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Comment on ‘‘Molecular orientation determined by second-harmonic generation:
Self-assembled monolayers’’

Dipankar Roy*

Department of Physics, Clarkson University, Potsdam, New York 13699-5820
~Received 27 May 1999; revised manuscript received 24 November 1999!

A recent paper by Eisertet al. @Phys. Rev. B58, 10 860~1998!# describes a second-harmonic generation
~SHG! technique for probing molecular orientation in self-assembled monolayers~SAMs!. 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.
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Eisert et al. have demonstrated how the unique surfa
sensitivity of second-harmonic generation~SHG! can be uti-
lized to study interfaces of Au and self-assembled mono
ers ~SAMs!.1 Their results, however, lead to a number
apparently surprising implications. Their analysis of t
Fresnel factors, initially presented in a three-phase mo
relies eventually on a two-phase model to achieve agreem
between the results of SHG and those of linear optical m
ods. The authors consider this finding unexpected in view
the success of three-phase models in linear surface op
Moreover, the implications of the local field factors are re
tively unclear. It was also possible to explain the SHG d
collected in ethanol simply by replacing the requirement
phase information with the incorporation of a readjus
higher refractive index in the Fresnel factors. This obser
tion is also unexpected in view of the strong governing r
of phase factors in SHG.2

It is likely that these apparently unexpected implicatio
of the SHG results are related to certain qualitative featu
of the model used by Eisertet al. to interpret their data. Thei
model, based on previously used simple formulations,
cuses primarily on the nonlinear response of the interf
and treats the linear effects only qualitatively. For instan
the nonlinear effects in the SAM film are used to probe
anisotropy~orientation!, but its linear refractive index is as
sumed to be isotropic. While such assumptions are foun
hold for certain systems~depending on the fundamental fre
quency for SHG!, they may not hold as well in the case
SAMs.3 This, in particular, is a relevant issue—consideri
the wide range of linear optical methods that are sensitiv
and used to measure anisotropies in SAMs.4–6
PRB 610163-1829/2000/61~19!/13283~4!/$15.00
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To note the importance of the linear optical parameters
surface SHG, consider the net surface polarization~up to
its second-order term!: P5P(1)1P(2). For a fundamental
electric field E(v) at the location of the polarization
sheet, we havePi

(1)(v)5( jx i j
(1)Ej (v) and Pi

(2)(2v)
5( jkx i jk

(2)Ej (v)Ek(v). Here, x i j
(1) and x i jk

(2) are the~total!
linear and nonlinear surface susceptibilities, respectivelyv
is the incident photon frequency. The linear refractive ind
ñi j of a surface layer of thicknessd has the form (ñi j )

2

5d i j 14p(x i j
(1)/d). SinceP(1) and P(2) are coupled, all ad-

sorbate effects experienced byx i jk
(2) are also experienced b

ñi j and hence by the Fresnel factors.7 Thus, the linear and
nonlinear optical parameters of the SAM interface should
treated identically in the working equations used to anal
the SHG data. Such a formalism can be developed in
steps. In the first step, a proper correspondence shoul
established between the interpretations of the two-ph
~used in SHG! and three-phase~used in linear optics! mod-
els. In the second step, the relevant effects of the SAM fi
~such as its spatial anisotropy! should be included in both the
linear refractive indices and the nonlinear susceptibility e
ments of the interface.

First we discuss the formulation of the appropriate thr
phase model. Each nonzero elementx i jk

(2) of the total nonlin-
ear susceptibility in the present case has the form1,7

x i jk
(2)5x2;i jk

(2) 1x3;i jk
(2) 1x I ; i jk

(2) , ~1!

