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In this paper, we present a density-matrix formalism for treating second-order sum-frequency genera-
tion (SFG) and difference-frequency generation (DFG). The theory can treat both steady-state and
time-resolved SFG and DFG. However, only the steady-state SFG will be described in this paper. Asa
practical application, we show how the theory can be applied to study the infrared-visible SFG. The
band-shape function of SFG is derived, which consists of both real and imaginary parts. The real part of
the SFG band-shape function is related to the infrared spectral band-shape function and the imaginary
part is related to the real part by Kramers-Kronig relations. The temperature effect on SFG is taken
into account in our expression of the SFG band-shape function. We show that for a vibrational mode to
be SFG active in infrared-visible SFG measurements, it has to be both infrared and Raman active.

PACS number(s): 42.65.—k

I. INTRODUCTION

The surfaces and the bulk of a medium generally have
different structural symmetries. Therefore, their optical
responses often obey different selection rules. According-
ly, optical probes could be made surface specific. This is
particularly obvious with second-order nonlinear optical
processes [1]. Infrared-visible sum-frequency generation
(SFG), as a surface vibrational spectroscopic technique,
has been demonstrated [2—7]. As pointed out by Bur-
stein and his co-workers [5—7], surface SFG is ideal for
probing surface or interface states of metals and semicon-
ductors. Using SFG, they were able to identify an inter-
face state resulting from the CaF,/Si(111) interface,
formed by epitaxial growth. They have also used SFG to
study surface states on Cu(110) and observed anisotropic
transitions consistent with the prediction from the aniso-
tropic surface structure of Cu(110). The recent experi-
ments on vibrational energy and coherence relaxations
observed on adsorbed molecular compounds constitute
an important tool to study the dynamical processes tak-
ing place between the adsorbates and the surfaces [8—13].
Former measurements of the vibrational relaxation life-
time, obtained from spectral analysis [14], were mislead-
ing because of the dominating contribution to the in-
frared linewidth of an adsorbate vibration provided by
the pure dephasing processes [15]. To circumvent this
difficulty, vibrational relaxation lifetimes have been deter-
mined by using the transient bleaching method in con-
junction with the sum-frequency generation [16]. While
measurements of population and relaxation rates have
first been performed in semiconductor surfaces by free-
induction decay and photon echo experiments to probe
the coherence of H adsorbed on Si(111) [17], it is just
quite recently that the first measurement of a vibrational
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coherent transient of CO adsorbed on a metal surface of
Cu(111) has been realized [18]. This is because of the
higher time resolution needed for the metal surfaces. In
addition, it should be mentioned that the SFG spectrum
displays interferences which are induced by the cross
terms between the resonant and nonresonant contribu-
tions of the second-order susceptibility [19-21]. These
interferences enable the determination of the relative am-
plitude and the phase of the resonant and nonresonant
parts. From the spectral analysis of these interferences
[18], the band center and the linewidth of the vibrational
resonance of the surface SFG spectrum of CO on Cu(111)
are consistent with the results obtained in reflection-
absorption infrared spectroscopy experiments [22].
Recently, infrared-visible SFG has been used by Chin
et al. [23] to obtain vibrational spectra of hydrogen on
diamond C(111). They found that from a fully relaxed
(1X1) surface, a single sharp peak of approximately 2830
cm~ ! was observed, which can be identified as the CH
stretch mode from H on-top sites and with the surface
freshly transformed from (2X1) to (1X1). However,
another peak at a higher frequency was detected, which is
attributed to H adsorbed on a metastable (1X 1) struc-
ture. It appears that, although the general expression for
steady-state SFG is available [1], detailed expressions of
SFG, which treat infrared-visible SFG and provide the
band-shape functions of SFG for studying the tempera-
ture effect and selection rules for SFG, are needed. It is
the main purpose of this paper to provide this informa-
tion. In Sec. II, we present the general formalism re-
quired to describe the SFG process for molecules ad-
sorbed on surfaces and undergoing relaxation and de-
phasing processes. Then, in Sec. III, we give the theoreti-
cal descriptions of SFG and difference-frequency genera-
tion (DFG) in the steady-state regime and establish the
expressions of the second-order susceptibility for these
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processes. Section IV is dedicated to the determination
of the band-shape function of the SFG signal. The reso-
nant and nonresonant contributions are evaluated in the
framework of the adiabatic approximation for the ad-
sorbed system. Finally, in Sec. V, we give a general dis-
cussion of the results as well as some numerical calcula-
tions.

