Vibrational hyperpolarizabilities and the Kerr effect in CH 4, CF4, and SFg
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The hyperpolarizabilitiesy of CH,, CF,;, and Sk were measured by the dc Kerr effect at
wavelengths from 457.9 to 1092 nm. Vibrational hyperpolarizabiliti€s were obtained by
combining these measurements with electric-field-induced second harmonic genéEsid6)
measurements. The vibrational contribution to the hyperpolarizability ranges from 6% to 35% of the
total. At high optical frequency the difference betweefi for Kerr and y* for ESHG is
approximately constant, and has values 18, 31, arxi181% C* m* J~2 for CH,, CF,, and Sk,
respectively. The experimental results are in good quantitative agreement with the results of recent
ab initio calculations of the frequency dependence df for CH,, except for a small but
non-negligible discrepancy at high frequency. 1896 American Institute of Physics.
[S0021-960606)00207-9

I. INTRODUCTION The nuclei as well as the electrons move in response to

i , the applied electric fields, and the vibrational hyperpolariz-
There has been much recent theoretical and experimentglyjjivy ,* accounts for the effect of the nuclear vibrational

interest in_the nonlinear opticalNLO) properties of qtions. In the static limit,y® is comparable to or even
materials:~3 The motivation for these studies ranges from uch larger thamy® in magnitude. The frequency depen-
the testing ofab initio calculations of molecular properties, yance ofy" is more complicated than that of because the

to the development of materials suitable for NLO device apyange of vibrational resonance frequencies usually overlaps
plications. A wide range of NLO effects are mediated by theyne range of the relevant oscillation frequendit applied
molecular hyperpolarizabilitieswhich also play a role in | frequencies, their harmonics, and their sums and differ-
intermolecular interactions The hyperpolarizabilities of a ences. The magnitude ofy® can be quite different for dif-
given order for a particular molecule are all intimately re-¢orant NLO processes, and there is a tendencyyfoto be
lated, being instances of a single function which depends Ofirger when the NLO process involves applied static fields.
the electric field oscillation frequencies and polarizations.Recenﬂy there has been developed a theoretical method
The _relationship between th? second hyperpqlarizabiliyies which is suitable for the calculation of’ as a function of

for different NLO processes is one focus of this work. frequency for polyatomic molecul@sbut as yet there are

~ Here we present dc Kerr effecelectric-field-induced o, experimental results with which to test these calcula-
birefringenc¢ measurements of the hyperpolarizability g

1—»,0,00) at several optical frequencies which are com- In these experiments we have chosen the molecules
pared with previous electric-field-induced second harmonit:‘C|_|4 CF,, and SF because there is no rotational hyperpo-
generationESHG measurements of(—2v;»,1,0). The hy-  |3yizapility contributiony® to complicate the measurements
pgrpolarlzabmty fuqctlon for a p_arucular molecule_|s deter-.and analysis for spherical-top molecules. Comparison of the
mined by the combined electronic and nuclear motions, butiker resyits with accurate, already available ESHG data is

is convenient to partitiony into electronic, vibrational, and expected to provide a good measuresf and these mea-
rotational contributions. The electronic hyperpolarizability ¢ raments will be used to test a recent calculation‘ofor

7", that is the hyperpolarizability in the absence of nucleaicy, 6 This sort of treatment was first carried out by Elliott

motions, has a very simple form at frequencies far below the,q ward’ The accumulation of experimental hyperpolariz-

first electronic resonance. The dispersion function for the,jjity data and progress with the computation of vibrational
zzzzor || component of the orientationally averaged elec-pynernolarizabilities during the intervening decade now al-
tronic hyperpolarizabilityy® is given by lows us to push the treatment much further.

