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Lateral interactions between adsorbed molecules:
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We present an experimental and theoretical investigation into the coupling of C-O stretch vibrations of CO
molecules adsorbed on R®1). We employ surface infrared-visibl@R-VIS) (IV) and infrared-infrared-
visible (IR-IR-VIS) (1IV) sum-frequency generatiqg®FG (IV-SFG and IIV-SFG, respectivelyto investigate
the effects of the intermolecular coupling through the nonlinear optical response of the system. As a conse-
quence of the increased intermolecular interaction with increasing coverage due to the closer proximity of CO
molecules on the surface, we observe pronounced frequency shifts of the vibrational resonances. In addition,
the intensity behavior in both the IV-SFG and IIV-SFG spectra exhibits a strong nonlinear dependence on the
coverage. These observations can be reproduced by extending previous theories for the coverage-dependent
linear optical responséused to explain IR reflectance absorption glatathe nonlinear optical response.
Expressions are derived for the second- and third-order nonlinear susceptibilities in terms of molecular prop-
erties such as the polarizability, hyperpolarizability, and second hyperpolarizability. We obtain very good
guantitative agreement between theory and experiment. The analysis indicates that the principal effect of the
intermolecular coupling on the nonlinear optical response is through a local-field correction for the linear IR
field.
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[. INTRODUCTION undergo a chemical transformation, one can use this method
to investigate the real-time chemical reaction dynamics as
Surface sum-frequency-generati¢BFG spectroscopies well as underlying physical processes such as surface-
have been used extensively to study vibrational dynamicghonon coupling with the adsorbed molecufs.
and properties of adsorbed molecules on surfaces as well as Although highly successful, the IV-SFG method is limited
at interfaces® These three-wave-mixing spectroscopiesby being a one-dimensional vibrational spectroscopy, since
measure the lowest-order nonlinear optical response of adnly one variable, either the infrared field frequer(ay a
sorbed molecules, which contains important information onfrequency-domain measuremgor the delay time between
e.g., the local chemical surroundings of molecules on surthe IR and visible pulse§n a time-domain measuremenis
faces and their orientationin particular, the infrared-visible experimentally controlled. Recently, we presented a theoret-
SFG (IV-SFG) as first proposed and demonstrated by Sherical extension of IV-SFG to a two-dimensional vibrational
and co-workerd® has been used to investigate vibrational spectroscopy involving two infrared fields and one visible
dephasing and physical and chemical processes of moleculésld, where the sum frequency of the infrared fields with the
adsorbed on a metal surfat&> It involves the interaction of visible field is generated, viz., infrared-infrared-visible SFG
adsorbed molecules with an infrared field,) resonant with  (1IV-SFG).28%” Two IR fields create a two-dimensional tran-
a molecular vibration, so that a temporal transient polarizasient grating in the optical sample, and the electronically
tion is created by the IR-field-matter interaction. The vibra-off-resonant visible field is used to generate the third-order
tionally coherent state thus created is probed by detecting theolarization, which radiates the 1IV-SFG field. This tech-
sum-frequency fieldd; + w,;s) radiated by the second-order nique is ideally suited to study coupling between vibrational
polarization, after an interaction of the surface with a secondmodes at surfacés,in analogy to two-dimensional vibra-
nonresonant visible pulse with frequenay;s. In the fre-  tional spectroscopies in bulk medi.®
guency domain, the width of the IV-SFG peak corresponds to Indeed, the recent experimental observation of IIV-SFG
the vibrational dephasing constant, whereas the decayin@ref. 39 from the C-O stretch vibration of carbon monox-
pattern of the time-resolved IV-SFG signal measurement caide on R§001) demonstrated that the 1IV-SFG method can
provide information on the vibrational dephasing rate in theprovide useful information on the vibrational coupling be-
time domain—note that the vibrational population relaxationtween neighboring CO molecules by comparing signals at
rate and the pure dephasing rate can be measured by usingdifferent CO fractional coverages>® However, the experi-
IR pump-IR/SFG probg141924%scheme and IR/SFG photon- mental results were interpreted within the framework of lo-
echo technique® respectively. If the adsorbed molecules calized vibrations, where the coupling between molecules
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was treated as a perturbation. In reality, the CO stretchingre proportional to the linear polarizability, first hyperpolar-
motions at high coverages are considerably delocalized dueability, and second hyperpolarizability of a single mol-
to the lateral interaction, mainly of a dipole-dipole ecule, respectively, denoted asg, andy. The number den-
nature?®*! Furthermore, this interpretation was complicatedsity is denoted agy.

