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A recent paper by Eisest al. [Phys. Rev. B58, 10860(1998] describes a second-harmonic generation
(SHG) technique for probing molecular orientation in self-assembled monol&gédsls). Their results have
raised some questions about the frequently used description of the optical properties of thin films. In their
paper, the SAM film is considered anisotropic for SHG, but is assumed to be isotropic in terms of its linear
optical response. It is likely that these different treatments of the same system have contributed to the unusual
perspectives developed in the above paper. The purpose of this communication is to attempt a clarification of
these observations. Here, a phenomenological model is outlined that treats linear and nonlinear optics of the
interface in a single framework and can be used to analyze SHG from SAMs. It is also shown that, depending
on the experimental system, conventional SHG measurements of phase and intensity may not be enough to
determine the orientation of SAMs.

Eisert et al. have demonstrated how the unique surface To note the importance of the linear optical parameters in
sensitivity of second-harmonic generati®HG) can be uti- surface SHG, consider the net surface polarizafiop to
lized to study interfaces of Au and self-assembled monolayits second-order term P=P"+ P2, For a fundamental
ers (SAMs).! Their results, however, lead to a number of electric field E(w) at the location of the polarization
apparently surprising implications. Their analysis of thesheet, we haveP()(w)=3x{E(w) and P{?(20)
Fresnel factors, initially presented in a three-phase modek Ejkxi(jzk)Ej(w)Ek(w). Here, Xi(jl) and Xi(jzk) are the(total)
relies eventually on a two-phase model to achieve agreemetinear and nonlinear surface susceptibilities, respectively;
between the results of SHG and those of linear optical methis the incident photon frequency. The linear refractive index
ods. The authors consider this finding unexpected in view oﬁij of a surface layer of thickness has the form "(iij)z
the success of three-phase models in linear surface optics: 5ij+47T(Xi(jl)/d)- SinceP™ and P? are coupled, all ad-

Moreover, the implications of the local field factors are rela-gorpate effects experienced WZK) are also experienced by

tively unclear. It was also possible to explain the SHG data: and hence by the Fresnel factdrghus, the linear and

. ; : . i
coIIecte_d In ethfanol s_|mply bY replacmg the requirement Oflrﬂ:onlmear optical parameters of the SAM interface should be
phase information with the incorporation of a readjusted . . : X .

) o . . treated identically in the working equations used to analyze
higher refractive index in the Fresnel factors. This observa; . :
9 S : the SHG data. Such a formalism can be developed in two
tion is also unexpected in view of the strong governing role .

X steps. In the first step, a proper correspondence should be
of phase factors in SHG.

It is likely that these apparently unexpected implicationseStab“Shed between the interpretations of the two-phase

of the SHG results are related to certain qualitative featuregused In SHG and three-phassed in linear optigsmod-

: : . . “els. In the second step, the relevant effects of the SAM film
of the model used by Eisegt al.to interpret their data. Their ; : ! . .
model, based on previously used simple formulations fo_(such as its spatial anisotropghould be included in both the
AR . — ' _~linear refractive indices and the nonlinear susceptibility ele-
cuses primarily on the nonlinear response of the interface .
ments of the interface.

and treats the linear effects only qualitatively. For instance, First we discuss the formulation of the appropriate three-

the nonlinear effects in the SAM film are used to probe its h model. Each nonzero elem fﬁ)  the total nonlin-
anisotropy(orientation), but its linear refractive index is as- phase mo te't;'l'ta(? tho ero ete ] r? tﬁ Oﬁ? 0
sumed to be isotropic. While such assumptions are found t§ar susceptibiiity in the present case has the 1orm

hold for certain system&@epending on the fundamental fre-

quency for SHG, they may not hold as well in the case of X=X X X (1)

SAMs3 This, in particular, is a relevant issue—considering

the wide range of linear optical methods that are sensitive twhere ng;i)jk denotes the susceptibility of theth phase in
and used to measure anisotropies in SANSs. Fig. 3 of Ref. J u=1 (isotropic environment 2 (anisotropic
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film), and 3(isotropic substrajé; X,(z,%k corresponds to the Syi=1irg3(wM)b7, (7
interactions at thg2-3) interface. A two-phase model has . a

been traditionally used to describe Ed).2 On the other

hand, the linear effects are commonly treated with a three- NY=1—r)(w,)rsw g\, (8)
phase model®°For surface SHG, it is necessary to combine a a reEm

the essential features of these two- and three-phase models in -

one descriptiorfotherwise, as noted by Eis@tal.in Ref. 1,  where ki (»,)=w0,ni(o,)sina and k3, (o,)
the task of choosing the right Fresnel factors becomes non= Zﬂng(w“)cos(xg(wﬂ). The anglex](w,) characterizes the

