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Abstract. The spectral profiles of sum-frequency signalgeneration process, thus enabling a high sensitive detection
from CH vibrational modes of octadecanethiol (ODT) self- with a photomultiplier tube. Furthermore, since this technique
assembled on gold have been studied for several opticad vibrational-mode selective, the relative signal intensity of
configurations of incident beams. The observed spectra, gewmibrational modes provides information on the molecular
erally of the shape of dispersion type, have been interpretearientation [8—11]. In addition, it is possible to make an ultra-
by the interference between the resonant contribution frorfast time-resolved measurement by employing a pulsed laser
the CH stretching modes of adsorbed molecules and the noref short duration [12—16].

resonant contribution from the gold substrate. We have shown When the SF spectroscopic technique is applied to
for the first time that the contribution from ttezzcompon-  molecules on certain metals, a large SF signal from the metal
ent of the resonant nonlinear susceptibilitf?) is dominant  surface of a nonresonant type [17—19] has to be taken into ac-
in the observed resonant signals, whereas all ofjheom-  count to extract a true picture of vibrationally resonant modes
ponents contribute to the nonresonant signal. The transitioof adspecies. The nonresonant signal modifies the spectral
frequencies and the relative amplitude of resonant signals apgofile through the interference between vibrationally reso-
also determined for th€Hs vibrational modes of ODT on nant and nonresonant components of nonlinear polarization.

gold. It will be possible, however, through a proper analysis of
the interference to extract directly the information on the
PACS: 42.65; 78.65 phase relation among the vibrational modes, which are re-

lated to the polar orientation of the atomic group [20]. The
relative phase between vibrationally resonant modes has been

Regularly arranged molecules on surfaces have recently begﬁ}erminid by u?in_g an (;a_xternal _rgfer_enc? [20d_22] and by
investigated intensively using the sum-frequency generatioft!/iZing the interfering adjacent vibrational modes [9, 10].

(SFG) technique. The sum-frequency (SF) vibrational spec2€!-assembled monolayer (SAM) on gold is of considerable
troscopy of Langmuir-Blodgett (LB) films on a solid sub- attention recently for both technological and fundamental rea-

strate, liquid—air interface of methanol, and hydrogen adSONS [23]- In SF spectroscopy of SAM, the signal of phase
sorbed on a crystal have been reported in the last decade [ dditive between the resonant and nonresonant components

7]. In SF vibrational spectroscopy, the samples are irradiate@®S been reported in the counterpropagating configuration of

by a tunable mid-infrared (MIR) beam and a fixed-frequencyV© incident beams [17, 18]. The SF signal of phase destruc-

visible (VIS) beam. The SF signal is enhanced when thdlve has also been reported for a layer of inverted molecules
MIR frequency resonates with a vibrational mode of surfacé" ?Old 0518]' The phase angle, however, has not been fully
species. This technique has the following advantages wheialyzed yet.

applied to the regularly arranged adsorbates on surfaces. First, " tis paper, SF signals from SAM on gold observed

the SF spectroscopic method is only sensitive, within the eled? the various configurations of incident beams are studied.
tric dipole approximation, to those surface species withou very component of the nonlinear susceptibility has been es-

inversion symmetry. Second, the infrared spectroscopic infoimated through the analysis of the spectral line profiles.

mation is upconverted to the visible by the sum-frequency
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This OPA has been described in detail elsewhere [24], and 3ld [7]. The pulse-to-pulse energy fluctuation of the obtained
only briefly outlined here (see Fig. 1). MIR beam was arounti%.

The OPA system generating the tunable MIR pulses is The sample consisted of a monolayer of octadecanethiol
composed of &% MgO-dopedLiNbOj3 crystal using 2 ps  (ODT) (CHs(CH»)17SH) on an evaporated gold film with
Ti:sapphire laser as a pump source and a synchronous op-thickness o200 nm The gold film evaporated on a glass
tical parametric oscillator (OPO) as a seeding source. Thplate was immersed in dilutex 0.5 mM) ODT solutions of
Ti:sapphire laser (Spectra-Physics, Tsunami, picosecond vesthanol for several hours. After the immersion, the sample
sion) is amplified by a home-made regenerative amplifier [25}vas rinsed with absolute ethanol to remove the residual adsor-
to producelO-Hz pulses tunable between 750 a@d0nm  bate and solvent. This ODT sample has been stable for a few
with a pulse duration o2.0 psand a bandwidth o8 cnm®.  months.