'yﬁ(— VgiV1,V2,V3)= 'yﬁ(O;0,0,0(l-f-AVE-i- Bvﬁ
6 Il. EXPERIMENTAL METHOD
+Cyl+--), (1)

The apparatus and techniques for gas-phase dc Kerr
wherev,=3,v; andv?=v2+v3+ v3+ 13 (e.g.,vi=2v?for  measurements with nanoradian sensitivity and 0.1% accu-
the dc Kerr effect and?=6v? for ESHG. The coefficients racy have been previously descrifed® The gas Kerr cell
A andB are the same for dc Kerr and ESHGp yf vs v? (GKC) is placed between crossed polarizers and is probed by
for the two processes will follow the same dispersion curvea laser beam. The experiment measures the birefringence in-
at frequencies low enough that tBie’® and higher terms are duced in the gas sample placed between plane parallel elec-
small. This is the case for all the measurements consideredodes in the GKC, when an electric potential difference is
here. applied between the electrodes. The retardaionduced in
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A=632.8 nm for CH, made over a span of several years
during which time the apparatus was completely disas-
sembled, was-0.2%.

Since there are inconsistent results in the literature for

275

250

& 2251 the dc Kerr effect?'®special care was taken to understand
- 200 4 and eliminate systematic error sources in these experiments.
f Our apparatus operates over a wide wavelength range by
(g’ 175 4 eliminating the usual quarter-wave-plate, at the expense of

b making the LKC calibration very sensitive to uncompensated
T 150 stray retardation. Our techniques are adequate to keep poten-
E, 125 i tial systematic errors due to this source below the 0.1% level,
CF, and the uncertainties due to the other quantities appearing in

100 _/.,r"”./ Ar i Eq. (2) are also readily assessed and controlled. Another im-

portant source of systematic errors and irreproducibility in

75 T T T T T T — the dc Kerr measurements is the extreme sensitivity to

0 100 200 300 400 500 600 700 800 sample contamination. The Kerr effect is much stronger for

o (mole m3) anisotropic and dipolar molecules. For example, the Kerr

effect for CQ is 30 times larger than for GFand for CHCI

FIG. 1. The effective hyperpolarizability measured by the dc Kerr eﬁectlt, Is 800 times Iarger. Just a few parts per million of impurt-

increases as the gas sample density is increased, due to intermolecular HES SUch as CECl (?OUId significantly alter the experimgntal
teractions. For each gas, two sets of five data points takar-682.8 nm  results. High purity gases were usédinimum purity

andT=23 °C on different days are shown, along with the fitted curve usedgg_ggg%, 99.97%, 99.95%, and 99.93% by volume for Ar,
for the zero density extrapolation. The argon data extends to 4500 ffol m CH,, CF,, and Sk, respectively, and before filling with the
sample gas, the GKC was subjected to an extended bake-out
under vacuum to reduce outgassing from the cell walls. The
the GKC is calibrated by comparison with the retardationtypical impurities in the source gases do not have large Kerr
induced in a liquid Kerr celLKC) containing C$, also  constants, and introduction of high Kerr constant contami-
placed between the crossed polarizers. The LKC is absgants was carefully avoided. The maximum errors due to gas
lutely calibrated by comparing its effect with the effect of impurities are 0.01%, 0.3%, 0.2%, and 0.1% for Ar, GH

rotation of the analyzing polarizer. The effective hyperpolar-cr,, and Sk, respectively. Kerr measurements were made
izability of the sample molecules is given in terms of thefor Ar gas as a check.

known geometry of the apparatus and the measured signals
S, voltagesV, and sample density, by’

3eohod? F LK VIPV[ s
K _ | —2, —2 200 L™ YL YL . . . .
Yer=Lo'L," — 5 p VOV S 2 The hyperpolarizability is obtained by fitting

lll. EXPERIMENTAL RESULTS

K _ 2
wherel ,=(n?+2)/3 is the Lorentz local field factor for gas Yer=a+bp+cp ©)