II. GENERAL CONSIDERATIONS

It has been shown that the density matrix p(t) for a
system embedded in a heat bath can be expressed as [24]

dp(e) _ _ i _ i
ot ﬁLop(t) Tp(t) h[V(t),p(t)]

=—Lrio— %Lu(t)p(t) , 2.1)

#
where Lo=L,—i#il. Here L, denotes the Liouville
operator of the free system, I' represents the damping
operator describing the interaction between the system
and the heat bath, and V() is the interaction between the
system and the radiation fields. In the dipole approxima-
tion, V' (¢) is given by

V(t)=_ﬂ‘E1(t)—[l'E2(t) ’ (2.2)

where p is the dipole operator and E,(¢) and E,(¢) denote
the radiation fields. Also, L,(t) stands for its correspond-
ing Liouvillian. As usual, by making the substitution

—(i/FIL
%

p(t)=e (1), (2.3)

the dynamical evolution, previously given by Eq. (2.1),
becomes

do(t) _ _ifF
ot ﬁLu(t)O'(t) R (2.4)
where the notation
fv(t)=ewﬁ)L°'Lv(t)e—“/m%t (2.5)
has been introduced. It follows that
i rt, =
U(t)=o',-—%-f’idTL,,(7')a’(T), 2.6)

where o; denotes the value of o(z) at t =t,. As long as
the radiation-matter interaction is weak enough, the solu-
tion can be expanded perturbatively. The contributions
to different orders are obtained straightforwardly. The
second-order term, of particular interest here, can be
written as

a‘2>(t)=—#f:d~rlf" ‘dr,L,(r)L,(t)o; . (.7)

For the SFG process under investigation here, we are
concerned with the calculations of the second-order po-
larization

J

1 T = = = = - -
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Q

FIG. 1. Level scheme of the electronic and vibrational
configurations involved in the SFG process. The infrared beam
with frequency w,=w; excites the vibrational states of the
ground electronic configuration while the electronic transition
is induced by the visible beam with frequency w,=wy.

PA(t)=Tr{pP(t)u} , (2.8)

where p'2(t)=exp{—(i /A)Ljt}o@(t). We restrict our
description to systems having no diagonal matrix element
of the dipole moment. It should be noted that the above
results can be applied to both steady-state and transient
phenomena. For the steady-state case, the system is as-
sumed to be, at the initial time ¢;, in the Boltzmann equi-
librium distribution. On the other hand, for the transient
case of nonoverlapping laser pulses, o; is determined by
the preparation of the system by the pumping laser. No-
tice that

PA()=3F[e ““o@(t)uy+c.c.], 2.9)
k 1

where the symbol c.c. stands for the complex conjugate
part and o}, for the diagonal matrix elements of the
Liouvillian L, as long as k#I. Also, we have

o= [ 47 [ a7 S Py UL, )y
i i ¥4

—[L_,,(T’)o,-]kpi_’p,(f)} .

(2.10)
With the quantity
Vip(r)=e "V, (1), (2.11)
the density-matrix elements take the explicit form
(2.12)
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if the matrix elements of the initial density matrix are not necessarily diagonal.
The results obtained in this section are general and can be applied to second-harmonic generation or sum- and
difference-frequency generation. In this paper, we shall focus on the treatment of steady-state SFG. But any other case

could be described along the same lines, if required.

III. THEORETICAL DESCRIPTION OF STEADY-STATE SFG AND DFG

In the following, we shall consider the model depicted in Fig. 1. It involves two electronic configurations associated

with a vibrational structure made of a set of modes.

The applied fields couple either states of different electronic

configurations or vibrational states of the same electronic configuration. Therefore, the corresponding field frequencies
are in the visible or the infrared frequency range, respectively.
In this case, assuming that there is no coherence preexisting on the molecular system, its initial density matrix is di-

agonal and Eq. (2.12) becomes

1 po T % vV o(+
o (=— 7 f'_drf‘_dr 2 20igg Vi (T)[V e (78
i Logp

From expression (3.1,

P(Z) 2 atgg
gp k,!

I(L)klt

ka de A7 (P, (T Vg (7

As usually done in steady-state SHG [25], it will be con-
venient to specify the four different contributions to the
polarization induced in a SFG process. This can be done
by introducing

— Vg ()84, 1+ Py (1) Vi ()8 —

)8

Vig(7)8,,1) . (3.1)

g

it is quite easy to deduce the polarization required to evaluate the SFG signal. It takes the form

ot — Vot (7085, 14 Vo (1) Vg ()81 — Vg (718, 1} ..

