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The recently developed coupled cluster cubic response approach is applied to the calculation of
frequency-dependent second hyperpolarizabilities for Ne, AraNd CH,. A basis set investigation

is performed for the static hyperpolarizabilities at the Hartree-Fock and the coupled cluster singles
and doubles levelCCSD using series of correlation consistent basis sets. kard CH, we have
employed basis set up to, respectively, 326 and 353 basis functions. The role of correlation effects
on the dispersion of the hyperpolarizabilities is explored by a comparison of Hartree-Fock, coupled
cluster singlegCC9, CC2 and CCSD results for the third harmonic generation. Dispersion curves
are calculated at the CCSD level for the dc Kerr effect, degenerate four wave mixing, electric field
induced second harmonic generation, and third harmonic generation. For comparison with
experiment we have considered zero point vibrational averaging, pure vibrational contributions and
corrections for core correlation and connected triples. For all four systems we obtain much better
agreement with experiment than in previ@als initio calculations. ©1998 American Institute of
Physics[S0021-960808)30431-9

I. INTRODUCTION poles of dynamic properties, at each level of the
hierarchy?’+?8
In recent years much effort has focused around experi- | the present study we employ the coupled cluster cubic
mental and theoretical determination of accurate gas phasgsnonse approathand series of correlation consistent basis
hyperpolarizabilities for atoms and small moleculeS. <0129 1 calculate accurate dispersion curves for the second
Bot'h,.t'he experimental technlqges and the qua}ntum ChSm'Cﬂk/perpolarizabilities of Ne, Ar, Nand CH for several
ab initio methods have been improved considerdtfy. third-order optical processes, including electric field induced

Ho(\jNEver,ab lm'F'O ;{T_Ifulathtr;]s of frequir}cy-depenfdent Se(T'second harmonic generatiofESHG and third harmonic
ond hyperpolarizabilities with an error tolerance of a couple eneration(THG). We have chosen Ne, Ar, Nand CH,

of percents is still a difficult task that has been accomplishe . .
8 . ecause accurate experimental data that covers a wide range
only for two-electron system’st® Such an accuracy requires N : .
. ; f frequencies is available from the ESHG experiments of
a thorough treatment of dynamic electron correlation an 16
helton and co-workers*® Thus, for these systems a de-

large one-particle basis sets. To obtain an accurate descrip-. ) J
iled comparison can be made betweenahanitio calcu-

tion of the dispersion, the frequency-dependence must b o ) :
accounted for at a correlated level using a wave functior“”_‘ted hyperpolarizabilities and accurate experimental disper-

model where also the pole structure is described at a corrélOn curves. This allows to separate to a certain extent the
lated level. This is in general only achieved by iterative cor-€170rs in the frequency-dependence from the errors already
relation methods like multiconfiguration self-consistent fieldPreésent in the static hyperpolarizabilities. With two atoms, a
(MCSCB, configuration interactioiCl), or coupled cluster diatom, and a spherical top moleculeZ the.four examples also
(CO) response theoR22and only the last method is ex- represent three clgssgg .of systems with d|fferer!t convergence
pected to be capable of providing accurate results also fo?f the hyperpolarizabilities with respect to basis set satura-
larger systems. Noniterative methods based orllevto  tion and the importance of vibrational effects.
Plesset perturbation theory are not able to correlate the pole The paper is organized as follows: In Sec. Il we give a
structure of dynamic propertiéd.For molecules it is also brief account of the coupled cluster cubic response approach
necessary to consider zero point vibrational averaging an@nd discuss the number of response equations that have to be
pure vibrational contributions to obtain a realistic compari-solved for the different third-order optical processes. In Sec.
son with experiment. Il we report the technical details of the calculations. The
With the coupled cluster response apprdaéh?®which  results of a basis set investigation at the SCF and the CCSD
recently has been implemented at the CCS, CC2 and CCSm®sponse level using series of correlation consistent basis sets
level for dynamic third® and fourth-order propertid,a  are discussed in Sec. IV. The importance of orbital relaxation
new tool has become available for the calculation of correeffects and connected triples is discussed in Sec. V. In the
lated frequency-dependent hyperpolarizabilities. The hierarsame section we compare the performance of the SCF, CCS,
chy CCS, CCZ® CCSD, etc., accountéeyond the CCS CC2 and CCSD response approaches for the dispersion con-
level) efficiently for dynamic electron correlation and gives tribution to the third harmonic generation. In Sec. VI we
systematic improvements in the excitation energies, i.e., thpresent CCSD dispersion curves for the dc Kerr effect, de-
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generate four wave mixingDFWM), electric field induced dition that the time-average of the quasienergy Lagrangian is
second harmonic generatigitSHG, and third harmonic stationary with respect to variations of the cluster amplitudes
generation(THG) and give a detailed comparison with the and the Lagrangian multiplierS:24:°