of refractive indexn,,, v is the light frequency, anily is the  to the Kerr data, where the zero-density intercepy'is-a.
light wavelength in vacuund andD are the GKC electrode The three-body interaction terap? makes a small but sig-
spacing and effective lengthi, K, is the LKC calibration nificant contribution to the fitted value of¢, but the density
factor, andw is the ac modulation frequency. Because thererange of the present measurements is too small to accurately
are strong intermolecular interaction effec&y is measured  determinec. Therefore, the value af has been constrained
over a range of sample densities and extrapolated to zemssing information from collision-induced light scattering
density to obtainy. Figure 1 shows typical measurements (CILS) measurements. The intensity of the depolarized
made at\=632.8 nm. scattered light from a low density gas of spherical-top mol-
Measurements were made over the range457.9— ecules is due to the polarizability anisotropy of pairs and
1092 nm using several laseisr ', 457.9, 488.0, 514.5, 1092 triplets of interacting molecules, and is just proportional to
nm; He—Ne, 632.8 nm; dye, 589.0, 763.5)nmith a typical  bp2+cp®. The values of in our fits have been constrained
beam power at the sample of 3 mW. Except at 1092 nmusing the ratios/b determined from CILS measurements,
where the electro-optic stabilizer could not be used, the meashown in Table I. The values dffa obtained from the con-
surements of the retardation were at the shot-noise-limit o$trained fits in this work agree with the values obtained in
about=1 nrad. The GKC retardation was in the range 100—previous work, also shown in Table I, except in the case of
3000 nrad for samples with densities in the range 80—4508rgon. The discrepancy io/a for argon is due to the trun-
mol/m®. All measurements were made at abdut23 °C.  cation of the fitting function at thep term in the previous
Gas densities were determined from the measured pressumdrk. The measured value d&f varies slowly with wave-
and temperature using the virial equation of sta@nd local  length. On the basis of the dipole-induced-dipole model one
field factors were evaluated using tabulated refractivepredicts thatbea(0)?a(v)?, so thatb is expected to vary
indices'? The reproducibility of ¥ measurements at with wavelength due to the dispersion of the polarizability
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TABLE I. Coefficients of the virial expansiog.s=a+bp+ cp? describing

the density dependence of dc Kerr measurements, obtained from several 220 T T T
sources, are compared. Unless otherwise indicated the results are for
=632.8 CH,
y=022.8 NM. 210
) b/a (10°° m*mol™)  ¢/b (10°°> m®* mol™?)
Density range R 200 - Kerr expt
Molecule  (mol m™3)? Kerr Kerr CILS® Kerr® -
£
Ar 750-4500 8.20.3 7512 -6.1+0.3 <
6.3+1.21 O 1907 ]
CH, 260-800 19.60.2 24+3° —8.2+0.6 —12+9 $
e o
18+2 . 180 4 _
CF, 80-260 652 63+13° —12+1 —5+5 >
54+10° ~4fE ~ ESHG expt
Sk 80-270 3284 273+43 —28+4 —21+13 170 - E
540+114f
[ ]
The present work. 160 | T T T T T
PReference 17)=488.0 nm. 0 2 4 6 8 10 12 14
‘Reference 15. 2 8 )
YReference 13. V% (10°% cm™)
‘Reference 14.
f\=457.9 nm.

FIG. 2. Hyperpolarizabilities vs frequency are shown for,CBircles and
squares are dc Kerr and ESHG measurements, respectively. The error bars
on the ESHG measurements are smaller than the plotted syittjoisally

a. BB The expected increases ln« &2 from \=633 nm to less thant0.5%). The lower solid curve is a fit of Eq1) to the ESHG data

458 nm are 3.5%, 1.8%, and 1.6% for Q;I-CF4, and S%, (_see Table Il). The lowest fre_quency ESHG_ datg point is excluded from t_he
fit because of resonance with a nearby vibrational overtone, but the fitted

_respectlverL, consistent with the correspondlng ObserVEdcurve passes through the remaining 13 ESHG data points over the range
increases, 6%, 6+-5%, and 2-6%. v2=5-27x10° cm 2 The other curves, labeleg®E, y°K, and X, are

The results fopyK obtained by extrapolating the present calculated by combining ESHG experimental results veithinitio results
data to zero density are given in Table II, along with results® ?"» @ explained later in the text. Note that the curvesyf and y**

