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Electrical property derivative expressions are presented for the nuclear relaxation contribution to
static and dynami@nfinite frequency approximatiomonlinear optical properties. For C&nd Sk,

as opposed to HF and GHa term that is quadratic in the vibrational anharmonidaynd not
previously evaluated for any moleculenakes an important contribution to the static second
vibrational hyperpolarizability of CFand Sk. A comparison between calculated and experimental
values for the difference between thHanisotropi¢ Kerr effect and electric field induced
second-harmonic generation shows that, at the Hartree—Fock level, the nuclear relaxation/infinite
frequency approximation gives the correct trémdthe series Ci CF,, SF;) but is of the order of

50% too small. ©1998 American Institute of Physid$s0021-960608)04310-4

I. INTRODUCTION relaxation of the equilibrium geometry. The curvature con-
tribution is due to the change in zero-point vibrational energy

It is now well established® that nuclear motions can caused directly by the field and indirectly by the geometry
make major contributions to polarizabilities and hyperpolar-relaxation. This contribution is sometimes referred to as “vi-
izabilities. In fact, these contributions can exceed the elecbrational” but should not be confused with the vibrational
tronic term not only in the static linfitbut at optical hyperpolarizability, which is defined by:
frequenciedas well.

In recent articles(to which the reader is directed for
references Bishop and Dalskdvand Luiset al.” have pro-
vided a survey of the various approaches available for com-
puting the nuclear contributioapart from rotations, which +curvature contribution, (1)

are usually ignored as they are hererom a theoretical per- . . . . .
y19 y e P awthere ZPVA is the zero-point vibrational averaging correc-

spective there are two general procedures that are relev Pon o the electronic hvoeroolarizability. In this paper we
for this paper. One of these might be called time-dependen{ yperp Y. pap

perturbation theory and the other the method of time—\év(')lgqgindei?lmg almost entirely with the nuclear relaxation
independent property expansions. L 710 . .

. . It is interesting~“that, in the property expansion formu-

The time-dependent perturbation theory approach h S stind ! property expansi u

33tion, the nuclear relaxation contribution to the static
been developed by Bishop and KirtmédK).2° It is the only hvoe. B :
. ) : . erjpolarizability iscompletelyaccounted for by consid-
procedure that is applicable at all optical frequencies. On th yperjpolarizability i P yaceou y I

. S ) ring only those terms in the double expansion of the poten-
other hand, in the static limit one can arrive at the sam g only P P

formulas by expanding the potential enefgnd induced lal energyV, that involve the derivatives

dipole moment as a double power series in the normal coora!l il im

dinates and the static electric fiedd This is the time-

independent property expansion method. The specific con- _ 1 (a(n+m)V(Q11---!Q3N—6anaFnyz)

nections between the perturbation and expansion methods  n!m! dQi1 --.9QindF i1 ...0F jm Q=0F=0

have been analyzed for a diatomic molecule by Martd

Bishop?® @
From the viewpoint of the property expansion method itwhere Q are the normal coordinates:,, F,, F, are the

is natural to divide the total static hyperpolarizability arising Cartesian components of the electric field; anem=2 for

from nuclear motions into two sets of terffspne of which  linear polarizability (@), 3 for first hyperpolarizability(3),

has been referred to as the nuclear relaxation contributioand 4 for second hyperpolarizability). We also note that

and the other as the “vibrational” or “curvature” contribu- the relaxation contribution contains the leading vibrational

tion. The nuclear relaxation contribution is due to the changéhypeppolarizability perturbation terms of each type as dis-

in the induced dipole moment caused by the field-induceatussed below. From a perturbation theory point of view, the