available experimental data. In Sec. VIl we give some con-

. 1 [t
cluding remarks. Sl lim =— L(t,e)dt! =0. (7)
tg—oe 2t0 1
0
Inserting the ansatz for the cluster amplitudés and the
Il. THE COUPLED CLUSTER CUBIC RESPONSE Lagrangian multiplierg6) into the stationary condition, Eq.
APPROACH (7) becomes a set of response equations for the Fourier com-

,ponents oft,, andt_M. In zeroth-order one obtains the usual
nperturbed coupled cluster equations and the equations for
the zeroth-order Lagrangian multipliers:

In the calculation of frequency-dependent hyperpolari
abilities or response functions in general, one considers
system described bii(®) which is subject to one or more
oscillating external perturbations: —0) o 0 o

> tOA,,=(HFlexp(— T [H, 7,]exp TO)|HF) ,

H(t,e)=H©®+ HXiej(w))e i, ) g (8)

i
The coupled cluster response functions are most convé’yhere the matrixXA is the coupled cluster Jacobian, defined
niently derived by combining the time-depending coupledas

cluster quasienerd§*’2* 2L
W(t, €)= (HFIH(t, ) exp(T(t, €))|HF), @ ,w=< ) o

and the time-dependent cluster amplitude equatibns,

— (©)
It o,

The formulation of response functions as derivatives of a
— d variational functional allows us to employ then21 and
(,u|eXF(—T(t,6))(H(t,e)—l&) exp(T(t,€))|HF) =0, 2n+2 rules* in the calculation of frequency-dependent
3 response properties. Thus, for the cubic response function we
need in addition to the zeroth-order equations also solve the

to a quasienergy Lagrangidn?* ) . .
d dy -agrang first-order response equations for the cluster amplitudes and

L=(HFHexp(T)|HF) the Lagrangian multipliers,
_ X( N X
+3 ﬂ(ﬂexp(—T)(H—i% exp(T)|HF).  (4) (_A ol (w)=—¢, (19
. (@) (A+wl)=—(7"+FtX(w)), (12)

As reference statgHF) we use the Hartree-Fock wave func- )

tion for the unperturbed system, i.e., in the coupled clustefNd the second-order response equations for the cluster am-
response calculations unrelaxed Hartree-Fock orbitals ar@/itudes,

used and the effects of orbital relaxation are treated only (A—(w;+ w,))t**2(w;,w,)

implicitly by the single excitation part of the cluster operator.

The amplitudes,, of the cluster operatéf=3 ,t,, 7, and the = — PXY2(3B (01 t*2(w,) + AN1*2(w,)), (12
Lagrangian multiplierst, can be expanded in the Fourier \yhere the vectorg* and X and the matrice§, B, andAX

components and orders of the external field strengths as: g.e defined as derivatives of the quasienergy Lagrangian:

o

1 X: X 2
_ X 0 L
'[M(t,f)—nzo m]z E t,u]l ] (wjl' ...,wjn) §A=( _) (13)
1 In y7s
aEA(wA)(th €i:0
n
x [ € (0 )e i, (5) . 2L
m=1 =l —— (14)
H &EA(wA)ﬁtM =0
5 - 1 —Xi . X :
t(te=2 ijl JE Ul a0 A N
n pre\at,et,) (15
X || € (w; )e @i, 6
11 & () ®) o
.. Xoqoee X —X, X . wry— | T . , (16)
where the coefﬁuentlsM1 n andt#1 " are defined as de- at,at,at, =0

rivatives, i.e., they are symmetric with respect to permutation
of the operator/frequency pair¥,w;). In the presence of a FL
1 1 1 1 1 1 AA == - - (17)
(quasiy periodic perturbation, as we consider here, the time- wv .
. . . 0"€A((1)A)O7t o7t,, _
evolution of the system is completely determined by the con- # §=0
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The operatoﬁxl - Xn symmetrizes with respect to permuta- and CCSD has been reported in Ref. 17. The quasienergy
tions of the operatorXj, ... X, together with the accom- and the time-dependent cluster equations for the coupled
panied frequencies,, . .. ,»,. The response functions are cluster methods CCS and CCSD are obtained by truncating
obtained as derivatives of the real part of the time-averagethe cluster operator after the single and double excitation

quasienergy Lagrangian with respect to the field strengths:level, respectively. In the CC2 method the equations for the
double excitation amplitudes are approximated by the lowest