. ! . [are almost indistinguishable.
of previous measurements. The present and previous results
are in agreement, except for the results of Dunreuall®
which fall about 20% low. The assigned error bars on the
. e H H

present results are from 0.4% to 3.5%. The most extensivene sees thay” will follow a single curve for each gas, so
and accurate data was taken\at632.8 nm. The stated error the difference between the Kerr and ESHG dispersion curves

bars include both statistical uncertainties and an estimate ¢¢ due to the vibrational hyperpolarizability’. The y*
systematic errors. curves run roughly parallel to and about 6%—-50% above the
¥E curves. Thusy® is nearly frequency independent and is
6%—-50% as large ag® at optical frequencies for these mol-
ecules. This qualitative behavior agrees with the theoretical
The results of these Kerr measurements and the previowexpectation thay’ tends to a constant in the high frequency
ESHG measuremerifsare both plotted vs/Z in Figs. 2, 3,  limit.
and 4 for CH, CF,, and Sk, respectively. Recalling E¢1), The detailed comparison of dc Kerr and ESHG results is

IV. ANALYSIS AND DISCUSSION

TABLE II. Hyperpolarizabilities measured by the dc Kerr effect.

K
Y
(108 Cctm*J73)

Nair Vac Ar CH, CF, SK
(nm) (cmY) present previous present  previous present previous present  previous

1092 9152 178.81.3 93.7:1.3 142+5
763.5 13094 18581.0

632.8 15798 77.80.6 73t5% 191.4+0.7 180:9° 96.1+0.4 93t5° 142.4+0.8 146-13F

77+5°

589.0 16973 195:81.7

5145 19430 7552 201.8-1.2 98.8-0.6 1484

488.0 20487 204915

4579 21831 746° 209.5:0.9 192:10° 100.4-0.5 77+15°  152+5 = 119+8°

aReference 13.
bReference 14.
‘Reference 15.
YReference 16.
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FIG. 3. Hyperpolarizabilities versus frequency are shown foj.GFHrcles

and squares are dc Kerr and ESHG measurements, respectively. The error

bars on the ESHG measurements are smaller than the plotted sy(typols
cally less thant0.5%). The lower curve is a fit of Eq.1) to 9 ESHG data
points over the range?=3—26x 10° cm 2 (see Table Ill, while the upper
curve is obtained by a parallel displacement.

2485

TABLE llI. Coefficients of the dispersion curves obtained by fitting EQ.
and Eq.(4) to the ESHG experimental results for Ar, HCF,, and Sk in
Refs. 18 and 19.

¥E A B AF
Molecule (108 C*m*J % (10 ¥cm? (10 %cn?) (10 2cmd)
Ar 72.75 1.066 2.033 —-0.1+0.3
CH, 161.5 1.532 4.334 -3.3+0.3
CF, 61.4 1.145 0.498 —-0.5+0.5
Sk 89.1 0.500 2.124 +1.6+0.5
_ 2
yilyS =3(1+A* v +--), 4

where theory predicts¥* = —AE".% The results of ESHG

measurement? of AE" are shown in Table I, along with
the coefficients of the dispersion curtfitted to the ESHG
data foryE. The electronic hyperpolarizabilitieg®™ for the
Kerr effect can be estimated using the expression

YK=(312)(y)— 7.)%K= T 1— (12 AF 2], (5)

For Ar, wherey is entirely electronic and the deviations from
Kleinman symmetry are essentially negligible, one finds
agreement between the Kerr resyft“=77.8+-0.6x10 %
C*'m*J3 from this work and the ESHG result

slightly more complicated because the quantity actually mMeasyeE— 77 0+0.4x 107 % c* m* J2 from the fitted dispersion
sured in the Kerr experiment is a combination of tensor comgrye, at the common value of =4.9915¢ 10° cm™2. This

ponentsy*=3/2 (y,—y,)¥ rather than justy|, where L
denotes thezxxz component of orientationally averaged
In the static limit %/, =3 and Y= [, but at optical fre-

comparison for Ar serves as a check for systematic errors in
the dc Kerr measurements and also as a check of the theo-
retical relations between®* and y°E.

quencies these relations are only approximate because of Recentab initio calculations ofy” for polyatomic mol-
small deviations from Kleinman symmetry. The deviation of gcyjes(NH,, H,0, CO,) at optical frequencies show that

v from Kleinman symmetry follows a dispersion relation

160 T T T T T T

150
140 -
Kerr

130 .
120 _ -

110

y (10-63 C4mé J-3)

100 - ESHG |

90 ’ .