vibrational hyperpolarizability ZPVA

=nuclear relaxation contribution
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major terms in the remaining curvature contribution areecules for which experimental measurem&hes the contri-
those due to ZPVA. The latter are of ordé,1), (1,00 and butions due to nuclear motion are available. In the static
higher, where the first number in parentheses is the order dimit, perturbation theory expressions have not been given
electrical anharmonicity and the second number is the ordgsreviously for some of the higher-order terms which have,
of mechanical anharmonicity. In order to estimate the ZPVAtherefore, not been evaluated fany polyatomic molecule.
correction one needs the fifth derivativas; for 8 and the  We find that in certain cases one particular higher-order term
sixth derivativesa,, for vy (in both case®;=Q;). can be quite important.
From the computational perspective, all of the static hy-
perpolarizability contributions due to nuclear motion can be
_evaIL_Ja_ted _either by t_Jsing the_ above Q(?riva_tives or by applyn_ DERIVATION
ing finite field techniques:**~1" The finite field procedure
has the advantage of computational efficiency, particularly ~ We follow a procedure similar to that employed in pre-
for large molecules. However, it does not permit an analysisious work dealing with a static field. In fact, the initial
of the individual terms that are obtained by examining thesteps are identicali) The potential energyy, is expanded
derivatives. The derivatives, in turn, may be evaluated eitheabout the field-free equilibrium geometry using a double
numerically or analytically depending upon the availability power series through fourth order in the normal coordinates
of appropriate software. Q=(Q1,Q2,....Q3n-6(5)) and the field strength vectdf
There is one other circumstance where time-dependent (F,,F,,F,); and(ii) the normal coordinate displacements
perturbation theory and time-independent property expandue to the field are obtained by iterative solution of the sta-
sions connect, namely at the “infinit@ptica) frequency” tionary condition for the field-dependent equilibrium geom-
limit. Bishop, Hasan, and Kirtma(BHK)'® have presented a etry.
simple finite field procedure which yields, in that limit, the From the potential energy expansion in s{@pone can
nuclear relaxation contribution to the most common nonlin-derive analogous expansions for the dipolar electrical prop-
ear optical processes. They presented an analysis in terms efties:
perturbation theory but their method was also related to a

double expansion of the static induced linear polarizability IV(Q,F)

and first hyperpolarizabilityrather than the dipole moment Ma= _(a—Fa> ,

One purpose of our paper is to present an explicit derivation Q=0F=0 3
in terms of the derivativegsee Eq.(2)] involved in these 92V(Q,F)

expansions. A major part of the motivation for doing soisto  azp=— (W) ;

set the stage for possible extensions of the BHK finite field a?’ b Jq=0F=0

procedure to include the curvature contribution as well.

The nuclear relaxation/infinite frequency treatment is arftc. . )
important special case because it is expected to give a rea- |f one replaces the normal coordinates that appear in
sonable approximation for the “exact” optical frequency vi- Nes€ expressions by the field-dependent displacements de-
brational hyperpolarizability. Both theoretical and computa-t€rmined in stegii) the result is a power series expansion in
tional arguments have been made to support this view. In thE- After subtraction of the pure electronic terms, i.e., those
BK perturbation theory treatment the various terms appear€M$ that do not contain nuclear derivatives, the expansion
ing in the expression for the vibrational hyperpolarizability ©f # 9ives the nrguclear relaxation .Cont.r.|k')ut|opr to the static
are classified according to typsee later and the lowest- polanz?rtnhty, @,p(0;0), hyperpolarizabilities 85,(0;0,0),
order terms of each type constitute the nuclear relaxatioRnd .yab%%(O;0,0,0), according fo the Taylor series
contribution® From the perspective of property expansionsdefinition:
we have already noted, in connection with the static limit, Xy, %y,
that the nuclear relaxation expressions are complete with re- ' nroA. 1 nron-
spect to derivatives of total orde# for y. This remains true Atta ; @ab(0:0)Fp+ ch Pab0:0.0FpFc
in the infinite frequency approximation; in fact, in that case
only one of the derivatives with+m=4 appears. Finally, 41
in numerical tests of the nuclear relaxation/infinite frequency °
approximation on five small molecules Bishop and Dal$kov
found this treatment to be adequate in all instances where tHdere the prime inu; is used as a reminder that the pure
effect of nuclear motions is important. electronic terms have been removed. The numerical values in

The second purpose of this paper is to carry out a fewparentheses indicate the frequencies associated with the par-
applications of the nuclear relaxation formulas obtained byticular process in the conventional notatiost @, ;w;,...)
the property expansion method for the two limiting caseswhere the frequencies, ,... correspond to the fieldsy,, ...
(static, infinite frequendythat have been mentioned. In the (in orden andw,, corresponds té , . In terms of the deriva-
infinite frequency limit these formulas are identical to thosetives in Eq.(2),

