-
.. % - ch ey

what léss than the dorresponding values of v* = 2, 3, and 4. These

-

differences - tndicaté ~“that “thérmal . (phonon-assisted) popu'létion of
excited surface bond states can, in fact, play.a role in the photode-

sorption process.

. . «
Note also in Fig.5.6 t%at the desorption r%t;e 4 at a glven inten-

.

sity decreases by orders of magnitude as tt;t\a depth of the surface
potential 1is increased from V, = 22.5 to u6 ItJ/mole. R:pid phonon-
mediated vibrational dampin! mékes iéser'*-in-ducec) step-wise excitation
of the higher vibrétional lg‘vey in 513.5.7 ‘a relatively inefficient
_ process. By narrowinggthe range of the} surface potential well to Y™ ! =
\*16(25 R._ the phonon coupling is 1%c'r‘eased- aq‘md vibrational d;mpiné r'a:e's
1nc;'ease by an order of magnitude. The r'esul.ting desorption kinetics
are shown in Fig. 5.8, with the CH,/NaCl system parameters ,otherw'ise
uncha d from those dseq {or Fig. 5.6. The desorption rate graphs
show turation (levelling off) a}ﬂmuch htgher intensities {n Fig. 5.8
for this more strongly coupl'ed sy;t:em, due to the rastér vibrational .
damping rates. On the other nd, af; moderate intensi.ties the curves

§for the two systems, Y - 0.2 0.37 R, agree to within a facter

of two. This s si because the transitions such as (J=0, val) + (0,

.3
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Fig.5.7. Bou;;d state energy levels for adsorbed CH,/NaCf for

. ] surface.-pQtential well depths (a) V,=22. 5kd/mole, «b)
Ve=33kid/mole, and (c) Vy=lbkJ/mole. J states of the

surface potential and vlbrational (v) levels are in~

cluded. ~

] S “Q

In summary,& » ,or Edhegpnt two-phonon

’ MY e
absorption and emission processes. mod?x .systems wir.rg' larger‘ ‘heats of
adsorption can. be studied. (Onlypy ror' the V., - 22 5 kJ/mole, Y ! =

g

K 4
0.378 system in Fig. 5.6 are step-=wise 3ingle phonon transi{tions poasi-
bWﬂ all nefghbouring surface bond states.) The dependenee of
the desorption rate on laser intensity becomes increasingly non-linear

as the heat of adsorption is increased. In fact, for V, = 33 kJ/mole,

.
.

the experimentally observed dependence, rgq « 1%, {s reproduced very
v S

¢ : ‘. R
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Y=1=0.25K.

-

»

well, although at considerably higher laser intensities. The coherent

. ° ' v
one-phonon plus one-photon processes, B}vx, do not cause any major

effects in the results shown here; their importancer will become

'apparent in the next seéction, where the photodesorption line shape 15‘

discussed. . . .
L") - “

[+)
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6. Theory of the Photodesorption Line, Shgpe

. AN
6 1 Imntroduction 4

~
i

—

-Slnce the photodesorption mechanism we consider is initiated by reso-
nant vibrational excitation, the resulting desorption ‘yleld mest also
exhibit a resonant spectral line shape. In previous chaptera the dep-
endence or;the desorption kinetics 6n laser intensity g‘?as atu.died by

using a laser tuned precisely to the molecular vibratidnal frequency,

{.e. Qg=R. We now study the photodesorption spectrum obtained by det-

uning the laser frequency at a fixed intensity. The bredicted desorpf

tion line shape can differ significantTy from the 1n1’rared-.&bsorptw/n"

spectrum associated with vibrational excitation as. discussed also by

Wu et ali’” and Casassa et al.’®. Detailed comparison of these sps/étra
»

ylelds information on the photodesorption' mechanism and on microéqbp,&c

-

yib{ational" 1nterac§)on brocesses at t/e surface.

: ’
The 1internal vibrational levels of an adso'i'b'ed golecule are, In
. 0 4 1 -

general, broadened due to coupling to phonon and electronic excita-

tions in the substrate™ 77:!% 'and due to frustrated rotational and

¥
translational modes of the adsorbate.*? These 1nteractiona lnd’uce both

elastic and inelastic transition p{oc\esses corréspdnding (6 dephasing

-

and decay, respectivély, of the molecular vibrational mode.” The
‘ ' ' - »

. - ' . . I

vibrational energy levels r'eoalve a homogeneous. line ‘width contribu~

tion Ty, due to tr’fese effeats. 'In the theory or photodesorptton rrum

- a homogeneous adsorhate. ;he vlbratlonal llne ahape 13 aéprgxtmted

phenomenologtcally {n the vibrathnal exci;ation Tate Q)’ v (2 139) by a
- L

‘ Lorentzian (2 :SZ)-vith width [ e r,,,‘ Ty. ,lo‘t_r«,hat the lagor Mlm.‘

@ . B ;
. f .
B C ! . Y.
hd 1

- ' A . ) i
e .
N - - . o .
N . . v " - < ’

-

-
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width Ty < 1 em™? is typically much smgllér thap the vibrational level
width, fv =5-30 cm™, and is tﬁerefone ignored so that we can equate T
= T'y. The des?rption,yield spectrum i{s then obtained by computing the
desorption rate r4(lg) as a function of laser r?equency. .

In Seétion 6.2, the desorbtion line shape is studied, uslng‘the pro~
cedure. outlined above, for a homogeneous adsorbate ki?h a harmonic
vibrational mode. The effect of cbhgrent one-photon plus one-phonon
transitions is included here.” Vibrational anharmonicity ~and V-V
~coupling effects aJ% shown, ig SectYon 6.3, to influence the désorption
speptrumkmarkedly. The theory is then extended to treat photodesoﬁp*
tion fLom an 1nhomogeneous\adsorbate, in Sectiop 6.4, Finally, in Sec;
tion 6.5, we discuss experimental results'in light of thesé theorles,

and suggest how to use this comparison to help pin down the dominant

pﬂgtodesorption gechanism.

6.2 a’Homogeneous Adsorbate

In this section, as done previously, we treat a homogeneous adsorbate
at low coverage. In Sections 2.6 and 5.6, it was found useful to par-

ametrize the desorption rate by a power law

N

ra(2,84,I) = C(2) g(Rg = @)8 18 ‘ 6.1)

for a given temperature and a specified range of (moderate) Intensi-
. P ,
ties. The desorption rate depends on the a-th power of the intensity

I, determined from the graphs of rgq versus I in Figs. 2.7, 5.6,fand

N -

5.8. Since the lasegaintensity and the vibrational line shape func-

tion 8(811* Q) enter the master equation together In the rate LV'V,

[y
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I . . ' '
the desorption rate depends on the aAth power of g too. The'cons'tqnt
of proportionality c(Q), which is independent of Qg 'and I, contains the
complex microscopic dynamics of the phononAassisted transition rates

* v

A -
in the master equation. .

~

For a homogenéous adsorb\ate\ in the harmonic appr\‘oximation. all
molecules ha\;,e the single vibratic;na’l frequency, Q. Equation (6.1)
then shows that the desorption line shape is given by the a~th power
of the infrared absorption spe\ctrum\. g(Qg - @). For a>1, the de;orp-
tipn line shape {s narrowe}' thar'n“ t;hé ihrrared absorption line, while
for a<tl, the reverse is true. Only for the linear case, a=1 in (6.1),
are the photodesorption and 1nfr‘ar;e,d absarption line widths predicted
to b’e equal. The width (FWHM) of the desorption lin; is given.‘;ccord—
ing to (6.1) and (2.52), by (21/a «1)¥/2 times ‘the infrared absor‘ption.