80 T T T T T T
v 2 (108 cm?)

FIG. 4. Hyperpolarizabilities versus frequency are shown foy. $hrcles

either y°€ or 4°E can be larger depending on the particular
molecule?’ contrary to the notion thag’ simply increases as
the number of zero field frequencies involved in the NLO
process. In the case of Cl, the combination of extensive
experimental Kerr and ESHG data and the recent calcula-
tions of y* by Bishop and Pipifiallows us to make a fairly
complete analysis of the relations between the two NLO pro-
cesses and to test the theoretical calculationg’of

Figure 5 shows the calculateg® and y*F dispersion
curves for CH. The calculated values of* can be repre-
sented as a simple series in inverse powerngdbr v>8700
cm 1, but at lower frequencies’ has a more complicated
frequency dependence due to the resonances at molecular
vibration frequencies. The calculated static valueybffor
CH, is 55.25x10 % c*m®*J73. The y°E dispersion curve
shown in Fig. 2 is obtained by subtracting calculatg
from measuredy® and fitting a power series im? to the
result. A simple power series in? will be valid down to
v=0 for y°E but not foryE. The y*X dispersion curve in Fig.
2 is obtained fromy®E by means of Eq(5). Finally, the y
dispersion curve is obtained by addin§® to y¥.

The calculated dispersion curve fgf of CH,, shown in

and squares are dc Kerr and ESHG measurements, respectively. The erfg, 2, passes close to the experimental measurements but

bars on the ESHG measurements are smaller than the plotted sy(typols
cally less than+t0.5%). The lower curve is a fit of Eq1) to 8 ESHG data
points over the range?=3-29x 10° cm 2 (see Table Ill, while the upper
curve is obtained by a parallel displacement.

not through all the error bars. The discrepancy is 30%°6f
at the highest frequency. The experimental value for the dif-
ference ¢<—+F), evaluated directly from the Kerr data
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15 : : : : : : value at high frequencies holds only if one ignores the dis-
CH, persion of the lower order electronic properties S¢, and
their derivatives with respect to the internuclear coordinates.

10 1 y The ab initio values ofy” plotted in Fig. 5 are based on the

<
~
I

«.3_: . molecular property derivatives at zero frequefi&ince the
T o5 | calculations indicate that thpx?] terms dominatey’ for
5 CH,.° the dispersion ofa® should increase the calculated
2 value of v’ by an additional 3.5% over the rang§e=633 nm
& o to 458 nm'2 However, the effect of the dispersion af is
= small, only accounting for about 1/8 of the observed discrep-
;5 JE | ancy. .
= For CF, and Sk the values ofy” are 3 and 5 times
larger, respectively, than for GHThe vibrational frequen-
-10 . . . . . . cies are now far below the lowest optical frequency in the
o 2 4 6 & 10 12 1 measurements, and so for £&nd Sk all the ESHG data
2 (108 em-2 o . . .
v (10° cm) over the range’?=3-29x 10° cm™ 2 fits a simple dispersion

curve. Based on the assumption thétis constant, disper-
FIG. 5. The circles and squares ateinitio values ofy’* and "€ for CH, sion curves foryK which are parallel to the respective ESHG
calculated by Bishop and PipiiRef. 6 plotted vs frequency. The curves are dispersion curves have been drawn in Figs 3 and 4. The Kerr
fits to the points for »¥>8700 cm’ The upper fitted curve is : ’ .
yK=12.60-8.309 v 2—1.868 »* and the lower fited curve is data falls above the parallel curves at the highest frequencies.
yZE:o.7sf127L 24.22v(2—-13.07 v %, with units (100 C*m* 3% and  Assuming that thga?] terms dominate/’, one estimates that
vE0° em?). the increases ip’ due to the dispersion ia? over the range

