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Third-order optical nonlinearity of C6o, C7o, and CS2 in benzene at 1.06 pm

N. Tang, J. P. Partanen, R. W. Hellwarth, and R. J. Knize
University ofSouthern California, Departments ofElectrical Engineering and Physics, Los Angeles, California 90089-0484

(Received 10 February 1993)

By measuring the third-order nonlinear optical susceptibility y'»'»( —co, co, co, —co) at 1.06 pm of vari-
ous solutions of C60 and C70 in benzene, we place limits on the hyperpolarizabilities of these molecules of

60 b 70—180 (y»&&/y&ill'"') 60 and —120~ (y», &/y»l&'"') 250, respectively. These limits assume that
1.06 pm is near the long-wavelength limit where g' ' must be real. We also give limits on the imaginary
parts of the hyperpolarizabilities, making no assumptions about their phases. The magnitudes of these
limits are two orders of magnitude smaller than several values that have been published. We checked
our experimental technique by measuring the nonlinear susceptibility of CS2-benzene mixtures and
found the value for pcs /yb, „'„„,of 5.7+0.5. This agrees with Parameters deduced from many di6'erent
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experiments published previously.

Fullerenes possess highly delocalized electrons and so
are expected to exhibit optical behavior similar to linear
conjugated polymers. ' That is, fullerenes are expected to
exhibit larger (nonresonant) linear and nonlinear optical
polarizabilities per carbon atom than, for example, ben-
zene. The nonlinear molecular characteristic most acces-
sible to theory is the "hyperpolarizability, " commonly
called pi»]. This, along with the linear polarizability a,
relates the amplitude M„of the x component m (t ) of
the electric dipole moment of a molecule to the amplitude
E of the x component of the optical field at co. With
m„( t ) =Re(M e ' '), and similarly for E„, one may
write this relation as

M, =ctE, +3&»„E„IE (1)

The value of y&»& for linear conjugated polymers in the
low-frequency limit (well below any absorption bands)
has been predicted to increase with chain length approxi-
mately as a power law with a power near 4. The predic-
tions are in reasonable agreement with experiments. '

The highest solubility of C6p and C7p without chemical
change appears to occur in toluene, and these molecules
are only slightly less soluble in benzene. Therefore such
solutions are an obvious choice for optical measurements
on C6p in its ground electronic state. The first nonlinear
optics measurements on C6p in such solutions were of de-
generate four-wave mixing (DFWM) at 1.06 p, m, a wave-
length long enough that results should be near the long-
wavelength limit. ' ' two of these measurements gave
hyperpolarizability values for C6p that were more than
three orders of magnitude larger per carbon than for ben-
zene. The hyperpolarizability for C7p was measured to be
four orders of magnitude larger per carbon than for ben-
zene. However, the measurements quoted in Refs. 4 and
6 were done with lasers having pulse lengths longer than
5 ns. In the nanosecond time scale, thermal effects play
important roles even in transparent media. Therefore
such long pulses are unsuitable for this kind of measure-
ment. The two remaining solution measurements' with
picosecond pulses disagree by many orders of magnitude

even after the three-orders-of-magnitude correction ' in
the value of Ref. 1. The value attributed to Ref. 1 in the
review article Ref. 9 also differs from the experimental
data shown in Ref. 1 by more than an order of magni-
tude. One aim of this paper is to narrow this range of un-
certainty.

In this paper we measure y&»i of C6p in solution at
1.06 pm by degenerate four-wave mixing and find an
upper bound on the hyperpolarizabilities that is not
significantly larger per carbon than for benzene (if y»» is
real, as is expected in the low-frequency limit). We also
obtain an upper bound for the imaginary part of y&»&
which must exist as the optical frequency co approaches
an electronic resonance in the molecule. We repeat the
measurements with C7p and find again an upper limit for
the magnitude of the hyperpolarizability that is orders of
magnitude smaller than previously reported. We check
that our results, although contradicting some of the
literature, ' ' are valid, as follows. We use the same ap-
paratus and procedure to measure the hyperpolarizability
of CS2 dissolved in benzene versus concentration. Our
results are consistent with literature values and give, to
our knowledge, the most accurate measurement of the
hyperpolarizability ratio between CS2 and benzene. Our
limits on the hyperpolarizability of C6p obtained from the
C6p-benzene solutions are consistent with a null result re-
ported without limits for the similar solutions by Kafafi
et al.