: ’
‘line width, . This point has been made previously by Wu et al..
using a reduced master 'equation; it is ;iemonstrated in detall below.

For the CH,/NaC{ adsorption system, the deqo}'ption rate was shown
L 4

in Fig. 2.7 to increase nonlinearly with laser intensity. The desorp+

_tion line shape for this system is obtained by varying the laser fre- =

quency g entering LY'Y in the masterﬁ equation with the gransition

rates given by (2.67) and (2.68); it is shown in Fig.6r1. Note:.that

the coherent two-'quanf.a tra.nsition rates diséussed in Sectio.n 5 are

not . included here. At an intermediate 1nten‘sity of I=0.1 MW/&m?2,

Fig. 6.1 shows a narro:ing—or the desorption line shape which is very
‘ ]

nearly equal to the vibrational line shape function taken to the power

a=1.9, where this value of a is given by the slope of log rq versus

'log I in Fig. 2.7 for T=50 K. The width is thus reduced by a factofe

0.7. Howevér. it is emphasized that the expohent a relating the in-
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Fig.6.1

‘Q

“. L]
:'I' ? T1x10 p \"
L ) N\
." ..'\ "‘
4 "\ '3
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- '; A 1 L
-20 -10 0 10 20
| 0,0 (cm-1)

Photodesorption rate as a function of laser frequency
for CH,F/NaCf at sub-saturation intensity.

Dashed line
is IR absorption spectrum g(Qgy - Q) which, taken.to the
power a=1.9, gives the dotted curve. System parameters
are given in (2.91), except that Y~ '=0,374.
vibrational line width i{s I=20cm™?,

Homogeneous

~

iftensity and the temperature.

frared absorpt‘ion and&éodesorption line shapes depends on both the-

At higher 1intensities, the slopes of the r4(I) curves in Fig. 2.7
decrease eventually to zero as saturation sets in,

T=50 K and I>10 MW/cm?,

For example, at
a1

and the photodesorption line shape |is

therefore wider than the infrared absorption spectrum. We now include

\)
coherent two—quanta transition pfbpesses in the master equation, as

?

outlined in Section 5.6, to calculate the photodesorption spectrum

given in Fig. 6.2. At a saturation intensity of 10°MW/c

m? the desorp-
2
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_absorption line width T=24 em™'. This broadening of the photodesorp*~

-

X

v .

tion line width is now increased to 60 ciﬂ"‘. compared to the l'nrr"ared

tion spectrum arises because detuning the laser frequency ‘does not
. e ‘ : ‘
diminish the desorption yleld appreciably until the photon { and one-

s
photon plus one-phonon) transition rates are reduced below the satura*
tion level. Thu.;:, the tails of these transition rates at large detun=
ings affect the de_sorptio;l line shape markedly at sa;u?ation.

The asymmetry and slight blue'-shift of the pho_todesor'ption linshape
in Fig. 6.2 are caused by coherent one~photon plus rone‘-*-phonon trémsi-
- .

tions which favour spontaneous phonon emission Q(ng, «Q > 0) at low

temperatures, as discussed in Section 5.5. Since the asymmetry of

‘these transition rates, BJv“’"’, occurs on the frequency scale with

which the phdnon thermal occupation function -varies, i.e., Av = kgT/h
- 45 cm™ at. T « 65 K, asymmetric desorption yields_may be expected
when the desorption line width is of the order of the temperature T.
At saturation, this condition can be fulfilled éven while the infr‘ared
absorption width is gn;aller than kgT/h. It is shown in the next sec=®
tic} that vibrational anh:-f/:monicity can cause a broad desorption line
shape at low intensities és ug&

In addition, the talls of the infrared absorption spectrum {tself
become asymmetric at large detunings because the frequency dependence
of the 'vibratlio’nal line width arnd line shift mus;t then be taken into

account. This second effect, although no® taken into account in

Fig. 6.2, is anticipated to contribute to the asymmetry of the desorp-

wtion line shape in a manner similar to that of the or&e-photon plus“

one-phonon rates considered above.
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I=10°W/cm?

1 1

=40 =20 0 20 40

) 2,-2 (cm™)
Fig.6.2 Photodesorption 1line shape calculated with cohereht

two~quanta processes included. Dashed line represents
* IR absorption 'spectrum, while solid lines are desorption
rates at {nmtensities I=1 and 10°MW/cm? and T=65K for
CH /NaCf with the pame model parameters as in Fig.6.1

In summary, {t has been shown &hat the nonlinear relationship
between r4q and I results in a photodesorption line shape which can be
either narrower or broader than the vibrational spectrum. For large

desorption line widths or low temperatures, an asymmetric spectﬁum is

to be expected.

6.3 Effect of vibrational anharmonicity -

The influence of vibrational anharmonicity on the photodeéorptioﬁ'
spectrum is now addressed. Ug to this point, the internal vibrational

mode of the molecule has been assumed to be harmonic, with a constant

-~
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on;rzy' level spﬁcing,g;ven by MQ.., However, the vibrLlonalﬁ, potential

"of & diatomic, and even more so of a polyatomic, molecule is in real-~
B . ‘ \ _—
ity somewhat anharmonic, leading to energy level separations approxi-

mated by

) Evay = Ey = H(2 = va) - h ) : (6.2)
5 | |

for sma\ll v, as noted earlier in Section 4.1, The anharmoanic energy
der?‘ct. A, is of rpughly the same order aa/-the vibrational line width,
r, of adsorbed molecules. AsS a result, anharmon;c erf‘ects may be
exp.ected to appear in the photodesorptio_n line shape. For an adsorp-
tion \yst:em such as CH,F on NaC%, excitation .of both the v = 0 » 1 and
v =\ 1 * 2 transitions 1s neg':essary to induce desorption. A laser
tuned ‘t'd.'the lowest gﬁergy spacing. l.e., Qg - 2, will be slightly off

resonance with r‘espéct to the higher transitionas. Photodesorption may

be most efficient at some intermediate frequency. In this way the

desorption kinetics may serve as a probe of higher vibrational energy

A

levels.,

Vibrati}on.al ,;anharmonicity makes its main contribution to the
desor_‘pt:'ion k;nétics via i{ts effect on the photon absorption raf.es L""’.
as TOtEd by Jedrzejek.“’ The vibrational level sepaf‘ations given by

{6.2) enter into the line shape. function in LV'Vvto give

e - 1 172
B = ved) = 3 Vs Ryt (172 co (63

.
.4

where v¢ is the smaller of v and v', . By using g(2-v¢A) instead of
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g(R) in the vibrational excitation rate LV'V (2.49), JodrioJoR studied
the lncen.ait.y dependenée of the doadrptlon kinetics. Here, we' will
concentrate on the desorption line shape asApredlct.ed by solving the
master oquation‘ of Section 2, 1including one“photon and one-phonon

processes. Note that phonon-assisted vibrational transitions, Ppi"""’.

a;sé depend individually on the vibratiqnal energy levels and hence on

the anharmonic defect, A. However, the overall effect on the desorp-
1 Q ¥
tion kinetics is not expected to be dramatic, and is therefore neg-

lected here. ‘ ~<;)

