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SURFACE SCIENCE, 4in press

On the Synergistic Effects of Laser/Phonon-Stimulated
Processes: A Master Equation Approach?*

Jui-teng Lin and Thomas F. George*
Department of Chemistry
University of Rochester

Rochester, New York 14627 U.S.A.

' Abstract

~ oL

T~ The synergistic effects of an adspecies/surface
system influenced by a coherent laser field and an in-
coherent thermal phonon field are theoretically inves-
tigated. A generalized master equation is derived in
the Schrddinger-Markoff picture and the total stimu-
lated transition rates are decomposed into three parts
thermal phonon, laser and the interference terms. The
energy transfer dynamics is pictured via the evolution
eguation of the average excitation of the active mode.
A random phase of the off-diagonal matrix elements in-
duced by the laser-stimulated surface processes is
introduced. Finally, possible applications cf the
laser/phonon-stimulated master equation are discussed.
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I. Introduction

Laser-matter interactions of heterogeneous systems have been
recently studied and the possible applications/implications of laser-
stimulated transient effects, such as materials processing and
evaluation, semiconductor lithography and microelectronics and the
development of new lasers, motivate the fundamental studies in this
newly-developed field.

Laser-stimulated surfaces processes (LSSP) such as migration, de-
sorption,'adsorption, ionization, recombination and predissociation

usually combine the laser transient effects and the subsequent energy

relaxation of the excited adspecies. Due to the multiple time scales

of the heterogeneous system, LSSP may be grouped into several types,
e.g., mode~selective, adspecies-selective, migrational-selective and

local~heating, etc. These selective and nonselective aspects are

characterized not only by the coherent properties of the laser rad-
iation, frequency, polarization, intensity and duration, but also by
the pumping rate compared to the relaxation or coupling rates among
inter- and intra-modes, e.g., electron-phonon interaction, phonon-

phonon coupling and active-mode-phonon coupling.

In a previous paper,l we studied the desorption dynamics by means

of a laser-stimulated rate equation, where t..e thermal effects and
the laser excitation were assumed to be two independent driving forces,
and we focused on a cold surface where the laser excitation plays the

dominant role. In the present paper, we shall study the synergistic

effects of laser/phonon excitation where both the laser and thermal

phonons may play equally important roles.
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II. Equation of Motion in the Schrddinger — Markoff Picture

We consider a model system consisting of a group of species
adsorbed on a solid surface and subject to laser radiation. The
total vibrational Hamiltonian of the system may be expressed in the

following form:

H + H + H + H (1)

H =Hy + Hg + Hyp + Hpp ap T Hpp t Hppo

A

HA and Hp are the unperturbed Hamiltonian of the optically-active

(A) mode and the phonon bath (B) modes. respectively; HAA and HBB

represent the intramode couplings of the active and phonon bath modes,

respectively; H and HB represent the A and B mode coupling,

AB’ HAF F

bt el £42%

the A mode and laser field and the B mode and laser field interactions, g

respectively. For the situation where the vibrational spectrum is

partitioned into a high-frequency region consisting of the A modes

resonantly excited by a laser, we may neglect HBF since the low-frequency

B modes are far off-resonant with respect to the laser radiation. A
second-quantization representation of the total Hamiltonian was pre-
viously shown in Ref. 3 consisting of the combinations of the ladder
operators a+(a) for the active mode and b+(b) for the phonon modes.
For example, HAF = V(t) (a+ + a) where V(t) is proportional to the
electric field of the radiation.
In the Schrédinger — Markoff picture (SMP), the equation of

motion for the reduced density operator S = Ter, traced over the

phonon modes, with the total Hamiltonian given by eq. (1) is found

to be 3.4
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%% =-i[weffa+a,s] - iV(t)([af.S] +[a,S])

Y1
+ 1r(2a8a+-a+as—5a*a) + ylnj(a+Sa+aSa+—a+aS—Saa+), (2.a)
with
wogg(t) = wy = ex(afa+l) + ¢(v), (Z.b)
vy ¥ 2m I|K %0, 8 (ug-2e*n- I wy), (2.c)
]

= n.+ - n. .

n, I:}(nJ 1) g nJ ’ (2.4)

where (wo-e*) and “j are the fundamental frequency of the active mode
and the j-th phonon mode with the vibrational quantum number n and ﬁj.
respectively. The important features of the above equation of motion
in SMP are: (i) the many~body effects of the thermal phonon modes are
effectively reduced to a multiphonon damping factor Yy which is char-

.

