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Molecular and surface hyperpolarizability of oriented chromophores of low symmetry

Garth J. Simpson,* John M. Perry, and Christine L. Ashmore-Good
Department of Chemistry, Purdue University, West Lafayette, Indiana 47907

~Received 12 April 2002; published 31 October 2002!

In chromophores of low symmetry, including chiral species, modeling calculations generally do not produce
the most convenient set of coordinates for evaluating the molecular second order nonlinear polarizability tensor
b (2). By referencing the internal coordinate axes with respect to a single, dominant transition, the number of
significant electric-dipole allowedb (2) tensor elements can be reduced from 18 in second harmonic generation
~SHG! to at most 3, with the complete removal of all chiral elements. This coordinate transformation reduces
the complexity of SHG measurements of oriented chiral systems to a level consistent with chromophores of
significantly higher symmetry and provides a straightforward approach for extracting orientation information
from polarization measurements.

DOI: 10.1103/PhysRevB.66.165437 PACS number~s!: 42.65.An
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INTRODUCTION

The continuing expansion of surface-selective nonlin
optical methods into studies of biological systems requ
the development of new methods to interpret polarizat
measurements of chiral films. To date, second harmonic g
eration polarization measurements designed to inter
molecular orientation have been primarily performed
films of dye molecules of reasonably high symmetry~often
C2V or higher!.1–8 In these instances, the number of uniq
nonzero elements of the second order nonlinear optical
sor b (2) of the isolated chromophore reduces to only a f
~e.g., only bz8z8z8 , bz8x8x8 , and bx8x8z8 remain for chro-
mophores withC2V symmetry!, with one element often
dominating the nonlinear response. Notable exceptions
clude studies by Corn, Higgins, and co-workers and oth
in which methods of treating chromophores with nonze
bz8x8x8 and bz8z8z8 contributions were presented.3,5 In the
limiting cases in which only one or two elements of theb (2)

tensor are significant, the measured nonlinearity of the
face film ~described by thex (2) tensor! can be used to inter
pret parameters related to molecular orientation using fa
simple expressions.1–7,9–11In contrast, chromophores of low
symmetry generally have unique nonzero values for all
independent elements of theb (2) tensor for second harmoni
generation and all 27 for sum frequency generation~SFG!.
This striking increase in the number of contributing eleme
of the b (2) tensor has restricted meaningful extraction
orientation information in systems of low symmetry, inclu
ing chiral films.

The importance of reliable polarization interpretation
oriented chiral systems is highlighted by the pioneering w
of Hicks and co-workers12–14 and Persoons an
co-workers,15–17in which both groups independently demo
strated the presence of anomalously large chiral effect
nonlinear optical measurements of ultrathin surface film
Second harmonic generation circular dichroism~SHG-CD!
experiments yielded dichroic ratios approaching and exce
ing 100%, values several orders of magnitude greater t
typically observed in the linear analog of absorbance circu
0163-1829/2002/66~16!/165437~10!/$20.00 66 1654
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dichroism.12,14,17–20Following the development of SHG-CD
several intimately related chiral effects were observed. Hi
and co-workers13,20 have developed a nonlinear optical an
log of optical rotary dispersion. Persoons and co-work
have demonstrated linear dichroism in SHG~SHG-LD!,
which is the difference in detected SHG intensity for lig
linearly polarized at145° vs 245° and has no analog in
absorbance measurements.21 Verbiest, Kauranen, Persoon
and co-workers demonstrated that nonlinear optical acti
can occur in surface films of achiral chromophores exhib
ing in-plane anisotropy, provided the measurement is p
formed in an experimental geometry with no mirr
plane.22–25 Sum frequency generation in chiral liquids h
also been recently demonstrated as a novel probe of mol
lar chirality.26–32

This remarkable sensitivity to chirality suggests nonline
optical techniques such as SHG and SFG should be par
lar useful in structural studies, provided the chiral respo
can be correlated with surface and molecular organizat
Maki and Persoons,33 Hache, Mesnil, and Schanne-Klein,34

and Hicks and co-workers14 have reported theoretical mod
eling studies focused primarily on understanding the mole
lar origins of the second-order nonlinear optical response
previous work from this laboratory,35 an alternative potentia
source of chiral effects in SHG measurements was theori
in which SHG-CD can arise from surface orientation a
packing rather than directly from chromophore chirality. As
general tool for interpreting nonlinear optical polarizatio
measurements in oriented chiral and achiral systems,
present work describes a procedure for expressing the
lecular hyperpolarizability using any arbitrary internal coo
dinate system, with significant simplification achieved
referencing the coordinates with respect to a single transi
dominating the nonlinear response at a given incident wa
length.