The desorption kinetic‘s of tine‘ CH,F/NaCf system is displayed ip -

Figs.6.3 to 6.5.  While the vibrational I}\ML uLc{th, c;t adsorbed CH,f |is
talfen to be 20 cm™ from infrared absorption data,**'one obtatns for
th; anharmonic def‘éct A-16cm"‘/ from gas phas/e and matrix isolation
measurements."{" Comparing the grapws of Adesorptlon rate versus
laser intensity in Figs. 6.3(3) and (b) for A«0 and =8 cm™', respec-
tively, corroborates Jedrzejek;s observation .that anharmonicity shifts
desorption to higher intensities and delays the onset of saturation.'’
In_Fig.G;u, the de‘sorptipn spectrum is plotted for a lgser intensity of
I=1 MW/cm?, for wﬁich rq = I in ‘Fig.6.3. The desorption line is
i shifted to the red ‘o4 the harmonic case, and i{s also broadened as the
anharmonicity is{ucr'eased. These features result from the dependence
of the desorption rate on the vibrational excitation rates or’both the
v=0+1 and v=1+2 transitions. The product of the line shapes of these
two transitions, g(@)g(Q-a), is found to agree well with the desorp-
ti_on spectrum. )

For cqinparisoni we now examine a mc;del adsorption system in .which

.

the anharmonic defect 1is larger than the vibrational 1line width.
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| CH,F/NaCl
T = 50K

- (a)

2 A A
. 5 6 7

logy | (W/cm5)

8

r1|.6.3 ’ Desorption rate versus laser intensity for the CHJ/NaCt
' system defined in (2.91) for the following vibrational
line widths (I') and anharmogicities (A):

(a) T = 20cm™; A = 0;- .
(b) T = 20cm™; A = 8cm™; : )
(¢) T = 10em™; A = 20cm™?,

Infrared absorption measurements on CO adsorbed on NaCR(100) give
- ‘ . e
A=24 cm™* and T=14 cm™'."*  However, the v=1+2 transition 1s not

expected to contribute significantly to desorption for this system,

since the adsorption well depth V,=2177 K is le%s than the vibrational
s

energy ¥AQe=3100 K, permitting ‘desorption directly from the v=1 level.

To study the A>I' case, we therefore modify the CHJF/NaCf system by

choosing 4=20 cm™! and T=10 cm™'. The desorption spectrum for this
hypothetical system s shown in Fig.6.5 to be double peaked. The

v

desorption rate {s maximized by tuning the laser near either the v=0-+1
or vel+2 transition frequency. The peaks afe of roughly- equal height
because both transitions contribute equally to the 'desorﬁtion process;
see Fig.6.3(c) which shows that rq « I':* at I = 1MW/cm?. This spec=®

trum is in sharp contrast to the infrared absorption line shape which
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re (103s')"| . CH,F/NaCl
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Photodesorption 1line shape for the CH,/NaCf model
system considered in: Fig.6.3. Solid 1lines are for
vibrational anharmonicity 4 = 8 and 16cm”™; harmonic
case A = 0O is given as dashed line. Also T = 20em™! and
laser intensity is I = 1MW/cm2. ’

transition. The possibllity of using photodesorp-

tion measurements as a spectroscopy of- higher vibrational transitions

depends on the efficlency of competing effects as discussed below and

in Section 6.5.

!

Vibrational coupling between neighbouring adsorbed molecules should

be included in the thepry of photodesorption when anharmonic effects

are significant,

While this has not been done here, we expect that V-

V coupling will cause a reduction on the redshift in Fig.6.4 and may
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rig.6.5. Photodesorption : llne shape for a modiried CH,F/NaCt

system. Vibrationfl mode parameters vare I = 1acm™, &

e 0 (dashed line), and I = 10cm™, A « 20cm™ (solid -

1ine); other parameters as in (2.91). I = 1MW/cm?,
~ : : .

A

eliminate the lower frequency. peak in Fig.6.5.. Thig ef{ect can be

understood - qualitatively as follows for A three#level vibrat:.ronal
. [ 8 .
System. At Qy=Q, desorption is enhanced by-V-V transfer processes, as

S

shown {n Fig.4.4, since laser excitation ftom v=1+2 s slower' than

from v=0-+1, On the other hand, at a detunihg of -a/2, L#a2L® and V-V

coupnng haQF effect because ‘condition (4.22) 13 satisfied. 1In this'

way, V-V coupllng reduces the redsmrt induced by vibrational‘anhar-
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monicity in the photodesorption spectrum. It 1s concluded that arcy
llnr-oxcltatiqn of the ve1+2 trp'nogtton is taken over ‘by. rapid V-V
transfer processes as proposed by Mn and Lin®*® and discussed in 80::-
tion 4.1, "“6. that anhass 'o'ofroct.a in the dosorpu'on line shape
nay nui be observadle ror-ny tems with slow V-V tran;ror. or fast
v'ibratlonal'dmplng, rates, such as CO/Cu(100) for which D,, =Y as

shown in Table 4.1.

6.4 Inhomogeneous adsorbdbate

While all previous work has concentrated on ’desor‘ptlbn from a homo*-
geneou; adsorbate. we now study the klne_tics of photodesorption in the
inhomogeneous case.!*® The vibrational line shape of the adsorbate |s
in general‘; broadengd by both (i) homogeneous decay .and dephasing

v

processes as noted previously, amd (i) by inhomogeneity in the adsor-

-

bate. Inhomogeneous broadening of the vlb!}lt‘lonal line shape s
" caused by heterogeneity due to different aEb}orption sites and <;ue to
imperfections in the underlying substrate. Also, random partial cov-
erage leads to a statlstlc’al‘ distribution ot" vibrational frequencies
due to varying molecular environments. Resulting line width cont{bu-
tions of the order of 10 cm“ are possidble, in addition to the homo-
geneous vibrational width.““ Hhile' the homo‘génoc;ue vibratienal line
shape was included in the laser®assisted transition rates, LY'Y, tn the
méster eqda,tion. hAeterc-)geneoua effects l;luSt be included seperat‘ely.

To model 4m inhomogeneous adsorbate,- wve a’ssum‘e that the vibra-
tional frequencies of the adsorbed molecules are statistioslly distri-
but;d about some mean fr'cque‘ncy. fi. The experiuentally measurable!

IS

pho't.odesor'ption rate constamg, Rdm. is obtalned by averaging the con~
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tributions to duor'pt._lon from adsorbed molecules with dif ht vibra-

tional frequencies 2 to get

° 3

-
-

» \\,‘

.

/ * v
Here, we assume that the inhoRogeneous spectrum of vibrational fre-~

quencies, f(a+®), is Gaussian with line width Ta<<d. Note that the
homogeneous vibrational line width T, the vibrational a'nhlrmohiclty 4,
and the photon frequenocy Qy enter Rdm via the rates r4, while the in-
‘homogeneous line width Iq enters t.hr'ough r(a-9).