trivial). For submonolayer adsorption of monatomic species ropagation of they-polarized fundamental(=1) or the
it is convenient to use a modified two-phase model for SHGg (w=2) beam in mediunu;n’(w,) is the linear refrac-
ni(w,

that also incorporates certain elements of a three-phasg,. index of theuth phase fory-polarized photons at the

model to describe the linear effect® ! A three-phase ) : :
model is more appropriate for a SAM where the sheet otfrequencywﬂ, andki(w,) is the correspsondlng wewe vee

superimposed nonlinear polarizations is chosen within théor'S For an isotropic n.wed|u;’n,nﬁ=nu. yand aﬁ(wﬂz
surface film. While making the transition from the traditional — @u(@,). We also define a; =exf —ikj(w,)z]; b,
two-layer description of Eq(1), one must also account for = &XH2ik3(w,)(d+2)]; 9,.=exd 2ik3(w,)d]; 19
all the additional complications of the three-layer case. These=[ w/ti(w)]; 15=[k5,(2w)/t5;(2w)]; 15 =[w,/ti{®,)];
include interference effects within the film, as well as ther) andt], are the standard reflection and transmission co-
effect of film thicknessd on the phase of SHG. efficients for theu-v interface withy-polarized photon&? In
Sipe’s three-phase model for linear surface optics prothe limit d—0, lgyg in Eq. (2) does not vanish, and still
vides the basis for the considerations of these effédn-  contains the signaturen}(w,)] of the adsorbate. Further-
sidering the beam coordinates and Fig. 3 from Ref. 1, anghore, unlike the earlier three-phase models of SPigl| the
locatingz=0 at the(1-2) interface, one can place the polar- nonzero susceptibility terms in the present case have the
ization sheet describing(?) at —z, below the(1-2) plane  form of Eq.(1). Also note that Eqsi4)—(8) are considerably
(z4 corresponds to the position of the center of the moleculasimplified asa” , bz, andgz approach unity in the limit of a
unit representing the predominant nonlinear polarizability thin (but finite) film where d is small compared to both
Applying Sipe’s. formulation to this system, it is possjble to [Rek3,(w,)]"* and [2 Imk}(w,)] 1. Equations(1)—(8)
write the following general expression for the SHG intensi-gescribe the SHG from an isotropic film on a substrate that is
ties 14 in the y (inpuh—p (outpuy polarization aiso active in SHG. These expressions provide a framework

configuratio®*3 that can include both linear and nonlinear optical effects of
@ @) the SAM interface. In the absence of strong linear optical
1 fie=|Tol[FA(20) P37 —Fy(20) P77, (2)  absorption at thew, frequencies, it might be possible to

— ) ) obtain reasonable results by assuming uni@s@tropio val-
where fo=[47iwn,(2w)]yc/2m. Denoting the frequencies | qq forn?(w,) andaj(w,). In such a case, the above three-
asw, [#=1 (fundamentalw,=w) or 2 (SHG, w,=2w)].  |ayer description for an isotropic adsorbate can be assumed
we write w,=(w,/c); cis the velocity of light in vacuum.  to describe SHG from SAMs. In the presence of absorption,
The superscripty implies p or s polarization, and provides this assumption breaks down, and it becomes necessary to

the value of the angle that describes the polarizatyr0  consider the appropriate components of (w,) and
for p polarization andy= /2 for s polarization. For a ad(,).

P . 2 2 2 . 2 . .
un|a>§|§I SUfface(z)fS"m,P%Z;pzs)(%xﬂf(g)):*ngz(E?)zy PP Now we discuss how one can incorporate a phenomeno-
=2xyERED; PYP=2x;0(E})% PY°=0. The fundamen- |ogical description of the anisotropy of a SAM in the frame-
tal field component&? in the sample are related to the in- work of Egs.(2)—(8). We consider uniaxial films, as studied

cident laser fielde, as in Ref. 1. For such filmsn,,; is diagonalized so thaty ,x
- A P A 6
YN o ' =nNy.,y=Ny|, andn,.,,=n,, .” The symbolg andL denote
El(0)=Gi(y)Fi(@)E (o). ©) directions parallel and perpendicular to the interface, respec-
those studied by Eiseet él., Y2 =@ =2 14150pe can  from Eq. (5) of Ref. 15 via the application of the ordinary

zxx_ Xzyy™ Xxxz- ) . . .
(2) 2) . Snell's law. For the anisotropic film, howeves;polarized
expres and , in terms of the molecular tilt anglé

