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Quantum mechanical model of the upper bounds of the cascading contribution
to the second hyperpolarizability
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Microscopic cascading of second-order nonlinearities between two molecules has been proposed to yield an
enhanced third-order molecular nonlinear-optical response. In this contribution, we investigate the two-molecule
cascaded second hyperpolarizability and show that it will never exceed the fundamental limit of a single molecule
with the same number of electrons as the two-molecule system. We show the apparent divergence behavior of
the cascading contribution to the second hyperpolarizability vanishes when properly taking into account the
intermolecular interactions. Although cascading can never lead to a larger nonlinear-optical response than a single
molecule, it provides alternative molecular design configurations for creating materials with large third-order
susceptibilities that may be difficult to design into a single molecule.

DOI: 10.1103/PhysRevA.84.043407

I. INTRODUCTION

Cascading is a process where photons generated by one
molecule interact with nearby molecules. A linear local field
model is the simplest form of cascading. When photons are
generated through nonlinear processes that mediate interac-
tions between molecules, more complex behavior is observed.
The net effect is two molecules that interact through fields
generated by a second-order nonlinear-optical process that act
as a third-order nonlinear-optical process. Thus, it is natural
to ask whether it is possible to make two-molecule cascaded
systems with a larger nonlinear-optical response than that of a
single molecule [1-4].

There are two limiting geometries of aligned one-
dimensional molecules that encompass all possible cascad-
ing susceptibilities. Previously, we discussed the cascading
contribution of two side-by-side molecules with the long axis
oriented in the direction of the electric field [5]. In this paper
we discuss the effects of cascading in a two-molecule system
where the molecules are in an end-to-end configuration and
aligned parallel to the applied electric field.

Over the last decade, it has been shown that there are
fundamental limits to the nonlinear molecular susceptibilities
[6-12]. These limits have yet to be broken. Moreover,
experiments show a large gap between current measurements
of the best second hyperpolarizabilities and the theoretical
limit [13-15]. Thus, it would be interesting if cascading
could be used as a way to exceed the fundamental limits.
Since the fundamental limits hold for any quantum system,
a two-molecule cascaded system should also obey the limits.
However, since the intermediate photons can, in principle,
be resonantly enhanced, it is not clear whether or not the
limits can indeed be broken. This work seeks to better
understand the nature of the cascading contribution to the
second hyperpolarizability and to understand if it is possible
to exceed the fundamental limit.

*dawsphys @hotmail.com; currently at Department of Physics and
Astronomy, Youngstown State University, Youngstown, Ohio 44555,
USA.

tkuz@wsu.edu

1050-2947/2011/84(4)/043407(11)

043407-1

PACS number(s): 33.15.Kr, 42.65.Ky, 42.65.An

II. CLASSICAL ROUTE TO CASCADING

Consider two freely rotating one-dimensional molecules
that are located on the same electric field line of a one-
dimensional applied field, E, = E,Z, where we are using the
Cartesian coordinates x, y, and z. When the molecules are also
aligned with the field, the system is said to be in the end-to-end
configuration. Since the molecules are assumed to be identical,
Ipi| = |p;|, where |p| represents the magnitude of the electric
dipole moment.

The induced dipole moment of the ith molecule in terms of
the applied field and the electric field of the jth molecule is

pi = fi(¢i.60)al fi(¢i,6i) - (By + E))]
+ fi(@i.0)BLfi(¢1.6)) - (Bq + EI
+ fi(#1.0)v L fi(¢1.60) - (By + E)P. (1)
Here
fi(¢i,6;) = sin¢; sin6; & — cos ¢; sin6; $ + cos6;2, (2)

where ¢ is the azimuthal angle and 6 is the polar angle
of molecule i. Note that i # j. Also, «, 8, and y are the
polarizability, hyperpolarizability, and second hyperpolariz-
ability. The induced dipole field of the jth molecule at the ith
molecule’s position in Eq. (1) is

E; = p—;(—ﬁ sing; sin@; 4+ ycosP; sinf; + 2Z cos §;).
=5 .

3)

We wish to solve the self-consistent equation for
pi(6;,0;,¢;;), where ¢;; = ¢; — ¢;. The contribution of the ith
molecule to the first three effective molecular susceptibilities,
Oeff i» Peft.i> and Yefr i, is shown in the Appendix, where they
are derived by solving Eq. (1) for p; and using

1 dl‘l p

g(n) —
n!dE" |p_,

“4)
where £V = o, €@ = 8, and €@ = y.
The polarization is maximum when the two molecules are

aligned in the direction of the applied external electric field, as
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FIG. 1. (Color online) The configuration of the molecules studied
in this work. The two short black arrows represent the molecules
while the long black arrows represent the applied electric field. The
red (long dashed) and blue (short dashed) curves represent the electric
field lines from each induced dipole.

shown in Fig. 1. Thus, to study the upper bound of this case,
we set 6 = 6, =0, and
2p
Ei=Ej=—. ®)
For the perfectly aligned case, the first three effective molec-
ular susceptibilities, ofr, Befr, and Yegr, yield
o

Aeff = 2"3m, (6)
_o_ P
Betr = 2r m, @)
and
(r3 — 200) + 42
yeir = 2r2% P @®)

(r3 —2a)

Note that the molecular susceptibilities [Eqs. (6)—(8)]
are in scalar form. For typical w-conjugated donor-acceptor
molecules, B,,x = B dominates the response. All further
calculations presented in this paper neglect the permanent
molecular dipole moment and therefore the ground-state
transition moment is xop = 0. Also, we only consider the
far off-resonant case, E(w = 0), where w is the angular
frequency.