The intensity dependence of the desorp'uon rate Ram is similar to
that of the homogeneous case, r4, considered in Section 2. However,
the 1pcluslon:'or inhomogeneous broadoning of the vibrational levels
nak"s photon absorptidn less efficient, causing a shift to slightly
higher 1ntdnsit1e$= as show_n» in rcﬂ.!oa. Por 1arg§ inhomogenequs bro_a-'
dening, the laser light resonantly oxéites only a fraction of about
I'/Tg<1 of the adsorbate. Fgrthernore, at high intensities, saturation
occurs more slowly i{n the inhomogeneous case because the molequles
which are out of resonance with the laser light saturate at higher in-
tensities than those in resonance.

Of main intqreat here i{s the photodesorption line shape, as plottéd
in Fig.6.6 for the CH/JF/NaCt sylat.em. We assume here that the observed
infrared absorption 11n§ shape is predominantly 1nhbnogeneously broa-
dened and take Iy~20 cm™'and r=1 cm"™. In this situation, T's > T and

[
(6.4) reduces to
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Fl‘.6.6. Photodesorption rate versus laser frequency for

CH,F/NaCt in inhomogeneous case. The dotted line repre-
sents a Gaussian with width Tg and height adjusted to
that of RqIH. surface potentia.i depth and range are V,
< 22.14kJ/mole and Y*' - 0.364. - '

L J -

RqIH(8,24,1) = £(d-2y) I 0 rq(0,9y,0 . (6.5)
0 | :

The photodesorption line shape is therefore given by tNe Gaussian fre~

quency distribution f(f-Qy), provided the integral. in (6.5) varies

198



[

slowly with fg. The infrared absorption and photodesorption line
_shapes are in this case nearly the same. Fig. 6.6 shows an example of

/
this situation.

These results"‘aré to be compared with the homogeneous case shown

4

in ng.6.1 whe}‘e we took r=20 em™ and s = 0, and in contrast founc¢ a
narrowver “'or"ption line shape. It 1s necessary to consider both
thesé extreme line wi-dﬁ\choices until the .relative"gontributions from
he,ter'ogeneous and homoger)eous sources to the infrared absorpfziém
spectrum are known. - ‘ e
Ahditionakl.‘“ structure in the irnhomogeneous photodesorption ‘line

"shapg_ is also possible.®® By making a minor adjustment to the depth
- ‘ .

of the surface potential of the adsorption system studied in Fig.6.6,

LY Al

the desorption spectrum changes dramatically, as, shown in Fig.6.7.
Althqugh the small increase in V, between Figs.6.6 and 6.7 1is below
experimental accuracy, the theoretical appearance of a double peaked
photodésorption line shape is easil;' explained. Desorptfon occurs pre-
dominantly from the J-6.§;1 state at the teniper‘atur‘e and intensity
given, via tranSition rates Qe6’'+Pcg’’. The elastic tunneling rate,
ch,‘., is cut off when e.‘(d\, wnich\mcorresponds -to Q<R+12 .cni"‘. At
lower laser frequencies Qg, the molecules with l.'ower vibrational fre-
quency Q=Qy desorb preferentially ia (6.5), via the rate Pcg’' and
- other transitigns. However, for Qg>fi+12 em™, the laser selectively
excites molecules with Q-Qg, for which the additional tunneling transi-
tion Qu6°* 1s operative. As 'a result, the‘over‘all desorp{ion rate is
suddenly eﬁhanéed; leading to a doublev peaked spectrum. The infrared

absorption ‘line fshape, on the other hand, is simply given by the Gaus-

sian vibrational frequency distribution f(ﬁ-ﬂ‘g').
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T = 50K
I ~5x103w/ecm? -
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Qe—0 (cm_‘)
Fig.6.7. = Photodesorption 1line shape as for Fig.6.6, but with

slightly deeper surface potential V, = 23.05kJ/mole ard
Y*' « 0.364R. Solid-and dashed lines are for I' = lcm™
and T = 10cm™?, respectively.

The double peak in the photodesorption spectrumioccurs in the pres-
ence of larger homogeneous vibrational line widths too. This is shown
by the dashed 1line 1in Fig. 6.7, corresponding to TI=10 ¢cm™ and
[g=20 em™t, Note, howevéf, that the widths of the surface bond éhergy

vels, €4, have not be%p included Eére.\

In summary, we find that the photodesorption spectrum from an

adsorbate with predominantly inhomogeneously broadened vibrational

levels should, in most cases, resemble the infrared absd:ption speé‘
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trum. However, atriking differences can show up, such aq}a strong
"asymmetry of the photodesorptlon' spectrum or even a double peak
structure. These effects can be traced to the sudden switching off of
effectYVe @Ia3TIT tunneling channels to desorption ‘ t‘;he laser 1s

detuned,

6.5 Discussion

The theorétical results presented in this section.are now summarized,

and’ experimental photodesorption_and infrared absorption 1line shape_[

¥

measufémenﬁs are then compared. For a homogeneous adsorbate with a
harﬁbnic vlbngtional mode, narrowing of the desarption spectrum 1is
pbgdicted, providéd the intensity dependence of the desorption yield
increases nonlinearly. This is typically the case when v*, défined in
Section 5.6 to be the lowest vibrational level degenerate with the gas
phase continuum, i{s greater thén éne. An asymmetric- desorption line
shape may be %ggéEted for low temperatures Af the ordgr or\tne line
width,

Vibrational anharmonicity ‘alters the photodesorption §pectrum
maékedly ir v, 1r the anharmonic ;nergy defect is less than the
-{brational line width, A<T, a redshifted and broadenéd desorption line

hape is predicted. The redshift has a magnitude less than or equél
to (V=1)4/2. As shown in Fig.6.4, the broadening encountered here can
can;ei the narrowing -effect noted above. However, for stronger
anharmonic;ty or a narrower vibrational line, i.e. A>T, a muitiple peak
photodesorptidn spgctrum {s found. The number of peaks will in gen®

eral be less than or equal to v®. These features result from the

dependence of the desorption kinetics on higher vibrational excitations

198



vev+1 stimulated by‘ the laser. Heterbgeneity in the adsorbate is
expected to round off this peak struct‘ure only giffhtly. unless
desorption from distinctly different surface sites {s observed sSimul-
taneously.
In contrast, photon-stimulated processes that probe only the
lowest vibrational t.(ansition' do not show the shiffed or multiple
peaked line shapes described ab:()ve. ‘Such processes 1nc1udé
(1) infrared absorption, which frobes tranqltions veQ+v' at low
temperatures (kgT<<HQ) and low intensity, '
(1) photodesorption by resonant heating, which depends mainly on
the v=0+1 transition, and has a frequency spectrum that is cen-
tred on the vibrational line, although different in shape,

- (111) photodesor‘ptior{ enhanc?d by rapid V-V coupling, where the
laser need only excite the v«0+1 step directly,’® ,

and

A '

(iv) photodesorption of weakly bound adsorbates with via1,

The redshift or multiple peak structure of “the desor‘btion line shape

' ‘appears to be-a signature of the basic photodesorption mechanism pro-

[

posed in Section 2 for adsorption systems where v*>1. It is most
likely to be observed at low temperatures where resonant heating
effects are minimized andl at very low coverages for which V-V cou-
pling is weak.