(X0 Xz, - Xndoy, .y order terms®

In the static limit the coupled cluster response calcula-
tions become equivalent to finite field calculations where the
external perturbation is first applied after the SCF calcula-
tion. For a two-electron system the CCSD response approach
The explicit symmetrization with respect to complex conju-pecomes equivalent to a FCI calculation.
gation of L(t,€) is neccessary because the coupled cluster The computational most demanding part in the coupled
(quasiy energy is defined by the projection type expressiorc|uster response calculations is the solution of the linear
(HF|Hexp(T)|HF) which in general gives complex results if equations for the cluster amplitude and Lagrangian multiplier
H is complex:®**Taking the derivative of only the real part responses. For frequency-dependent second hyperpolariz-
of L(t) guarantees the so-called time-reversal symmigty  apilities Yxx XoXa{ @i @1, w2, w3) one must solve for each

[d"3L(t e+ BLt,e)*)

deo(wg) - den(wn) (18

=0

the response functions: operator/frequency pair X ,w;) the first-order response
((XoiXgs o X)) wy, o equations fot*i(w;), t*i(— w;), tXi(w;), andt*i(— w;) and
for each combination of these pairs the second-order re-

=((Xoi X1, - XaD)o, . w,- (19 sponse equations for*™i(w;,w;) and tX*i(—w;,— ;).

N . he number of response equations that actually has to be
In the case of the real hyperpolarizabilities the tlme-reversa% P g y

A q ¢ i ith . I olved varies strongly with the optical proccesses and the
Symmetry reduces to symmetry with respect o an overaiqnsqr components that have to be calculated. In general it is

sign change of the frequency arguments. The cubic respon%f%ivantageous to calculate the hyperpolarizabilities for sev-

function is obta|_ned as the fouth derivative of th_e real parteral optical proccesses and several tensor components at one
of L(t,e). Keeping only terms in accordance with tha 2

. time.
+1 and Zh+ 2 rules we obtain:

((AB,C.D)) o = 3P “PAECO(2(7°P(wc )

“c“p I1l. COMPUTATIONAL DETAILS
+ 3FtP(wc, 0p)) 1" (wn , wp) For the four optical proccesses we shall consider, the
frequency arguments of the second hyperpolarizability are

+ 5t (wa) CtP(wp)t%(wc)t° (wp) conventionally defined asyj‘;'jfg(w)zywng(—w;o,ow),
ESH

DFWM, y_ . i
+ EZHN 0P (0p)t(0)tP(wp)  Yurne (O)T Yurn(— @10,0,~ ©), e, Tene©)
_vanf(_zw!w!wvo)v and ‘y#vr]g(w)_’)/ﬂvng

+%7*(wA)BBtC(wC)tD(wD)} (20) (—3w;w,w,w). Note that for each of these hyperpolariz-
abilities the second and the third frequency argument are the

with same and that the hyperpolarizabilities therefore are symmet-
7 P= ISCD(%GtC(wC)tD(wD)+FCtD(wD) ric in the second and third index, a_nd 7.
In most ESHG and THG experiments the measured ten-
+t_c(wC)BtD(wD)+t_C(wc)AD) , (2D sor component is the isotropic averar‘ge:
L 1
= W=7 Veenn T YenneT Yenen)r  En=XY.Z. (26)
Gy ’9%‘9%‘7[7)0’ (22 I 15%; Enn T Yeqne™ Venty

Only few ESHG experiments exist for the “perpendicular”

'L . . 4
S isotropic tensor componeht
Huvyo (atﬂatyatyatﬁ)o' 23 )
4 V=152 (2Vegne— Veens)r  EM=XY.Z 27)
"L 155
Covyo=| =" (24)
at,dt,dt,ots/ For the dc Kerr effect the tensor component relevant for
comparison with experiment fs:
A J'L
Blvy= — . (25 3
dea(wn)dt,dt,dt, | =577 (28)

The operatorP™“ symmetrizes with respect to an overall FOr atoms Yyx, 7+ Yxzox™ Yxzxs™= Y222, @nd therefore Y|
sign inversion of the frequency arguments and simultaneous v,,,,and y, = y,xx, @nd the Kerr hyperpolarizability be-
complex conjugation. The implementation of the cubic re-comes yx=3/2(y,.,5~ ¥zxxd- FOr spherical top molecules
sponse functions for the coupled cluster models CCS, CC3 equivalent principal axgsy, andy, become:
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(29) TABLE |. Static isotropic hyperpolarizabilitieg, at the Hartree-Fock level

_3 2 2 2
YI= 5 Yzzzzt § VxxzzT § VYzxxzT § Vxzxz as a function of the basis set.