THEORY

The complex hyperpolarizability tensor elements of in
vidual chromophores may be evaluated explicitly from su
over-states expressions.11,36–39The treatment presented he
©2002 The American Physical Society37-1
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focuses exclusively on second harmonic generation as
perimental observations of largex (2) nonlinear optical circu-
lar dichroism have not been routinely observed in infrar
visible SFG surface experiments. Although SFG has b
predicted and observed in the bulk from chiral solutions,
intensity of the nonlinear field attributed to chiral intera
tions was typically four to six orders of magnitude weak
than for analogous SHG measurements of oriented chiral
face systems.27,29–31The relative values of all nonzero ele
ments of the complexb (2) tensor can be determined by sum
ming together the contributions from all the excited sta
and projection onto the internal molecular coordinates:11,36

b i jk
~2!~22v;v,v!5 (

n8,n
~b i jk !n8n , ~1!

~b i jk !n8n

[2
1

8\2 $mn8n
i

~m0n
j mon8

k
1m0n8

j mn0
k !@ f ~ 1̄,1!1 f ~1,1̄!#

1mn0
i ~m0n8

j mn8n
k

1mn8n
j mn80

k
!@ f ~ 1̄,3̄!1 f ~1,3!#

1m0n8
i

~mn8n
j mn0

k 1mn0
j mn8n

k
!@ f ~3,1!1 f ~ 3̄,1̄!#%.

The ijk lowercase subscripts and superscripts refer to
molecular coordinate axes, withmba

i representing the projec
tion along thei axis of the transition moment between sta
e
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a andb. Equation~1! simply states that the total hyperpola
izability of an isolated chromophore is a coherent sum
combined pairwise interactions between the ground and
excited states. A shorthand notation has been adopted
which (b i jk)n8n is anN3N square matrix with each elemen
describing the nonlinear contributions from the respect
two or three state interactions for a given set ofijk coordi-
nates for allN excited states. The notation of Pugh and Mo
ley has been used for thef functions, which contain fre-
quency dependencies and phase information.11

It is convenient to distinguish between the diagonal co
tributions tob (2), in which n85n, and the off-diagonal con-
tributions, in whichn8ÞnÞ0. Expressions for the individua
diagonal@Eq. ~2!# and off-diagonal@Eq. ~3!# matrix elements
including complex damping terms have been derived in
earlier work:11,35

~b i jk !n85n5
21

2\2 H dn0
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j mn0
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vn0
2 2~v1 iGn0!2
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6 . ~3!
fun-
In Eqs. ~2! and ~3!, vba is the resonant frequency of th
transition between statesa and b with 0 indicating the
ground state,Gba is the corresponding damping constant,v
is the fundamental frequency, anddba

i is the projection along
the i axis of the difference in permanent dipole betwe
statesa andb.

In general, both diagonal and off-diagonal contributio
to b (2) must be considered at a given incident frequen
In the specific instance of a chromophore with stro
resonance enhancement with staten at the second
harmonic frequency, Eq. ~1! reduces to the
expression
s
.

b i jk
~2!~22v;v,v!
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2mn0
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\2@vn0
2 2~2v1 iGn0!2#

3F ~dn0
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~4!