due to the investigation at very high coveraggsomparison Although Eqg.(1) is an exact expression for the polariza-
was made between signals fé+ 0.33 and 0.68 monolayers tion, one would like to express it in terms of a power series
(ML)]. However, for6>0.33 ML, the intermolecular inter- of the Maxwell field. Introducing the susceptibilities, we

action is not very well defined as will be shown below. have
Therefore, in this paper, we present experimental results
of IV- and 1IV-SFG under well-defined conditions of<09 P(r,)=PY(r,t)+PA(r )+ P (r,)+---, (2

<0.33 ML, and a theoretical framework for the interpreta- h

tion of these signals as a function of the fractional coverag(\eN ere

that explicitly includes the strong interaction between mol-

ecules at higher coverages. To this end, we shall first present PO (r,t)= >, xV(—k;,— o] k;,0))E(K; ,®)
a general theoretical description of the 1V- and [IV-SFG pro- J

cesseqin Sec. I). The experimental method for the mea- X exp(ik;-r—iw;t)

surements of the IV- and IIV-SFG signals of incomplete J e

monolayers of CO molecules on the (RQ1) surface is pre-

sented in Sec. lIl. In Sec. IV, the experimental findings are P@(r,t)= >, x?(—k;—k,,— ;= oK, @ Ky, 0p)
theoretically analyzed and the linear and nonlinear optical I=n
properties of the adsorbed CO molecules on(RM) are YE(K: w)E(K extdi(k +K.)-r
discussed. Finally, the main results will be summarized in (kj, @) E(kn, on)exili(kj+ky)
Sec. VI. —i(wj+ op)t],
Il. GENERAL RELATIONSHIPS OF THE MOLECULAR P(3)(r,t)= E X(s)(_ kj —ky— Ky, — 0~ o,
POLARIZABILITY AND HYPERPOLARIZABILITIES j=n=m
WITH THE MACROSCOPIC LINEAR
AND NONLINEAR SUSCEPTIBILITIES ~om K}, @), Kn,@0n,Km, 0m)
In order to obtain relationships of the molecular polariz- XE(Kj, 0))E(Kn, 0n)E(ky, 0m)

ability and hyperpolarizabilities with the macroscopic linear
and nonlinear susceptibilities, the local field(r,t),
Maxwell field E(r,t), and polarizationP(r,t) are first 3
expanded in a discrete Fourier series, i.d(r,t)
=3[Ei(kj,0;)explk;-r—iw;t) +c.c], etc. Here, the index
j labels those modes relevant for the experimé@tt.,t) is
the polarization per unit volume at positionSince the mag-
nitudes of the optical and IR wave vectors are usually smal,n
compared to the length scale of microscopic fluctuations, th?n the wave-vector space, the local field is related to the
system can be assumed to be homogeneous. Maxwell field as '

Then, the polarization can be written as a power series

x expli (Kj+Kn+ k)T —i(0;+ 0y + omt].

Note that the linear and nonlinear susceptibilities are expan-
sion coefficients of each term, when the polarization is ex-
panded in terms of the Maxwell field.

Now, the remaining task is to express the susceptibilities
terms of microscopic susceptibilities, such@gs3, andy.

with respect to local fields, i.e., U(k)
E|(k,t)=E(k,t)—p—P(k,t). (4)
0
P(r,t)=p0; (@) Bi(k;, op) explik;-r=iw;t) Here the second term on the right-hand side of @yrep-

resents the electrostatic field created by all other partitles.
represents the dipole-dipole and dipole-image-dipole interac-

+p°j;n Blwj, on)Bi(K;,0))E (kn, ) tions, etc’®~*3Here, it should be emphasized that the polar-
_ _ ization P(k,t) is also dependent on the Maxwell field so that
xexgi(kj+ky) r—i(w;+wt] the problem should be solved in a self-consistent manner.
+po. 2 Y(wj, 0, 0m) E(Kj,0)E((K,, o) A. Linear susceptibility and definition of the local-field
j=n=m correction factor, S(k, w)
XE|(Ky, om)exdi(kj+Kky+kgy)-r We will first consider the first-order polarization, by con-
iy ont omt]+eee ) sidering the first-order local field,
The three terms in Eq1) denote the linear, and second- and EM(k,H)=E(k,t)— ik)p(l)(k’t)' (5)
third-order nonlinear contributions to the polarization. These Po
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From Eq. (1), the first-order polarization component