(3.2)

resonant terms are obtained for pulsed SHG [26,27].
From the previous expressions, it can easily be shown
that

P () =[P¥(1)]*
(3.3) and

(3.5)

4
P2 ()= 3 [P{t)+c.c.],
i=1

, P(0)=[PP(1)]* (3.6)
where the various terms correspond to 3 2 )

To evaluate P'?(¢) in the general case, we shall express

1 —io) t
(D)= — L . .
Po(¢)= 7 Ek(f igg€ ks Hgic the electric field in the form
8D

t T ' = 1+
Xftidrft[dT Vip(T) Vg 6,

E/()=[6,(w)e L) (3.7)

("),

" 1 it where £ (1) denotes the pulse-shape function. For sim-
PyY(1)= 7 S g I plicity, we shall use
gk, ‘
— = —’y"il ‘”
x Jar [[ar ViV Lilty=e "1, (3.8)
(3.4)  where T;=y; ' is the pulse duration and t, denotes the
probing time chosen such that ¢, >¢. Substituting Eqs.
1 —iw] ’ (3.7) and (3.8) into th i f th larizati
PY()=— 3 0. ki dr [dr V V() . . o the expression of the polarization
3 -ﬁz E igg® Hi f f ket T terms (3.4) and rejecting strongly nonresonant contribu-
ey . . tions yields
Py “al dr [(d7V (1), (7).
g%o‘gg g J 47 ] 47 Vu(0Vyy P21, =Pi(2,)+P(t,) (3.9
Notice that the same combinations of resonant and non-  Where
i
—ilw,tw,))t —ilo; =y,
e 61(@)) Eylwy)]e T -6,(—w,)]e bz
PR, 25 S o il Ll e 6.10
#i & pk (wpg_wl)+yl l(wkg_wl_w2)+yl+7/2 l(wkg_wl+w2)+7/l+7,2
and
—ilo,+ i(w,—w, )t
PR )—_iZfr m o 6a@) | [pig-itwple T (6 (—wp)e! 3.11)
1, - i . ’ . ' *
2 hzg,p,k “ gk’(wpg—wz)+7’z '(wkg_wx_wz)+?’1+?’2 l(wkg+ﬁ’1_‘02)‘+‘7’1+7’2
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Similarly, we obtain, for the other term,

PPt )=P¥(t,)+PR)1,) , -
P
where
(o=, (o 0.t
PR )= L 5 oy L OO | g Galey)le T I Ba( )l (3.13)
ﬁngk igg pkz(co oty | (0, o —w)+ty ty,  i(o,to+w)+ty,+7,
and
—ilo =) i@, +a,)t
PR, )— S oyt 80| b)) BN V7770 ) e (3.14)
7 ook iggMpk ~ i(wg, t@))+y, | o, 0Tty Yy, (e, o tw)ty+r,

All the other contributions can be deduced by complex conjugation from Egs. (3.5) and (3.6). It should be noted that
the expressions given by Egs. (3.9)-(3.14) can be rearranged to get the result

—i(w]+w2)tp

Pm(t )_____ 5 O igglgr € [ﬂpg'gl(ﬂ’l)][ﬂkp'gz(wz)] + [Il-kp'61(ﬂ’1)][ﬂpg'62(mz)]
7 ok (@ — 01— @) Fy 7, i@y —0)+y, i@y —w,)+7;

—ilo,~o,),

[I‘pg'gl(wl)][#kp’gz( —w)]e
[i(w;,g“w1)+?’1][i(w;cg_ﬂ’1+w2)+?’1+72]

1
) 2 Tigghgk
&pk

i(a)l—a)z)tp

[Hpg " 62(@)) ][y 61 (— @) ]e
[i (0pg — @) +7,][i (g 01— @3) +7+7,]

(3.15)

Similarly, the second contribution can be reorganized into the form

i(w1+w2)tp

P )_ 2 O iggMpi [”'kg wz)][ﬂgp 61(—wy)] + [Il'kg‘g (—o )][I‘gp'gz(‘wz)]
20 5“,kt(cokp-+—col—+-a)2)-!-y1+*y2 l(a) » Tty z(co p T @) 1Y,

i(ml—(oz)tp

20 u [”kg'62(w2)][”'gp'6l(_wl)]e

ﬁzgpk e pk [i(w;p+w1)+71][i(‘0;cp+w1_(02)+‘}’1+'}’2]
[1g*6:(@)][pgy 6o —0p)]e 7

[i(w;p+m2)+72][i(w;(p_wl+0)2)+71+72]

(3.16)

Notice that the terms such as exp{ti(w,;+,)t} contribute to SFG, while the terms such as exp{+i(w,—w,)t} con-
tribute to DFG.