acterized by the mean occupation number ﬁj (at temperature T), the
coupling strength Kv and the delta function ﬁ(mo,wj) for conserving
energy; (ii) the active mode is treated as a stochastic anharmonic
quantum oscillator with an effective frequency Wogs given by an
anharmonic correction e*(a+a+1) and a random phase or frequency shift
¢(t);5 (iii) the dephasing effects of the active mode may be caused by
a laser/surface-induced mechanism such as thermal fluctuation of the
active dipole moment, migration or dislocalization of the adspecies,
phase difference between the laser (coherent) and phonon (incoherent)

fields coupled to the active mode, random imperfection of the solid

gurface and finally, the effects of the intramode couplings Hap and

HBB'
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The evolution equation of the density matrix elements for the

vibrational states (m,n),&s
9S8 :
mn _ 1 oy 1
3t iR i Bk Skn ™ Smk Bkn) = Ymn (8 = S)pn ¢ (3) ]

can be written for our system, described by the operator equation

[eg. (2)], as

T = -1 [wgme*+d)men)-e* m-n?)-iy ] §__

_L'E(%) [ - '
15 "ﬁi Smol,n n+l Sm,n+l-+ m+1 sm+].,n -F Sm,n-l]

OO R

Y ;
+ Tl [ 2 J@rD) ()8, [y - (mén) sm,n)] |
+ Ylﬁj [,/ nmn Sm-r,n-l + J(m—bl) (n+1)sm+l,n+l - (m+n+l)sm'n], (4) .!

where u' is a quantity proportional to the derivative of the dipole
transition matrix element between ground and first-excited states,
E(t) = Ejcosut is the electric field of the linearly polarized laser,
and Y0=%(Ym+Yn) is the mean natural width for the radiative decay from

state m to state n. .

III. Laser/Phonon-Stimulated Master Fquation

The evolution equation of the energy population is given by the

diagonal term, Pn- Snn in eq. (4),

dp
n _ 7 7 - (2nf -y_P
I C Yl [ (n+l) (nj+1) Pn+l + nnj Pn-l (Znnj+n+ﬁj) Pn] Yn n

-(iu'E(t»Q[fH(sn_l’n = Sp,n-1 T [n+l (Sp,n+1 Sn+l,n)] ' (5)
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and the off-diagcnal terms Sp, nil can be

where Pn:l-sntl,ntl
6

calculated iterhtively by means of the equation

(3)
asmn 1

a0 . Lo, 1)U Ly s (D) (6)

mn

with the condition S;g)(t) = ség)(t)émn and s&g)-o for m#¥n, we obtain

(1) i £ t
sit) (v) = @)1 Sou'n(t')exp [So QL") (t'-t")de"] x

L A et 18 i b sl sl e M i, i) it

n,n+
(0) 1 uvy_pl0) 0 .
el e -p{? (en1 ae (7.a)
where ]
Q(t)mi[wy-2e%{n+l) +¢(t)] - (2n+1l-dfin+dR)y,/2 =v,. (7.b) |

Note that Q(t, contains a random phase factor ¢(t). By assuming a
"white noise", <¢(t)>=0, and a Markoffian correlation, <¢(t)d(t')> =

2726(t-t'), we may evaluate the ensemble-averaged quantity [over the

random variable ¢(t)], as

i £ = (v )" -v,t
< exp [1&¢(t")(t'-t")dt"l> % Zo-n-f*— = (8) i’
. n=

which is governed by the dephasing (Tz) factor Yge Equation (7.a)

then takes the form

— _ |

<sl'(11;31+1(t) >.-‘§ﬂh+l Sou'E(t')exp [gl] [<Pr(xg)l(t')>_<Pé0) (t')“']dt‘ , (9.3) | ;‘
ﬁl(t-t') = (‘i[mo-Ze*(n+l)]-Pl} (t-t') (9.b)
(9.c)

ry = yl(2n+1+4nﬁ+4ﬁ)/2 + Yy Yy -




By the same procedure, we find
. t

<S,§P1,n(t)> =}/ Sou'n(t')explﬁzl [<PI(1?_)1(1:')> - <Pr(‘°) (t')>lae',  (l0.a) ;

{} nz(t-t') = (iFmo-Ze*n]-Pz) (t-t') ’ , (10.b)

Pz = Yl(2n-1+4nﬁ)/2 + Y, vy - {10.¢)

Substituting egs. (9) and (10) into eqg. (5), we obtain the
ensemble-averaged generalized maser equation (GME), neglecting the

ensemble-averaged notation <...>, for the first-order solution,

dp

n - - . - L
T =Y [(n+l)(nj+l)Pn+l + nann+l - (Znnj+n+nj)Pn] Tnpn

t
Sodt' (Wn,nfl(t-t.) (Brog (£ =BT + Wy oy (E-e0) [Pnﬂ(t')-Pn(t')l),ul)

with the time dependent transition rates
W, fh=20r0WATEOER) SN0 ooy 226y (6-9]
-R-th 4 !
W, =G Emee €20 csl@y28n0t)].

(12.b) ]

(l12.a)

The above GME may be reduced to the Pauli master equation ,ME) by using
the fact that the population inversion [Pntl(t)'Pn(t)] is usually a
slowly varying function4 in the time of Pi}z and hence can be factored
outside the integral in eg. (ll). Taking an average over the cycle of

of the field, 2m/w, and assuming a near resonance condition such that

the integrated transition rates Wn ntl(t) become time-independent, and
’

we obtain a simple laser/phonon-stimulated master equation (LPME)




ar

EEEA. (wﬁ,n+l+wLPn+1)( n+1-Pn) + (wﬁ,n-l+w§?n-l) (Pn-l'Pn)A

- - P
* (Rn,n+lpn+l Rn,n-lpn) Tn'n, | (13)

where the stimulated transition rates are given by !