PressXzxx NG Xzzz g photons do not obey the usual form of Snell's law. For the

by using Eq.(5) of Ref. 14. The Fresnel factors for the ) ; : . . .
present case are expressed as present case, denoting all anisotropic quantities with a tilde,
we write the generalized Snell’'s law 1ﬁsnl(wﬂ)sina1

aﬁSﬂJrkEx(wﬂ) =nh(w,)sinab=ng(w, )sina; (for p polarization and

FZ(w“):p—NpIp' 4 ny(w,)sine;=n(w,)sina3=ny(w,)sina; (for s polariza-
()Nl tion). The refractive indices fop and s polarizations are
oo given ag®'’
F ()= i Lt e) ©
L CAL 1 sifaBe,) 1-sifab(w,)
as(w - aH W
=Tty =2 (9

Fy(w,)=(—,a5S (N5, (6) [M(w,)1? [P (0017 [MB(w,)]?
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andﬁg(wﬂ)_:ﬁzu(wu), respectively. Combining Eq9) with yvh(_erejlfsinzal[ﬁ_gn(wﬂ)—ﬁi(wu)]. The above expressions
the generalized Snell's law, one can expresspthefractive  indicate how the linear optical properties of the anisotropic
index of the film as interface govern the results of surface SHG wytholarized
photons. Fors-polarized input,?fw and wa [appearing in
Fy(w) of Eq. (6)] follow the usual formulation for an isotro-
pic system. Following previously reported calculations, these
parameters can be expressedZ§:*®

nS(w,)=ny(w,)[1+G,]* (10)

whereG , = nf(w,,)sirfa;[ny*(w,) Ny (w,)]. The unknown
angle a3 in the isotropic substrate is obtained as
=sinfl{[nl(wﬂ)/ng(wﬂ)]sinal}. The x components of the

. . . s _
wave vectors have the same forms in the anisotropic and £, N1(w,)C0Say

~ 3
isotropic cases. By using E(LO) in the generalized Snell's r21(w“)_22+ ny(w,)cosa; (0
law, we obtain the components ok} in the formkJ,(w,)
=w,£&), where = _EZ— N3(w,)cosas 22
~ 23_~S ’
~ ny(w,) ~ . &, N3(w,)cosas
£ =2 (R, (w,) — N0, )siPag ], (1)
nZL(w/J,
~ 2n,(w,)cosa,
s _ =2 2 - 12 Aw,)= £ =< (23
glu,:[nZH(w,u)_nl(w,u,)SInzal] . (12) nl(a)’u)COSafl-i— gz
Equations(10)—(12) provide the basis for treating the linear ~
optical effects that interfere with SHG from the anisotropic ~ 1-[rlfw,)]?
film. To our knowledge, this treatment of an anisotropic tgl(w,b):w—, (24)
layer has not been incorporated in any detailed calculations A@,)
of surface SHG. B
In a strictly phenomenological approach, one can obtain a s 252
set of working equations from Eq$2)—(8) by replacing oy w,)= Nl (25
the isotropic reflection and transmission coefficients by Ny(w,)C0Saz+ ),

their respective anisotropic counterparts. In this approach, ~ s )
Egs. (4—(8) are utilized (preferably in the thin film Wherea;=a; (isotropio, and Eq.(24) holds for bothp and

limit), where the isotropic quantities(w,), ns(w,), and S polarizations. The above description accounts for certain
Kl(w,) are retained, and the anisotr(;Lpic FrestneI factorOptical features of a SAM interface that were excluded from

~ . . . the previously reported analysis.
Fi(w,) are used in place of the isotropic factéigw,). To breviously rep y

| he F |t h | The model of surface SHG based on Eg8—(25) sug-
evaluate the Fresnel Tactors, one uses the rep acemengstS a possible explanation for the apparently surprising ob-

nj(w,)—n}w,), ab(w,)—ab(w,), Kie,)—ki(w,)  servations reported in Ref. 1. This model also provides a
=w,n}(w,)cosal(w,), r5,—Th, , and t),—1h in Egs. suitable framework for combining linear and nonlinear opti-
(4)—(8). Following previously published calculatiot%;'® cal experiments involving SAMs. Note that, due to the rela-
the reflection and transmission coefficients iquolarization  tively large number of unknown parameters in E@3—(25),

can be expressed as follows: it is difficult to measure molecular orientation using SHG.
The SHG signal/I £ in Eq. (2) is related to the molecular
tilt angle 0, via the angle-dependent nonlinear susceptibility
elements The consideration of anisotropic Fresnel factors

introduces the additional unknown factors, ﬁ&ﬁ(wM),

Zf(wu)=nl(wﬂ)[ﬁi(wﬂ)—ni(wﬂ)sinzal]m, (14) Re’ﬁZL(w#), |m?12H(wM), and Imﬁa(wﬂ). For a “thick”
film, two more unknownsd and z,, appear through the