The polarizability has units of volume and is loosely related
to the “size” of the molecule. The self-consistent calculation
assumes two distinct molecules, so their separation must be
larger than their size. Therefore, the separation must obey r >
V20 Moreover, the factor, 3 /(> — 2«), which can be viewed
as a local field factor due to interaction, can be expanded to
yield

3 o o?
S = 2 A ©)

The first term on the right-hand side of Eq. (9) describes the
classical cascading approximation with no local field, that is,
r3 > 2a. In this approximation Eq. (8) reduces to

o B>
Veft “21/‘1‘8},—3’ (10)
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where the second term on the right-hand side is the cascading
contribution. In the end-to-end geometry, the resultant cas-
cading term is a factor of 8 larger than that given by Baev
etal. [4].

Before proceeding, we note that nonlinear optics is based
on the series expansion. For convergence, each term must
be smaller than the preceding one. When r* = 2, the series
does not converge, even for an infinitesimal applied field, since
Beft/Cefts Yetr/ Bett €tc., diverge. Thus, the fundamental basis
for nonlinear optics fails when r3 — 2tq. In this limit, the
system is better treated as a single molecule, in which case the
fundamental limits must apply directly.

The approach of this work is to test the regime of strong
molecular interactions. If the fundamental limits are not
exceeded in this regime, and are known not to be exceeded for
two noninteracting molecules as well as for the single merged
molecule, then this would prove that molecular interactions
cannot lead to a second hyperpolarizability that exceeds the
limits.

In the classically interacting approximation (3 > 2a),
Egs. (6) and (7) reduce to a polarizability and hyperpolar-
izability of 2« and 28, as expected for two noninteracting
molecules. However, there is an additional contribution to the
second hyperpolarizability due to cascading as quantified by
Eq. (10).

III. MOLECULAR INTERACTIONS

The above classical model assumes that the molecules are
unchanged when they are in close proximity to each other.
However, we would expect interactions to cause the energy
levels to shift and the transition dipole moments to be altered.
Since these effects get stronger as the molecular density
increases, as do cascading effects, they need to be taken into
account.

We begin by considering the energy shifts due to molecular
interactions. A system with n molecules can be approximated
by M" states, where M is the number of states used to
characterize a single molecule. For simplicity, we approximate
each molecule using a two-state model. The two-molecule
system will then be described by four states. Thus, the resulting
two-molecule system should yield a good approximation to
the nonlinear response when it approaches the fundamental
limit [6], in which case Eyy — oo, where E;; = E; — E;.
While real systems are known to have an infinite number
of states, numerical optimization studies of potential en-
ergy functions show that a quantum system, when at the
limit, is dominated by three states [14,16]. Given that our
investigations focus on these limiting cases, the three-level
model is appropriate. The fourth state provides a correction
factor when the hyperpolarizabilities are further from the
limit.

Two molecules in close proximity experience a van der
Waals interaction, which in the end-to-end geometry is
given by

V(r)=r—31 (11)

where r is the distance between the two molecules, x! is the
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position operator for the ith molecule, and e is the charge of
an electron in Gaussian units. We use perturbation theory to
describe this interaction.

For a molecule with no permanent dipole moment, the
perturbed energies for the geometric configuration shown in
Fig. 1 are

Ey = Eo+ Eo + AEqy, (12)
Ef = E\+ Eg+ AEy,, (13)
ES=E +Ey+ AEij, (14)
E§=E1+E1+AE1,], (15)
where

AE, —2—4M (16)

0,0 = d6 EIO
AE— = 2% [kl 17
10— — d_3|x10| > 17)

2
AETO —2% Tl (18)
AEy =25 e 2 ol (19)
ds Ep

and the superscript S is a label for the coupled system. The
transition moments x;; and energies E; are for the unperturbed
molecules. For a molecule with no permanent dipole moment,
xo0 = 0, x1; can be replaced with Axjy = xj; — xqp in the first
term on the righthand side of Eq. (19), allowing the sum rules
to be used to recast the above expressions.

Next we consider the effect of dipole interactions on the
transition moments. The diagonalized wave functions for the
four-level system are

105) = 104)105), (20)
1

115) = E(|0A>|1B> —[14)[05)), 1)
1

125) = ﬁuonum + 114)105)), (22)
13%) = [14)]13), (23)

where the subset of degenerate states has been diagonalized
with respect to the interaction Hamiltonian. Since there is
no applied magnetic field, and thus no magnetic vector
potential in the conservative Hamiltonian, the wave func-
tions can be chosen to yield real transition moments. As a
result, the transition moment matrix is symmetric; that is,
x;j = xj;. Furthermore, the molecules are indistinguishable,
A_ B
Xi i = Xi it
The linear and nonlinear susceptibilities are calculated
using a sum-over-states expression. For the two-molecule
system, the transition moments are calculated using the wave
functions given by Eqgs. (20)—(23), the position operator x =
x4 + x8, and the energies given by Eqgs. (12)—(15). Using this
model of the van der Waals interaction, the second hyperpolar-
izability is a simple sum of the form y5 = y4 + y 8, and the
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direct second hyperpolarizability contributed by molecule i is
given by

]/ — 40 Z Os|x |n S|fi|ms)
nom,l EnOEmOEl()
><<m5|"‘|ls><15|x’|05>

(0%]x"|n®) (n®|x"10%)

e Z
ESO) E;EIO

X(OSIX Im®)(m®|x10°), 24

where the prime denotes that the sum excludes the ground state.
It is straightforward to show that there are no cross terms of
the form x4 x2. Likewise, the hyperpolarizability contributed
by each molecule is

i 3 2, (05 |x'|n®) (n8 1% m ) (mS|x'|05)
B=-3)" s
n,m EnOEmO

where g5 = g4 + B5.
The barred position operator is defined as (i|X|j) =
(ilx|j) — (0]x|0)8;;, where §;; is the Kronecker § [17]. Thus,

. (25)

= (kal(lg %" |m ) Ins)
= ((kalx™ma) — (04lx*104)8kn)81m-  (26)
The transition dipole moments for molecule A and B are shown
in Table I.