1 4 2
YL =5 Yzzz7" 5 Vzxxz~ § Vxxzz: (30 Ne Ar N, CH,
Using that for linear moleculesyyyyyt Yxyyxt Yxyxy aug-cc-pvDZ 20.34 296.0 456.0 1497.4
= Yyxxx: the tensor componentg| and y, can be reduced aug-cc-pvVTZ 28.31 456.4 560.0 1745.1
to: aug-cc-pvQz 38.61 685.4 654.2 1830.0
' aug-cc-pV5Z 50.14 741.0 684.5
1
Y= 15 (8 VyxxxT 2VxxzzT 2 Vzzxs 2 Vzxxzt 27
17 1815 Poooct & ozt & Vazoh & Yo & Fxzzx d-aug-cc-pVDZ 49.29 7175 672.0 1773.8
+ 2 %rxat 2 Voxat 32229, (32) d-aug-cc-pVTZ 57.27 841.3 697.1 1868.3
. d-aug-cc-pvVQZ 62.03 889.7 709.9 1863.5
Y1 = 18 (Yoot D¥xyyxt 4 Yaxxz— 2 Vxxzzt 4 ¥xzzx d-aug-cc-pV5Z 67.53 944.0 713.9
=225t V2222 (32 t-aug-cc-pVDZ 53.22 704.1 669.2 1815.3
f th i ¢ th lecul t-aug-cc-pvVTZ 66.54 941.2 710.1 1869.4
Independgnt of the spatial symmetry of the molecule or ;g ccpvaz 67.80 947.2 713.2 1867 5
atom, the isotropic components, y, , andyx become in t-aug-cc-pV5Z 68.64 961.0
the static limity; =3y, = yk= yo.

In the single point calculations for Nand CH, we used g-aug-cc-pVDZ 53.27 705.6 679.7 1816.4
the equilibrium internuclear distancegy=2.074 a.u. and g-aug-ce-pvTZ 68.85 946.5 7169 1870.5
= 3535 | the CCS, CC2 and CCSD response 0 ougcepVZ 0850 9980 7i49 -

ren=2.052 a.u™>In , P g-aug-cc-pV5Z 68.66 961.4

calculations for Ne, Ar, and CHwe have, if not stated oth-
erwise, used a frozen core approximation. For the individual Numerical HF* 69.3 966
systems we have frozen the following orbital occupations'aR ; 03
Ne: 1s2, Ar: 1s22s22p, CH,: 1a2. No frozen core approxi- o cc oo
mation was used for Nor in the SCF calculations. For the
SCF hyperpolarizability calculations we employed the cubi
response function implementatiSrin the DALTON program

packag€e® In all calculations we used the correlation consis-
tent basis sets developed by Dunning and co-workets:?

CIow, reflecting the important role of diffuse functions for
these properties. For Ne and Ar we obtain both at the
Hartree-Fock level and in the CCSD response calculations an

acceptable convergence in the triply-augmented series. The

Several b asis .SEtS were used for the calculation of static hXfEJurth set of augmentation functions improves slightly the

perpolarizabilitiedsee Sec. IV, but all frequency-dependent convergence, although in the correlated calculations an in-
hyperpolarizabilities were calculated using for Ne and Ar theCrease of th,e cardinal number X becomes at the triply-
t-aug-cc-pV5Z and for Ppland CH, the t-aug-cc-pVTZ basis . . L
sets. Orbital relaxed CCSD and CCD finite field calcu- augmented level more important than augmentation with dif

lations were performed using the t-aug-cc-pV5Z basis set%use functions. For the diatomic molecule , Nthe
for Ne and Ar and the d-aug-cc-pVTZ sets fos Bind CH, onvergence with the basis sets is somewhat faster than for

. the rare gas atoms. For,Mlready in the doubly-augmented
For Neon CCSD and CCS.D) calculations were also done series an increase of the cardinal number X is of the same
in the t-aug-cc-pCV5Z basis.