In experiments by Heidberg et al.??* on the CH,F/NaCi system, the
width and peak positioﬁ of the photodesorption line shape‘agree with
that of the vibrational spectrum to within the experimental error (see

Fig.1.2 and note that we must decompose the IR absorption from sev-

eral adsorption sites®*®). For this adsorption system, a redshift of
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.
* 8om™ and a very slight (10%) overall broadening of the desorption
‘apectrum is predicted in Fig.6.4 when a vibrational anharmonicity of a
=« 16cm™ {s accounted for. With V-V trangfqg processes included, as
is realistic for multilayer coverage,the redshift of the desorption

L 4

spectruﬁ; is reduced. Both these \results are consistent with the

experimental data. A conclusive determination of the specific photo-

deserption mechanism 1is nbt‘possible from the line shape arguments

' }

Photadhorption" and infrared absorption®™ have been recently meas=

ured for the CO/NaCf system as well., In this case ‘v,-o.'mn, so photo-

given hewe.

desorption involves only the Va0 tbansitibn. All ’photodesorption

mechanisms discussed here predict that the pt]otodes‘orptiop and. in=

4

frared absorption spectra will coincide at mode'}'é"te iﬁgé‘ﬁ‘s’ities for CO‘\"

on NaC&. This is in fact observed experimentally.*” Discussion of

other photodesorption systems i{s included in the next Section.
- =

]
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T. Discussion and Qutlook

7.1 Selective photodesorption versus resonant heating
A

In this papei". we have concentrated mainly on describing a selective,

resonant; photodesorption mechanism, applied extensively to the
CH,F/NaCl adsorption system. Non-selective pho’todesorptic;n. induced
by resonant surface heating, has been discussed for the NH,/Cu system
too. Although only qualitative agreement between ;Qeory and experis
ment can be expect.ed, it is illuminating to compare vt'he selective and
non‘selectige deserption channels above for other adsorption syséems.
The possibilities for observing selective photodesorption (of dsotopes,
for example\) may then be better defined.

Resonant photodesorpti;)n has also Been obse:ved from the adsorp-
tion systems pyridine/Cl and CO)NaCl. The desorption_{'ates for these
systems, due to the selective nechanﬁm_ d!scnibm'~in~}oction 2, are
calculated using the analytic ‘?ppmximgfdoh pro;.edm'e described In
Section 2.5.2. However, coherent two-phono;’ transition rates are in-
cluded in the master equa;ion and vibrational anharmonicity is taken
into account in the laser-assisted transitions. - Two-phonon rétes
DX:X are inserted in parallel with the one&phonon t’érms P}:} in equ;-
tions (2.78), (2.83), (2.87), and (2.68). Note that including vibra-
| tional anhar;nonicity, described by the lineshape function (6.03) in the
photoﬁﬁassisted transition rate LV"’, does not permit the simple sub-
stitutfon LYV™! = vL!® used previously. :The full rate LY'V is easily

incorporated into (2.87) and (2.88) in the calculation of the desorp-~

tion rate,
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The desorption kinetics' calculated in this way for the pyri-

dine/KC1 system are shown in Fig.7.1, with VBV coupling neglected.
‘ P
Solid 1lines give the dependence of desorption rate on laser ll‘ptensity

in (1) the harmonic approximation 4 = 0, and (11)\ with an anharmonic

1

'shift A4 = 25 cm™' included. Since photodesorption for this system

-

requires population of the third exeited vibrational love} v = 3, in-

creased anharmonicity l\eads to considerably decreased desorption

rates@ However, lateral ylbrational énergy transfer may counteract

this effect soméwhaf.. as dikussed in Section 4. At a laser intensity
I‘ =« 1MW/cm?, the A =« 0 graph has a.slope of 1.7, in close agreement
with the non“linea_r' ‘Intensity dependence ryq « I'-*, observed b; Chuang
at this intensity.?* However, it must be cautioned tha-t the analogous
' desorptiénkrate calculation_based on only si_ngle phonon/photon transi-
tions is shirtgd to considerably higher intensities, as shown by the
broken line in Fig. 7.1. This clearly shows once again the importance
of coherent multi-phonon transitions in the photodesorption process;
this fact restricts us to a qualitative discussion of the kinetics.

The theoretical path to desorption for the pyridine/KCl system is

quﬂ:e complex. Except at very low intensities where thernfal desorp*

tion dominat8s, photodesorption is {nitiated by incoherent, stepwise
vibrational excitation to the v = 3 level., Phonon-assisted tunneling
betwegn bound states, il.e. ({=0,v=3) +» ({,v=2) + (i',v=1) » (i",v=0)
where 0 < { < {' ¢ {", ~gives up. vibrationa‘l quanta_to populaté succes-
usively higher levels of translational mofion in the surface bond. In
fact, photodesorption occurs here from the very top levels ‘(i") of the

surface potential with the molecule in {ts vibrational ground state v

= 0. These upper surface bond states are excited to population levels

202
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Pyridine/KClI A=0
: 4L T =100K
25cm™
~ 2
: @
o
e
- )
Qo
0
o -2 ------ ! { .
- 4 6 8
logo I{W/cm?)
Fig.7.1. Desorption rate versus laser intensity Tfor pyridine on

KC1l, for different cholces of vibrational anharmonicity,
A. The broken 1line i{s obtained by omitting coherent
two~phonon transition processes, System parameters are
listed in Table 7.1.

that are many orders of magnitude greater than their thermal equili-
brium occupations, leading to the photodesorption effect.

Strongly non-linear desorption behaviour is predicted in Fig. 7.2
o]

for CO from Cu(1QO). This adsorption system has both heat of adsorp-

tion and vibrational frequency given by roughly double that for byri-

dine on KCl. As a result, the desorption pathway described above

applies here too. Note that coherént multiphoton effects have been’

ignored here, although they are not negligible for this system, as
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Table 7.1. Adsorption system parameters. The effective charge o
defined in (2.92) is assumed to be Q =~ 1e for all sys-
tems belowx
CHE/NaCL™ % NHyCu™  Pyridine/KCL™ CO/NacL®

flem*!) 970 3370 1032 ‘ 2160

EqlK] o 2720 j 4090 3900 | 1960

Mem™!) 20 40 10 14

covera{ge © 2 . 3.4 2 1

tylnsec] 200 6 100 160

. - - .o
S 10%VVg/Cyd U . 3 4 , 5.5

[szsx/zJ-x]

Yy"14) 0.3 ©0.35 0.3 0.3

discussed in Section 5.4. Coherent effects are not"éxpected to alter
tl_ne pdwer law intensity dependence of desorption on Fig.7.2, although’
an 'enhancement of the rates |is ahticipated. The lack of thermal
" effects in Fig.7.2 at 100K is due to the large heat of adsorption (=
O_'-T -eV) for t_his system. Furthermore, the theory predicts ‘a triple-
_peaked photodesorption spectrum due to anharmonicity. The peaks 'ar‘e
detuned to the red of th>é infrared absorption line by 0, 25, and
50cm™, corresponding to the transitions v=0 + 1, vel » 2, 'and y=2 +
3, respectively. ' Note that lateral vibrational energy traﬁsfer may
affect this gpectrum somewhat. Desorptic_)n experiments havé not been .

carried out for CO on Cu, although the theory predicts (small) desorp-

tion yields comparaile with those for the pyridine/KCl system.



I

CO/Cu (100)

1

T4 6 8

logyo’ 1 (W/Ccm?)
Fig.7.2. Desorption rite vérsus laser intensity for CO on Cu(100)

at T = 100K. System parameters are V, = 8350K, Y ! =

0.3, Q0 - 201pcm™!, Q= 0.5e, T = Scm™.

.