X,Y,z
2 Yabed 0;0,0,0FpFcFy. 4

already derived by perturbation thedty1® However, there IN-6
are no previousb initio calculations on Cfor Sk; and to a™(0:0)=} 2 P, akaqP (5)
our knowledge these are two of only three polyatomic mol- abt™ 2ygy Tatut e
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3N-6 3N—-6 3N-6
Babc(O;Ovo): El PabcalléibqllC 2 Pabca” 2 Ib + E Pabca”kql q qli,c, (6)
=
and
3N-6 .ab 3N-6
. _ begi.d d b, .cd
Vchd(O’O’OvO)_ Z I:)abcd allg qul 2 q|2c E Pabcd(a” ;2 chcq +23-” an qJ ¢ )
3N-6 Ij a,jk,b
K,a~i,b k,d k k,cd 21 jc.kd
+ E Pabcd 281 *dy "l oy '+ 3ags qy"at "oz **+ a9 )
3N-6 ijk okl,a 3N-6 ijk o kIm
3adia 9alia
Kkl k,cl,d 30821 I,b 30830 bl d
- E Pabed a” Q1 q Q1Cq1 +_k_Q1 q Q1 +i j%m Pabcd_4k_ Q1 qJ ar°ar®,
(7)
I
where the notation 3N-6
ra \,ab Yabod ~ 210,000 .= 2, (6235°") (13)
\a all \,ab a12
qhi=—r bab—— (8 ) . o . L
2aj, 2a3g for the dynamic nuclear relaxation contributions in the infi-

has been introduced ari®,, indicates a sum over all the
perturbations of the indicesb- -

As BHK'® have demonstrated the corresponding expan-
sions forAa/, andA B, yield the nuclear relaxation con-
tributions to several nonlinear optic@ILO) processes in the
infinite frequency approximatiofisee BHK Egs.(7), (8),

(10), and(1D)]:
X,Y,Z

Aaly(0;0)= 2 Bob —

w;w!o)waFC

XY,z

12 Yhed — @;©,00), ..FcFq (9
and
X,Y,Z
ABL,{0;0,0= 2 YO o —20;0,0,0), Fq. (10)

Following exactly the same procedure that was usedfor
[i.e., stepdi) and (ii) above followed by expansion ef or

B] we find
3N—-6
ﬁabc( a);a),O)= |:21 Zallgbqllci (11)
Yabed — ©;©,0,0),, .
3N—-6
= 2 Pa(6a75 %y + 2a72q5°%)
3N—-6
- E Pea(2ad32°q; g+ 4adi°qy99h )
3N—-6
+ 2 P.d6alsd;’al ok, (12)

and

nite frequency approximation. Equatiofisl), (12), and(13)
correspond, respectively, to the Pockels effect, Kerr effect,
and electric field induced second-harmonic generation
(ESHG. The expressions for these quantities can also be
deduced directly from the BK perturbation treatment by tak-
ing the w—o limit of the terms listed in Table | of BHK®

We note that a™(—w;0), B™(—2w;w,w), and
Y"(—3w;w,w,w) all vanish in the infinite frequency ap-
proximation. The only major nonlinear optical process that
remains, therefore, is the intensity-dependent refractive in-
dex (IDRI). From the BK perturbation treatment the terms in
IDRI that survive in the infinite frequency linfithave the

form [az] or, in derivative notation, they contain the prod-
i,abi cd

ucts ay; g3 . Extracting these products from the formula
for IDRI given in BHK we find
3N-6
Yabed — @0, — ©,0) 4, =8 2| (a'lgaqlzaa) (143

with an analogous expression for the average vahee
later). More generally, for an arbitrary component it can be
demonstratett that

3N—-6

a)a)) 42 (alléibqlzcd+alad i,bc

az ).

(14b)

nr .
Yabed — @5 @,

Table | shows compactly how the individual terms in the
property expansion formulas given here connect with the BK
perturbation treatment. All of the terms in the static hyper-
polarizability have already appeared in one place or

another”® However, the terms ifu*]%? i.e.,
3N—-6
E Pabedio 70t °ayar?,
(15
3N§:,6 Pabcdw ay*a}°ay °a
i,jk1,m 4ay,
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TABLE I. Contribution of individual nuclear relaxation terms in the property expansion formulas for static and
dynamic hyperpolarizabilities and connection with BK perturbation treatment.