For infrared-visible SFG, w; denotes the infrared frequency, while w, denotes the visible frequency. Therefore, for
the particular combination exp{ —i (w; +,)t}, only one term of P(lz’(tp) contributes and none of [P(lz’(tp )]*. This po-
larization term reduces to
i a,-ggygke 1(ml+w2)tp

[Il‘pg.gl(wl)][ﬂkp -6,(@,)] + [I‘kp 'gl(wl)][l‘pg -6,(@,)]
7 gp:k i(w;cg —o— o))ty 1y,

I’(12)(‘01‘|'502;tp )=- s S
i(wpe —wy)+7, i(wp—wy)tY,

(3.17)

Similarly, among the terms of Pm(t ) and [P$2)( t,)]*, only one term contributes to the same combination and it arises
from [P$2)( t,)]*. Again, this contrlbutlon takes the form

—ilw,+w,)
e [I‘gk“gz(wz)][#pg‘gl(wl)] + [I‘gk’é’l(wl)][#pg'gz(wz)]

B e
[P0ty )" =2 3 —— b — oL
i@y, —w))+y, i@ —wy)+7,

2 g i(op —o—w)) v+,

(3.18)

The second terms in the square bracket of Egs. (3.17) and (3.18) are less important because they are off resonance. In
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and {Ig )} belong to the same electronic configuration, which is the ground electronic

the present case, states {|p )}
)} belong to the excited electronic configuration. In the adiabatic approximation [28], we

|
configuration, and states { |k
have

e

lg)—lgv), Ip)—lgv’), [k)—leu) . (3.19)

The polarization terms result in the form
—ilo,ta)t,

O iguguH gveu €
P(w, +oyt, 2 3 ugy
ﬁz e v,v',u ilw eugv I_a)2)+7/1+72

[y'gv'gv .61(6’)1 )][ﬂeugv"gZ(a)2)] + [y'eugv’:éll(wl )][M'gu’gv '62(602)] (3.20)
i(w;’u’gu_wl)+71 l(mgu’gv_02)+7/2
and similarly
vi(a}l+w2)tp
nLl'ell v’ 4
PP o, + oyt 7 igugoleug
[ 2 : 2 P ﬁz %vUEu (wgu eu @1 (1)2)+’}’1+’}/2
x [F’gu’gv.Gl(wl)][”’gveu'GZ(wZ)] + [”’gveutglfwl)][”gv’gu'62(w2)] 3.21)
i(wigv'gv_wl)+yl l(mgu’gv~w2)+72
We shall introduce the components of the second-order susceptibility defined by
PA1,) =3 SxH (0, +0,)E ;(0)Ey(ay)e (3.22)
i
where E,; represents the ith component of field » and
ijzk)(a)l +CL)2)=X(1?,')jk(fI)1 +(U2)+X(2%I)jk (C()l +(L)2) (3.23)
if the contributions are given by
O g (k) vrgw D eugy(J) () gy g (J)
X(l?;jk(wl'i_a)z 2 2 g gvlJ'gveu .:u'glg H“ ug J + :u‘eugu ”gv gv J ’ (3.24)
e vv',u (weugv wl—w2)+7/1+7/2 l(a)gv'gv—a)l)+71 I(wgugu a)2)+72
and similarly
O igvgvlbeugy’(K) o)) (j) (Dt gyrn (J)
Xz ,]k((U|+CL)2 22 2 , gug I g .,u'g’ gv ,u'gveu J + ':u'gll;eu .u'gvgv J (3.25)
fi e v’ ul(wgu'eunwl_w2)+7/l+72 l(wgv'gv_wl)+7/l l(wgv'gv_w2)+72

Here higher-order terms have been neglected. Also, the notation p,,, (i) has been introduced, where i denotes the ith
component of fg,,, -