The transition energies used to calculate 8 and y from

Egs. (24) and (25) are derived from Eqgs. (12)-(19) and are of
the form

(i1x415)

2¢? 2¢*
Ef) = E1g — —lxo1|* + = lxo1|*, 27
10 10~ 3 |xo1|” + p; |xo1] (27)
2¢? 2¢*
E3 = Eio+ —lroil? + —lxorl*, (28)
2¢? 4e*
E}y = 2Ei0 + —|Axof + —<lwil'. (29)

IV. CASCADING AND THE FUNDAMENTAL LIMIT

A. Case 1: Quantum and classical interactions

The generalized Thomas-Kuhn sum rules have been used
to calculate the upper limit for the nonlinear molecular

TABLE 1. Transition moments.

Transition moment Molecule A Molecule B
(051x710%) 0 0
(05 |x'[1%) — ¢ X0
(05]x7|25) %xé‘l %x(ﬁ
(051x7]3%) 0 0
(151%1%) LAx{y %Ax{”o
(15]%1125) —1Ax{y 3 AxE
(151%713%) G — 7501
(251%1125) 1TAxiy 1AxE)
(251%713%) 5 %01 %x(ﬁ
(351%'13%) Axiy Axiy
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susceptibilities [6,18] and are calculated without approxi-
mation using the double commutation relationship between
a conservative Hamiltonian and the position operator. The
resulting sum rules are of the form

o 2

1 n°N
’Z:(:) E, — i(Eq + Ep) ) XgnXnp = %qup (30)

and relate the matrix elements of the position operator to the
energies. All solutions to the Schrodinger equation must obey
the sum rules.

The three-level ansatz states that when a quantum system
has a nonlinear susceptibility that is near the fundamental limit,
three states contribute [14,19,20]. Thus, the four-level system
resulting from two interacting molecules should be sufficient
for studying the behavior of the largest cascaded nonlinear
response. In the three-level ansatz, the normalized transition
moment from the ground state to first excited state, X, is an
important parameter, which is given by

X
X — [ x10]
max

_ , 31)
|x10

where x[* is determined from the sum rules to be of the form

max |2 __ hZN

=—. 32
|x10 2mE10 ( )

Setting g = 0, we can multiply both sides of Eq. (30) by
Xpo and sum over p, which gives

)
E,, + Ep
|xn0|2Axn0 = - E 2 a XonXnpXp0- (33)
p#n n0

Under the three-level ansatz, one can use the sum rules to find
x12. Then, using Eq. (33) and allowing E,y — oo, we get

beiol Axig = =2l V1 — X4, (34)

Regardless of the opposite signs for some of the entries in
Table I, B4 = B2 and y* = y 8. To simplify the analysis that
follows, we define the dimensionless parameter,

r'= r/\/3 Qmax (35)

where

h>N

>
mEj,

(36)

Qmax =

The individual molecular contributions, Bpert and Ypert, for
the interacting system of two-level molecules with perturbed
energy states in terms of 7" and X are calculated from Eq. (25),

fe3h3N3/2 r2X VT = X52r' + X*?

ﬂpen =6 m3/2E]762 (4,./12 + XS)Z

. (3D
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and Eq. (24),
4h4N2
Voert = e [(3277" + 43X '2)(4 — 9X* 4 5X%)
m2Ey,

+(16r"X* + 8,7 X% (12 — 29X 4+ 17X3)

— (81X + 275X 121 X% - 16)

—(16r* X% + X"®(5x* — 4)

—8r"12x10(17x* — 12)]

/I + X5 QroX? 4+ 4r°(1 — X + XO)].
(38)

It should be noted that these solutions are based on
perturbation calculations, which are only valid when the
distance between molecules is sufficiently large to lead to small
energy shifts. Since the electron cloud defines a physical size
of a molecule and two molecules cannot overlap, a minimum
possible separation is defined, as has been described for van der
Waals forces between neighboring molecules [21,22]. There
are also retardation effects which can lower the cascading
contribution at large distances. However, such effects are of no
concern here since we are considering the maximum cascading
contribution for two molecules in close proximity.

The fundamental limit of the second hyperpolarizability is
64714( NS )2
m?(E 1So)5 ,
where the superscript S denotes the values of those parameters
for the two-molecule system. Note that the two-molecule
system is characterized by a lower transition energy and
has twice as many electrons as does a single molecule. The
fundamental limit of the second hyperpolarizability for two
molecules, each with N electrons, scales as (N5)> = 4N?2,
thereby quadrupling the limit relative to the single molecule.

The transition energy between the first excited state and
the ground state becomes smaller as the two molecules are
brought together, and therefore E fo < Ejo, further increasing
the limit. In the semiclassical approximation, the basis of
dielectric theory, the linear and nonlinear susceptibilities
do not change in the presence of perturbations; thus, the
eigenenergies of the underlying molecules are inviolate. The
semiclassical fundamental limit, at r — oo and X = 0, can
then be expressed as a function of the number of electrons
in each molecule, N, and transition energy, Ejo, of each
molecule,

(39)

Ymax =

;L e*ntN?

ymax = 16m2—E150 (40)
Thus, the semiclassical approximation yields a limit that
is smaller than the exact one, or y,,, < Vmax. Lherefore,
Vett/ Vinax = Vetf/Vmax and the semiclassical theory will give
a larger intrinsic value than the exact result. If this ratio does
not exceed unity in the semiclassical approximation, it will not
do so for the exact case.