Property expansion tefim

BK treatment

Hyperpolarizability

Bnl'
alyay® [nal®® B"(0:0,0:8"(~ w;,0)
—ali"q;"qr° [u®]"0 B"(0;0,0)
agsq;%a; g} [u®1%t B"(0;0,0)
,ynr
i,ab
% qi2-°d [«?]1°°  9™(0;0,0,0;Y"(— ;®,0,0;Y"(— w;w,w,— w)
ay gy [kB1°®  ¥"(0;0,0,0;¢"(— ;,0,0;¥"(— 20;w,,0)
3af§qyal a5 [m2a]™t ¥"(0;0,0,0;Y"(— w;,0,0)
—2al;*qy° g5~ al;* gl [u2a]t® ¥"(0;0,0,0;9"(— w;®,0,0)
3alkakla
——k—3a°2021 R [u4]"t ¥"(0;0,0,0)
agiaajzklb i,cyk,d ijk,a~i,b~j,c~k,d 472,0 nr, 0:0.0.0
al, didrtastdrand: [u%] ¥"(0;0,0,0)
ijk okl
9ayazy" jaglbgiegmd_ ikl giagibgkegld [ 4102 ¥7(0:0,0,0)

T% Q17077017 —a40 07791 9104y
20

@A sum over normal coordinates and permutation over field indicbs..., as in Eq.(7), is understood. For
B"(— w;,0), yY"(— w;0,0,0), andy™(—2w;w,w,0) the permutation over the field indices is limited to the
static fields[see Eqs(11), (12), and(13) respectively. For y"(— w;w,w,— w) see Eqs(14a and(14b).

have been presented just recehtind have not yet been

cally. TheGAUSSIAN94suite of progranté that we use gives

evaluated for any molecule. Each dynamic hyperpolarizabilanalytical results foa,q, ags, 211, 8g2. 812, andagz. Then,
ity expression contains a subset of the derivative terms inaumerical differentiation of,q, a1, a;2, andagg with re-
cluded in the static hyperpolarizability, but with different spect to the normal coordinates yieldsy, a,;, a5, and

coefficients. In particular, the terms in E@.5) are present
only in

a3, respectively. By inspection of Eg@)—(13) it is evident

the static hyperpolarizability. As observed that these derivatives are sufficient to determine all of the

previously®?2 for the diagonal tensor components and fordynamic(infinite frequency contributions. However, for the
the mear{isotropig value each type of perturbation term that static second hyperpolarizabiligy,; and a;; are needed as

appears in thelynamicnuclear relaxation formula also oc-

curs in the corresponding static formula, the only differencetion of a,o anda;;. For CF, and Sk, the derivativesa!}f

being a change in the multiplicative factor.

IIl. COMPUTATIONAL DETAILS

Calculations on HF, CK CF,, and Sk were carried out
at the ab initio self-consistent field molecular-orbital level
of theory using the Dunning—HuzinaJabasis set with
(9sbp/4s)/[4s2p/2s] and (%5p/4s)/[5s3p/3s] contrac-
tions for C, F, and H and (KIp)/[6s4p] and (1E7p)/

well. They were computed by double numerical differentia-
Kl

and al¥ with all normal coordinates different were not
computed. In several other molecules that were té3thits
turns out to be an excellent approximation. Tdyg andaz,
terms that were computed here make only a small contribu-
tion to the static second hyperpolarizability. This suggests
that the omitted terms are likely to be small as well. How-
ever, that has not been proved.

In this paper our focus will be on the static and dynamic
second hyperpolarizability. We report mean valuesy8f

[ 7s5p] contractions for S. One set of polarization functionsdefined as

was included with exponents 0.532 for S, 0.75 for C, 0.90 for
F, and 0.75 for H in the first contraction to yield the DZP
basis; and two sets of polarization functions with exponents
0.532 and 0.133 for S, 0.75 and 0.15 for C, 0.90 and 0.15 for
F, and 0.75 and 0.15 for H in the second contraction to yield . :
the VTZ2P basis. Six Gaussians were used for each st of and, f_or the Kerr effect, we also present the anisotropic val-
orbitals. ues given by

Energy derivatives up to fourth order with respect to %,z
either normal coordinates, field strength, or a combination of wr:i E (39 o Yoo
the two are needed for the complete nuclear relaxation treat- %70 £ O Yavab™ Yaabb:
ment. There is no commonly available computer program, as
yet, from which all the derivatives can be obtained analyti-which is the experimentally measured quantity.