Clearly, for systems with real states resonant at both the
7-2



e-

t
e
ith
pt

-
ly,
e
f

c
ic
n

o-
c
b

ai
-
a

l

cu-
s
-
-
tem

-

ent

y
ur-
ly

-
er

nic
ents
ain

ial

MOLECULAR AND SURFACE HYPERPOLARIZABILITY . . . PHYSICAL REVIEW B66, 165437 ~2002!
damental and second harmonic frequencies~i.e., if vn0
>2v andvn80>v), the off-diagonal coherent couplings b
tween excited states indicated in the summation in Eq.~6!
become doubly-resonant and are expected to dominate
hyperpolarizability.38,40–42Without the double resonance, th
situation is not as obvious. Resonance enhancement w
strong charge transfer transition such as in donor/acce
dyes will exhibit a strong transition momentm and large
change in permanent dipoled, suggesting the hyperpolariz
ability will be dominated by diagonal interactions. Certain
the relatively large second-order nonlinearity of charg
transfer chromophores has been well established
decades.37,43–46 Although hyperpolarizability contributions
from off-diagonal three-state couplings are routinely mu
smaller than the diagonal contributions in organ
chromophores,43 these terms cannot be dismissed out of ha
and may be significant in some instances~e.g., for double
resonances!. Given the prolific use of charge-transfer chr
mophores in nonlinear optical organic thin films and sin
discussion of internal coordinates in systems dominated
coherent three-state off-diagonal couplings has been det
in other work,35 the following discussion will focus exclu
sively on chromophores dominated by diagonal, two-st
interactions.

The surface second-order nonlinear optical tensorx (2) is
derived by summing theb (2) tensor contributions from al
the oriented chromophores at the interface:

x IJK
~2! 5 (

i jk 5x8y8z8
Ns^RIi RJ jRKk&b i jk . ~5!
16543
he

a
or

-
or

h

d

e
y

led

te

Ns is the number density of surface chromophores andRLl8
are elements of the Euler rotation matrix relating the mole
lar coordinate system~indicated by lowercase primed letter!
to the surface coordinate system~indicated by uppercase let
ters!. The surfaceX and Y axes are identical in SHG mea
surements with a single incident beam and a surface sys
invariant to rotation about the surface normal~i.e., uniaxial
with C` symmetry!. Combining this relation with the sym
metry condition that the right two indices inx IJK are inter-
changeable in SHG leads to only four nonzero independ
elements ofx (2) remaining in uniaxial films~i.e., with one
unique axis normal to the surface!: xZZZ , xZXX5xZYY,
xXXZ5xXZX5xYYZ5xYZY, and xXYZ5xXZY52xYXZ5
2xYZX.47 Implicit in Eq. ~5! is the assumption that ever
chromophore is identical for all orientation angles and s
face concentrations. Although this approximation routine
fails at high surface coverages~e.g., from aggregation48–51

and/or reorientation10,11,49–56!, it has been shown to be rea
sonably reliable in a broad variety of submonolay
films.5,11,57–59

In the most general case of molecularC1 symmetry, all 27
elements of the molecular hyperpolarizability tensorb (2)

may be nonzero, 18 of which are unique in second harmo
generation. Each of the four independent nonzero elem
of x (2) present in uniaxially oriented systems can cont
contributions from up to 18 different uniqueb (2) tensor ele-
ments. Explicit evaluation of Eq.~5! followed by simplifica-
tion yields the following generalized expressions for uniax
systems:
xZZZ5Ns5
^cos3 u&bz8z8z82^sin2 u cosu sinc cosc&~2bx8y8z812by8x8z812bz8x8y8!

1^sin2 u cosu cos2 c&~2bx8x8z81bz8x8x8!1^sin2 u cosu sin2 c&~2by8y8z81bz8y8y8!

1^sinu sinc&~2bz8y8z81by8z8z8!2^sinu cosc&~2bz8x8z81bz8z8z8!

1^sin3 u sinc&~2bx8x8y81by8x8x822bz8y8z82by8z8z8!

2^sin3 u cosc&~2by8x8y81bx8y8y822bz8x8z82bx8z8z8!

1^sin3 u sin3 c&~by8y8y82by8x8x822bx8x8y8!2^sin3 u cos3 c&~bx8x8x82bx8y8y822by8x8y8!

6 , ~6a!

xXXZ

5
1

2
Ns5

^sin2 u cosu&bz8z8z81^cosu&~bx8x8z81by8y8z8!

2^sin2 u cosu cos2 c&~2bx8x8z81bz8x8x8!2^sin2 u cosu sin2 c&~2by8y8z81bz8y8y8!

1^sin2 u cosu sinc cosc&~2bx8y8z812by8x8z812bz8x8y8!1^sinu cosc&~by8y8y82by8z8z8!1~bx8x8y82bz8y8z8!