Although i, for specific values of X and r’ is difficult
to calculate analytically because Eq. (38) is a high-degree
polynomial of X and 7/, it can be numerically evaluated.
The numerical solution yields Ymax ~ 1.76y,,,,. However, this

large value is found when r’ < «3/5, the domain where the
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e“‘h“N2)

FIG. 2. (Color online) The four-level quantum model of the
second hyperpolarizability of two single molecules. When r’' < J2,
the two molecules overlap and the calculations break down.

separation between the molecules is less than their size, a
physically unallowable regime. Figure 2 shows a plot of yys =
ypen(NS ,Elso) using Eq. (38) for the two-molecule system,
where ymax and y,,,. are derived. Note that y,, = Veys(X =
0,r — 00). If the intrinsic effective second hyperpolarizability
in the semiclassical approximation, yest/¥,.«> Of the coupled
system never exceeds unity, then yesr < ¥y, < Vmax- If this is
the case, then the effective second hyperpolarizability of two
cascaded molecules will never exceed that of one molecule
with twice the number of electrons. Figure 3 is a schematic
diagram that illustrates the various terms in the cascading
process and the the energy levels in each case.

The effective second hyperpolarizability has a contribution
from the hyperpolarizability due to the second term on the
right-hand side of Eq. (10). Figure 4 shows the two-level model

~
N
\
\

@, T
= LL””WT = Bz
f

I [ V=
ARG -
L
(b) S —
‘%> = T = }E1SO‘: T_}E10

'Ysys > +

N
~<
§<
£
3=
Q
x

FIG. 3. (Color online) A diagram illustrating the theoretical
approach to cascading. (a) The relationship between ye(f(}) and the
individual contributions. (b) The second hyperpolarizability of two
molecules each with a set number of electrons with respect to the
second hyperpolarizability of a single molecule with the same number
of electrons. (c) A comparison between the interacting maximum,

Ymax» and the noninteracting case, y;,..
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2
Bpere(*n*N>
1’1’12 E;j()

FIG. 4. (Color online) The cascading contribution of 87./r".
The perturbed Hamiltonian keeps the function from diverging as
r'— 0.
for B2../r"” term in Eq. (10) as a function of X and r' in units
of e*li* N2 /m?E3. There is no cascading contribution at large
distances, as expected.

Substituting the perturbed system’s values for Ypert and Bpert
from Egs. (37) and (38) into Eq. (10) gives the effective second
hyperpolarizability with corrected transition energies. Figure 5
is a surface plot of the effective second hyperpolarizability
with perturbed energies divided by y,,.. As r — oo the
intrinsic hyperpolarizability converges to 1/2, as is expected
for the limit of a two-electron molecule, y4ys, having (N5)? =
(2N)? = 4N?. At very large distances, the two molecules are
independent with y = y* + y% o« 2N2. Note that the red
plateau region in Fig. 5 shows the domain where the limit
would have been exceeded.

FIG. 5. (Color online) The intrinsic effective second hyperpo-
larizability of two interacting molecules. The thick black line is
the lower limit of the center-of-mass displacement given by the
condition 7’ > ~/2. The thick red line is the experimental limit
of closest approach for spherical atoms and molecules with large
polarizabilities, r’ > 2 [23]. The values that exceed the semiclassical
limit have been removed from the diagram and are shown as the red
plateau.
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The second hyperpolarizability never exceeds the funda-
mental limit for » — 2%. This is an important consideration
for molecular design because increasing the polarizability
increases the minimum required separation distance, thereby
reducing the cascading contribution. Moreover, the limit is
never surpassed for any distance that is greater than +/2a.
This length is of critical importance because any molecular
separation that is less than this distance is unphysical and can
lead to a divergence of the local field factor.

B. Case 2: Only classical interactions

While a quantum characterization of interactions between
two molecules leads to interesting insights, it is too complex
to solve. In this section, we consider the special case where
the energies are unchanged by the interaction, and we use the
classical cascading approximation given by Eq. (10).

Due to the simplicity of the above approximations, we
choose to describe each molecule using three states. We define
the fractional transition energy, E, as

_ Ew

E = .
E»

(41)

When Eyy = Ey9, E = 1, and when Eyy — 0o, E = 0. Thus,
the system’s energy spacing is fully parameterized by E in the
range from zero to unity.

The sum rules for a three-level model have been shown to
give [6]

[ E
lxial = x5 E\/l—sz. (42)

Substituting Eq. (42) into Eq. (33) gives

2 E=2
V1 —E
which is the three-level generalization of Eq. (34). This can be

understood by letting E,y — 00, thereby reducing Eq. (43) to
Eq. (34). Similarly, for the second state, we get

max

Ixi0lAxio = |« 1— X4, (43)

E
20l Axag = || (1 = 2E) TR XVIEX @)

The hyperpolarizability and the second hyperpolarizability
of a single molecule with no external influences can then be
written as

00 _

XonXnmXm0

B =3¢ (45)
nom EnOEmO

and

oo — - oo
XonXnmXmiX10 X0nXn0X0mXmo
y =det Y VIS 4ot N VI IE (46)
— EnEnEn ~  ErEno

These sum-over-states expressions were first derived using
quantum perturbation methods by Orr and Ward [17].