We prepare the fullerenes, C6p and C7p, by the carbon-
arc evaporation method. ' Column chromatography is
used to separate and purify the samples. "' Magenta
solutions of C6p-benzene and dark brown solutions of
C7p benzene with concentrations up to 2.S and 2.0 g/1, re-
spectively, are obtained. Visible and infrared (IR) ab-
sorption spectra of these solutions are compared to the
known spectra to establish that the purity of the solute is
greater than 95%%. '

In our experiment, a standard DFWM setup is em-
ployed as shown in Fig. 1. A mode-locked Nd:YAG
(where YAG denotes yttrium aluminum garnet) laser
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FIG. 1. Experimental arrangement. Polarizations of forward
(F), backward (B), probe (P), and signal (S) beams are con-
trolled by polarizers PF, PB, PP, and PS. The crossing angle be-
tween F and P is about 17'. M1 to M6 are six mirrors, BS1 to
BS3 are three beam splitters, DF, DP, and DB are delay lines,
and PDE and PDS are photodiodes.

pulse of -30 psec at 1.06 pm is split into the three
beams: F, B, and P of energies —1, 1, and 0.2 mJ, respec-
tively. Each beam has a diameter -3 mm in the sample.
The F and B beams are aligned to counterpropagate
while beam P crosses beam F at an angle of 17 . The sig-
nal beam S generated by the nonlinear interaction propa-
gates counter to beam P. Sample solutions are contained
in a 1-mm-thick spectrophotometer cell. The pulses in
the three beams F, B, and P are adjusted to overlap at the
sample. Then either the F, B, or P pulse is delayed as
shown in Fig. 1. The polarizations of all four beams are
controlled by the polarizers PF, PB, PP, and PS in Fig. 1

to allow measurements of different tensor components of
the third-order nonlinear optical susceptibility g' '. In-
put and signal pulse energies are measured by photo-
diodes and fed into the A/D converter port of a PC.

The DFWM signal for various C6o and C7o concentra-
tions in benzene, with three parallel-polarized temporal-
ly overlapping pulses, is shown in Figs. 2(a) and 3(a), re-
spectively. We find that the signal is proportional to the
product of the three input energies up to at least five
times higher than the energies used in our experiments.
For each laser pulse, a normalized signal energy U, is ob-
tained by dividing the signal by the product of the three
input energies. To reduce shot-to-shot variation, we
average 100 shots in each trial. Smail differences in the
position of the sample can cause a 10% variation in the
signal. The error from this variation is reduced by taking
T ( -5) trials with the unknown sample alternately with
T trials with a pure benzene reference. The error bar
given with each data point is calculated as follows. %'e
form 2T 1 ratios between adjac—ent (sample/reference)
trials. The standard deviation of these numbers is divid-
ed by &2T 1 and expressed a—s half the error bar shown.
By this method, we obtain a measurement of the sample
relative to the reference that is repeatable to within a few
percent.

To verify that the DFWM signal was essentially instan-
taneous on the picosecond time scale involved, we remea-
sured all of these points as a function of the delay time of

the backward delay beam B. All samples exhibited essen-
tially instantaneous time behavior such as shown in Fig. 4
for a pure benzene sample without any further features
up to several nanoseconds.

To check our measurement technique, we also mea-
sured a normalized DFWM signal energy U, as a func-
tion of CS2 volume fraction v in a CS2-benzene mixture,
and did observe the variation shown in Fig. 5, which is in
agreement with the theory given below. The height of
the data point box in Fig. 5(a) represents the vertical er-
ror bar following the same procedure as in the cases of
C60 and C7o while the width of the box accounts for the
uncertainty in CSz concentration.

When the nonlinearity can be considered instantane-
ous, the energy U, of the weak signal beam can be ex-
pressed as'

j' 2

n4 (2)

where g'„'» has the definition of the c»»( —co, co, co, —co)
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FIG. 2. (a) Concentration dependence of the normalized
degenerate-four-wave-mixing signal energy U, of C6o-benzene
solutions. The thicker line c corresponds to the absolute y
minimum. Lines a, b, and d are plots of Eq. (6) with the param-
eters of the points labeled a, b, and d in (b), respectively. (b) The
dark shaded region contains all parameter pairs (R„R;)which,
in comparing Eq. (6) with the data, give g values less than twice
the minimum, which occurs at the "best-At" values indicated by
the center blank. The boundary of the lighter shaded region
contains parameter pairs whose g values are less than four
times the minimum.
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coeKcient defined by Maker and Terhune'" and by
Hellwarth. ' Here n is the refractive index, l, is the
effective interaction length, and E is a constant which
contains all the factors (geometry, laser characteristics,
etc.) that remain the same from sample to sample, and
which has been discussed elsewhere. ' Because we ob-
serve no effect of absorption at any points in Figs. 2—5,
we take l, to be simply the sample thickness (1 mm).