2^sinu cosc&~bx8x8x82bx8z8z81by8x8y82bz8x8z8!

1^sin3 u sinc&~by8z8z82by8x8x812bz8y8z822bx8x8y8!

2^sin3 u cosc&~bx8z8z82bx8y8y812bz8x8z822by8x8y8!

1^sin3 u sin3 c&~by8x8x81bx8x8y82by8y8y8!2^sin3 u cos3 c&~bx8y8y81by8x8y82bx8x8x8!

6 ,

~6b!
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xZXX5
1

2
Ns5

^cosu cos2 c&~bz8y8y822bx8x8z8!1^cosu sin2 c&~bz8x8x822by8y8z8!

1^cos3 u cos2 c&~2bx8x8z81bz8x8x8!1^cos3 u sin2 c&~2by8y8z81bz8y8y8!

1^sin2 u cosu&bz8z8z81^sin2 u cosu sinc cosc&~2bx8y8z812by8x8z812bz8x8y8!

1^sinu cosc&~2bz8x8z82bx8y8y82bx8x8x8!

1^sin3 u cosc&~2by8x8y81bx8y8y822bz8x8z82bx8z8z8!

2^sinu sinc&~2bz8y8z82by8x8x82by8y8y8!

2^sin3 u sinc&~2bx8x8y81by8x8x822bz8y8z82by8z8z8!
3 3

6 , ~6c!
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1^sin u cos c&~bx8x8x82bx8y8y822by8x8y8!

2^sin3 u sin3 c&~by8y8y82by8x8x822bx8x8y8!

xXYZ5
1

2
NsH ^cos2 u&~bx8y8z82by8x8z8!1^sin2 u sinc cosc&~bz8y8y82bz8x8x81bx8x8z82by8y8z8!

1^sinu cosu sinc&~bx8y8y81bz8x8z82bx8z8z82by8x8y8!

1^sinu cosu cosc&~by8x8x81bz8y8z82by8z8z82bx8x8y8!

1^sin2 u cos2 c&~by8x8z82bz8x8y8!2^sin2 u sin2 c&~bx8y8z82bz8x8y8!
J . ~6d!
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Internal coordinates. The relations in Eq.~6! will hold
irrespective of the internal coordinate system of the ch
mophores used to generate theb (2) tensor. Many modeling
calculations assign coordinate axes along the internal
ments of inertia. In systems of high symmetry, these sa
internal coordinates often serendipitously correspond to c
venient symmetry axes for describing electronic excitatio
However, in general, the coordinate systems assigned f
modeling calculations are not necessarily the simplest to
in hyperpolarizability calculations in systems of low symm
try. A more convenient set of internal coordinates is p
posed, in which the coordinates are referenced with res
to a single excited state that dominates the hyperpolariza
ity at a given set of wavelengths.35

Within the validity of the two-state approximation, th
molecular hyperpolarizability can be constructed from t
vectors inside the molecular framed andm. It is convenient
to construct a coordinate system referenced with respec
these two vectors such that the internalz8 axis is defined to
be parallel to the change in permanent dipoled between the
ground state and the reference excited state and thex8 axis is
defined such that it contains the transition momentm. Using
thesed-m coordinates, all projections ofm onto the molecu-
lar y8 axis are zero and all projections ofd onto thex8 or y8
axes are zero. By redefining the coordinates in this manne
is immediately apparent that allb (2) elements withy indices
must vanish in two-state chromophores. The additional
quirement thatdx850 limits the number of nonzero indepen
dent elements ofb (2) to just three;bz8z8z8 , bz8x8x8 , and
bx8x8z8 . In thed-m coordinate system, the expressions in E
~6! reduce to those in Eq.~7!:35

xZZZ5Nsb^cos3 u&bz8z8z81^sin2 u cosu sin2 c&~bz8x8x8

12bx8x8z8!c, ~7a!

xZXX5
1

2
NsF ^sin2 u cosu&bz8z8z81^cosu&bz8x8x8

2^sin2 u cosu sin2 c&~bz8x8x812bx8x8z8!
G ,
~7b!
16543
-

o-
e

n-
s.
m
se
-
-
ct
il-

to

, it

-

.

xXXZ5
1

2
NsF ^sin2 u cosu&bz8z8z81^cosu&bx8x8z8

2^sin2 u cosu sin2 c&~bz8x8x812bx8x8z8!
G ,
~7c!

xXYZ5
1

2
Nsb^sin2 u sinc cosc&~bx8x8z82bz8x8x8!c.

~7d!