PHYSICAL REVIEW A 84, 043407 (2011)

Substituting Egs. (31), (32), and (41)-(44) into Egs. (45)
and (46), we find the unperturbed three-level expressions for
B and y in terms of X and E, which are

3 Snd [N\
BiL ‘ (—) (11— Ey

==
V2 EJ \m
3
x(1+§E+E2>X 1— x4 (47)
and
et N2

viL = ———[4 — 2(E* — 1)E*X?
szfO
—5(E — DXE + I)(E>+ E + DXx*
—(E>+ E +3)EY. (48)

The classically interacting effective second hyperpolariz-
ability is found by substituting Egs. (47) and (48) into Eq. (10).
Figure 6 shows the intrinsic effective hyperpolarizability for
various separation distances. The second hyperpolarizability at
the minimum separation distance, r’ = \3/5, never exceeds the
fundamental limit. For a single molecule, the intrinsic second
hyperpolarizability is bounded by —1/4 < y" < 1.

To illustrate how the effective second hyperpolarizability
behaves as a function of r/, we set E =0 so that each

FIG. 6. (Color online) The top two graphs are the intrinsic
hyperpolarizability and second hyperpolarizability as a function of X
and E for a single-molecule system. The bottom four graphs show the
intrinsic effective second hyperpolarizability of the aligned molecules
with no energy corrections as a function of X and E for several r’
values. The B contribution decreases as the distance of separation
increases.
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molecule is described by a two-level model that obeys the sum
rules. The off-resonant nonlinear molecular susceptibilities
are maximized in the two-level limit as shown in the top
two graphs of Fig. 6. This case models the effective second
hyperpolarizability as a function of the separation distance for
two interacting molecules with large nonlinearities.

In the absence of a second excited state, the expressions
given by Egs. (47) and (48) reduce to

3 S3nd NN
ﬁZL:_T(_> Xv1-—Xx* 49
V2 E[P \m
and
e htN? 4
= (4-5XY, 50
VoL szfo( ) (50)

respectively, where the 2L subscript represents the system for
E5y) — o0. In this case of classically interacting molecules,
there are no shifts in the energies of the eigenstates. For unper-
turbed molecules, y — oo for ' — 0, clearly an unphysical
result when the two molecules are separated by a distance
that is less than there electromagnetic diameter. Therefore, we
restrict our discussion to the intrinsic value of molecules with
the same number of electrons as two separate molecules and
restrict the space to the physically allowed region defined by
r > 32,

Figure 7 shows the semiclassical intrinsic effective second
hyperpolarizability, yesr/ ¥, Which diverges as r — 0. This
is a consequence of the classical model which assumes that
the eigenenergies do not change even when the molecules
interact with each other. Although the function diverges at zero
separation, the second hyperpolarizability due to cascading
never exceeds the fundamental limit when the separation
distance is larger than the electromagnetic size, r > ~/20max.

FIG. 7. (Color online) The semiclassical intrinsic effective sec-
ond hyperpolarizability of two end-to-end molecules. The thick black
line is the minimum separation distance given by the electromagnetic
size of the molecule, orr’ > QfZ The thick red line is the experimental
limit of closest approach for spherical atoms which gives r’ > 2 [23].
The red plateau is the region where ye(g) [Vimax < 1.
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V. REAL SYSTEMS

In this paper and in the companion article, we have consid-
ered cascading only between molecules with fixed orientation.
The degrees of freedom offered by cascading include the
separation between molecules and their orientations. The
average distance between molecules, the parameter studied
by Baev er al., can be easily controlled by adjusting the
density of molecules in solution. The additional degree of
freedom originating in the orientations of the molecules can
be controlled by the application of an external electric field,
which will also affect the local pair orientational correlation
function due to induced dipole moments. Alternatively, local
molecular forces, as are found in liquid crystals, could also
have alignment-mediated enhancements. These real systems
will lead to a cascading contribution that is /ower than for an
ideal fixed configuration.

To understand how an externally applied electric field can be
used to control cascading, we develop a thermodynamic model
of poling that includes the effects of the local reaction fields
as treated with the self-consistent field model. In a gas, the
molecules will relax when the external field is turned off, but
in a poled polymer [24], the alignment can be made permanent.

An external electric field applied to an ensemble of
molecules in thermal equilibrium will result in a distribution of
orientations centered along the field direction. External stress
can be used to further control the orientations, and therefore,
the tensor properties of the nonlinear optical response [25].
Here we consider the effects of an applied electric field only
and imagine that the orientational order is frozen in place as it
would be in the case of a dye-doped polymer.

We can understand the physics of the problem as follows.
The external field tends to align the molecules. However, the
induced dipole moment of each molecule adds to the field
at the site of the other molecule, where the local field at
each molecule must be solved self-consistently. Thus, the
orientational order of each molecule will depend on both
the applied electric field as well as the distance between the
molecules. We label this as the correlated case.

If interactions between the induced dipole moments of each
pair of molecules are not taken into account, as is the case in
early models of poling, cascading effects will be enhanced,
but to a smaller degree. The difference between the two cases
is a measure of the local correlation strength. In each case, we
assume that the orientational order has been frozen in place
by the poling field after it has been turned off and that the
subsequently applied optical field, which we approximate in
the zero frequency limit to describe the off-resonance response,
probes this orientational distribution.

Itis worth mentioning the differences between our approach
and that of Baev et al. We are treating the end-to-end case,
which our self-consistent field calculations show to yield the
largest response. In contrast, Baev et al. use the side-by-side
geometry. Additionally, we take into account the distribution
of orientations using a thermodynamic model rather than using
a static orientation.