Alw,)—Ab(w,)

Al(w,)+Ab(w,)

AY(,)=Ty(®,)Ny, (0,)c0Say, (15)  quantitiesa’, b”, andg),. All these parameters must be
determined to evaluate Eg&)—(8), which, in turn, can al-
N Eﬁ(wﬂ)—ﬁg(wu) low for a proper calculation of#) in terms of the measured
roy(w,)= =5 = , (16) I 2P (the angular bracket implies an average over the dis-
Bi(w,)+B3(w,) tribution of tilt angles. Usually, this is not possible with
_ ~ conventional SHG (phase and intensity measurements
BY(w,)=n3(w ) [Al(w,)/n(w,)], (17 alone. The situation is further complicated when the probe
molecular unit in the surface film absorbs light at the funda-
Eg(wﬂ)=(COSa3/COSa1)"N2’(wM), (18  mental and/or the SH wavelength. In this case, both real and

imaginary parts ofn,; andn,, become# dependent.De-
pending on the absorption frequency, a combination of sev-
(19 eral linear optical techniques might be necessary to evaluate
these refractive indice®nd the film thicknegs Detailed dis-
=05 ) ~ o~ " cussion of these linear techniques for probing anisotropic
D, =[ni(®,)d,+tny (@,)]7 (200 films is available in the literature®14-22Here, we briefly

2n1(w#)cosalﬁz

P (@ )[R0+ AB(w,)]’

Trl)z(w#)
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mention certain aspects of such measurements that are retopic refractive index of the film materiaf The real refrac-
evant in the context of SHG experiments. tive indices of the anisotropic film also depend énAs

The linear refractive indices and the thickness of theshown by Parikh and Allara, ﬁQ“ and ReﬁZL can be ob-
film can be measured usinguv-visible) reflectance tained in terms of the imaginary refractive indices by using
spectroscop¥ and/or ellipsometry® The linear reflectivity —an approximate Kramers-Kronig transformatiithus, in
of the interface probed in such experiments has the ¥otfh  the linear optical techniques, the information abétiollows

_ _ directly from the refractive index measurements. Linear elec-

- r’(w,)+rl(w,)g” troreflectance spectroscopy can be used to probe dipole tran-
Rizdw,)= 12;” »«23( = g#y. (26)  sitions in the U\F/)-visible rgzg@.'zz The molecﬁlar tilt zfngle

1= w,)r3(®,)g, can also be determined by combining the results of these
To evaluate the unknown parameters of this expression, mulinear measurements with the SHG results, in the framework
tiple angle ;) measurements are necessary for each fref EGs. (2—(25). Due to the relatively complex nature of
quency. The quantity,; can be determined with a set of data analy_3|s.|n such a case, the fmal result should be
measurements usingpolarized light. In additionn, () checked with gdependerﬁand more diregt measurements
can be utilized as a known variable by employing differentSUCh as IRRAS. . . L :
sample environment8n nitrogen and inert aqueous electro- In view of the above _dlscuss_|on, It is unI_|ker that the
lytes, for examplg?® The analysis is considerably simplified cop\./entlonaI.SHG technique will serve on Its own as an
in the absence of absorption, where the real parts of bgth efficient, routine method for measuring _molecular orientation
andn,, can be replaced by 'Ehe real bulk refractive index ofo-f SAMS. Moreoyer, the a'ctual potentlal'of the SHG tech-
the fiI2r¢1. In the presence of absorption, a formalism for si-due may remain under_utlllzed n experiments _that are fo-

’ cused strictly on developing SHG as a self-sufficient method

Yt measuring molecular orientation. The potential of SHG
for SAM studies lies in the unique surface selectivity of this
technique, as well as in its instantaneous response to changes
th the electronic properties of the interface. The molecular
Gilt angle and the linear refractive indices can be measured
r’l:onveniently by using the linear techniques described by pre-
vious authors:®1%-1Subsequently, by using this informa-
- ) tion in the framework of phase-sensitive SHG experiments, it
one assumes Imyy(w,)=(3/2)Imny(w,)(sin" 6), and  should be possible to obtain a detailed picture of electronic
Imny, (w,)=3Im nb(wﬂ)<co§0>, wheren,, is the bulk iso- interactions at the SAM interface.

tilt angle is available in the literature of infrared reflection
absorption spectroscogyRRAS).>® This formalism can be
extended to the uv-visible linear reflectance measurement
In the latter case, often the linear dipole moment of the prob
molecular unit can be derived from a predominant transitio
of a dipole along the molecular axd$For a uniaxial sample,
exhibiting such a linear transition at the frequenay,,
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