In this experiment, theTi:sapphire laser at a fixed wave- The SFG experiments were carried out with the sample in
length 0f810 nmwith a pulse energy d600pJ was used for —air at room temperature in the various optical configurations
OPA. The seeding OPO laser is a commercial one (Spectraf the incident beams. The VIS beam energyl00u.J was
Physics, MOPO730) pumped by the third harmonics of a Qa part of theTi:sapphire pulse divided by a beam splitter. The
switched YAG laser, which delivers pulses with a tunability VIS and MIR pulses were focused onto the sample surface
in the 0.42-1.7 um range, a pulse duratiorr 3ns a pulse to a beam waist of 300 antbOum, respectively. The spa-
energy between 5 an80 mJ and a bandwidth< 0.2cnt!  tial overlap and temporal coincidence were first carried out by
(FWHM). A pulse energy~ 1 mJwas used for seeding the using aGaAsplate as a reference sample taking advantage of
present OPA. Scanning of the MIR wavelength is accomthe large nonlinear susceptibility (around 10 times higher than
plished by simply changing the seeding wavelength. In théhat of the ODTgold). ThenGaAswas replaced by the ODT
wavelength range from 3.2 %6 um, a pulse energy df5pnJ  sample for the final adjustment of the SFG signal. All of the
was uniformly obtained at a fixed crystal angle with a negligi-polarization planes were chosen to be parallel to the plane of
ble beam walk-off in the present SFG experiment. The outpuhcidence. The sum-frequency signal, being passed through
MIR pulse had a bandwidtk 10 cnt and a pulse duration a short-wavelength-pass filter, a polarizer, and a monochro-
~ 3 ps which were primarily determined by the characteris-mator, was detected by a photomultiplier tube (PMT). The
tics of theTi:sapphire laser. Such a short pulse duration is nasignal was then averaged over 100 pulses by a gated integrator
essentially needed for the spectroscopic measurement. It mg$R250) and was stored in a personal computer. The scanning
however, have an advantage in the sample damage thresdpeed of the MIR frequency was ab@uit 7 cnt!/s.

2 Results

M ode-locked
oPO Ti:sapphire The optical configurations of the incident and SF beams in

L aser Laser the present measurement are sketched in Fig. 2. The incidence

' angles of the visible and MIR beams are denoteé\hy and

Regenerative Omir, respectively. The number of the maximum SF photons
Amplifier observed in the co-propagating configuration shown in Fig. 2a
is about 12 photons for each pulse, which corresponds to the
quantum conversion efficiency of aroufick 1014,

Dichroic VIS

Mirror The SF spectra shown in Fig. 3a—d were obtained in the

BS configuration of Fig. 2a—d, respectively. Normalization of the
SF spectra against the MIR power was not necessary because

LN of the constant MIR power during the measurement. Three

e " resonant SF signals are seen in Fig. 3a. The peaks around

A
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Fig. 1. Schematic diagram of experimental setup in the co-propagating con- e /
figuration. The mid-infrared (MIR) beam generated % MgO:LiNbO3 / i
(LN) crystal and the visible (VIS) beam from a beam splitter (BS) are 777777777777777777777
focused with the lenses (L1, L2) onto the sampke filter (F1) is used  Fig.2a—d. Sketch of the SFG configuratioa 6y ;s = 50°, Oyir =43°. b
to block the residual visible beam. The SF signal passed through thes =60, Oyr = —45°. Cyis = 45°, Oyir = 0°. d By;s = 0°, Oyir = 45°.
lenses (L3, L4), an analyzer (P), a short-wavelength-pass filter (F2), andllS, MIR, and SFG represent the visible beam, the mid-infrared beam, and
a monochromator, is observed with photomultiplier tube (PMT) the SF signal, respectively
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also measured. The intensity of the nonresonant SFG signal
from ODT/gold in the configurations (a) and (b), was around
60(£10)% and 110+20)%, respectively, of that for a clean
gold film. We also made an SFG experiment for an LB film of
ODT on a glass plate, and obtained no detectable nonresonant
SF signal from this sample.

In the present SFG measurement, the signal intensity was
observed to be independent of the azimuthal angle, suggest-
ing an azimuthal isotropy of OD/gold.