Consider a pair of para-nitroaniline (pNA) molecules in
an ensemble, which are free to rotate in three dimensions.
The angular probability density for the ith molecule, P;, at
an azimuthal angle, ¢;, and polar angle, 6;, from Boltzmann

043407-7



DAWSON, ANDERSON, SCHEI, AND KUZYK

statistics is

R(¢l9915¢j79j) =

PHYSICAL REVIEW A 84, 043407 (2011)

E / /
oo Pi(dE,+dE)/kT

where k is the Boltzmann constant, T is the temperature, E; is
the electric field due to the jth molecule, 6 is the polar angle
measured from the z axis, and ¢ is the azimuthal angle. Note
that for two molecules, 1 and 2, there are only two possible
combinations, that is, (7, j) = (1,2) and (i,j) = (2,1).

The exponents in Eq. (51) can be expanded in a power
series to fourth order in the applied electric field by using the
molecule’s effective molecular susceptibilities,

E
/ pi - (dEq + dE,)
0

E
a 1
= / pi" - dE, = pE, cos6; + Eaeff,i(‘f’ijagi’gj)Eg cos 0;
0

1 1
+§ﬂeff,i(¢ij19is9j)E2 cos 0; + Z)/eff,i(@j,@i,@j)Ei cos 0;,
(52)

where the cosines in Eq. (52) originate from E, - f; =
E, cosb;, pj?ff is the effective induced dipole moment that
takes into account interactions between molecules using self-
constant fields, and the permanent dipole moment, 4 = 6.2 X
10718 erg!/? cm? [26], is now included to accurately describe
the correlation fields for pNA. To find the contribution of
microscopic cascading, the denominators in the ith molecule’s
effective susceptibilities, which act as the local field factors due
to the polarizability of the other molecule, are expanded in a
series and only the first term is kept.

The orientation-averaged contribution to the ith molecule’s
effective second hyperpolarizability, (yef ), is then given by

T op2n pmop2mW
<)/eff,[) = [ / / / d¢,d9,d¢jdej sin@,- sin9j CcOS 9,'
0 JO 0 JO

X Pi(¢ij,0;,0))vett,i(i),0;,0;). (53)

Furthermore, (yefr1) = (Verr2) due to the fact that the
molecules are indistinguishable. Thus, the orientationally
averaged effective second hyperpolarizability due to the two-
molecule system iS (Vefr) = 2(Vefr.i)-

Para-nitroaniline is a donor-acceptor molecule that has
been studied in great detail, and it is often used to test
theoretical models [26-28]. It can be approximated as a
one-dimensional molecule due to its strong push-pull behavior
from the opposing ends of the benzene group. This molecule
has previously been the subject of density functional the-
ory calculations, where the second hyperpolarizability was
reported to be enhanced due to microscopic cascading in
the side-by-side geometry [4]. Here we test the case of
the effective second hyperpolarizability in the end-to-end
geometric configuration in the presence of the poling field.

The three-level ansatz will give accurate results for
molecules with susceptibilities near the limit [20]. Since pNA
is far from the limit (8 and y are each about 2 orders of
magnitude below the fundamental limit), we use the measured

E o’ o’ ’
Jo ozn fo 02” d¢;do;d¢;do; sin6; sin9jef0 pi-(dE, +dE})/kT

(SD

values of the linear and nonlinear molecular susceptibilities
instead of the calculated ones, but ignore the changes in
the transition energies that arise from molecular interactions.
Figures 5 and 7 show the regions where the classical model
of cascading is a fair approximation, that is, ' > ~/2. The
susceptibilities we use here are o = 1.7 x 1072 cm?, B =
9.2 x 107 erg="/2 cm*, and y = 1.5 x 107% erg™! cm’,
values that were reported by Cheng et al. [26].

Equations (A1)—(A3) in the Appendix show the effective
polarizability, hyperpolarizability, and second hyperpolariz-
ability of molecule i in the presence of molecule j for two
arbitrary but fixed orientations, solved self-consistently in
analogy to the simple end-to-end case given by the derivation
leading to Egs. (6)—(8). The orientational averages of these
results are calculated according to Eq. (53). These calculations,
which are far too complex to solve analytically, were evaluated
numerically using MATLAB.

First, we calculate the cascading contributions for the
uncorrelated angular distribution for the tensor components
along the applied field. For a molecule that makes an angle
6 with the field, the effective polarizability and (second)
hyperpolarizabilities along the field are given by

oy = acost, (54)
Beii?™ = B cos’ 6, (55)
F T T T T T T T T T T T T —
55 .
50 i Correlated B
45+ N\ e Uncorrelated -
4.0 + .
= L

% 35 F u
o300} Ea=10°
= 25f .

5 - Eq=10°
~ 20 | .
15 u
10 _\ ------ Ea: 104 j
05 E,=0 A

E 1 " 1 " 1 " 1 " 1 " 1 "

0.6 0.8 1.0 1.2 1.4 1.6 1.8

Distance of Separation (nm)

FIG. 8. The effective second hyperpolarizability of two interact-
ing pNA molecules at a temperature of 297 K, where the separation
vector between the two molecules is along the direction of the applied
field. The molecules are freely rotating, where the alignment is a
result of the applied electric field in units of StatV/cm The solid
curves include interactions between polarized molecules and the
dotted curves include only the effects of the applied electric field.
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FIG. 9. (Color online) The contribution to the effective second
hyperpolarizability of one freely rotating molecule that is coupled to
a second molecule. The second molecule is held in both the direction
perpendicular and the direction parallel to the applied field while the
other is free to move. The temperature is 297 K and the poling field
is 10° StatV/cm.

and
B%cos* o
r3

Y™ = y cos’ 0 + 4 (56)
The subscript i has been dropped from the angle because
both molecules are identical and have the same orientational
distribution function due to the applied electric field. Then,
the orientational average of Eq. (56) is determined using the
orientational distribution function that includes only the effects
of the applied poling electric field. The correlated case is too
complex to express and is calculated using the self-consistent
field calculation to determine the orientational distribution
function from which the orientational average of the effective
second hyperpolarizability is calculated.