Wo,nel = YRy (n+l). | (14.a)
wi,n-l = Y840 , (14.b) ‘
n+1l) u'Eo 2 |
Woinel ™ jT‘(‘ﬂ"‘) 9, (8, (14.¢) |
u'Eg)2 |
i n
Wﬁfn_l "2@17—) g,(B) , (14.4)
9y,2® =T, /s, 2#12 (14.e)
Kl = wo-Ze*(n+1)-m ’ (14.£) H
32 = wo-ZE*n-w . (l4.g9)
The phonon-induced relaxation rates R ,n+l (n+l)Yl and Rn n=1"MYy 7
describe the irreversible energy dissipative processes for excited- i
species on a cold surface. The final term in eq.(l13) describes the
spontaneous radiative decay of the n-th vibrational levels.
IV. Discussion and Conclusion

It is shown in the LPME [eq.(10)] that the active mode is in-

fluenced by a coherent laser field and an incoherent thermal phonon

field with total stimulated transition rates (WP ,ntl + wﬁpnil) which may

b it

be further decompos
posed into three components (WP'nt1+W§,ng1 WI,nrl)’

corresponding to phonon-stimulated, laser-stimulated and the "inter-

ference" transition rates, respectively. wﬁ,ntl is given in eq. (14)

‘and
2 |
wi,n+l = (i;)("nio)’q ’ . (15.a) l




g\ 2
Wanel = (%)(Eﬂfg) "cz , (15.b)
°ta.2 = Yo/, 2 * 0, (15.¢)

are simply the surface-free laser pumping rates characterized by the
Rabi frequency and a lLorentzian with FWHM equal to the natural level

width Yo° The interference term is related to wL and wP by

wl x (wL 2 +WwE N fi.(n+l) (16)
n,n*l ~ n,n:l Y2™n,n+1M1, 2 j '

for o *> Ny o Y3 * ¥pr 8y 5 -

For a monatomic lattice with phonon frequency = Debye frequency
(wD), the multiphonon coupling factor [eq. (2.c)] may be approximated
as7 Yy ® yl(O)TN-l[exp(hwo /kT)=1], with the zero temperature factor
Yl(O) ~ aZN, where Nz(mo-Ze*n)/wD in the order parameter and 0<a<<1l,
For a highly e:cited active mode, the multiphonon order parameter, N,
decreases 3 the anharmonic correction 2e*n increases and in turn
results a stronger coupling factor Y+ A stronger coupling factor
Yy results in a significant interference term wl as shown in eqgs.
(16) . Therefore, the total transition rate in the LPME can be
approximated by the sum of wP and w® only when wl is negligible,
i.e., (Nl,2Y1+Y2)<<YO.

To give a clearer picture of the synergistic effects of laser/
phonon excitation processes, we consider the average excitation of the
active mode, <nA>!<<a+a>> = <Tr(Sa+a)>, where <<**s >> denotes an

ensemble average over the A and B modes. The evolution of <n,> can

be obtained from eq. (2) as

<ny> =[iEtyR] [<<a >> - <<a*>>] + Ylﬁj = Y1<n> (17) !

4 bl b ek, et e . Drom st
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which shows that the active mode is pumped by two forces, a laser
field uw'E(t) and a thermal phonon field Ylaj' while it is damped by
a multiphonon relaxation rate Yy the last term in eq. (17). For

the care of no laser field, E(t)=0, <n,> reaches the steady-state

A
value ﬁj and is in thermal equilibrium with all the other modes.
With laser radiation, a nonequilibrium state where the active mode
has a higher vibrational energy than the others is provided, and se-
lective excitation is possible in a time scale shorter than that
of the multiphonon relaxation Yzl.

In conclusion, we propose some possible applications of LPME
[eq. (13)] where the laser and the surface play equally important
roles: (i) solving the LPME for P by, e.g., generating function
method, enables us to calculate physical quantities such as the de-
sorption probabilityl and the desérption rate (or the mean first
passage time);8 (ii) the adspecies/surface spectrum guverned by
the correlation function of the off-~diagonal matrix elements [egs.
(9) and (10)] will provide us surface dynamical information such as
the surface coverage and the migration rate of the adspecies through
the dephasing broadening of the spectrum Y, which reflects the col-
lisional effects; (iii) replacing the vibrational population function
by the lattice site probability, the LPME in eq. (13) then may be
used to describe the dynamical motion of the adspecies on the solid
surface in which the vibrational pumping rates may be regarded as
the lattice hopping rates.9

One of us (J. L.) wishes to thank Prof. J. H. Eberly and Dr.

K. S.-Lam for useful conversations.
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