A=633-458 nm are 1.8% and 1.6% for £anhd Sk,'? con-

_ _ . . _ sistent with the observed®32% and 12-10% increases in

points and the fit to the ESHG data points, increases with,y At \=632.8 nm the observed values ol — y*E) are
frequency and levels off at #1x10°* C*m*J 2 at the 3140 5x10753 C* m* J-2 and 550.9x 105 C* m? 32 for

highest measurement frequency. In contrastaténitio re-
sult for (y*—95)=(y"—9"F) decreases with frequency
and reaches a constant value<t® % C* m* J3in the high

frequency limit® Experiment and theory disagree as to the . .
sizg of (7¥,K_ 5) zfs well as its? depeynden(?e SF;,%% in rough agreement with the observed values. These
L .

There are several possible explanations for the discrepq"’“CUI""t'OnS |nd|caFe thay" and KVUE atEhlgh frequency
ancy. A problem with the experimental measurements is that2Ve the oame sign, and thay""|>[y""| for CF, but
the ESHG data are sparse in thg range of the Kerr mea- [¥"*|<|¥""| for SF;. However, these semiempirical results
surements. While there are 14 ESHG data points, all but tw@ay be unreliable because the cancellation of terms makes
fall in the rangevf=13—27>< 10° cm 2, and furthermore, them sensitive to imperfections in the input data and flaws in
the lowest frequency ESHG data poift \=1319 nm is  the calculation. A reliable partition ofy’"—»*F) into y“
near a vibrational overtone frequency and so is expected tand y*F awaits accuratab initio calculations.
fall off the simple y£ dispersion curve fitted to the higher In conclusion, these experiments measure vibrational hy-
frequency ESHG data. It is possible that the ESHG disperperpolarizabilities which are 6%—50% of the size of the elec-
sion curve actually bends up in the gap between the preseffonic hyperpolarizabilities at optical frequencies for small
data points in such a way that the calculajdcurve passes polyatomic molecules. The size of increases as the mo-
closer to the measured points. ESHG measurements in thgcylar size increases and as the molecular vibration frequen-

A=700-900 nm range would address this possibility. Not&jes gecrease. The experimental results are in good quantita-
that there is excellent agreement\at632.8 nm where there tive agreement with the results of the receat initio

is an ESHG measurement at an almost matching valug of

which removes the effect of uncertainties in shape ofjthe L . :
- . - . except for a small but non-negligible discrepancy at high
fitting function. Other possibilities which could account for . . .
. : . . frequency. Discovery of the reason for the difference is made
the discrepancy are unrecognized 2% systematic errors in the, . . .
fficult in the case of CH because high frequency vibra-

highest frequency Kerr measurements, or 30% inaccuracies i ) )
in the calculated vibrational hyperpolarizabilities. Such inac-ional resonances complicate the dispersion curves, and be-

curacies in the calculated values could arise because of tf@use the entire vibrational contribution is only 6% of the

limitations of the present calculations, which uagthe SCF  total hyperpolarizability. In contrast, the Kerr and ESHG dis-

method, which does not include electron correlatit),a  Persion curves for CfFare simple andy” is a large fraction

small basis set, anet) a theoretical expression truncated at of y, so the experimental data for £&hould provide a criti-

second order in electrical and mechanical anharmonicity. cal quantitative test ofib initio calculations ofy” for this
The theoretical prediction that’ will tend to a constant molecule.

CF, and Sk, respectively. Previous semiempirical calcula-
tions of (y'X—E) at optical frequencies gave ¥@0 %
C*m*J73 for CF, (Ref. 2)) and 3510 % C*m®*J 2 for

calculations of the frequency dependenceydf for CH,,
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