In the infrared-visible SFG, the frequency o, is chosen to be in the infrared frequency range, so that @, ~w,,,,. In
this case, the second-order term in Egs. (3.24) and (3.25) is negligible and we get, for the first contribution,
2 ()= 2 o (O 1o (k)10 )0 1, 110 ()10, ) (O |11 ()1, ) (3.26)
1,ij 2 igugy . - .
’ ﬁz e vv,u 8 [l(weugv_ml_w2)+7/1+7/2][l(wgu'gv—wl)+71]
and for the second contribution,
(6,,lu (k)|6 o 2 {0 e (10, )(O,, 1. (j)O,,)
X‘z?,?,-k(wlmz)———z S O ettt A L LA LA (3.27)

e v,v',u [i(w:gv'eu w2)+71+72][l(wgugu 1)+7/1]

where O,, and ©,, denote the vibrational wave functions of the ground and excited electronic states. Because the field
frequency w, is not in resonance with the electronic transition, we can use the Placzek approximation [28]. We obtain

(O lag(k, )04y ) (O, l1age ()0, )

(0 +w,) o, .
Xl l]k 1 2 ﬁ 2 igugy i((‘)gu’gu _w1)+rgu’gu +71 ’ (3.28)
and for the second contribution
X(ZZ}jk(wl +w2)= ELEUI vgv <egv IC.ZZg(k’j”egv’ ) ( egv"”gg(i”egv ) (3.29)
' fi v’ g l(wgv'gu_wl)+rgu'gu+71
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Therefore the second-order susceptibility for the SFG process can be written in the form
o +a)=230, (Og g )0 ){Ogy gy (1O, ) (3.30)
GETLITE g & e i (@gygy—®))F T gygy 7y
—
where T, denotes the vibrational dephasing constant, Xf,zk) (0, +,)
and we have
, 2i da, (k,j) O, (i)
a1 MK () =% ) 4 28
k)= 3 ZE =, i v%?"‘w 3, || 32 |,
e Weg W7 Wy !
(3.31) |<egu|Ql|egv'>|2
- . (3.34)
(k. ) 1 2 P"ge(j)y'eg(k) ['(wgv'gv_wl)+rgu’gu+7’l]
akj)==Y———7"—.
210 i 0 to T, Equation (3.34) indicates that for a vibrational mode to
It should b dth be observed in infrared-visible SFG (i.e., SFG active),
t should be noted that that particular mode has to be both infrared and Raman
ag(k,j)=a(k,j)+ay(k,j) active, that is,
Op,, (1)
_ 1 | MRl | ppiBe®) | —20, | 7° (3.35)
AL | 0p—01—0, 05toto, ’ ) 0
and
which is the conventional optical polarizability. Expand- da, (k, j)
ing ay(k, j) and pg, (i) in terms of vibrational coordinates —£ 0 (3.36)
Q;, we get 9Q; |,

gy (i)
b (N=pQ)+3 | L g 4
1 an 0
(3.33)
da, (k)
a Uk )=a®k)+3 |~ 1 g 4.
1 an 0

From these expansions, the second-order susceptibility
takes the form
J

Ot g, (1)
a9,

a0,

da, (k,j) ]
0

(04010116112
0

Therefore, the infrared-visible SFG can be used to deter-
mine Raman scattering cross section and infrared absorp-
tion cross section and vice versa.

In infrared-visible SFG measurements, the picosecond
laser pulses are commonly used. The contribution of the
laser pulse width in this case may not be negligible, as can
be seen from Eq. (3.34). In other words, the observed
linewidth can be contributed from Iy, and y,. In par-
ticular, if the temperature effect is negligible (see Sec. IV)
and @, is harmonic, then Eq. (3.34) reduces to

(3.37)

2
2 (0, +w,)== -
Xijiet @17 @2 ﬁ? @150~ @1~ i (Tpig0t71)

In fact, Eq. (3.37) shows that if various vibrational bands
do not overlap, the SFG band shape is approximately re-
lated to that of infrared spectra. The restriction to non-
overlaping bands comes from the fact that a,(k,j) in-
volves a summation over the excited electronic
configurations. For this reason, this equation has been
used by Shen and his co-workers in analyzing their SFG
data [2-4,23] in the form

X2 +0,)=3 cad : (3.38)
Y 1 a’glgo_wl—irglgo
where
da,(k,j) ou,, (i)
A,=3 A Fag . (3.39)
# a0, ol 991 o

It should be noted that in Eq. (3.38), the pulse-width con-
tribution 7 ! has been ignored.