. ; ) : V@K — o
P (k,w) can be rewritten as, after inserting E@S) into =x (=K —oky,w1,ks, 03)

@, X E(ky,01)E(ky,0;). (14)
U(k) Here in Eq.(14), the third equality is just a definition of the
(1) — _ (1) !
P (k,@)=poa(w)] E(k,w) o P™(k,w)r. (6)  second-order susceptibility. Therefore, we find that the
second-order nonlinear susceptibility is related to the mo-
Thus, we have lecular first hyperpolarizability as
poe(w) Dk — o
(1) P S — X (=K~ ok, 01,k 07)
= w,0 , W , ,).
From the definitions of the linear susceptibility in E®), Poplw,w2) Sk, 01)kz, w2) X
ie. (19
This will be used to theoretically study the coverage depen-
(€N S VR
Pk, w)=x "=k, — ok 0)E(k,0) ®)  gence of the IV-SFG signal from CO molecules adsorbed on
and comparing Eqg7) with (8), the linear susceptibility is the Ru metal surface.
found to be
(o) C. Third-order nonlinear susceptibility
poa(w
xP(=k, —wik,0)= m- 9 Now, it is a straightforward exercise to carry out the cal-
culation of the third-order susceptibility following the same
The local-field correction terr®(k,w) is defined as procedure above. After some algebra, we find that the third-
. order susceptibility is given by a sum of direct and cascading
_ contributions,
Stk o) = T Uk (10

Gl (=K, —w:Ky,01,Ky, w5, Kg,05)= xS+ y 3L,
Thus, in the first-order approximation, the local and Maxwell X 1@1.Kz102. K, 05) = Xir * Xcas (16)

fields are related to each other as

where
E(Y(k,w)=S(k,»)E(k,w). (11) )
Xdir (—K, = oKy, 01,Kz, 07 K3, 03)
B. Second-order nonlinear susceptibility =poY(w1,0,,03)S(Ky,01)S(Ky,w,)S(Ks,w3)S(K,w)
We next consider the second-order nonlinear susceptibil- (17)

ity. If the second- and higher-order polarization components
are taken into account, the local field can be expressed asand

E (K, 0)=S(k,0)E(K, ®) Xoad =K, — wiky, 01Kz, 05 K3, 03)
=pol B(w1,w3) B(w1+ 0z, w3)T(Ky+ Ky, 01+ w5)

U(k)
———{PP(k,0)+P3(k,w)+---}. (12
Po +B(w1,03) B(w1+ w3,0,) T(K; + K3, 01+ w3)

lgfr?]rstw;%liq;élf?]énto (1) and collecting the second-order + B(wy, 3) Blwy+ g, 1) T(Ko+Kg, 0o+ w3)]
UCk) X S(ky,w1)S(Ky, w2)S(ks, w3)S(k,w). (18

PP (k,w)=poa(w){ — ?P(Z)(k,w) +poB(w1,w3) Here the auxiliary functio (k,w) is defined as
X{S(kl,wl)E(kl,wl)}{S(kz,wz)E(kz,wz)} T(kvw)E_U(k)S(krw) (19)

(13) The direct third-order nonlinear optical process is determined
by the molecular second hyperpolarizabili¥w,,w,,w3),

From the above equation, the second-order polarization comg, o a5 the cascading contributions are related to the first-
ponent can be expressed as

hyperpolarizability terms.
_ poB(wi,w2)S(Ky,w1)S(Ky, w5)

() -
P9 (k,w) T+ a(@)U(K) lIl. EXPERIMENT

XE(Ky,01)E(Kz,05)

The surface vibrational spectroscopies used in this study
are infrared-visible sum-frequency generatiovSFG) and