Figure 8 shows the orientational-averaged effective second
hyperpolarizability, (y.s), for the correlated (solid curves) and
uncorrelated cases (dotted curves) as a function of the distance
of separation, r, for several electric field strengths. At large
separation and zero applied field, the orientational average of
the effective second hyperpolarizability is (Vefr) = 2¥xxxx /5,
as expected.

The applied poling field at a field strength of E, = 10°
at 6 A separation (the approximate size of the molecule)
enhances the effective response, which includes cascading,
by approximately a factor of four while correlations due
to induced dipole interactions leads to another factor of
about two. Thus, poling correlations add constructively to
the orientational ordering effects of the field, leading to
approximately an order-of magnitude enhancement. Note that
this is far short of the largest possible enhancements for
perfectly aligned molecules due to thermal disordering effects.

In this example, while the net enhancement effect of the
intrinsic hyperpolarizability is about an order of magnitude
relative to the sum of the nonlinearities of two individual
molecules, the largest possible nonlinear response when the
two molecules are combined together into a single molecule

PHYSICAL REVIEW A 84, 043407 (2011)

would give a gain of a factor of 2. Thus, the enhancement
effect due to cascading yields an increase in the intrinsic
hyperpolarizability by about a factor of 5. Thus, while
cascading may not break the limit of the nonlinear-optical
response, it can lead to an increase in the nonlinear response
over the best available molecules for applied fields that are at
the dielectric breakdown limits for the best materials.

The coupling strength between two molecules depends
on the distance between them and is a key parameter for
cascading. The effect of the strength of interaction on the
orientation can be isolated by allowing one molecule to
rotate freely and the other to be fixed with its long axis
either perpendicular or parallel to the applied field. Figure 9
shows (yefr,;) for these two orientations of the fixed molecule.
The inset, which shows a magnified view of the effective
second hyperpolarizability of the perpendicular orientation,
illustrates the weakness of the intermolecular interaction from
orientational averaging in the presence of a strong applied
fields when the fixed molecule is held perpendicular to it.

These results give insights into cascading and how extra
degrees of freedom can be used to design molecular systems
with a larger intrinsic nonlinear-optical response. It is clear that
cascading of lower-order nonlinear molecules with additional
control of orientational order, as would be the case for liquid
crystals or mechanically stressed polymers, would further
increase the microscopic cascading contribution due to the
control of additional order parameters.

VI. APPROXIMATIONS

In this section, we briefly discuss the approximations used
in our calculations and how they may limit the validity of the
results.

Off-resonance response. All of the calculations consider
the zero-frequency limit of the electronic response. In real
experiments, the optical field frequencies can be tuned to be
smaller than transition frequencies within the molecule, but
there will always be some resonance enhancement. These
can be partially taken into account by using the two-level
dispersion model by Oudar and Chemla [29].

Dipole approximation. Our calculations assume that the
induced dipole moment can be expanded in a series of
the electric field of the form p = «E + BE* +---. Many
nonlinear-optical processes originate under the assumption
that the series converges. This implicitly assumes that the fields
must be small, thatis, y E/B < 1, etc., to all orders. Thus, the
molecules must not get close enough together to violate this
condition.

Finite physical size. It is assumed that the separation
between the molecules must be larger than their size, otherwise
the two molecules will merge together to form a new one. The
electromagnetic size of a molecule is determined from the
polarizability « to be r > (2a)*/%.

Three-level ansatz. The three-level ansatz states that when a
molecule has a nonlinear response near the fundamental limit,
it can be modeled as a three-state system using a sum-rule-
restricted reduced-parameter space. While this has not been
proven rigorously, it is an empirical observation that holds for
a wide rage of systems [20]. Thus, results in the regime of
small nonlinear response are inaccurate; but, near the limit,
the focus of this paper, the calculations are accurate.
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Magnetic interactions. We assume that the electromagnetic
vector potential can be ignored, so that that the position matrix
isreal. As a consequence, x;; = x;;. This assumption does not
change the generality of the results [30].

Perturbation approximation. The energy shifts and change
in dipole matrix elements are calculated using perturbation
theory; so, the molecules must be far enough apart to limit
interaction energies to be smaller than the eigenenergies of
each molecule. Details of why this approximation holds at all
distances is described in the companion article [5].

pNA. In the calculation of the self-consistent field inter-
actions between two pNA molecules, the energy shifts and
dipole matrix changes are neglected. This approximation will
not hold when the separation between molecules gets small, so
the calculated results will not be accurate in the limit of small
separations.

One-dimensional molecules. This approximation is com-
monly used for push-pull molecules and does not lead to large
deviations from the nonidealized case. The uncertainty intro-
duced by this approximation for a system with two nonzero

tensor components is about &,/ /£2 + 5)2,. For example, if the

next larger tensor component is 1/3 of the largest one, this will
introduce an error of 5%.

See the companion article for a more detailed discussion of
the physics behind these approximations [5].

VII. CONCLUSION

In this work, we have investigated cascading as a method
for enhancing the second hyperpolarizability. The fundamental
limit has been used to define the scale-invariant intrinsic hyper-
polarizabilities, which enables us to assess the effectiveness of
cascading as a means of producing nonlinear susceptibilities
larger than what is possible for a single molecule.

In the case of two one-dimensional molecules in an end-
to-end configuration aligned with the direction of the applied
electric field, the cascading contribution to the second hyper-
polarizability was shown to be bounded by the fundamental
limit provided that 3 > 20max, requirement that the two
molecules do not overlap. Additionally, this condition ensures

[P +a cos(26;) + a] cos6; — a cos ¢;; sin6; sinf; cos 0
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that the fundamental basis of nonlinear optics; that is, that the
polarization can be expressed as a power series of the electric
field, is valid by ensuring convergence.