X,y,z

7“:E Zg (VaabbT YababT Yabba) (16)

(17)
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TABLE Il. Nuclear relaxation contributions to the mean static second hyperpolarizability for HF apdAiH
values are given in atomic units (1 a=6.235 38105 C* m* J73).

HF CH,
Property expansion BK

term? treatment DZP VTZ2P Ref.26° DZP VTZ2P Ref 27°
iab
42 red =[a?1%? 256 298 319 8621 679.5 7505
2 q, w=0
aifbegid =[uB1%%, -152 -120 99 59.1 16.4 372
3afkgieqibghed =[pa]%, 7.9 8.2 186 155
_zqg‘.z q"x_"’ g ,2:1 -y -0.2 12 -989 -—348
—al g 2.6 24 439 18.6

[12al®lo+[ulal, 103 118 122 =364 =07 6.6

safalis |,
B ay aitqicqt? =[u*15L, 0.0 0.2 -06 —-05
ij.a, jkb
w q'i"q’{"i =[p? 20 0.0 0.1 10.1 5.8
.‘020 ) ) - w=0
+a¥fq’ql gt 0.0 0.0 -0.4 03
(sl o+ {122, 0.0 0.3 0.2 9.1 56 5.8
9akatlm
—4;72(—0—- q'l‘aqfl'bqll'cq""‘d 0.6 0.6 0.3 0.2
+afy'qi’al i eqt? -02 -02 06 00
=[p122, 0.4 0.4 c 09 0.2 ¢
Total 211 301 344 8948 7011  800.

@A sum over normal coordinates and permutation over field indigbs..., as in Eq(7), is understood.
PFrom results reported in Ref. 6.
°Not calculated.

IV. RESULTS AND DISCUSSION note that the major difference between the augmented Sadlej
. . nd the VTZ2P basis set is the presence, in the former, of
The first molecules that we considered were HF an P

CH,. There are good recent treatments of both in the litera: . sets ofd polarization functions on hydrogen. Since the
ture4: see Ref. 26 for HF and Refs. 6 and 27 for, @i both other two molecules that we will consider do not contain
casés earlier. papers are cited th.e)relﬁowever 4we had a hydrogen atoms this is not a significant disadvantage in those

dual purpose for doing these calculations. One reason wasff: ses.f Tr:Ere |52 aEg+a szlzall:? (I,i d|scr|_er]pa(|n3éper;:entage
determine the importance of the staftig*]%2 term [see Eq. M9 for the[u a]™"+[n ] term. This is due to a near

(15)], which has not previously been examined, and the othe5;ancel|ation of positive and negative contributions; in our

was to test our basis sets opinion it probably does not reflect large errors in the indi-
In Table Il we give the contribution of each term in Eq. Vidual terms calculated with the VTZ2P basis.

(7) to the mean static second hyperpolarizability of HF and Al things considered we conclude that, for carbon and

CH,. A comparison with larger basis set calculations carriedUrine, the VTZ2P basis is satisfactory whereas results ob-
out by Bishop and co-worke#%?’ is also included. For HF tained with the DZP basis must be used more cautiously. No

the VTZ2P results are in good agreement with the modifiedests of the sulfur basis could be carried out because there are

McDowell® basis employed in Ref. 26. The DZP basis doeg0 calculations available for the quantities of interest.

not agree as well but, for significant terms, gives values AS noted above, for Cthe [«*]%° term is dominant.
within 35% in the worst case. For HF all terms where the total order in electrical and me-

For CH, the @:2%2)qh®?=[a?]%° term is dominant. chanical anharmonicity is>1 are negligible. In particular,
The difference between the value obtained with the augthe two terms that contribute fg.*]%2are very small in both
mented Sadléf basis in Ref. 27 and the VTZ2P basis is molecules. These conclusions are independent of the basis
about 10% and rises to about 15% for the DZP basis. For theet.
next most important term, i.eay3°q =[x 8]°° the per- Next we turn to Ck and Sk. Our results for the static
centdisagreement is much larger. This is probably due to thesecond hyperpolarizability are presented in Table Ill. In
effect of an inadequate hydrogen atom basis in calculatingontrast to HF and Ckl static nuclear relaxation terms of
the first hyperpolarizability derivative. In this connection we order >1 in mechanical and/or electrical anharmonicity
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TABLE lIl. Nuclear relaxation contributions to the mean static second hyperpolarizability fpa@Sk. All
values are given in atomic units (1 a=6.235 38105 C* m* J73).