1F 4
3 Analysis and discussions

0 3.1 Theoretical background

(b) The SF signal originates from the nonlinear polarizaffi

1r 1 induced by the electric fields of VIS and MIR beams. The
componenP is expressed as [26],
P(Z) Z C(Ijk)xl(z) EVlS EMIR (1)

jk
0 with

=

wherei, j, andk denote the Cartesian coordinates, aq‘ﬁ?i is
theijk component of the macroscopic nonlinear suscept|bll|ty
tensor.EV'S and EMR are the amplitude of electric fields of
VIS and MIR beams, respectively, g, ande, are thei, j,
andk component of the SF, VIS, and MIR unit polarization
vectors, respectively=" represents thé component of the

Fresnel factor [27— 29}€.Jk is expressed as a superposition of
resonant contributions of theth vibrational modeiy’, and
a nonresonant contributiogfy " :

Sum-frequency signal intensity (arb.units)

(d)

2 NR R
X|(]k) X|(]k ) + Z Xigk,)v (CL)) ’ (3)
W with

2850 2900 2950 3000

Xuk)u (0)) (4)

Frequency (cm?)
Fig. 3. SF spectra of a monolayer of octadecanethiol self-assembled on goMtherew,, Ajk ., I, andw are the transition frequency, the
corresponding to the optical configurations shown in Fig. 2 amplitude, the damping constant of theh resonant vibra-
tion, and the MIR beam frequency, respectively. Substituting
(3) and (4) into (1), we obtain the p-polarization component
sz) induced by the irradiation of both p-polarized VIS and
MIR beams, as,

2880cnt?, 2938cnt?, and2966 cnT! are assigned as the
symmetric CH stretching mode of tt@&H; group, the over-
tone of the methyHCH deformation mode, which acquires
intensity through Fermi resonance with the symme@ld
stretching mode, and the degener@té stretching mode of @ _ (NR) _ Aikw
the CHs group, respectively [5]. For the counterpropagating P ZC(IJk)X”k +ZC(Uk) Z —wy,+il,

configuration withby;s = 60° anddyir = —45°, the resonant L ‘\;S iR Lk
SF signals of a dispersion type are also clearly seenin Fig. 3b. x EYTEYT.
On the other hand, we do not find any clear resonant signal 5)

of vibrational mode in the SF spectra for the configurations of
(Bvis = 45°, Ouir = 0°) and Pvis = 0°, Ouir = 45°) as shown  Here, the surface normal is chosen alongzfais with the

in Fig. 3c, d. plane of incidence in thgz plane In the case of a boundary
In the configurations (a) and (b), the SF signal inten-between isotropic medh;;x|k |s reduced to four nonvanishing
sity from a clean gold film evaporated on a glass plate wasomponents, designated 2, x 2, x!2, andx{2,. When
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the SF frequency and the VIS frequency are both far from . . R L
resonance, the relatiori2, = .2, is also derived. mately proportional t _Zk C(ijk) i |- This gives
],

The nonresonant part of nonlinear susceptibbﬁwm can
generally be written as [30]

.. R

D CAGK) xR [ > 7 [(CO(xzX + CO (zx%) X

(NR) _ _(NR) , _(NR) | _(NR) ik
Xik = Xik,s T Xijk.a T Xijk,s-a (6 I o R ) ®

~ 10|CY xR x5+ C Y (xx2 x| -

where s, a, and s—a denote the contributions from the sub- Q)
strate, the adsorbate, and the adsorbate—substrate interactiafter some algebraic manipulations, the following relation is
respectively. obtained for the configuration (a):

The coefficientsC(ijk) are calculated based on the phe-
nomenological method developed by Mizrahi et al. [29], andC® (zz2 xR)| > 2.8|(C® (xzX + C@ (zx%) %)
are shown in Table 1. In the present calculation of Fresnel @ R
factors, it is assumed (or defined) that the nonlinear polar- > 35|C® (X2 505 - (8)
ization is induced by the fields in the substrate just beneattﬂ @ ®| i .
the thin layer (not inside the thin layer). The refractive in- |NUS: |[C® (2223 is at least a few times larger than all
dices of gold for VIS, MIR, and SFG frequencies used in ouftn€ other components. In SFG on metal, the component of

calculation are0.17-4.86i. 2.05-21.33i and 0.17-3.15 local field normal to the surface is enhanced, and the par-
' R ' ' 7" allel component becomes smaller because of the boundary

respectively [31]. o Y
P y[3 conditions of the electric field between the transparent ma-
terial and metals [30,32]. This is responsible for the large
|C@(zz2 x{})| observed in the signal of SAM on metal.
3.2 Resonant SF signals 3.3 Nonresonant SF signal