where xu; i jk
(2) denotes the susceptibility of theuth phase in

Fig. 3 of Ref. 1@u51 ~isotropic environment!, 2 ~anisotropic
13 283 ©2000 The American Physical Society
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film!, and 3~isotropic substrate!#; x I ; i jk
(2) corresponds to the

interactions at the~2-3! interface. A two-phase model ha
been traditionally used to describe Eq.~1!.8 On the other
hand, the linear effects are commonly treated with a thr
phase model.5,6,9For surface SHG, it is necessary to combi
the essential features of these two- and three-phase mod
one description~otherwise, as noted by Eisertet al. in Ref. 1,
the task of choosing the right Fresnel factors becomes n
trivial!. For submonolayer adsorption of monatomic spec
it is convenient to use a modified two-phase model for S
that also incorporates certain elements of a three-ph
model to describe the linear effects.7,10,11 A three-phase
model is more appropriate for a SAM where the sheet
superimposed nonlinear polarizations is chosen within
surface film. While making the transition from the tradition
two-layer description of Eq.~1!, one must also account fo
all the additional complications of the three-layer case. Th
include interference effects within the film, as well as t
effect of film thicknessd on the phase of SHG.

Sipe’s three-phase model for linear surface optics p
vides the basis for the considerations of these effects.12 Con-
sidering the beam coordinates and Fig. 3 from Ref. 1,
locatingz50 at the~1-2! interface, one can place the pola
ization sheet describingx i jk

(2) at 2za below the~1-2! plane
(za corresponds to the position of the center of the molecu
unit representing the predominant nonlinear polarizabilit!.
Applying Sipe’s formulation to this system, it is possible
write the following general expression for the SHG inten
ties I SHG

gp in the g ~input!–p ~output! polarization
configuration12,13:

AI SHG
gp 5u f 0uuFz~2v!Pz

(2)g2Fx~2v!Px
(2)gu, ~2!

where f 05@4p i v̄n1(2v)#Ac/2p. Denoting the frequencie
asvm @m51 ~fundamental,v15v) or 2 ~SHG, v252v)#,
we write v̄m5(vm /c); c is the velocity of light in vacuum.
The superscriptg implies p or s polarization, and provides
the value of the angle that describes the polarization;g50
for p polarization andg5p/2 for s polarization. For a
uniaxial surface film,Pz

(2)p5xzxx
(2) (Ex

p)21xzzz
(2)(Ez

p)2; Px
(2)p

52xxxz
(2)Ex

pEz
p ; Pz

(2)s52xzyy
(2) (Ey

s)2; Px
(2)s50. The fundamen-

tal field componentsEi
g in the sample are related to the in

cident laser fieldEL as

Ei
g~v!5Gi~g!Fi~v!EL~v!. ~3!

Here, Gx5Gz5cosg; Gy5sing. For molecules such a
those studied by Eisertet al., xzxx

(2)5xzyy
(2) [xxxz

(2) .14,15One can
expressxzxx

(2) andxzzz
(2) , in terms of the molecular tilt angleu

by using Eq.~5! of Ref. 14. The Fresnel factors for th
present case are expressed as

Fz~vm!5
am

p Sm
p1k1x

p ~vm!

n2
p~vm!Nm

p l m
p

, ~4!

Fx~vm!5
am

p Sm
p2k2z

p ~vm!

n2
p~vm!Nm

p l m
p

, ~5!

Fy~vm!5~2vmam
s Sm

s2!/~Nm
s l m

s !, ~6!
e-
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Sm
g6516r 23

g ~vm!bm
g , ~7!

Nm
g 512r 21

g ~vm!r 23
g ~vm!gm

(g) , ~8!

where k1x
g (vm)5v̄mn1(vm)sina1 and k2z

g (vm)

5v̄mn2
g(vm)cosa2

g(vm). The angleau
g(vm) characterizes the

propagation of theg-polarized fundamental (m51) or the
SH (m52) beam in mediumu;nu

g(vm) is the linear refrac-
tive index of theuth phase forg-polarized photons at the
frequencyvm , andku

g(vm) is the corresponding wave vec
tor. For an isotropic medium,nu

p5nu
s and au

p(vm)
5au

s(vm). We also define am
g 5exp@2ik2z

g (vm)za#; bm
g

5exp@2ik2z
g (vm)(d1za)#; gm

g 5exp@2ik2z
g (vm)d#; l 1

p

5@v̄/t12
p (v)#; l 2

p5@k2z
p (2v)/t21

p (2v)#; l m
s 5@v̄m /t12

s (vm)#;
r uv

g and tuv
g are the standard reflection and transmission

efficients for theu-v interface withg-polarized photons.12 In
the limit d→0, I SHG in Eq. ~2! does not vanish, and stil
contains the signature@n2