CF, SFs
Property expansion BK

term® treatment DZP VTZ2P DZP VTZ2P
ais® 2900
_152__ P =[a?1%%, 239.1 2547 745.8
aigbegid =[uB1%, —199.1 —66.5 ~485.6 —306.2
305 qi"g10 5 =[u*aldl, 4803 5105 16246
_Zaizjl.aqil.bqu'.cd e a]m—o 100.9 84.8 —-26.9
—a¥tghgi? e 618.7 625.1 794.0

[p?al® o+ [ la]l, 1199.9 1220.4 2391.7

3aijkakl,a
-2 gl =[5k, ~1669  —1056  —36.4
A
ij.a_ jk.b
S jieghd 20 74.4 68.5 90.1
az =[p*]o20
+a;jllc,nqil.bq]l'.cqllc,d 202.8 199.0 2475
[phl o+ 132, 110.3 161.9 301.2
9, ijk kim ) )
ZI0TRN iagihghegmd 694.7 6533 14934
4ay,
+a%’qi'“q{‘bq’{'cq’1’d ® -35.2 -31.7 -55.1
=[u122, 659.5 621.6 1438.1
Total 2009.8 2192.1 4391.1 4570.5°

@A sum over normal coordinates and permutation over field indicbs..., as in Eq(7), is understood.
PFor CF, and Sk the derivativesa)f' andalls® with all the normal coordinates different were not computed.
“The[ »B]°° contribution was calculated with the VTZ2P basis; the DZP basis was used for all other terms.

are quite important for GF In particular, the (@lfaki™/  and the VTZ2P basis sets are small except{foB]*° and,
425, q2q} g eq™ contribution to[ x#1%2 is about 1/3 of to a lesser extenfu*]"". For Sk all the calculations except
the total value. We note that this term can be evaluated withfor [ 13]°° (see later were done only in the DZP basis. In
out having to calculate fourth derivatives. Its importance isthis case our conclusions are the same as for ¥, from
clear in either basis. In fact, the differences between the DZfhe comparison between basis sets made for the latter, we

TABLE IV. Nuclear relaxation contributions to the mean dynamic isotropic Kerr ef&t— w;w,0,0) for HF, CH, CF,, and Sk. All
values are given in atomic units (1 a=6.235 38108 C*m* J79).

HF CH CF
property expansion BK M ¢ 5

term® treatment DZP VTZ2P DzpP VTZ2P DZP VTZ2P DZzP VTZ2P
2a'gbghed =[a?]%°,., 8.5 9.9 287.4 226.5 79.7 84.9 248.6
6aisbegid =[uB1%°,. -7.6 -6.0 29.6 8.2 —-99.5 -33.2 —242.8 ~153.1
6aitqiagitgked =[plal?l, 13 1.4 3.1 26 80.0 85.1 270.8
—daogitghed 2 10 0.0 0.2 —-16.5 ~58 16.8 14.1 —~45

ij.ab _ic _jd - [:u a EY
—2a%% g qi o= 0.4 0.4 73 3.1 103.1 104.2 1323
T N 7503 Pl 1.7 2.0 -6.1 -0.1 199.9 203.4 398.6

Total 2.6 59 3109 234.6 180.2 255.1 404.4 494.1°

A sum over normal coordinates and permutation over field indices c,d, as in Eq. (12), is understood.
®The [ 18]%° contribution was calculated with the VTZ2P basis; the DZP basis was used for all other terms.
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TABLE V. Nuclear relaxation contributions to the mean dynamic anisotropic Kerr ef@t w;®,0,0), IDRI y"(—w;w,w,— ©) and ESHGy"
(—2w;w,0,0) for HF, CH,, CF,, and Sk. All values are given in atomic units (1 a=66.235 38<107%°C* m* J79).