=poB(w1,w7)S(Ky,w1)S(Ky,w,)S(K,w) its extension to infrared-infrared-visible sum-frequency gen-
eration (IIV-SFG), applied to the C-O-stretch vibration of
XE(ky,01)E(Ky,@5) CO adsorbed on RQ001) as a function of coverage. The
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FIG. 1. Normalized experi-
parameters: mental IV-SFG spectra of CO on
T =36 cm'1 Ru(00)) for two different cover-
0.33 ages indicated in the graph. The
r =6.1 cm'1 theoretical fits to the experimental
0.0 data were made using Eq24)
B =0 for the nonlinear susceptibility,
non with parametersa,=3.2 A3, «,
=052 A%  wy=1982.1cm?,
and Uy=0.082 A3, The line-
width was observed to vary from
'=6.1to 3.6 cm?, with increas-
ing coverage(as has been ob-
P A : % o ; served previously in infrared-
| | | | ] | | absorption measuremepts The
high-coverage measurement is
offset for clarity.
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= data
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Ru(001) sample is mounted in an ultrahigh vacuum chamber . L ) )
(UHV, base pressure:1x 10 2° mbar; equipped with stan- ciently low to avoid effects of saturation in the IV-SFG ex

dard surface science tolsA detailed description of the periments. In the 1IV-SFG experiments higher energies were

UHV and optical setun together with the surface cleanin used due to the low signal level, in some cases leading to an
J op p togethe . g.nconsequential broadening of the IIV resonance.
preparation, and characterization procedures are given in

Ref. 44. The experiments were performed at a sample tem- |\, FRACTIONAL COVERAGE DEPENDENCE OF THE

perature of 100 K. IR-VIS SUM-FREQUENCY GENERATION IV-SFG
For the experiments a femtosecond laser system was used,

delivering 800-nm, 110-fs pulses with a pulse energy of 4 mJ Figure 1 depicts the IV-SFG data for coverages of 0.01
per pulse at 400 Hz. Part of the output is used to pump aand 0.33 ML. There is a pronounced blueshift in the reso-
optical parametric generator/optical parametric amplifiemance with increasing coverage as a result of the intermo-
(OPG/OPA with subsequent difference frequency mixing of lecular interaction. This blueshift, in addition to the changes
the signal and idler of the OPA to generate tunable IR radiain integrated intensity of the IV-SFG signal, will be the focus
tion (2—10 wm) with a bandwidth of about 100 cr (full of our theoretical efforts. In contrast, the variation in the
width at half maximumand a pulse energy of up to 2B8).  width of the resonance will not be discussed, since it is out-
The frequency of the IR pulses is chosen to be resonant witkide the scope of our theory.

the 12C1%0- stretch frequency of CO adsorbed on(6d). The IR absorption of CO on metal surfaces has been in-
The residual 800-nm radiation, which is not converted in thevestigated extensively over the last two decades and the frac-
parametric process, was spectrally shaped to provide narrowional coverage dependence of the IR-absorption spectrum
bandwidth visibleg(VIS) pulses, with a pulse energy ofid),  was reproduced theoretically using the expression in(&q.
that are used to up-convert the IR pulses in the SFG experin the long-wavelengthk=0) limit.*>*>%>~**However, to
ments. The IR and visible pulses are brought to temporal andur best knowledge, a theoretical analysis of the fractional
spatial overlap on the surface with the IR pulses having armoverage dependence of the IV-SFG spectrum does not exist.
incident angle of 75° with respect to the surface normal. Then this section, we will use the expression for the second-
focus of the IR beam, 302 in diameter, is within the spot order nonlinear susceptibility in Eq15) to quantitatively
size of the visible beam. The SFG beam reflected from thelescribe the screening effect on the IV-SFG process of CO
surface is focused into a spectrograph with a 1200-gr/mnmolecules on metal surfaces, and apply the theory to the
grating and dispersed across an intensified charge coupleZiO/RuU001) system.

device detector. The infrared pulse energy was kept suffi- From Eq.(15), the IV-SFG susceptibility can be written as

2  _ poB(wy,®3) (20)
Xiv-seG [1+a(wp)U(ky)][1+ a(w)U(K) [1+ a(wy.spe)U(K) ]’
|
where k=k;,+Kyis and op.seg= i+ wyis. The molecular a,
polarizability can be written as a sum of the electronic and a(w)=aet 1—(w/w§)(w+2il“) ) (21)

vibrational contributions, i.e.,
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where the vibrational frequency of the CO-stretching modeassumed that the electrorisonresonantfirst hyperpolariz-

for an isolatedfrom other CO moleculgsCO molecule on a ability is independent of IR frequency, and that this approxi-
metal surface is denoted ag,, and the vibrational dephas- mation is quantitatively reliable.