g(vm)# of the adsorbate. Further
more, unlike the earlier three-phase models of SHG,15 all the
nonzero susceptibility terms in the present case have
form of Eq.~1!. Also note that Eqs.~4!–~8! are considerably
simplified asam

g , bm
g , andgm

g approach unity in the limit of a
thin ~but finite! film where d is small compared to both
@Rek2z

g (vm)#21 and @2 Imk2z
g (vm)#21. Equations~1!–~8!

describe the SHG from an isotropic film on a substrate tha
also active in SHG. These expressions provide a framew
that can include both linear and nonlinear optical effects
the SAM interface. In the absence of strong linear opti
absorption at thevm frequencies, it might be possible t
obtain reasonable results by assuming unique~isotropic! val-
ues fornm

g (vm) anda2
g(vm). In such a case, the above thre

layer description for an isotropic adsorbate can be assu
to describe SHG from SAMs. In the presence of absorpti
this assumption breaks down, and it becomes necessa
consider the appropriate components ofnm

g (vm) and
a2

g(vm).
Now we discuss how one can incorporate a phenome

logical description of the anisotropy of a SAM in the fram
work of Eqs.~2!–~8!. We consider uniaxial films, as studie
in Ref. 1. For such films,ñ2;i j is diagonalized so thatñ2;xx

5ñ2;yy5ñ2i , andñ2;zz5ñ2' .6 The symbolsi and' denote
directions parallel and perpendicular to the interface, resp
tively. Note that a Fresnel factor in Eq.~12! of Ref. 1 follows
from Eq. ~5! of Ref. 15 via the application of the ordinar
Snell’s law. For the anisotropic film, however,p-polarized
photons do not obey the usual form of Snell’s law. For t
present case, denoting all anisotropic quantities with a ti
we write the generalized Snell’s law as16 n1(vm)sina1

5ñ2
p(vm)sinã2

p5n3(vm)sina3 ~for p polarization! and

n1(vm)sina15ñ2
s(vm)sina2

s5n3(vm)sina3 ~for s polariza-
tion!. The refractive indices forp and s polarizations are
given as16,17

1

@ ñ2
p~vm!#2

5
sin2ã2

p~vm!

@ ñ2'
p ~vm!#2

1
12sin2ã2

p~vm!

@ ñ2i
p ~vm!#2

~9!
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andñ2
s(vm)5ñ2i(vm), respectively. Combining Eq.~9! with

the generalized Snell’s law, one can express thep refractive
index of the film as

ñ2
p~vm!5ñ2i~vm!@11G̃m#1/2, ~10!

whereG̃m5n1
2(vm)sin2a1@ñ2i

22(vm)2ñ2'
22(vm)#. The unknown

angle a3 in the isotropic substrate is obtained asa3
5sin21$@n1(vm)/n3(vm)#sina1%. The x components of the
wave vectors have the same forms in the anisotropic
isotropic cases. By using Eq.~10! in the generalized Snell’s
law, we obtain thez components ofk2

g in the form k̃2z
g (vm)

5v̄mj̃m
g , where

j̃m
p 5

ñ2i~vm!

ñ2'~vm!
@ ñ2'

2 ~vm!2n1
2~vm!sin2a1#1/2, ~11!

j̃m
s 5@ ñ2i

2 ~vm!2n1
2~vm!sin2a1#1/2. ~12!

Equations~10!–~12! provide the basis for treating the linea
optical effects that interfere with SHG from the anisotrop
film. To our knowledge, this treatment of an anisotrop
layer has not been incorporated in any detailed calculat
of surface SHG.