property expansion BK . HF CH, CF, SFe

term® treatment DZP VTZ2P DZp VTZ2P DZP VTZ2P DZP VTZ2P
Y(— 0;0,0,0)
2al$tqhed =[a?]?° , 8.3 5.2 3849 157.7 105.5 89.4 259.5
Galgteqid =[uB1%.. -7.6 ~6.0 29.6 8.2 -99.5 -33.2 -242.8 —153.1
Galftqiagibgked ={ulal’l, 1.3 1.0 6.7 4.0 76.6 72.0 260.5
—4a¥igibqic? 12,110 0.0 0.4 -252 -5.6 54.4 52.4 91.9
—2al5%qiq¢ } =lwalo-e 0.4 1.0 38 -3.6 107.6 85.2 85.5

[ptal®  +[ulall® . 1.7 2.4 -14.7 -52 238.6 209.6 4372

Total 2.4 1.6 399.8 160.7 244.6 265.8 454.6 5443
Y- 00,0, w)
4al§Pqied + aaigdqte =[a?]2%,, 17.1 19.8 5747 453.0 159.4 169.8 497.2
P —2w;w,w,0)
6aifbegi? =[pp12°., -38 -3.0 14.8 4.1 -49.8 -16.6 ~121.4 —-76.5°

A sum over normal coordinates and permutation over field indices c,d, as in Eq. (12), is understood for Y(— w;©,0,0). A sum over normal coordinates is
understood for Y"(— w;w,w,— ) and Y"(—2w;0,0,0).
®The [18]°° contribution was calculated with the VTZ2P basis; the DZP basis was used for all other terms.

expect this to be true for the larger basis as well. For all fouportant and that a significant contribution could arise from
molecules the terms arising from the derivatiegg andas;  higher-order curvature terms that were neglected. The curva-
are relatively small, as indicated above. ture terms that were included increase the vibrational hyper-
Table IV gives our results for the mean isotropic Kerr polarizability by about 22 a.u., as estimated from approxima-
effect, while Table V gives the mean anisotropic Kerr effecttions B and C in Bishop and Dalsk8vThis gives an
as well as the IDRI and ESHG. There now appears a seconestimated nuclear relaxation/infinite frequency value of 178
key difference between GFand Sk on the one hand, and a.u. from the calculations of Ref. 6, which may be compared
CH, on the other. For the former pair of molecules the twowith our value of 157 a.u. reported in Table VI. The agree-
doubly harmonic termg,a?]°% and[ ©8]°° are of opposite ment is reasonable.
sign and tend to cancel one another. This cancellation is even According to the discussion earlier in this paper our es-
more pronounced for the Kerr effe@isotropic and aniso- timate for the nuclear relaxation/infinite frequency hyperpo-
tropic) than it is for the static hyperpolarizabilificf. Table larizability of CH, probably suffers from deficiencies in the
[l1). As a result, the often-used doubly harmonic approximaatomic hydrogen basis. On the other hand, the Gifcula-
tion is very poor. HF is similar to GFand Sk but the effect  tions do not have this difficulty. However, our best approxi-
is not as striking because the first-order anharmonicity termmation(VTZ2P basis for the vibrational hyperpolarizability
are so small. However, even if the sign gk 3]°° were  of CF, is still substantially less than the measured vdbee
positive, rather than negative, the first-order anharmonicitylable VI) just as Bishop and Dalskov found for GH
terms would play a major role for Gand Sk. For the latter For CF, it was noted above that the primary difference in
two molecules the dominance of first-order anharmonicity
terms in the nuclear relaxation contribution to the Kerr effect
suggests that higher-order anharmonicity effects arising frogag| £ vi. comparison of experimental differences between the aniso-
curvature could be important. tropic Kerr effect and ESHG with the calculated nuclear relaxation approxi-
It is knowr?’30 that the difference between the aniso- mation in the infinite frequency limit. All values are given in atomic units
tropic Kerr effect and the ESHG dispersion curves is due td1au=6.23538<10"%C*m*J™%).
contributions from nuclear motions. Recently, Shelton and
Palubinska® have maddanisotropig Kerr effect measure-

Calculated nuclear relaxation

ments on Clj, CF,, and Sk from which they extracted the  Molecule Experimerit bzp vizZ2pP
vibrational hyperpolarizability. For CHthe experimental CH, 289 385 157
high frequency limiting value of 289 a.u. turns out to be 45%  CF, 497 294 282
higher than the valu€¢200 a.u) calculated by Bishop and Sk 818 576 621