In contrast to the resonant SF signals, the strong nonresonant
As seen in Table 1C©®(zz2 and C©(xx2) are zero for Signal was observed as seen in Fig. 3c as weIRI)as in(l\ITFig. 3ab,
(Buis = 45, Buir = 0°), andC@ (xzx andC@ (222 are zero suggesting the non-negllglblg cont.rlbunoln)g(gfg‘X OF Xzux -
for (bvis = 0°, Buir = 45°), because the component of one US|_ng the nonresonant SF signal intensity in Fig. 3, we can
of the unit polarization vectors is zero. Here, superscript (nzstlmate the magnitude of the nonresonant components of

is used to represent the corresponding configuration depicted n?_nlingar susceptibility by solving the following coupled
in Fig. 2. Since no clear resonant signal was observed iffduatons:

(= (CO(xzX +CO(xzX) xR)) term to the resonant signal is (€T (x29+CT @x0) xiex’ +C" (222122

negligible. Similarly,C® (xx2) x{¥) is also negligible as seen +C™ (xx2) yN? |2 =a™ ™ 9)
from Fig. 3d. Thus, we conclude that the resonant SF signal is
dominantly characterized byR). where | ™ is the nonresonant SF signal intensity for the n

The contribution ofy (%) to the resonant signals can be es-confi?uration (n=a, b, ¢, d). From Fig. 3, we obtaif®) =
timated from Fig. 3 and Table 1 as follows: The resonant SR.9, |® = 0.66,1© = 1.0, andl @ = 0.26.«™ in (9) is a fac-
signal intensity in Fig. 3a is more than 7 and 10 times largetor proportional to the incident power density. By a similar
calculation as made to get (8) from (7), we get from (9) the
= following relations for the relative magnitudes of the nonres-

than that in Fig. 3c and d, respectively| i C(ijk) x{i
hik onant components of the nonlinear susceptibility:

z

périmental results, the resonant signal intensity is approxi1x>((lzv§>| — |X§'§§)| =1, (10)

Y C(ijk) x| which is actually satisfied in the present ex-
ik

37< [xNR| <490 22< xR <48,

where| x(NR| (= |x R ) is normalized to unity. Using (10)
Table 1. Calculated values o€(ijk) x 16° for each optical configuration. and the \'Q%'UGS listed in Table 1, the nonresonant components
Clijk) = & Fi g Fila:F, wherea, g, ande. are the corresponding j,  |C(ijk) xx | for the configurations (a) are estimated as fol-
and k component of the unit polarization vectors, aRtl represents the lows:
component of the Fresnel factor, respectively

0.2 < [C®(zzax NP | < 2.3,

(Bvis, OMIR) C(xzx C(zx®% C(zz2 C(xx2) 777

0.3 < [C@(xx2 x| < 0.6,
(a) B0, 43°)  4.9e/120)  72¢i126)  (36el(-62) 1 0ei117) @ @ (NR)| _
(b) 60°, —45°)  4.4€!120)  44¢1125)  026e/(118)  (0.83¢!(~63) |(C029 +CR @0t =1 (1D
() 45, 0°) 3.8el127) 47133 0 00 @ @ NR)| ; :
) @, 45) 0.0 046i14®) 00 073610137 where [(C®(xzx + C®(zxx) x x| is again set to unity.

Thus, all of the nonresonant components contributed to
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the nonresonant signal. This result is consistent with th&able 2. Parameters used for the calculation of the SF spectral profiles in
second-harmonic generation (SHG) from the hexadecanethiob. 4. (2) and (b) correspond to the co- and counter-propagating configura-
adsorbed on polycrystalline gOId substrate [19]. Buck efion asin Fig. 2.a, and ¢ are the amplitude and phase of the ratio of the

. resonant contribution ab, to the nonresonant contribution

al. [19] obtained|x (¥ | = 17-8,JX§'QZR)| = [x3R| =7, and

| x$NR| = 1, which give|C(ijk) x| lying between 0.66 and wyjomt Ljeml &t ¢/deg
0.84.