For practical reasons, most SHG investigations are p
formed with the dominating contributions to the hyperpola
izability arising from resonant interactions with a single e
cited state on or near the second harmonic frequency ins
of the fundamental frequency. In this limiting case, contrib
tions tob (2) from bz8x8x8 can be safely neglected@Eq. ~2!#. If
the angle betweend and m is defined to begdm , thenmx8

5umusingdm and mz85umucosgdm . Substitution into Eq.~7!
allows for further simplification of thex (2) tensor:

xZZZ}2^cos3 u&cos2 gdm12^sin2 u cosu sin2 c&sin2 gdm ,
~8a!

xZXX}2^sin2 u cosu&cos2 gdm

2^sin2 u cosu sin2 c&sin2 gdm , ~8b!

xXXZ}^sin2 u cosu&cos2 gdm1
1

2
^cosu&sin2 gdm

2^sin2 u cosu sin2 c&sin2 gdm , ~8c!

xXYZ}
1

2
^sin2 u sinc cosc&sin2 gdm . ~8d!

All phase information in Eq.~8! is contained within the
common complex proportionality constant. Simple geom
ric arguments combined with the relations in Eq.~8! allow
for determination of the anglegdm from experimental mea-
surements of the relative values of the surfacex (2) tensor
elements:
7-4
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tan2 gdm5
2bx8x8z8
bz8z8z8

5
4xXXZ24xZXX

2xZXX1xZZZ
. ~9!

An analogous expression forgdm can be derived to trea
systems with isolated transitions resonant with the fun
mental frequency, in which casebz8x8x8 andbx8x8z8 are ap-
proximately equal and opposite:

tan2 gdm5
bx8x8z8
bz8z8z8

5
xXXZ2xZXX

xXXZ1xZXX1xZZZ
. ~10!

MODELING CALCULATIONS

Rhodamine 6G~R6G! was used as a model chromopho
primarily because of the wealth of theoretical and expe
mental work exploring the nonlinear optical properties
rhodamine dye films.48–50,60–63Molecular modeling calcula-
tions for the rhodamine 6G cation in vacuo were perform
usingHYPERCHEMwith geometry optimization and electron
structure calculations performed using the PM3 numer
method. Potential energy calculations confirmed an opti
twist anglea of ;90° ~used in all calculations!, with differ-
ences in energy of only a few kcal/mol for 55°<a<115°.
Inspection of the UV-visible spectrum of R6G in methanol
Fig. 1 reveals a dominating absorbance at;530 nm. Mo-
lecular modeling calculations of R6G in vacuum genera
different values for the transition energies than those
served in methanol, but the dominating charge-transfer t
sition at;530 nm in solution can be assigned to the stro
resonance calculated at 466 nm~corresponding to a theore
ical 2v resonance for a fundamental beam at 932 nm!. For
incident wavelengths around 1mm, measurements have co
firmed that this single resonant feature dominates the non
ear optical response of rhodamine 6G.10,11,51

Hyperpolarizability calculations were performed by e
plicit evaluation of Eq.~1! using the vectorsm and d ob-

FIG. 1. Visible spectrum and chemical structure~inset! of
rhodamine 6G (1025 M in methanol!.
16543
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tained from molecular modeling. Calculations ofb (2) were
performed using Eq.~3! in two different coordinate systems
first using the coordinates provided by the modeling progr
from the moments of inertia@hereby referred to as the inertia
coordinates~IC’s!# then using thed-m coordinates reference
with respect to the strong transition at 466 nm. Thed-m
coordinates were defined as follows:zdm8 5d/udu, ydm8 5d
3m/ud3mu, and xdm8 5ydm8 3zdm8 . For all transitions, a
damping parameter ofGn0580 THz was chosen to genera
linewidths comparable to those observed in solution~;20
nm!. The line shapes shown in Figs. 2–6 are for illustrat
purposes only. Berkovic and co-workers have demonstra
the inadequacies of using Lorenzian line shapes to rigoro
describe inhomogeneously broadened Gaussian peak
nonlinear optical measurements.39