Pipin?” The latter calculations were done at the Hartree—élReference 19
Fock level, which could account for the discrepancy. Thererne [, 5199 contribution was calculated with the VTZ2P basis; the DZP

is also the possibility that basis set limitations could be im- basis was used for all other terms.
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the results obtained with the two different basis sets lies in'D. M. Bishop, Adv. Chem. Physto be publishef
the [ 1 B]°° term. Since[ ©8]°° makes a very substantial *B. Kitman and B. Champagne, Int. Rev. Phys. Chém be publishegd
contribution to the difference between the anisotropic Kerr *M- del Zoppo, C. Castiglioni, G. Zerbi, M. Rui, and M. Gussoni, Synth.
effect and ESHQsee Table Vit was decided, for S§ to 4Met' 51, 135(1992. .

. . . . . “See, for example, E. A. Perpete, B. Champagne, and B. Kirtman, J. Chem.
compute just this one term in the VTZ2P basis. The result is Phys. 107, 2463(1997).
given in Tables IV-VI. Again, the calculated difference be- ssee for example, B. Kirtman and M. Hasan, J. Chem. PBgs.470
tween the anisotropic Kerr effect and ESHG is considerably (1992.
smaller than the experimental value, although the agreemerftD. M. Bishop and E. K. Dalskov, J. Chem. Phy94, 1004(1996).
is much better than for Cjbr CF,. From our experience it is ;J- M. Luis, M. Duran, and J. L. Andse J. Chem. Phys.07, 1501(1997).
feasible that the disagreement could largely disappear whegP- M- Bishop and B. Kirtman, J. Chem. Phya5, 2646(1991.
correlation effects are included. However, that remains to ba)D' M. Bishop and B. Kirtman, J. Chem. Phy&, 5255(1992.

! J. Martiand D. M. Bishop, J. Chem. Phy39, 3860(1993.

seen. Of course, as observed above, basis set limitations ang warf, 3. L. Andre, J. Bertra, and M. Duran, Mol. Phys80, 625

curvature contributions could also be significant. (1993.
123, M. Luis, J. Mary M. Duran, and J. L. And J. Chem. Phy4.02, 7573
(1995.
V. CONCLUSIONS 133, L. Andres, J. Bertra, M. Duran, and J. Martd. Phys. Chen98, 2803
(1994.

Based on the treatment of BHKwe have used electrical 4J. M. Luis, J. Marty M. Duran, and J. L. And® Chem. Phys217, 29
property expansions to obtain derivative expressions for th(las(1997)- .
nuclear relaxation contribution to the most important NLO M- J- Cohen, A. Willets, R. D. Amos, and N. C. Handy, J. Chem. Phys.
processes in the infiniteoptica) frequency limit. These ex- 100 4467(1994.

. . 16G. Papadopolous, A. Willets, N. C. Handy, and A. E. Underhill, Mol.
pressions, as well as the corresponding formulas for the staticopys g8 1063(1996.

limit, were evaluated for HF, CH CF,, and Sk at the 7B Champagne, H. Vanderheoven, E. A. Péepand J. M. AndreChem.
Hartree—Fock level. For GFand Sk it was found that one  Phys. Lett.248 301(1996.

particular higher-order static hyperpolarizability term, not'°D- M. Bishop, M. Hasan, and B. Kirtman, J. Chem. Phy83 4157
previously calculated for any molecule, is quite important.lg(DlE’ISE‘)-Shelton and 1. 3. Palubinskas, J. Chem. Pié,2482(1996

FOI‘. CH,, CF, and Sk we were abl_e to compare with ex- 2. Willetts, J. E. Rice, D. M. Burlan(j, and D. P. Shelton, J. Chem. Phys.
perimental measurements of the difference between the an-; 7590(1992.

isotropic Kerr effect and ESHG. The nuclear relaxation val-21p. m. Bishop (private communication

ues reproduce the experimental trend but are too small by %&B. Kirtman, B. Champagne, and J.-M. Andre. J. Chem. Ptigd, 4125
factor of 1.32—1.75. We hope to extend the treatment pre2-3(199©- _ _ o
sented here to include the curvature contribution to the vari- |- H- Dunning, Jr. and P. J. Hay, Modem Theoretical Chemistrgdited

. T s by H. F. Schefer, Ill (Plenum, New York, 1976 pp. 1-28.
ous NLO processes in the infinite frequency limit 24GaussIAN 94 M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B.

G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson, J. A.
Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, J. V.
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