Finally, we present calculations of the photodesorption kinetics
of 'O from NaCl. For this weakly bound adsorption system the inter-
nal C~0 vibrational frequency is larger than the adsorption energy, 8o

population of the first excited vibrational level is sufficient to

stimulate photodesorption by tunneling to the gas phasg. However,

\

vibrational relaxation by coupling to bound surfage bond states of

frustrated é;anslational mot%on is cut off because of the large energy

difference. In this situation, the one dimensional, single admolecule

model used here canﬁot déscribe tke dominant vibrational damping chan~

nel. An angtional,'phenbmenological damping constant Y has been in-
- N x

cluded in the calculations to represent vibrational coupling to lipra-

tional[behding modes, to optical phonons, " and tb other adsorbed -holec-

~ N
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ules. In‘F1§.7.3. the yoorpqon kinetics s shown for three possible

206

values of the vibrational damping constant. In each case the desorp-

{1 13CO/NaCli
4 _T = 20K '
'~ |y=108s"
)
R 10'°
o 2
S’ .
0
2 4 6
log4o [ (W/cm?)
Fig.7.3. Desorption rate versus laser intensity for CO on NaCl,

for different vibrational damping rates Y. System par-
ameters are given in Table 7.1.
tion rate increases linearly with laser intensity.

. We now compare the selective ph.c:_todes’orptlon méchanism with'
desorption by resonant surface heating, for the four experimentally
studied adsorption systems CHF/NaCl, NHy/Cu, pyridine/KCl, and
CO/NaCl. (These systems are-characterized by the parameters listed in
Table 7.1) Specifically, the increase irif surface teuiperaturé due to
resonant heating during a laser pulse is calculated using equation
(3.31).{or sub-saturation conditions (L << R), as described in Section

3. The resulting elevated surface temperatures Ty are listed in Table

7.2 for laser intensities I = 1, 5, and 10 MW/cm?,

’



Tadble 7.2,

- k
Selective photoduorpt.tori versus heating for the
adsorption systems descridbed in Table 7.1. Elevated

surface temperatuyres Ty and enhanced thermal desorption
rate Ry(Tg) ocalculated for I = 1,5,and 10MW/ca?, as
explained in Section 3.2.2. Initial temperature is T,.
The ratio of selective to resonantrheating=-induced
d:oorpuon rates is ry/Ryq(Ts).

[

CH.P/Nacw-‘f NHy/Cu? . Pyridine/KCL®™ CO/NaCt”

-

TdK] 75 90 - 9. 20

I « 1MW/cm?

Ta(K] 80 100 96 26 ~
Ra(Tg)(8™] 74107! 8-10"" 2:10"? <<
rq/Rq(Ts) 9-10° 2:10° 6:10% >

1 « 5MW/cm? ‘

TolK] 100 141 100 52
Rg(Tg)(a™!) 4.10* 610} 8.107* 3
rq/Rq(Tede 3-102 1 3-10° 1-10%
I = 10MW/cm?

To[K] 126 192 105 84
Rg(Tg)(s™*) 9-10 9-10° 5.10™2 4-10*
rq/Rq(Tq) u 2:107? 2-10° v o107

The thermal desorption rates Ry(T4) are thus enhanced, as calculated

using a usual Arrhenius formula as given by (3.30).

These rates may

‘be compared with the rate of photodesorption ry, due to the selective

mechanism described in Section 2 and calculated at the initial sub-

strate tehperature.

In Table 7.2 the rate ratio ryq/Rq(Tg) is listed.

Large values {ndi-

cate that selective desorption {s predicted, while values less than

?
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one show that resonamst surface heating and enhanced (nori~selective)
thersal desorption dominates. By looking across the rows in Table
7.2, it 1s seen that the selective photodesorption mechanism is most

dominant at lower intensity ang especially in the CH.F/N.Cl‘and pyri-

"-aine/KC) systems, while resonant hesting effects are moqt important in

L]

the NH,/Cu case for I25MW/cm®. (This Ya to bde compared with the lack
of isotopic selectivity observed by Chuang et al.”™ “in desorption

yields of NH, and ND, from Cu.) Note that, at the higher intensities,

NMH, desorbs predominantly ‘thorally'lrter resonant heating, even.

though it is the mdst strongly bound adsorbate considered here. A

plgh infitial coverage and high initial temperature contribute to this
effect. )

As noted earlier, in Section 3, it js anticipated that the sflective
phot.odosorpt.ion mechanism and the ros.onant surface heating process

may play very different roles {n different adsorptien systems, Due to

" theoretical limitations and poorly known experimental parameters (such

as the dynamic dipole moment, t.h,e/cbverago. and the surface potential)

accurate predictions on the selegtivity of photodesorption are not yet

‘ available. However, we expect selectivity to be maximized at low &v-

erage and low temperature on a dielectric substrate.

1.2 Conclusions

In summary, theori€®%of resonant photodesorption have been presented,
including (i) a selective desorption mechanism whereby vibrational
@ergy tunnels directly into the frustrated translational mode of the

ada;bed molecule, (ii) the effects of lateral vibrational energy
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transfer in the adsorbate, and (31}) non-selective, enhanced thermal

desorption due to resonant surface h&tlnc. The dependence of the

desorption kinetics on laser intensity has been studied extensively.
The selective desorption amechanism predicts that dnorpt.loﬁ rates
folfow a- powo_} lav rq « I% which is often non-linear, in general
agreement with- experimental results. The degree of non~linearity dep-

*,

endb both on the energetics of the syof.om. i.e. fhe .rat.h': of adsorp~
tion gnergy to the vibrational frequency, and on the efficiency ;r in~-
tramolecular coupling that pumps the molecular translational mode.
The phof.odes&ption lineshape has also been studied theoretically
in an effort to characterize the selective desorption mechanism. !ar-
rowing of the 'desorptidn spectral shape s predicted at moderate in-
tensities due to the non-linear p;ﬂer law behaviour noted above. An
asymmetric spectrum may be expected at very low temperatures or for
broad lines. Anharnonicity of the vlbrazlonal mode can éa_use either a
red shift and line broadening or a multlplofyeak spedr\um. ;lchough
strong VsV coupl‘ing 1s' expected to wash out these effects. xnhopo-
geneous vibrational line broadening may kalso contribute additional

structuré to the photodesorption ltneshape. Currently, oxperi'mental

observations are consistent with, but unable to distinguish between

these features. A major problem in comparing multi-layer photode-

sorption and infrared absorption lineshapes is that several different
‘ 4

adsorption slt& typically contribute to the inFTred absorption signal
even though {sorpuon may occur 'predolnantly from just one site.