Our full theory uses the self-consistent field approach
to derive the effective nonlinear susceptibilities of the two-
molecule system and includes the effects of van der Waals
interactions on the energies and transition moments of each
molecule. This full quantum treatment shows that the two-
molecule system is bounded by the same fundamental limit as
one molecule, the same result as we get in the other extreme
case of two side-by-side molecules [5]. Thus, we conclude that
combining two molecules into one or allowing two molecules
to interact with cascading leads to the same optimized
response.

The bottom line is that cascading is not a loophole that
allows the fundamental limits to be exceeded. However,
cascading provides an additional degree of freedom for
designing materials, and therefore may provide an alternative
approach for improving the nonlinear response over what is
possible through synthetic means alone. As we show for the
model system pNA, cascading can yield an enhancement of
the intrinsic second hyperpolarizability; that is, the response
can get closer to the limit. It may be difficult to manipulate
nonlinear responses with a single-molecule design of the same
size as the two-molecule system that interacts with cascading.
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APPENDIX: EFFECTIVE MOLECULAR
SUSCEPTIBILITIES FOR TWO FREELY ROTATING
BODIES

For two molecules of arbitrary fixed orientations and
separation vector along the applied electric field, the effective
polarizability of molecule i is derived from Eqgs. (1)—(4), and
yields

3
Reff,i =1 &

ro + a2{cos ¢;;[sin(26;) sin(26,) — cos ¢;; sin? 6; sin? 0;] — 4 cos? 6; cos? 0;}’

(AL)

where the local field factor is automatically and naturally taken into account through the self-consistent field calculation. The
effective polarizability of the two molecules together is otefr = otefr,1 + tefr,2. The next term given by Eq. (4) is the ith molecule’s

contribution to the effective hyperpolarizability, which gives

Bett.i = rgﬂ(4r3a cos’ 0jcost; — 4r3a cos 0; cos’ 0; + 2« cos’ 0; (4r3 cos? 0; + 4a cos” 0, — r3 cos ¢;j sinf; sin 6;)

+2cos? 9,-{}"6 + o cos ¢;; sin 6;[—2a cos 6; sin(26;) + sin Gj(r3 + o cos ¢;; sin 6 sin 6;)]}

— o cos ¢y sin(26,) sin(26;))

/[2(;"3 + 200 cos B cos ; — o cos ¢;; sin 0 siné‘,-)z(r3 — 200 cos 6 cos6; + o cos ¢ sin 0 sin@,-)3].

The effective second hyperpolarizability is found

effective second hyperpolarizability of a

in the
system of two fixed molecules in

(A2)

ith molecule’s contribution to the
the end-to-end configuration is

same way. The
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given by
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Veft,i = {[r6ot,32(—2 cos 0; cos §; + cos ¢;; sin §; sin Gj)z{cos 0; [+« cos(26;) + a] — o cos(6;) cos ¢;; sin6; sin 6}

X (r3oe cos b; cos’ 0; — 4r3q cos’ 0; cos0; — 40 cos oij cos’ 0; sin 6; sin(26;)

+ 20 cos? 0; (4r3 cos’ 0; + 4o cos? 0; — r3 cos ¢;jsinf; sin6;)

+2cos? 0; (r6 + r3a cos ¢ijsinf; sinf; + o’ cos® ®ij sin’ 0; sin’ 0;) — o sin(26;) sin(26;) cos ¢;;)]

/[(r3 + 20 cos 0 cos 0; — a cos ¢;; sin §; sin 9_,-)3(r3 — 2 cos 6; cos 8 + o cos ¢ sin ; sin 9‘7)4]

+

rPy{cos 6;[r® + a cos(26;) + a] — a cos ¢;; sin; sin6; cos 6}

(r6 — 4a? cos? §; cos? 0; — a? cos? ¢;; sin? §; sin” §; + a2 cos ¢;; sin(26;) sin(26;))3

réay (2 cos 6; cos 0; — cos¢;j sinf; sinf;){cos b; [r3 + a cos(26;) + o] — a cos @ij cos B; sinf; sin Gj}3

[r® — 4a? cos? 6; cos? §; — o cos? ¢;; sin? 0; sin? 0; + a2 cos ¢;; sin(26;) sin(260;)]?

+[r°B%(2 cos 6; cos 0; — cos ¢;j sinf; sin;){2 cos 6; r+a cos(20;) + o] — o cos ¢;; sin(26;) sin 6; }

x (1602 cos* 0; cosz(é,-) + 8r3a cos® 6; cos 0; + 4r3 cos? Oj(r3 + 4o cos® 0; + a cos ¢ij sin6; sin6;)

— 8a cos® 0; [r3 cos6; + a cos ¢ij sin(26;) sin 6;]

— o cos ¢ij{4r3 cos? 6; sin ; sin 0; + sin(29j)[2r3 sin(26;) — o cos ¢;; sin(26;) sin® 0;1)1

/[4(r3 + 20 cos B; cos 6§ — a cos ¢ sin b; sin9j)3(r3 — 20 cos 6; cos 6 + o cos ¢;; sin b; sin6j)4]}

2
/ |:1 — (:—6(—2005@ cos 6 + cos ¢;; sin§; sinej)2

These results are used extensively in the section on real
molecules. Equations (A1)—(A3), which describe the effective
molecular susceptibilities of two interacting molecules, are

]

(A3)

exact for a uniform applied electric field and a nonlinear-
optical response that can be represented as a power series in
the electric field vector.
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