V. BASIS SET INVESTIGATION TABLE Il. Static isotropic hyperpolarizabilitieg, at the CCSD level as a
function of the basis set.
In Tables | and Il we have listed the results of a basis set

study at the SCF and the CCSD response level. We have Ne Ar N, CH,
employed the series of correlation consistent basis sets X- ayg-ccpvbz 20.6 3755 684.4 1931.3
aug-cc-pVXZ proposed by Woon and DunnifigEor each aug-cc-pVTZ 42.2 579.4 745.1 2198.9
fixed x-aug level these basis sets converge to a valence basis aug-cc-pvVQZ 58.5 853.8 822.0 2285.0
set limit, if the XZ level is increased successively; to obtain ~ aug-cc-pVsZ 768 914.0 844.1
convergence to the complete basis set limit also additional d-aug-ce-pvDZ 83.9 990.1 9376 23976
core orbitals must be included by means of the x-aug-cc- §.aug-cc-pvTz 94.2 1092.1 895.3 2363.5
pCVXZ series. If for a fixed XZ level the augmentation X is  d-aug-cc-pvQz 100.2 1110.4 880.7 2329.6
increased the results converge to a series limit which is dif- d-aug-cc-pV5zZ 108.0 1158.5 873.2

ferent from the basis set limit. In particular for the second

. e . - t-aug-cc-pvVDZ 94.4 974.8 935.4 2378.2
hyperpolarlzablht@s of atoms apd linear molecules it is well t-aug-co-pVTZ 1103 1218.4 903.0 2364.8
known thatf functions are crucial already at the SCF level {4,g.ccpvoz 110.0 1178.9 882.7
and thus accurate results cannot be expected from the t-aug-cc-pvsz 110.2 1178.5 -
double-zeta basis sets x-aug-cc-pVDZ. For molecules with a
two- or three-dimensional structufefunctions are less im- ~ 9-aug-cc-pVDZ 94.5 9755 9434 2380.3

R g-aug-cc-pvTZ 1145 1225.5 908.8
portant fory,. As was found by Woon and Dunning in an
. ! . s . g-aug-cc-pvVQZ 111.2 1185.9
earlier basis set study, polarizabilities and hyperpolariz- g-aug-cc-pV5Z 110.2 1179.0

abilities converge slowly in XZ, if the augmentation level is
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importance as the inclusion of a third augmentation level TABLE lIl. Static isotropic hyperpolarizabilities/, obtained at different

Also for methane we find gOOd convergence: At the SCFieveIs of the coupled cluster hierarchies and with and without the inclusion
. X . of core correlation effects.

level the effects of going from the d-aug-cc-pVTZ basis to

the next higher XZ or x-aug are small. Ne Ar N, CH,
At the Hartree-Fock level the hyperpolarizability usually " - -
[ both, if x-aug or XZ is increased. For the correla- CCS unrelaxed 82 1154 8249 2228
Increases botn, 9 creased. CC2 unrelaxed 135% 1247° 9919  2557P
tion contribution to the hyperpolarizability the convergence CCSD unrelaxed 11072 11782 003.¢  2365P
pattern is dominated by different effects: In the CCSD re- 895.3  2364°
sponse calculations an increaseygfwith the cardinal num- . \
ber X is only found for the lower augmentation levels. We SCF 68.6  961° 7100 18690
find beyond singly-augmentation for,Nand CH, and be- CCSD relaxed 991 1106 8536 2176
y gly-augn 2 CCSD relaxation effect ~11P  —72%  —41F —188°
yond doubly-augmentation for Ne and Ar a decrease of the
hyperpolarizability if the correlation of the valence orbitals is cCcsOT) rel. 107.8 1168? 910.7  2294°
improved in the series pVTZ — pVQZ — pV5Z. In particular relaxation and triples effet ~ —2.4 —107 154  -70°
for N, and CH,, the correlation contribution te, is not
much affecteql by the x-aug level, bqt deqrgases con5|derably CCSD resp. core corf. 1089 1172, 8963  2353.
if the correlation of the valence orbitals is improved by in-  ccspT) core corrd 1071 1159,
creasing XZ. Many correlated hyperpolarizability calcula- core correlation effect -0.6 -9. -6.7 -12.
tions in the literature were performed with basis sets of
triple-zeta or similar quality and basis set convergence was ,
ften only explored with respect to augmentation with dif- Mescr 106. 1123, 88s. 2152
0 y exp p gm ccsoT) 1103 1231.  1010. 2370.
fuse functions. From the above observation one may con- ccsOT)-R12¢ 104.7
clude that many of these studies obtained too large results for QCISDT)' 946.