IV. BAND-SHAPE FUNCTIONS
IN SFG EXPERIMENTS

Due to the fact that, in infrared-visible experiments,
the SFG active mode interacts with either local modes or
phonon modes, or both, the observed SFG band shape
cannot be described by a single Lorentzian. In this sec-
tion, we shall evaluate explicitly the band-shape function
obtained in a sum-frequency generation experiment. For
this purpose, we define the SFG band-shape function
F(w,) for the Ith mode by
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|<egv |Ql|egu’>l2

Flo)=30, — (4.1)
gugy . 4
a— t(mgu,gv—wl)+r‘gv,gv
where T, =T +v, and o, represents the
Boltzmann distribution
eAEg“/kT —E, ./kT
T =5 Z=Ze . (4.2)
<

If we introduce the real and the imaginary parts, noted
Re{F(w,)} and Im{F,(w,)}, respectively, we have

7[(&)1)=Re{71(a)1)}+1Im{gl(wl)} ) (43)
where
_ I<eguIQ1|egu')|2

igvgy - guv'gy 2, =2
( _wl) +rgu’gv

Re{F (0} =30

v’

soer 4.4)

Im{ 71((1)1)] zzaigugv(wl T Ogygy )
|(egv|Ql|egv’>|2

V2 LT2
(@gyrg — @)+ T gyrgn

Here Re{F(w,)} is the infrared band-shape function in
the long pulse limit, or, equivalently, in the limit y,—0,
and Im{¥,(w,)} is related to Re{F,(w,)} by the usual
Kramers-Kronig relations.

In infrared-visible SFG measurements, the frequency
of an observed SFG mode is usually much higher than
the frequencies of local modes and phonon modes. In
this case, the adiabatic approximation can be used to
separate the ‘“system” modes from the “bath” modes
(29-37].

This adiabatic approximation theory will be applied to
treat the SFG band-shape function. Note that the Ham-
iltonian operator of the total system consisting of in-
tramolecular vibration, the SFG active mode Hj, heat
bath vibrations HE, and interaction between these two
motions H,,; is given by

H=HY+H}+H,, , @.5)
where
# 9 1
0 — __ T + = 22 . .
M B anz zwrQl (4.6)

Next we expand H,,; in terms of Q; to get

%H
3Q}

a0,

Hpyy =Hy,y (0)+ Q... .

1

+ —
1

2 o

0

(4.7)

To solve the Schrodinger equation for H, we shall use the
adiabatic approximation. To this end, we separate the in-
tramolecular vibration of high-frequency from low-
frequency local or phonon modes. On the basis of the
adiabatic approximation, we first solve the Schrodinger
equation for the intramolecular vibration
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# 3 1 5.9 9H ),
- — +—w +
2 207 2 1Qi 20, OQ:
1 aZIImL 2
+ = oft+... |, =U, @, , (4.8
2| 80 Jo Co
where the notation
2
1 0H )y
U, =+ v, —— (4.9)
! S 207 | 90, |,
has been introduced, as well as
*H
or=wlt |—a2= | . (4.10)
Ao o
To the lower order in Hy,, , the expression of U, can be
written as
2
1 OH
U, =W, + o, ——
i 1 2 ! 2&)% aQ[ 0
(v,+4L)% [ 9*H
y 2 M @.11)
20, 907 Jo

and will play the role of a potential energy for the motion
of the low-frequency modes.

Then we consider the Schrodinger equation for the
low-frequency motion. Its Hamiltonian in the v;th in-
tramolecular vibrational state can be expressed as

H, =H]+Hy (0)+U, (4.12)
and
H Y, ,=E, ,¥, . (4.13)
1 1M I I8
Substituting Eq. (4.11) into Eq. (4.12) yields
HUI=H2+(U,+g)ﬁw,+VvPL , (4.14)
where the notation
2
1 0H )
V, | =Hpy (0)——
L ML Zw,z 3Q, |,
(v, +L)% [ 3’H
2 ML (4.15)
20 307 o

is introduced. We shall let {q;}] represent the vibrational
coordinates of the heat bath modes. Suppose that

’Hy,y
lo
Again, substituting Eq. (4.16) into Eq. (4.15) yields

(4.16)

=a+doq+....
0 i

2

1

oH
Voo =Hp (0)——— o

20)% aQ,
N (v, +1)fa N (v,+4

2w 2w,

0

%
Saq+. ... (4.17)
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If H} is given by