ing constant is denoted &s The full width at half maximum Although, as will be shown below, the resonant part of the
of the Lorentzian line-shape function i$’2n this case. The hyperpolarizability is much larger than the nonresonant part,
electronic and vibrational polarizabilities are denoteda@s  Bres Bnon, there is also a background nonresonant contribu-
and «, in Eq. (21). tion to the signal from the underlying metal, arising from the

Since the IR and visible field frequencies are much largemetal contribution to the nonlinear susceptibilifg2),.;,

than the vibrational frequency and the visible field is far offwhich can be approximated by!2. =Be?, with ¢ being

resonant with the electronic transition of CO molecules, wehe relative phase between the rﬂ%?&;mar response and that of
can make the following approximations: the metal. The linewidti is a free parameter in the calcu-
_ lation.
a(wyis) = ae The results of this calculation using E§84) and(25) are
and depicted as dashed lines in Fig. 1 along with the experimen-
tal spectra. Because of the nonzero phase fagtfgrassoci-
a(wpspe) = - (22 ated with the electronic contribution to the total IV-SFG sus-

Since the magnitudes of the IR and visible wave vectors ar((e:eptIbIIIty from the metal substrate, the spectrum

negligibly small in comparison to the length scale of the=0.01 is slightly asymmetric. However, as the relative im-
system|k;| = |k, =0, the IV-SFG susceptibility in E¢20) portance of the vibrationally resonant term increases with

can be simplified to increasing coverage, the IV-SFG spectrum becomes symmet-
ric for higher coveragedrom which it can be concluded that
2) poB(wir, wyis) Bror<Bres; Since at higher coverages there is no indication
Xivsral wi) = 5 (23 for a molecular nonresonant response in the IV-SFG spec-
[1+ a(wi)Uol[1+ aeUo] trum). The best fit(depicted as a dashed line in Fig. Was
whereU,=U(k=0). obtained when the vibrational dephasing constant of CO on

Now, in analogy to the theoretical procedure developed byhe RU00D surfacel’ equals 6.1 and 3.6 ch for §=0.01
Persson and Ryberg in Ref 45, for mOmp|eta‘nono|ayer and 0.33 ML. These values are somewhat |al‘ger than that

the IV-SFG susceptibility, E¢(23), can be approximated by obtained from the IR-absorption spectrum due to the finite
experimental spectral resolution. The procedure for obtaining

2 CB(wir , wyis) the parametera,, @, , wy, andUg,, necessary to reproduce
Xisral 0, i) = [T+ cal(wy)U,J[1+ CagUs2’ (249 the high-coverage spectrum, will be described below. Note
ir/’~0 eY0 .
that for the low-coverage spectrum only the hyperpolariz-
Here, we postulate that the complete monolayer correspondhility and the metal response determine the signal.
to a fractional coverage of 0.33 ML, since we are only inter- We shall usd’=6.1 cm ! for the theoretical analysis of
ested in coverages below 0.33 ML. Thus, the coverage of thghe IV- and IIV-SFG spectra throughout this paper, unless
adsorbed molecules, denotedcawaries from 0 to 1, as the otherwise indicated. Where necessary, we have corrected
fractional coverage increases from 0 to 0.33 ML. (e.g., the integrated intensjtyfor the coverage-dependent
Here we should emphasize that we only consider incomtinewidth.
plete monolayers with fractional coverage varying from 0 to  Next, we will determine various parameters required for
0.33 ML. At #=0.33, the adsorbed CO molecules form afitting the experimental data with the theoretical expression
well-ordered ¢3Xv3) structure. Within this range of frac- for the IV-SFG signal. From the definition of the linear po-
tional coverages, the dipole sum factdg=U(k=0) can be larizability given in Eq.(21), the resonant and nonresonant
assumed to be a constant. However, it is well known thapolarizabilities, as well as»y, should be determined. Re-
there exists another ordered/®structure at¥=0.68 ML.**  cently, the first two quantitiesy, and a, , were determined
However, in this case, the assumption thiatis constant is by using the IR-absorption measurement of the same com-
no longer valid. Thus, in the present paper, we will restrictposite system, and they have been found t&f be
our experimental and theoretical investigation to coverages
ranging from 0 to 0.33 ML. ae=3.2A°
In order to reproduce the experimental data using Eqgng
(24), we first have to obtain an expression for the first hy-
perpolarizability 8(wj, , w,is). Since the visible field is elec- a,=0.52 A3, (26)
tronically off resonant and the IR field is vibrationally reso-