In a strictly phenomenological approach, one can obta
set of working equations from Eqs.~2!–~8! by replacing
the isotropic reflection and transmission coefficients
their respective anisotropic counterparts. In this approa
Eqs. ~4!–~8! are utilized ~preferably in the thin film
limit !, where the isotropic quantitiesn1(vm), n3(vm), and
k1x

g (vm) are retained, and the anisotropic Fresnel fact

F̃ i(vm) are used in place of the isotropic factorsFi(vm). To
evaluate the Fresnel factors, one uses the replacem
n2

g(vm)→ñ2
g(vm), a2

p(vm)→ã2
p(vm), k2

g(vm)→ k̃2
g(vm)

5v̄mñ2
g(vm)cosã2

g(vm), r uv
p → r̃ uv

p , and tuv
p → t̃ uv

p in Eqs.
~4!–~8!. Following previously published calculations,16–19

the reflection and transmission coefficients forp polarization
can be expressed as follows:

r̃ 21
p ~vm!5

Ã1
p~vm!2Ã2

p~vm!

Ã1
p~vm!1Ã2

p~vm!
, ~13!

Ã1
p~vm!5n1~vm!@ ñ2'

2 ~vm!2n1
2~vm!sin2a1#1/2, ~14!

Ã2
p~vm!5ñ2i~vm!ñ2'~vm!cosa1 , ~15!

r̃ 23
p ~vm!5

B̃1
p~vm!2B̃2

p~vm!

B̃1
p~vm!1B̃2

p~vm!
, ~16!

B̃1
p~vm!5n3~vm!@Ã1

p~vm!/n1~vm!#, ~17!

B̃2
p~vm!5~cosa3 /cosa1!Ã2

p~vm!, ~18!

t̃ 12
p ~vm!5

2n1~vm!cosa1D̃m
p

ñ2'~vm!@Ã1
p~vm!1Ã2

p~vm!#
, ~19!

D̃m
p 5@n1

2~vm!J̃m1ñ2'
4 ~vm!#1/2, ~20!
d

s
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whereJ̃m5sin2a1@ñ2i
2 (vm)2ñ2'

2 (vm)#. The above expression
indicate how the linear optical properties of the anisotro
interface govern the results of surface SHG withp-polarized
photons. Fors-polarized input,r̃ uv

s and t̃ uv
s @appearing in

Fy(v) of Eq. ~6!# follow the usual formulation for an isotro
pic system. Following previously reported calculations, the
parameters can be expressed as.12,18,19

r̃ 21
s ~vm!5

j̃m
s 2n1~vm!cosa1

j̃m
s 1n1~vm!cosa1

, ~21!

r̃ 23
s 5

j̃m
s 2n3~vm!cosa3

j̃m
s 1n3~vm!cosa3

, ~22!

t̃ 12
s ~vm!5

2n1~vm!cosa1

n1~vm!cosa11 j̃m
s

, ~23!

t̃ 21
g ~vm!5

12@ r̃ 12
g ~vm!#2

t̃ 12
g ~vm!

, ~24!

t̃ 23
s ~vm!5

2j̃m
s

n3~vm!cosa31 j̃m
s

, ~25!

whereã2
s[a2

s ~isotropic!, and Eq.~24! holds for bothp and
s polarizations. The above description accounts for cert
optical features of a SAM interface that were excluded fro
the previously reported analysis.1

The model of surface SHG based on Eqs.~1!–~25! sug-
gests a possible explanation for the apparently surprising
servations reported in Ref. 1. This model also provide
suitable framework for combining linear and nonlinear op
cal experiments involving SAMs. Note that, due to the re
tively large number of unknown parameters in Eqs.~2!–~25!,
it is difficult to measure molecular orientation using SH
The SHG signalAI SHG

gp in Eq. ~2! is related to the molecula
tilt angle u, via the angle-dependent nonlinear susceptibi
elements.14 The consideration of anisotropic Fresnel facto
introduces the additional unknown factors, Reñ2i(vm),
Reñ2'(vm), Im ñ2i(vm), and Imñ2'(vm). For a ‘‘thick’’
film, two more unknowns,d and za , appear through the
quantitiesãm