In both the inertial andd-m molecular coordinate systems

FIG. 2. Real~a! and imaginary~b! components of the three
nonzero independent elements of theb (2) tensor remaining in the
d-m coordinate system, determined from molecular modeling ca
lations of rhodamine 6G (solid5bx8x8z8 , dashed5bz8z8z8 , dotted
5bz8x8x8).
7-5
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SIMPSON, PERRY, AND ASHMORE-GOOD PHYSICAL REVIEW B66, 165437 ~2002!
thex (2) surface hyperpolarizability tensor elements were
termined using the more generalized expressions in Eq~6!
by summing the complex diagonal contributions from
transitions with non-negligible oscillator strengths~i.e., from

the trace of theb i jk
n8n matrix!. Although the expressions in Eq

~7! should be valid for evaluatingx (2) in the d-m coordinate
system in the spectral region around the dominating re
nance~fundamental wavelength of;932 nm!, the more rig-
orous general expressions in Eq.~5! were used to include
contributions from higher-energy resonances.

RESULTSÕDISCUSSION

Theoretical values of all 18 nonzerob (2) tensor elements
present for SHG measurements are shown in Figs. 2~real
components! and 3 ~imaginary components!, calculated for
rhodamine 6G using the inertial coordinates assigned f
the modeling calculations. Analogous calculations, shown

FIG. 3. Real components of the eighteen nonzero indepen
elements of theb (2) tensor present when using the inertial coor
nate system provided from molecular modeling calculations
rhodamine 6G. In ~a!, solid5bz8x8y8 , dashed5bz8x8x8 ,
dotted5bz8x8z8 . In ~b!, solid5bz8y8z8 , dashed5bz8y8y8 ,
dotted5bz8z8z8 . In ~c!, solid5bx8x8z8 , dashed5bx8x8y8 ,
dotted5bx8x8x8 . In ~d!, solid5bx8y8z8 , dashed5bx8y8y8 ,
dotted5bx8z8z8 . In ~e!, solid5by8x8z8 , dashed5by8x8x8 ,
dotted5by8x8y8 . In ~f!, solid5by8z8z8 , dashed5by8y8y8 ,
dotted5by8y8z8 .
16543
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Fig. 4, were also performed for the three nonzero uniqueb (2)

elements remaining after re-expressing the molecular hy
polarizability in thed-m coordinate system for the same mo
ecule.

Values for thex (2) tensor elements shown in Fig. 5 we
calculated using thed-m coordinate system for rhodamin
6G oriented with thed axis tilted at an angleudm equal to the
SHG magic angle of 39.2°~the result obtained for a broa
distribution in orientation angles!10,64and the twist anglecdm
equal to 0°. This particular choice ofcdm generates a zero
value for the chiral tensor elementxXYZ in Eq. ~7d!, consis-
tent with experimental expectations for an achiral surfa
film. Additionally, use of an apparent polar orientation ang
approximately equal to the SHG magic angle andcdm equal
to 0° is consistent with previous experimental SHG polari
tion measurements of R6G at air/glass interfaces.42,48,62

To calculate the values of the same fourx (2) tensor ele-
ments using the inertial coordinates, the appropriate an
for u IC andc IC were first determined. The new molecularz8
andx8 axes were expressed with respect to the surface c
dinates by first transforming them into thed-m coordinate
system, and then by transforming them further with the
propriate Euler rotation matrix. This generalized transf

nt

f

FIG. 4. Imaginary components of the eighteen nonzero indep
dent elements of theb (2) tensor present when using the inerti
coordinate system provided from molecular modeling calculati
of rhodamine 6G. The curve labels are identical to those use
Fig. 3.
7-6
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MOLECULAR AND SURFACE HYPERPOLARIZABILITY . . . PHYSICAL REVIEW B66, 165437 ~2002!
mation procedure is described mathematically in Eq.~11!, in
which v8 is an arbitrary vector expressed with respect to
coordinate system indicated by the subscripts,Rdm

surf is the
Euler rotation matrix transforming thed-m coordinate system
to the surface coordinates, andTIC

dm is the Cartesian transfor
mation matrix relating the inertial andd-m coordinates
within the chromophore:

vsurf8 5Rdm
surfTIC

dmvIC8 . ~11!