. The fundamental transition frequenay, of a single CO
nant, B(wir, i) can be approximated By molecule on the Ru surface can be determined by using the
B IV-SFG measurement in the low fractional coverage limit.
res _ (25)  The experimentally measured center frequencies of the IV-
1= wilwg=iTlwg SFG spectra for & <0.5 are depicted in Fig. 2. From the
experimental data, we find

B(wir,wyis) = Bront

In Eqg. (25), the vibrationally resonant and nonresonant
terms were denoted #.;and B,on, respectively. Here, it is wo=1982.1cm?. (27)
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FIG. 3. The calculated IV-SFG spectra as a function of frac-
FIG. 2. The experimentally measured center frequency of thdional coverage. From left to righ=0.066, 0.132, 0.198, 0.264,
IV-SFG spectrunfopen circle The solid curve corresponds to the and 0.33, respectively. The parameters that were used in the calcu-
theoretical fitting result with the same parameters that were used t@tion are given in the caption of Fig. 2.
describe the data in Fig. 1a,=32A3 «,=052A% w,
=1982.1,'=6.1cm !, andU,=0.082 A, V. FRACTIONAL COVERAGE DEPENDENCE
OF THE IR-IR-VIS SUM-FREQUENCY (IIV-SFG) SIGNAL

Finally, the dipole sunU, should be determined. By us-
ing the IV-SFG susceptibility given in Eq24) with param-
etersa,, «,, I', andwg, determined above, the center fre-
guency of the measured IV-SFG spectrum can be calculate
For the best fit, we find

Figure 5 depicts three IIV-SFG spectra: two spectra at
coverages of 0.33 and 0.2 and one for which the signal was
integrated for coverages from 0 to 0.1 ML. Remarkably, the

esonant signal does not appear until a coverage-@fL2

ML, indicating a very strong nonlinearity in the resonant

response vs coverage. In analogy to the IV-SFG measure-
Up=0.082 A3, (28)  ments, a pronounced blueshift of the resonance is observed

with increasing coverage. As pointed out previodSlyhe

In Fig. 2, the theoretically calculated center frequency as a@esonant peak in the IIV-SFG signal is located at twice the

function of the fractional coverage is plotted and comparedrequency of the fundamental.

with experiment. Although this valug),=0.082 A3, is IIV-SFG spectroscopy, which was theoretically proposed

slightly smaller than that estimated from IR-absorptionas two-dimensional vibrational spectroscopy in an isotropic

measurement®, the set of parameters determined above pro-systemz,7 was used by Bonet al® to investigate the vibra-

vides excellent results for the integrated intensities of the IV-

and IIV-SFG signals as well as the center frequency of the

[IV-SFG spectra as functions of the fractional coverage, asg 1.2+

will be shown later in this paper. rd T

By using these parameters and assuming that the dephasﬁ 1.04
ing constant” does not depend on the fractional coverage, < 1
the IV-SFG spectra with respect to the fractional coverage§ 087
are plotted in Fig. 3. This figure demonstrates the blueshift?g 1
and increase in integrated intensity that occurs with increas-= 08+
ing coverage. The experimentally measured integrated inten-2 T
sities of the IV-SFG spectra with respect to the fractional 5 041
coverage are plotted in Fig. 4. The experimental data haveg T
been corrected for the coverage-dependent linewidte =~ 02
Fig. 1), which presents a trivial effect on the intensity that is
not incorporated in the theory. Although the experimental 0.0 - - - - -
data are slightly scattered, the agreement between theory an 0.0 0.1 02 0.3 04

. . . Fractional coverage (6)
experiment is satisfactory. It should be noted that the calcu-
lated integrated intensity is completely determined by using G, 4. The experimentally determined integrated intensities of
the set of parameters already determined above. Note algge |V-SFG spectra with respect to the fractional coverage from 0 to
the sudden drop in integrated intensity fér>0.33 ML, 0.4 (filled squares The intensity is rescaled to make the fit with the
which is caused by the fact thll is no longer constant, as theoretically predicted integrated intensity, which is represented by
mentioned above. This behavior is outside the scope of thae solid curve. Other than this rescaling factor, there are no adjust-
theory presented here. able parameters in this calculation.