Several nota\ble theoretical problems remain as topics for f:rt.her'
work, in an effort to make more accurate predictions of the desorption

kinetics. Note that, the theory 'developed here i{s restricted to pro~



.

viding qualitative predictions, mainly because (i) it is basically one
‘ -0

dimensional, (i1) the perturbation theory for the phonon-assisted tran-

sitions ,g'i‘oes not appear to be converging, and (iii) the motion of the

substrat\é surface atoms is assumed to be in ther‘malll equilibrium at

~all times. To.relax these shortcomings, a more detailed theory of

i N
photodesorption i{s required.
Speciricglly it would be aes_irable to éonsider‘ a fully three-dimen-
i . N
sional model of the adsorbed molecules;m including liBrational, bending,

and lateral translational motion would provide extra pathways for the

conversion of vibrational energy to translational motion. Further=

"more, the perturbation approach to the coupling between molecular

v

motion and .the motion of the surface atoms must also be reconsidered.
By allo’wing the adsorbate-surface interac"tion to coherenglyﬂ~induce
nonequilibrium motion gmong the surface atoms!®® as well as in the
adsorbate as cons{dgppd thus far, (de)excitation of the adsorbate may
bé more accurately determined. Many body transitions in the adsorbate
may also be {mportant, particularly when unimolecular relaxation
grlocesses are inefficient. Finaily,": an explicit calculation of non-
resonant V-V coupling processes involving both the translational and
vibrational motion of a pair of adsorbed molecules and the surface
motion of the substrate-, r‘emainsﬂ missing from the discussion in Sec=
tion 4, Such processes may reduce the seiectivity of the photodesorp-
tion pr‘ocess'somewhat. There are clearly many areas of theoretical
work open for development.

A re?.&bod field in which one can apply the k%nd of \theoretical work
discussed in this paper is the study of infrared absorption linesh-

apes,*! which were treated phenomenologically here. The infrared
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absorption spectrum is influenced by the same~1n_tr'a- and inter-molecu-
lar couplings and adsorbate~substrate interactions as those involyds
in the phétodesorption process. The couplings noted at;ove lead to
both decay and pure dephasing processes, as inleded in the self-
\ ,

'eﬁergy terms calculated in‘ Section 5. In fact, insight galned from in~
frared absorption and photodesorption experiments may be combined to
improve our understanding of these 'basic interactions.

The »wge+ mental aspects of photodesorption phenomena remain an
active .uxe . For a theorist, an experimental determination of the
absolute aesorption yields as .a func;ion of coverage would be advanta-~
geous. (Such measurements are currently available for only the
’CH,;'/NaCl system.) For example, In situ infrared absorption measure-
ments before and after photodesorption would be' helpful in ‘this res-
pect. While the heat of adsorption can be dete"mlned‘from equilibrium
measurements, the range Y ! of the surface potential is -less easily
obtained, and 1it- is not known for most photodesorption systems,
Vibrational spectroscopy of the molecule-surface b’o'nd by EELS or IR
spectroscopy {s one possibility. Alterna‘tively, both the surface pot-
ential range and energy may be determined from flash thermal desorp-
* tion measurements taken at different heating rates. To check the
1mpor£ant vibrational damping rates calculated theoretically, recent
picosecond_ relaxation measurements by Casassa, Heilwei‘l, Steph'ensoni,
and Cavanagh!®* are valuable. With observed lifetimes of the order of
100 psec, they are promisingiy in the same ball park as our calcula*
tions. ,ﬁFinélly, photodesorption experiments lnyolving‘ co—adsorbates

such as isotopes or including a thermal monitor molecule -(i.e. a

molecule which physisorbs with heat of adsorption less than or equal




to that of the infrared-active species) provide direct evidence on the

selectivity of the desorption mechanism. (This has been dgne Lo

reference 26.) .

It i{s clear that the kiﬁetics of photodesorption can show consider-
;gle structure which‘depends on the microscoﬁic transition rate scales
operative in the adsorbate: Although the underlying desorption
mechanism i{is not yet precisély underétood, selective and non*selective
processes are expected to compete. Which meéhanisms dominate in a

given adsorption system remains the object of future studies.

~
X
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Appendix A ~ Normal Modes of the Radiation Fleld

The normal modes of the electromagnetic fisld in the presence

of a semi-infinite dielectric (z < 0O) are given by
T Upg(x) = 5 elKR gy Bx) (A.1)

where

1-npea
igz si{gz| .
[e"Hn,.ae C]. z2>0

£k 3(R,2z) = N® nxK

2
— eibz, ; (9 (A.2)
B(1*n,.a) :

and

v .-
B
KnleiZz & srz)orpletzz - OrT2 -igz
| nje + npva e -zK{e npea e ;2>0
—2 x)elbZ . o)
ey (Kn+bK)elZ ;z<0 }, ‘ (A.3)

for polarizations 8 = s and p, respectively. Here xeR+zn and k=K+Zn
with K = KK and R parallel to the surface, and n a unit normal vector
po!{nting outwards., Note that 7 < 0 to describe laser radiation inci-

dent from the vacuum side. Furthermore, we define
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ae- ‘E K{1-ne D+¢* and b « YKNn=1)*np7g . |

‘ »
The normalization constants, N® and NP, are determined by the orthoga-

nality condition (2'.20). ;
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Appendix B ~ Morse Potential Matrix Elements

Formula (2.55) may be evaluated, to a good approximation, by
keeping just the lowest non-gero term in the sum over L. This ters

corresponds to L - rv'-v|. except when J' = j and v' = v; in the latter

’

case, the L = 2 term is required. In this approximation, straightfor-
\ .

ward evaluation of the matrix elements of the Morse surface potential

and harmonic vibrational mode leads to*° s

1/2
vyl a|\v-v'|/2

vJ'V'.JV(” - =2V,Y [\T(T] -rVTVTrl— G Vv ‘(B.1)

where £
I -yt " " ; ] ] ‘ )
Gyryrgy = | (v=v'[i3h9) 5 g0t A gy » (8.2)
3 a(2v+1)1(2,3,3) 5 J'v' = Jv

'

a
¥

Here, we define

my/m,

réy (B.3)

L4

and let vy(v¢) be the maximum (minimum) of v,v'. The function 1(2,3',3)
in (B.2) is given explicitly 1nl equation (5.54).

In Chapter S, .the matrix element of the second derivative of .
the Morse potential s needed. In fact, the nth derivative matrix

-

-element is given, for n 2 2, by
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l/a‘ ’

v ) (n) o &V (-Y) "—!l T—r—l i I(l vev l‘n-] BN )] (B.4)
j'\,l," 0 0 ' X ] . ] R .
U(! V V .

-

Y
.

.For csmpleteness, we also define belovw the derivatie-coupling
matrix element of the {nteraction of the laser with molecular vibra-

tions as

9
EJV,J'V' = {Jv|- .a_i v .
ﬁ /2 /.- ‘
- (2”) GJJO(V v+ T va?'.,1 - vy GV',V'I) . {B.5) ‘



Appendix C - V=<V Coupling Rate Matrix Terms

.

t
The many-body master equation (4.11)for a monolayer adsorbate

has off-diagonal transition rate elements (4.12) given by

'

N
YaVn'
« R{,v,A',v') = Z 61,1," Sy v, vueee Rinin' n'n . Sipin' 6VNVN'
ne1l ‘

(T’