The contribution of the adsorbajg"™ to the nonreso- (@ @Evis =50°, fuir = 43) ~140

nant part of the nonlinear susceptibilifN®' is negligible, ;) symmetric stretching 2881 5.3 0.15

. . ) Fermi resonance 2939 9.5 0.12
since the nonresonant signal was hardly observable for the 3 jegenerate stretching 2966 6.5 0.16
LB film of ODT /glass. Our experimental results also show (b) s =60, our = —45°) 131

that the nonresonant signal intensity~s60% of that from - — :

the clean gOId substrate in the configuration (a)’ showing noqa'lr'rzee‘)values ofy, for the configuration (b) are 2.26 times as large as those

negligible contribution of the adsorbate—substrate interaction

xR (NR) expressed by (6) is, therefore, dominated by

XéNR) andngff). .

be independent ab. The same values @, I, and the ra-

tios among the parameters af were used for the fitting of

3.4 Interference between the resonant and nonresonant  poth (a) and (b), because these are independent of the opti-
components of nonlinear polarization cal configuration. The obtained values are listed in Table 2.

e dotted lines in Fig. 4 are the reproduction of Figs. 3a,b.

In order to elucidate the interference between the resona ﬂe resonant frequencies are in accordance with the literature
and nonresonant components of nonlinear polarization, th req i .
ata [17, 18] within an error of a feam™*. The ratios among

SF spectral profiles are analyzed according to the above di re determined aa. - 2.~10:08:11 where th
cussions. Figure 4 shows the results obtained by fitting to thy < © GE1ErMINET a8s: drer: ag = 1.4 : V.6 1.1, Where he
Subscripts s, Fer, and d stand for the symmetric stretching,

following formula [17, 32], the overtone of the methyl deformation, and the degenerate
2 stretching modes, respectively. We obtaiBedicnt for I,

i ; S
‘p(2>(w)‘2 - 1+Z aue'. ’ (12)  while Yeganeh et al. [17] reporte&l5 cmi*. This difference
P . (w—wy)/(1)+1

wherea, and ¢ are the amp'iiFt{ude and phase 6f"(zz2 ) ,
< X @0)/ ik MK i - the ratio of the resonant i ICO0z)| 10 /7
contribution at resonance to the nonresonant contribution. [ J/
Here, only one resonant compone®f) (zz2 xR, ,was con- &~ N /
sidered, as has already been discussed. Within the MIR wav&; N S/
length region used in the present experimepts assumedto X, I . K |

= [ N e AC(20)| /14
:(E Q N /I
c
=
£
S
)
@ — 10} ®
S (o)
3 Q (zxx)
kS B, [
© < 130 Xzx) T
s 2 wof f I —
® O (zz2) el T
> © 120f el
c (%) h
g Q = =
g S S —
£ o gl 2 \
z g
« o

_ PR TR U NN NTTN ST N N NI N .
-60 -50-40-30-20-10 0 10 20 30 40 50 60

2 2 2 .
80 900 950 3000 Incidence angle of MIR beam [deg.]

1
Frequency (Cm ) Fig. 5. Calculated amplitude (a) and phase angle (b6jk) as a function
Fig. 4. The calculated SF spectral profile by using the parameters listed inf the incidence angle of the MIR beam for a fixed incidence angle of the
Table 2 golid line) and the experimental resultdashed ling VIS beam of45°
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in I's could be due to the wide bandwidti (L0 cnT?) of the

the phase angle for the nonresonant part of the nonlinear

present picosecond laser compared with their laser bandwidgolarization is composed of the sum of gk components

of0.2cnr .,
The angle-of-incidence dependence ¢pfcan be inter-

whereas onlyzzcomponent for the resonant part.

preted as follows. Figure 5 shows the calculated amplitudécknowledgementsThe authors are grateful to Dr. K. Kajikawa and

(Fig. 5a) and the phase angle (Fig. 5b)3gfjk) as a function
of the incidence angle of the MIR beam. In this calculation,
the incidence angle of the VIS beam is fixed46°. The

Mr. M. Mihara for their helpful suggestions and technical help.
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