a
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FIG. 5. Experimental 1IV-SFG spectra for different fractional 1

coveragedgray lines. Note that below a coverage of 0.1 ML, no X 5.
resonant signal can be observed, indicating a strong nonlinearity of [1+ca(wy)Upl[1+ ca(w;z)Ugl[1+caeUo]
the resonant signal vs coverage. The dashed lines show fits to Eq. (34)
(33) [with y from Eq. (35] and with parameters indicated in
the caption of Fig. 2 and the graph, to the resonant part of th&ince in principle the two-infrared field frequencies are in-
susceptibility. dependently tunable, the measured susceptibility or IIV-SFG
signal intensity can be displayed in the two-dimensional

tional interactions between adsorbed CO molecules on gp) frequency space. Thus, not only the diagonal peaks but
transition-metal surface. Although the report in Ref. 39 dem'a|so the off_diagona| peaks can be measured by Scanning the
onstrates that this method can be a useful tool for the inveswo-IR frequencies.
tigation of the vibrational coupling between adsorbed mol- pye to the screening factors in Eq83 and (34), not
ecules, the theoretical analysis presented in Ref. 39 wagnly the precise location of the 2D peak but also the inte-
incomplete because it was based on the localized mode pigrated intensity will be notably different for different frac-
ture. In the present section, a new theoretical framework fofional coverage. In order to carry out a numerical simulation
the interpretation of the 1IV-SFG spectroscopy of adsorbedf the 11\V-SFG signal, we need to differentiate the two con-
molecules on surfaces will be provided using the generajriputions, i.e., the direct IIV-SFG term and the cascading
theOI’y discussed in Sec. Il. termS, Separate'y_

For the IIV-SFG experiment, the two-IR field frequencies
are assumed to be independently controllable and the follow-—~

. . . 4040+

ing notations will be used, g ]

€ 40304 .
W= Wjr1, W= Wj2, W3= Wys- (29) g 4020
The wave vector and frequency of the IIV-SFG field are, 8 4010
respectively, % :
> 4000+
k:k1+ k2+ k3, W|\.SFG™ a)1+ (1)2+ w3. (30) E 3990_-
3 ]
Since the visible field frequency is far from resonance with § 3980
electronic as well as vibrational transitions, the following § 3970_‘
approximations can be made: S )
g 3960

a(wz)=ae, a(wtwz)=a(wytwz)=ae, © 00 01 02 03
31 Fractional coverage (6)

a(@yvsre) = de.

o . FIG. 6. Experimentally measured center frequencies of the IIV-
Then, from Eq(16), the IIV-SFG susceptibility can be writ- - srG spectra for different fractional coveragéiied squares As
ten in terms of the molecular first and second hyperpolarizmentioned in the text, the absolute value of the center frequency of
abilities as the 1IV-SFG spectrum cannot be determined from the experiment,
whereas the frequency shift can. Therefore, in order to make a
comparison with the theory, we added a constant to the measured
frequency shift for the purpose of fitting. The solid curve is the
where theoretically calculated center frequency.

3 _ i
XiVsre= Xesra+ Xinsra (32
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Since the total signal is proportional to the absolutecifically consider one-colofdegenerate lIV-SFG because
square of the susceptibility, the interference between the twthe recent IIV-SFG experiment was performed using one IR
distinctive contributions(l s and x£2% may also play a beam to create a two-IR quantum coherence state. With help
role. However, as discussed in detail in Ref. 39, the cascadf the theory from Ref. 27, thenolecularsecond hyperpo-
ing contribution can be safely ruled out in comparison to thdarizability y (w;,®,,w3), which represents the IR-IR-VIS
direct [IV-SFG contribution for the CO R001) system. sum-frequency generation by an isolaté@m the other ad-

Although the expression forlh, <. in Eq.(33) is the case  sorbed molecul§sCO molecule adsorbed on a surface, can
of the general two-color 1IV-SFG susceptibility, we will spe- be written as

_ Vres
Hie i vis) =Yoot (1 T 0o (2= A wg—2ay Two— 21T wg)

(39

where the vibrationally nonresonant and resonant parts are Before closing this section, we would like to point out the
weighted by y,,, and y,.s, respectively. If the molecular advantage of nonlinear vibrational spectroscopic methods for
eigenstates of a CO stretch are denotef®g$l), and|2), the  the investigation of the vibrational interaction between ad-
IIV-SFG process of a single molecule involves a sequence oforbed molecules on a metal surface. Although most of the
vibrational transitions, i.e.|0)—|1)—|2)—|0). Although parameters requi_red in the fitting can be d_etermined using
the first transition frequency i8,, the second transition fre- linear IR-absorption spectroscopy, the nonlinear molecular
quency from[1) to |2) is wo— A, whereA is related to the ~Properties such as the first and second hyperpolarizabilities
molecular anharmonicity. This quantity, was already esti- ©f €O 0n RU00D can only be studied by using the nonlinear