FIG. 5. Real~a! and imaginary~b! components of the four in-
dependentx (2) tensor elements present in uniaxial films, calcula
for rhodamine 6G oriented with thed axis tilted at the SHG magic
angle of 39.2° and the twist angle of them axis oriented at 0°
(solid5bx8x8z8 , dashed5bz8z8z8 , dotted5bz8x8x8). In the inertial
coordinate system, this orientation corresponds tou IC549.0° and
c IC561.6°.
16543
e
The angleu IC between the molecularz8 axis in the IC coor-
dinate system and the surfaceZ axis was evaluated from th
dot productz8•Z5cosuIC , and the value forc IC from the
relation x8•Z52cosuIC sincIC . For udm539.2° andcdm
50°, the corresponding angles using the IC coordinates
R6G were u IC549.0° andc IC561.6°. A twist angle of
cdm50° ~and equivalentlyc IC561.6°) resulted in a zero
valued xXYZ tensor element. Identical values of the fo
uniquex (2) tensor elements were generated using both
inertial and thed-m coordinate systems, shown in Fig.

FIG. 6. Real~a! and imaginary~b! components of the four in-
dependentx (2) tensor elements present in uniaxial films, calculat
for rhodamine 6G oriented with thed axis tilted at the SHG magic
angle of 39.2° and the twist angle of them axis oriented at 45°
(solid5bx8x8z8 , dashed5bz8z8z8 , dotted5bz8x8x8). In the inertial
coordinate system, this orientation corresponds tou IC572.6° and
c IC544.0°.
7-7
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SIMPSON, PERRY, AND ASHMORE-GOOD PHYSICAL REVIEW B66, 165437 ~2002!
supporting the validity of the expressions in Eqs.~2!, ~6!, and
~11! used to evaluateb (2) andx (2).

A twist anglec equal to 45° in thed-m coordinate system
was used in Fig. 6 to model the expected surface respons
a chiral film. The corresponding angles in the IC coordin
system wereu IC572.6° andc IC544.0°. Again, both coor-
dinate systems yielded identical results for thex (2) tensor
elements.

For a fundamental wavelength of 1064 nm, previous m
eling calculations and experimental measurements h
demonstrated that the molecular hyperpolarizability
rhodamine 6G is dominated by thebx8x8z8 tensor
element.10,11,51These earlier findings are consistent with t
results shown in Figs. 5 and 6 calculated for an incid
wavelength around 1mm. In the case of a dominantbx8x8z8
tensor element, the relationxZZZ522xZXX should hold for
the surface tensor elements. By inspection of Figs. 5 an
and by analysis of the corresponding data, this relation
found to be correct for a fundamental wavelength near
nm in both figures. The calculations performed using
inertial coordinates were not dominated by thebx8x8z8 tensor
element for an incident wavelength around 1mm. In fact,
almost all otherb (2) elements were greater in magnitud
thanbx8x8z8 , including the chiral elementsbz8x8y8 , bx8y8z8 ,
and by8x8z8 . Nevertheless, the coherent summation of
b (2) contributions still yielded the same expectedxZZZ>
22xZXX relation.

Interestingly, nonzero values of the chiral eleme
bx8y8z85bx8y8z8 , by8x8z85by8z8x8 , andbz8x8y85bz8y8x8 do
not necessarily generate nonzero values of the chiral sur
tensor elementxXYZ, and vice versa. In Figs. 3 and 4, th
molecularbx8y8z8 andbz8x8y8 elements in the IC coordinat
system were greater in magnitude than either thebx8x8z8 or
bz8z8z8 tensor elements, and yet the combined coherent c
tributions of all 18 unique nonzerob (2) tensor elements stil
led to a negligiblexXYZ tensor element, shown in Fig. 5. Fo
a molecular hyperpolarizability dominated by electric dipo
interactions with a single excited state, these chiral elem
of b (2) were artifactual in the sense that they could be
moved entirely by redefining the internal coordinates. In g
eral, chiral information is lost in two-state chromophores
the ability to express the nonlinear activity of the chr
mophore entirely within a single internal plane, introduci
effective mirror-plane symmetry.