In the standard (but approximate) theory, yI, '» is relat-
ed to the molecular hyperpolarizability y»» of the two
composites by

X~~~)=(N11 ~~11+Ngl ~]~&)L
(3) 1 2 4 (3)

where X; are the number densities, y'»» the molecular
hyperpolarizabilities for the two components (i =1,2),
and I. is a local-field factor which is related to the linear
refractive index n of the mixture by L = ( n +2 ) l3 W.e
use the Lorentz-Lorenz relation to calculate n, a step
which we believe introduces negligible error:

I
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FIG. 4. Temporal response of the DFWM signal for a pure
benzene sample. All samples under investigation in this paper
show indistinguishable behavior. Longer delay time up to a few
nanoseconds reveals no other features.
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FIG. 3. (a) Concentration dependence of the normalized
degenerate-four-wave-mixing signal energy U, of C7o benzene
solutions. The thicker line c corresponds to the absolute g
minimum. Lines a, b, and d are plots of Eq. (6) with the param-
eters of the points labeled a, b, and d in (b), respectively. (b) The
dark shaded region contains all parameter pairs (R„R;)which,
in comparing Eq. (6) with the data, give y value less than twice
the minimum, which occurs at the "best-fit" values indicated by
the center blank. The boundary of the lighter shaded region
contains parameter pairs whose y values are less than four
times the minimum.

FIG. 5. (a) The logarithm of the normalized degenerate-
four-wave-mixing signal energy U, times the fourth power of
the refractive index n of CS2-benzene mixtures measured at vari-
ous volume fractions v of CS2 in benzene. The thicker line c
corresponds to the absolute g minimum obtained from fitting
the data to Eq. (7). Lines a, b, and d are plots of Eq. (7) with the
parameters of the points labeled a, b, and d in (b), respectively.
(b) The dark shaded region contains all parameter pairs (R„,R;)
which, in comparing Eq. (7) with the data, give y values less
than twice the minimum, which occurs at the "best-fit" values
indicated by the center blank. The boundary of the lighter
shaded region contains parameter pairs whose y values are less
than four times the minimum.
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n —1 4m

n +2 3 '=12
(4)

TABLE I. Parameters used in converting data to hyperpolar-
izability values. Temperature is assumed to be 20 C. Digits in
parentheses give estimated uncertainty in last digit.

n —12

n +2
ncs, —12

"cs,+2
n —1

+ benzene

2
benzene + (5)

where ncs and nb, »,„, are the refractive indices of CSz
2

and benzene, and the v is the volume fraction of CSz in
the mixture.

From our data we determine the range of the complex
hyperpolarizabilities of the C&o and C7O molecules relative
to benzene, which is consistent with our data assuming
that the hyperpolarizability of benzene is real and posi-
tive. The method involves calculating "g " functions us-
ing the experimental points and the following theoretical
expression for the normalized signal energy U, derived
from (2)—(5) with the assumptions that the refractive in-
dex n and the density of benzene molecules are constant.

U, =K'[I+2AR„c+ A (R„+R, )c ] . (6)

The molecular concentration c is in grams per liter (g/1).
From the parameters in Table I, we evaluate
A =1.2067X10 1/g for Cso and A =1.0343X10 1/g

for C7o. We vary the parameters E', R„, and R;, first to
I

Here the a; are the linear polarizabilities of the two com-
ponents. Cubic crystals of Cgp have refractive index
n =2.0 and density 8.3X10 carbon atoms/cm, giving
polarizability a=1.4X 10 cm per carbon atom. This
formula gives similarly o, =1.6X10 cm for each C-H
unit in liquid benzene. If electron delocalization is
rejected in linear polarizability, ' then the measured
values of linear polarizability suggest very little electron
delocalization.

In the C|-,0 and C70 solutions, the refractive index
change from the pure benzene is negligible due to the
small C&0 and C70 concentration. In the CSz-benzene
case, from the data in Ref. 16, we see that the total
volume of our CSz-benzene solutions changes less than
1% upon mixing. Neglecting this change, we rewrite (4)
as

Liquid

Benzene
CS2

Density
(g/cm )'

0.879
1.263

Refractive
index at
1.06 pm

1.4825(5)
1.5964(5)

Molecular mass
(g/mol)'

78.11
76.13

'Reference 17;
"From Sellmeier formulas of Ref. 15.

find those which make y minimum, and then to find the
ranges in which g is below twice or four times this
minimum. Physically, the parameter K is determined by
beam geometry in a manner discussed in Ref. 13. R, and
R; are the real and imaginary parts of the carbon mole-
cule hyperpolarizability normalized to the real positive
hyperpolarizability of a benzene molecule. In Figs. 2(b)
and 3(b) we show the regions in (R„,R, ) parameter space
in which the g function of the data referred to the rela-
tion (6) is less than twice (darker region) and four times
(lighter region) the absolute g minimum at which we ob-
tain the "best-fit" values indicated by the blank box in
the center. ' ' If the experimental errors were uncorre-
lated and normally distributed (which is unlikely), the
true (R„,R, ) values would have a probability of 0.99 to lie
within the bounds of the lighter shaded area, and a prob-
ability of 0.7 to lie within the darker shaded area, accord-
ing to the standard theory. '

At our experimental wavelength of 1.06 pm, all our
samples showed unmeasurable absorption; the first elec-
tronic excitations are at much higher frequencies. In
these circumstances, there is no known theoretical or ex-
perimental example in which y&&»(

—co, co, c0, —co) is not
nearly a real positive number. In interpreting our data
we will assume that this is the case in all our samples,
while continuing to give the unrestricted ratios R, and R;
that are consistent with our present experiments.