~and

-

' :
VUL,V W) = Bggr 2 Syysr eee Vy oy o BV sy (C.2)
ndn L0 n'n CYNYN

-

~ '

for 1,v 4 1',v'. The quantities between' the dots above replace the
delta-t‘ﬁnct’ions‘ of the respective 1ndicés. The rates in (6.1) include
single-molecule transitions, (ipn,vp)*(ip',vpe) for the nth molecul-e,
which occurs independently of the state‘g,f ;éhe rest of the adsorbate
as deséribed in Chapter 2. The tr:nsition rate given in (C.2)
describes vibrational transfer between péirs of molecules. Theﬂ tran-

sition*ate for a given pair (m,n) is given by

%y
-

! VmpmV ' -t - ¥
V"’r."n' nVm (rp-rp) Svp,vg'+1 Svp,vp'=1 Dvptvy
L2

* 6vm.vm'-1 5vn,vn'+1 Dvn'vm' ' _(C-“)

where Dy, is given by (4.5) with ao-lrmi-'r'nl.
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The diagonal elements of the rate matrix (4.11) are defined by the

condition

0= 2 n(iv,t) , - o (c.5)
iv I
which describes overall conservation of molecules in the gas and

adsorbed phases. Combining equations (C.1) to (C.5), it is checked that

the diagonal terms are correctly included by making the replacements

/

L

Riivvv' + Riivvv' - 6{1' Syy? Z z Rjiuv : ,,X‘C.G_)
JL ukv 3

and

Vaur YV r=rt) > VY rert ) Sy a2 2 VgnV™V(r-rt)
g V'év U4y

(c.m)
in (C.1) ahd (C.2), respectively. This defines the rate terms appearing

y\
in equations (4.11)and Pu.14),
%
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Appendix D - Diagram rules and Derivation of (5.38)

A]

The diagram rulés for evéluation of amplitudes (5.21) and (5.22). based
on the expansion (2.35), are®

.1. éraw all dlstinctbcoqnected ﬁiagraés from the internal and exter-
nal lines and vertices discussed beloy. Count a factor of é! for
each two-phonon vertex. Note that n¢ molecule-liné loops are

A

permittéd., Vertices of the types listed in Fig. 5.1 are allowed.

t‘\

External and internal molecule, photon/ énd phonon lines are in-
cludé&. Molecular lines are labelled iw, while external photon
and phonon 1lines are labelled k and P, re;pectively. InEernal
photon and ﬁhonon lines are labelled by frequpncy ; only. (The
label-1 is the—double index jv for a molecular state while k and
p include both wavevector and polarization.)

2. External molecular lines are assigned the propagator

o

1 o.in/out o

5y i (w) . )

‘Note that equation (5.33c) is used in the amplitude (5.21), while
(5.33d) is used in calculating (5.22). For internal molecular
lines, use the propagator (5.33a) instead in the\aBove.

3. External photon and phonon lines contribute the functions

n /2 - - 1/2 .
fio = (557 8 /2 neUp (0) (140, %) (D.1)

v

%c
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and -
K /2 Ep gy 1/2
fp = (ZMSNS) wpl/'z (1#np ) i

bespectively, to the transition amplitude. For the

2n

227

fe,
}0 (D.2)
@

- .

T

carresponding ei}

. tilded particles, R and B, oné‘simpiy drops the ! in the bracketss

2w

o 1 '
Internal photon and phonon lines contribute =— E(w) ahd o D(w),
: e

respectively, where

S 3
] 2 | _ 0 “p
D(w) -21 2MgNg z €p [mhwpf“iY * wr-up’+iY

' p

and

E(w) = 21

n
€

-0

2

Each vertex contributes

i’—n | 8 1> 278(wy + vee = wy = al)

z 2 1+nk94 nkl
. +
" |n Uk(O)l w*=Q 2-1Y wz‘“Qk’*iY_ :

(D.3)

(D.4)

o~

where the frequencies of incoming lines are negative and those of i

L}

outgoing 1lines are positive. Here, the indices of the incoming

and outgoing molecule lines are i, and {,, ,respettively. The in-
) .

teraction’functions 8(y) are listed below in Table D.t.

Sum over all internal. molecular 1line indices (i) and integrate



4

Table D.1. Interaction Hamiltonian
Interaction
- Vertex Hamiltonian o(y)
- \ 4p 92
one~photon Hy in L 3
(n) (-1) ﬂ. a -L
n-phonon H AT 3an V(x . g)
X . M C o - 0
residual Hpes: Vix = =— &) - V(x - =— &7
. m,

over the frequencies (w) of all internal lines and all external
molecularzlines, noting that the number‘of integrations is given

by the number of internal lines minus the number of vertices plus

one.

Using these diagram rules to construct Dyson's equations, approxi-
mating full internal molecular propagators by (5.37), and taking
L 4
external molecule lines to be bare (5.33) leads to the general transi~

tion amplitudes arising from n irreducible vertices

Z Vle“’x GJxr‘( ef*w‘)vjljzwz szr(ef*w“'w’)"'vjnﬂi“’n '

Jl‘ --Jnr‘l

and

228



Apt™ w arei (M) Si(epruwranisuy) ‘ (D.6)

¢
contributing to equations (5.22) and (5.21), respectively. Here, molece
ular ilndices are t‘,Jl,...ljna.],i and Hwy 13 the energy given.up b-y_‘the
molecule at the a'N vertex by phonon or photon absorptidn/emission.
The irreducible vertex functions VJJvm are approximated by their l?are

1

Table D.2. Vertex Functions

Vertex Vertex Function .
= ‘
One-photon o2 QA /2 “1/2 o, N
emission . Vi v (2e°) €13 Bk n-Up (0) (1+n,*)
One=phonon o=y () K /2 p ay1/2
emission Visp T V1] (ZMSNS) wp'/? (1+np®)
Two=-phonon | 1 Ved(2) n p, €p, (1¢n s)1/1 (1+n s)x/z
i ® o Vi :
emission JPipa 214 1 2MgNg (‘»plwp')Li \p‘ S
1 a Mgy - S T °
Residual cVig o= o <HVx ™ £) - Vix o © 3>,

wcounterpar'ts given in Table D'2.

The matrix elements VIJ“) , VU(Z) , and EiJ are given by equations
(B.1), (B.4), and (B.5), \respec;1Vely. Phonon/photon absorption 1is
" obtained. by replacing the appropriate (1*n)t/2 factor with nl/2 above,
and 1including the corresponding negative frequency contribution 1in

(D.5) and (D.6).
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To derive the rate formula given in (5.38), note that using equa-

tions (D.5) and (D.6) in (5.22) and (5.21) implies that

equation (5.21) = equation.(5.22) * Sy(eftw*.c.twp) . .(D.T)

L2
Substituting (D.7) into (5.8) and using (5.33a) gives (5.38).

.



Appendix E ~ Components of Equation (5.73).

The matrix elements of the Morse surface potentfal and harmonic
vibrational oscillator are contained in the functions Hﬁv that appear in

(5.73) and are defined below.

Jdusv]+fur=vys2

1) o (Y /2 , U’ 1/2 X
HJ'UJ'U'( ) (v) ( v U”VI!IU"VI! GJvqu GJ'ulJv
LICATEES SU,V'*1 = /77 6u,V'-1) (Yv'+1 5u',v'¢1 - /VT Gu['vv_1)

: (fv'-ul|+]v'=u']s2
u,1/2 u'.1/2 a
Hyurur @) = () v [Vl v=ar e G3tvidu Gy

* VT By yer = IV Syuy=1) (VT By ey 2V By yet)

(Ju=v|+|v'=u'])/2
u.1/2 ,u'.1/2 a )
(3) = 200" (41 [T Gyrugv Gy'vgur

HJ'UJU'

IVTRT By yrer VT By yr=1) (YVET Sy yay = YV Sy y=1)
u,v'+1 u,v'-1 . u',v+1 u',v-1

where
(V) .2
v V<!

with vy(v¢) equal to the maximum (minimum) of (v,v'). ijjvvv is given .

in (B.2).

N
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