Even in the absence of any chiral contributions tob (2),
two-state chromophores can still generate films with nonz
values of the chiralxXYZ surface tensor element, as demo
strated in Fig. 6 and in agreement with earlier prediction35

This source of chirality in thex (2) tensor is purely structura
in origin, arising from asymmetry in the twist anglec as the
chromophores assemble at the interface. In fact, nonzero
ues of xXYZ are predicted to be possible even in uniax
films of achiral chromophores appropriately oriented at
interface.35

It is interesting to consider how chiral orientations
achiral chromophores may arise in thin surface films. Av
aged over a sufficiently large area of the surface, ach
molecules such as rhodamine 6G allowed to assembl
16543
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achiral surfaces~e.g., fused silica! would be equally likely to
twist positive vs negative inc. If c is an even function for all
tilt anglesu, ^cos2 u sinc cosc&50, xXYZ50, and the result-
ing film is achiral. However, the same is not necessarily t
for achiral ~or effectively achiral! chromophores positioned
within the framework of larger chiral structures, arising e
ther from the surface itself or from other, chiral parts of t
surface-bound molecules. In these instances, molec
and/or surface chirality can serve as an orientational temp
directing asymmetry inc.

The results shown in Fig. 6 suggest the possibility o
structural origin of surface SHG-CD in a two-state chr
mophore that is unique from previous theoretical desc
tions by others. Maki and Persoons have developed a m
system comprised of a single electron constrained to m
along a helical path to describe circular dichroism in SHG33

In this model system, the magnetic dipole transition mom
contributions resulting from the helical electron motion we
found to be comparable to the electric dipole contributio
arising from subtle phase differences betweenxXXZ and
xXYZ.33 Theoretical and experimental nonlinear optical stu
ies by Hache, Mesnil, and Schanne-Klein have conside
origins of circular dichroism similar to those present in line
measurements~e.g., absorbance!, including electric dipole,
magnetic dipole, and coupled-oscillator contributions.34,65,66

Molecular modeling calculations by Byerset al.13 consider-
ing only electric-dipole contributions have predicted nonze
values of chiral elements of theb (2) tensors a chiral mol-
ecule using internal coordinates referenced with respect
C2 symmetry axis. In most of these previous studies,
chiral response of the isolated chromophore was assume
direct the circular dichroism of the surface layers.13,33,34,65,66

In contrast, Eq.~7d! predicts an additional purely electri
dipole-allowed possibility, in which molecular chiralit
serves to drive asymmetric surface packing of the ch
mophore. These structural contributions will generally
present for all chiral films and may be sufficient to expla
many of the results previously attributed to chromopho
chirality.

Molecular Orientation. In chiral surface systems in whic
the nonlinear optical response is dominated by two-state
teractions, the methodology presented in this work allows
extraction of orientation information unavailable in comp
rable studies of achiral surfaces. Specifically, in the limiti
case of a narrow orientation distribution and 2v resonance,
chiral films produce the four equations in Eq.~8! with the
four unknownsudm , cdm , gdm , and the common propor
tionality constant. From ratios of thex (2) tensors, it should
be possible to extract information on the polar tilt angle, t
molecular twist angle, and the internal anglegdm between
the transition moment and change in permanent dipole.
comparison, SHG studies of achiral films generally yie
only a single orientation parameter that is dependent on b
udm andcdm .9,47

CONCLUSIONS

A methodology was presented allowing for interpretati
of SHG polarization measurements using any arbitrary m
7-8
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lecular coordinate system. The validity of this generaliz
approach was tested in molecular modeling calculations
rhodamine 6G, in which consistent surfacex (2) tensor ele-
ments were obtained using two different internal coordin
systems~one provided by molecular modeling calculatio
and the other usingd-m coordinates referenced with respe
to the dominating transition!. Thed-m coordinate system wa
shown to yield considerable simplification by effectively i
troducing a mirror-plane symmetry element, reducing
number of unique nonzero elements of theb (2) tensor from
18 to three with loss of all chiralb (2) elements. Near reso
nance, the number of significantb (2) elements can be furthe
reduced to only two.

Molecular modeling calculations of rhodamine 6G de
onstrated that the presence of chiral contributions tob (2)
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