In the case of CSz, the change of refractive index n is
taken into account with (5), our Eqs. (1)—(4) lead to the
relation for the normalized signal energy U„

1+2( AR„—1)v+ [1+A (R„+R; )
—2AR„]v

n U, =K"
(1 Bv)—

Here A =1.4742 and B =0.077 10 are two constants cal-
culated from the data in Table I, and K" is a factor
which is the same for transparent samples of the same
length in identical beams. Fitting our data to this rela-
tion, we obtain the regions in the (R„,R;) plane shown in
Fig. 5(b) that have y values less than twice (dark) and
four times (light) the "best-fit" y minimum. This
minimum is indicated by the blank box in the center of
Fig. 5(b). The standard theory for uncorrelated and nor-
mally distributed errors would label the lighter and the
darker regions with a probability of 0.999 and 0.9, respec-
tively. ' Since R, is expected from theory to be negligible

I

at 1.06 pm we find R =2.7+0.3 which gives

pcs /gb', „'„„,=5.7+0.5 [see (3)]. The error margins are

defined from the boundary of the lighter shaded area in
Fig. 5(b).

We summarize what the experimental literature sug-
gests for the values of yP, '»( —co, co, co, —co) for CS2 and
benzene as follows. We use the (approximate) dispersion
formulas (13.1) and (13.3) for y' ' in Ref. 15 with the
long-wavelength parameters for CSz and benzene pro-
posed there in Secs. 14.4 and 14.5. These parameters
were derived from dozens of reported measurements of
seven different nonlinear effects (see Figs. 13.1 and 13.2)
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made at a wide variety of wavelengths and collated with
the aforementioned dispersion formulas. The resulting

yI, '» value for CS2 is (47+5) X 10 ' esu, and for benzene
it is (8.3+1.4)X10 ' esu at 1.06-pm wavelength. This
agrees with the more accurate result quoted above and
pictured in Fig. 5. To convert our results for C6p and C7p,
which are relative to benzene, to absolute values, we
recommend using the value of y'„'» (

—co, co, co, —co )

=(8+1)X 10 ' esu for benzene at 1.06 pm, and the for-
mulas (13.1) and (13.3) of Ref. 15 to estimate the disper-
sion.

Kafafi et al. , have measured the y' ' at 1.06 pm of a
21-pm film of C6p on a BaFz substrate and found it to be
7X10 ' esu, if the value for CS2 is 0.4X10 ' esu.
They did not discuss the uncertainty of the comparison
or of their data. If one takes the ratio of their preferred
line in their Fig. 2 to be exactly (70/4), then the spread in
data in that figure would suggest that this ratio is some-
where between 12 and 25. Then if one uses our Eq. (3)
with the above g»'» for CS2 to calculate y»» for C6p one
obtains values in the range 60—200 times the value of
y&&» of benzene. Assuming, as we have explained, that
this y'&, '» is real and positive, this is just consistent with
our upper limit of 60. We believe this makes 60 a much
more likely value than 200.

In conclusion, we have measured the third-order non-
linear optical susceptibility g'»'&&( —co, co, co, —co) of vari-
ous solutions of C6p and C7p at 1.06 pm, and were able to
place limits surrounding zero on the hyperpolarizabilities

of these molecules. If we take the conservative limits
which include y values up to four times the absolute
minimum of the g function, we find ranges

c6o

C7o& [y&&'&&/y&&&&'"'] +250 for C7o respectively, to be con-
sistent with our data. This assumes that 1.06 pm is near
the long-wavelength limit where the y' ' must be real
(and, we believe, also positive). We also give limits on the
imaginary parts of the hyperpolarizabilities, making no
assumptions about their phases. Our data suggest that, if
electron delocalization causes the hyperpolarizability per
carbon unit to increase with the number of units, then the
electrons in the ground states of C6p and C7p are not
significantly more delocalized than the electrons in ben-
zene. This conclusion is consistent with the fact that the
linear polarizability per carbon unit is not larger for C6p
than for benzene. However, these ideas await definite
theory. We checked our experimental technique by
measuring the nonlinear susceptibility of CSz-benzene
mixtures and find the dependence expected from the same
standard theory used to analyze the fullerenes. The new,
more accurate value for pcs /yb, „„„,of 5.7+0.5 is ob-

2

tained at 1.06 pm.
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