7 3 1
H2=§ —-2—~aq—‘_2+3w§q,? , (4.18)
the solution of Eq. (4.13) can be expressed as
E, ,=(o+1)% wi+w, + 3 (n;+ 1 Yo,
1 i
1 | 9H, 2
+HYy —— | =2k
ML 207 | 90 o
#’a?
—(v;+1)? —+... (4.19)
1 ; 8wlw?
and
\Pul,n = Hle,ni(qi’) ’ (420)
1
where ¢/ and Ag; stand for
( Uy + ';— )ﬁa,
qi,:qi +Aq’ , Aq’ = B — 4.21)
20;0;

That is, Aq; denotes the normal coordinate displacement
induced by H,,; . It should be noted that a; describes the
spectral shift of the intramolecular vibration due to the
heat bath effect. In the adiabatic approximation, we have

0,,=,Y¥, , (4.22)

Let us consider a particular case. We will assume, for ex-
ample, that H,,; can be written in the form

1 1
Hyy =%Q12‘1iQi+§QlEbijqiqj_*'?Q’Zzbiqi_*_' T
i ¢ i<j : i

(4.23)

Therefore, the previous quantities can be evaluated ex-
plicitly to give

Hy (0)=0,
0Hyy | 1 1 1
—a_Qz— o—E?aiqi+§?i§jbij‘1iqj'+§‘Q1§biQi+' S
O’ Hy 1
=—Yb,q;,+ 4.24
lan . 32N -

7,(w1>=|<<1>UI|Q,|q>UI,>|2f0"°dtexp{—[i(w,—w1)+f]z—§j;s,[(2ﬁj+1)—(ﬁj+1)e‘ i—re 'y,

In general, the term (3H,,; /3Q,)3 will affect the vibra-
tional frequencies of the heat bath modes. In this paper,
this effect will be ignored.

Now we are ready to calculate ¥;(w,). Notice that

(egv lQI legu’) = <¢)UI|Q1 lq)ul' >H1 <X”l'"i IX!JI',ni' ) ’ (4.25)

where the initial conditions are now given by

 igogo = [Py, » (4.26)
i

where Pvl,,. denotes the Boltzmann factor of the ith low-

frequency mode. Here we have neglected the tempera-
ture effect due to the intramolecular vibrational mode. If
we introduce the integral representation

1 =fwdte—“(mgv‘gv_“’lerv’gv]'
0

i(mgv:gu —wy )+ng'gu

(4.27)
and substitute Egs. (4.25)-(4.27) into Eq. (4.1), we obtain
Filw))= |(<I>UI|Q,|<I>UI,)|2

@ —[ile;—@)+T
T AC T | (708
J

(4.28)

where v; =v, + 1 if we retain only the resonant modes and

= 2
gj(t) Ezpvl,nd(Xu,njlxvl'n;)'

n;on!
jnj

. ’
—u[(nj+1/2)mj—(nj+1/2)wj] .

Xe (4.29)

In Eq. (4.28), for simplicity an average T has been intro-
duced for I'y,y,. Also, §;() has been evaluated in previ-
ous papers [36,37] and is given by

9,(=exp{—S,[(27,+1)—(7;+ e '—7,e' "]},
(4.30)

where S;=(v,+1/2)*ia? /8w}w} and 7; denotes the pho-
non distribution 7;=[exp(#w;/kT)—1]"". It follows
that

iw:t iw;t

(4.31)

where w; is the frequency of the intramolecular mode and ©, denotes the infrared optical frequency. Equation (4.31) can
be simplified by introducing an average frequency @ for the frequencies of the bath ;. Then we have

+1)]"[S7 )P 1

71((01)=|((I)UI|QI|<I>D;)|2€—S(271+1)i i [S(r
m =0p =0

The real and imaginary parts of F,(w,) are given by

mlp!

= . (4.32)



5142 S. H. LIN AND A. A. VILLAEYS 50
A - w [Sa+D]"[Sr)F r
Fo))=1(®, |Q)|®, )% > — (4.33)
RetFhlo}= : 2.2 mb! T+ (0~ o)) +3(m —p)]’
and
~5@m;+1D +1 (0;—w))+alm —p)
Im{F) (o)} =— (@, |Q/|® )% 2 2 [S(m ,)],[ ) — L1 - . (4.34)
! m=0p =0 m:p: r +[(w1—a)1)+a)(m —p)]
Here the notation S =3 ;S; has been introduced and we have
(v, + )%
0] ® )|P=—r— P .
(@, |Q)]®,)P=—28, s 4.35)

It should be noted that the coupling constant S; is related to a;
V being the potential functlon Finally, it should be mentioned that the magnitude of a; deter-

effect (3° V/BQ,zan

bj /3, which in turn is related to the anharmonic

mines the relative importance of the g; mode in the SFG band-shape function.