g , b̃m
g , and g̃m

g . All these parameters must b
determined to evaluate Eqs.~2!–~8!, which, in turn, can al-
low for a proper calculation of̂u& in terms of the measured
AI SHG

gp ~the angular bracket implies an average over the d
tribution of tilt angles!. Usually, this is not possible with
conventional SHG ~phase and intensity! measurements
alone. The situation is further complicated when the pro
molecular unit in the surface film absorbs light at the fund
mental and/or the SH wavelength. In this case, both real
imaginary parts ofñ2i and ñ2' becomeu dependent.5 De-
pending on the absorption frequency, a combination of s
eral linear optical techniques might be necessary to eval
these refractive indices~and the film thickness!. Detailed dis-
cussion of these linear techniques for probing anisotro
films is available in the literature.5,6,16–22 Here, we briefly
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mention certain aspects of such measurements that are
evant in the context of SHG experiments.

The linear refractive indices and the thickness of
film can be measured using~uv-visible! reflectance
spectroscopy23 and/or ellipsometry.18 The linear reflectivity
of the interface probed in such experiments has the form12,18

R̃123
g ~vm!5

r̃ 12
g ~vm!1 r̃ 23

g ~vm!gm
g

12 r̃ 12
g ~vm! r̃ 23

g ~vm!gm
g

. ~26!

To evaluate the unknown parameters of this expression, m
tiple angle (a1) measurements are necessary for each
quency. The quantityn2i can be determined with a set o
measurements usings-polarized light. In addition,n1(vm)
can be utilized as a known variable by employing differe
sample environments~in nitrogen and inert aqueous electr
lytes, for example!.20 The analysis is considerably simplifie
in the absence of absorption, where the real parts of bothn2i
andn2' can be replaced by the real bulk refractive index
the film. In the presence of absorption, a formalism for
multaneous measurements of refractive index and molec
tilt angle is available in the literature of infrared reflectio
absorption spectroscopy~IRRAS!.5,6 This formalism can be
extended to the uv-visible linear reflectance measureme
In the latter case, often the linear dipole moment of the pr
molecular unit can be derived from a predominant transit
of a dipole along the molecular axis.21 For a uniaxial sample
exhibiting such a linear transition at the frequencyvm ,
one assumes Imñ2i(vm)5(3/2)Imnb(vm)^sin2 u&, and
Im ñ2'(vm)53Imnb(vm)^cos2u&, wherenb is the bulk iso-
S

m

el-

e

l-
-

t

f
-
lar

ts.
e
n

tropic refractive index of the film material.5,6 The real refrac-
tive indices of the anisotropic film also depend onu. As
shown by Parikh and Allara, Reñ2i and Reñ2' can be ob-
tained in terms of the imaginary refractive indices by usin
an approximate Kramers-Kronig transformation.5 Thus, in
the linear optical techniques, the information aboutu follows
directly from the refractive index measurements. Linear ele
troreflectance spectroscopy can be used to probe dipole t
sitions in the uv-visible range.21,22 The molecular tilt angle
can also be determined by combining the results of the
linear measurements with the SHG results, in the framew
of Eqs. ~2!–~25!. Due to the relatively complex nature o
data analysis in such a case, the final result should
checked with independent~and more direct! measurements
such as IRRAS.6

In view of the above discussion, it is unlikely that th
conventional SHG technique will serve on its own as
efficient, routine method for measuring molecular orientati
of SAMs. Moreover, the actual potential of the SHG tec
nique may remain underutilized in experiments that are
cused strictly on developing SHG as a self-sufficient meth
of measuring molecular orientation. The potential of SH
for SAM studies lies in the unique surface selectivity of th
technique, as well as in its instantaneous response to cha
in the electronic properties of the interface. The molecu
tilt angle and the linear refractive indices can be measu
conveniently by using the linear techniques described by p
vious authors.5,6,16–19 Subsequently, by using this informa
tion in the framework of phase-sensitive SHG experiments
should be possible to obtain a detailed picture of electro
interactions at the SAM interface.
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