4.4 ciit h —1982 1 A yibrational sp'ectroscopies discussed in this paper, due to the
r:zgegg tgcll?;lssl,SZ ot so thatwo=1982.1 and B inherent nonlinear character of IV- and 1IV-SFG. The advan-

The data in Fig. 5 are fitted with Eq33) and (35) in tage of using the IIV-SFG method over the conventional IV-

unci ith t back d f th ¢ FG method lies in its power to be used as a two-
conjunction with a nonresonant background from theé metay; ;o gion | spectroscopic tool. As mentioned in the

surface, which can b? ref:orded independently at low CQntroduction, the IIV-SFG is inherently a two-dimensional
coverageslower trace in Fig. & In analogy to the IV-SFG i ational spectroscopy, though in this paper only one-color
spectra where the nonresonant hyperpolarizability was negp pulse was employed in the IIV-SFG experiment. If two IR
ligibly small, we find thatyn,n< yresfor the IIV-SFG spectra.  fig|ds are tuned to be resonant with two different vibrational
The solid lines in Flg 5 represent the molecular Contributio%hromophores on a metal Surface' the IIV-SFG spectrum can
to the third-order susceptibility. The center frequency vs covhe displayed in the two-dimensional frequency space. The
erage is plotted in Fig. 6, and the integratedonantinten-  resultant spectrum will exhibit not only the diagonal peaks
sity in Fig. 7. The theoretically calculated center frequenciesut also off-diagonalcross peaks. Particularly, the intensity

of the IIV-SFG spectrum as a function of the fractional cov-
erage are also plotted in Fig. 6. For the experimental [IV-
SFG spectra, although the absolute location of the cente 16+

frequency can be determined with an accuracy of oAl0 8 +
cm !, the sensitivity to the relative shift of the peak fre- @ 124

guency is much higher. For the experimental data shown 2

Fig. 6 as filled squares, an offset value was added to the:;
measured relative shift data to compare data and theory. Thi@ 0.8+
agreement is very good.

Considering the integrated intensity of the IIV-SFG sig-
nal, it can be observed in Fig. 5 that, surprisingly, no reso-
nant response is observed until the coverage exceeds 0.15
ML. The strong nonlinearity of the integrated intensity as a *g 0.0
function of the fractional coverage is summarized in Fig. 7.~ , _ . , , . .
The solid line indicates the calculation of the intensity using 0.00 o,bs o,'10 o,'15 o.'zo o,'25 0,130 o.'35
the same set of parameters mentioned above. Also here, th
agreement is found to be quantitative. Note that we have now
reproduced, for both the IV- and IIV-SFG, the experimental F|G. 7. The experimentally determined integrated intensity of
spectra, the coverage dependence of the center frequengye IIV-SFG spectra vs surface coverdgeotted as filled squargs
and the integrated intensifi.e., six data sejswith one set of  and the theoretical calculation results with the parameters given in
parameters. the caption of Fig. dsolid curve.

0.4+

ated inte

Fractional coverage (6)
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and location of the cross peak will be of importance sincenounced effects on the vibrational signals, in particular re-
they carry information on the vibrational coupling strengthsulting in a shift of the center frequency and a nonlinear
between two different chromophores. To the best of the auincrease in integrated intensity with increasing coverage.
thors’ knowledge, there do not exist theoretical formulationsTo describe these results, analytic expressions are derived
of the IV- and IIV-SFG susceptibilities of adsorbed mol- for the nonlinear susceptibilities in terms of molecular
ecules on a metal surface taking into account the screenindypeppolarizabilities. Excellent agreement is obtained be-
effects, which are induced by the lateral interactions betweetween this theory and the experimental results. These results
adsorbates on surfaces, on the nonlinear optical susceptibilindicate that the dominant effect on the nonlinear suscepti-
ties. Thus, the theoretical formulations presented in this pabilities is the local-field correction for the linear infrared
per will be a valuable starting point for further investigation field.

of vibrational interactions between distinctly different chemi-

cal species on a metal surface via nonlinear vibrational spec-

troscopic methods considered in this paper. ACKNOWLEDGMENTS
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