V. DISCUSSIONS

It is well known that the output of SFG measurements is proportional to the absolute square of the nonlinear suscep-
tibility x; ]k(ml +w,). In other words, the observed SFG intensity band-shape function #P5(w,) is given by

FB(w))=Im{F,(0,)}?+Re{F)(w,)}? . (5.1
For example, for the case given by Egs. (4.33) and (4.34), we find
22 -
7?s(w1)=_(v’+12)ﬁ o —25(2A+1) i i (n+1)]"[Sn}P _ r r
402 o mip! T+ (0~ o) +a(m —p)]* |
S(FE+1) = 1P (0;—wy)+@&(m —p) 2
s 3 157 ][S"] o Ol L (5.2)
m=0p=0 I''+[(o;,—o))+a(m —p)]

Equation (5.2) could be used to perform numerical calcu-
lations. In this case, the influence of a number of physi-
cal parameters, such as anharmonicity, electronic and vi-
brational dephasing, reduced displacement, as well as

SFG bandshape function (arb. units)

L

1800 2000 2200

,(cm ")

FIG. 2. We represent the variations of the band-shape func-
tion #PS(w,) with the infrared field frequency ;. The cases of
various average phonon frequencies of the bath @ are con-
sidered. The values of the parameters introduced for the nu-
merical simulation are w; =2000 cm™!, T=200 cm™!, T=100
cm ™!, and S =0. 1. The peak heights are normalized.

temperature effects on the band-shape function FB(w,),
could be discussed. Also, it will be of interest to compare
the band-shape functions of infrared spectra and SFG.
For the moment, we just want to emphasize the role of
the average surface phonon frequency on the band-shape

SFG bandshape function (arb. units)

1 1 L 1

10 110 210 310 410 510

®(cmh)

FIG. 3. Dependence of the band-shape function F/°(w;) with
@. The other values of the parameters are identical to the ones
introduced in Fig. 2. The infrared field frequency has been tak-

enas w, =
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4t _

((l)lmax‘ ml) (Cm-l)

6t ]

-8 J

‘10 1 i 1
50 250 450 650

®(cm’h)

FIG. 4. We represent the peak shift (w; m.x—@;) of the max-
imum of F75(w,) as a function of the average phonon frequency
@. The other values are identical to the ones of Fig. 3.

function. Of course, from the frequency dependence of
the band-shape function, a resonant variation of the SFG
signal centered in the vicinity of the molecular vibration-
al mode w; can be expected. The maximum of F2%(w,) is
shifted to frequencies lower than w; and this shift in-
creases for decreasing values of the average surface pho-
non frequencies @, as can be seen from Fig. 2. While in
this picture the peak heights have been normalized, in
Fig. 3 we have drawn the peak height of #25(w,=w,) as a
function of @. We note that the SFG process is increased
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when increasing the average surface phonon frequency.
This is because the nonradiative process induced by the
coupling between the high-frequency mode and the pho-
non modes of the surface is more efficient for low @. In
addition, we show in Fig. 4 the peak shift (o ., —®,) as
a function of @. Here w, ,,, corresponds to the frequency
of the maximum of F25(w,). While for large @ the peak is
centered on the frequency of the vibrational mode /, for
decreasing values of @ it increases and then decreases to
negative values. This is very similar to what is observed
in the case of a discrete state coupled to a quasicontinu-
um. A simple examination of the analytical expression of
the band-shape function also shows a drastic reduction of
the SFG signal with an increase of the anharmonicity;
this is also true if we increase the vibrational dephasing.
However, all these variations will be better discussed in
the future, in relation to experimental results.

VI. CONCLUSION

In the present work, we have developed a theoretical
description of sum- and difference-frequency generation
applied to molecules adsorbed on surfaces, with a partic-
ular emphasis on infrared-visible sum-frequency genera-
tion. While the theory can treat both steady-state and
time-resolved regimes, for the sake of convenience, only
the steady-state case has been studied extensively here.
We have shown that for a vibrational mode to participate
in an infrared-visible sum-frequency generation process,
it has to be both infrared and Raman active. As previ-
ously done for second-harmonic generation, the time
dependence could be described similarly.
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