v and underestimated the remaining basis set errors. ,
For neon and argon the SCF basis set limit is knowrgt'_zﬂgzgz:gﬁé %22';'_
from numerical Hartree-Fock calculatiofsee Table)l With °d-aug-cc-pVTZ basis.
the t-aug-cc-pV5Z basis sets, which are used in the subsébifference between relaxed CCSD and unrelaxed CCSD results.
quent frequency-dependent calculations, the remaining basjgifference between relaxed CCSD and unrelaxed CCSD results.
. . CCSD resp. all electrons correlated; the basis sets are: Ne: t-aug-cc-pCV5Z,
set errors in the Hartree-Fock calculations are O(V\_Fé) and Ar: t-aug-co-pV5Z, N: t-aug-cc-pCVTZ, Ch: t-aug-cc-pCVTZ.
0.5% (Ar). At the CCSD response level these basis sets giveccsn), all electrons correlated; basis sets: t-aug-cc-pCV5Z for Ne and
v0=110.2 a.u. for Ne andyy,=1178.5 a.u. for Ar, when  t-aug-cc-pV5Z for Ar.
the core orbitals are frozen. With all electrons correlated ande: Ar: from the CCSDT) calculations; N, CH,: from the CCSD re-
. 3 . . e sponse calculations.
polarized!® the results in the same basis sets ai INe: Ref. 11; Ar: Ref. 64; M Ref. 65; CH: Ref. 59
=109.3 a.u. andyp'=1172 a.u.(see Table Il For neon  ine: Ref. 10: Ar- Ref. 9; M Ref. 66; CH: Ref. 67,
we did also a CCSD response calculation with all electrongReference 68.
correlated in the corresponding core-valence basis, t-aug-cckeference 69.
pCV5Z, but the additional core orbitals have only a minor
effect on the hyperpolarizabilityyyez 108.9 a.u. Because At the CCSD response level this basis set gives
of the slower convergence of the correlated calculations the-873.2 a.u. Adding to this result the core correction of
remaining basis set errors in the t-aug-cc-pV5Z basis should-g.7 a.u., we obtain a best estimate for the unrelaxed CCSD
at the CCSD response level be somewhat larger than in thgasis set limit of 86Z7 a.u. for the static second hyperpo-
Hartree-Fock calculations, likely in the range of 1%—-3%.|arizability of N, at the equilibrium distancer,
For N, and CH, we estimate, based on the calculations in the=2 074 a.u. For methane the largest basis set we have used
largest basis sets, the Hartree-Fock limit at the equilibriums the d-aug-cc-pvVQZ basis which consists of a
geometries fory, as 715-2 a.u. and 18655 a.u., respec- (14s8p5d4f3q)/[ 7s6p5d4f3g] contraction at the carbon
tively. For the subsequent frequency-dependent calculationgiom and a (85p4d3f)/[ 6s5p4d3f] contraction at the hy-
we used for both molecules the t-aug-cc-pVTZ basis sets. Afrogen atom, giving in total 353 basis functions. This basis
the CCSD response level this basis gives=903.0 a.u.  set gives at the CCSD response level for the static second
for N, and yo = 2364.8 a.u. for Clji where for the latter hyperpolarizability of the methane molecule a result of
molecule the & orbital occupation was kept frozen. In the 2329.6 a.u. Adding the estimate for the core effect obtained
corresponding core-valence sets, t-aug-cc-pCVTZ, we obwith the t-aug-cc-pVTZ and t-aug-cc-pCVTZ basis sets
tained with all electrons correlate¢§2=896.3 a.u. and (—12 a.u.), we obtain for the CCSD unrelaxed basis set
yg =2353 a.u., corresponding to core effects-06.7 a.u. limit of the static second hyperpolarizability of GH best
for N, and —12 a.u. for CH. To obtain estimates for the e€stimate of 231835 a.u.
remaining basis set errors at the correlated level, we did for
the static hyperpolarizabilities some CCSD response calculal:- COMPARISON OF DIFFERENT WAVE FUNCTION
tions with larger basis sets. For the Rolecule the largest MODELS
basis set we have used is the d-aug-cc-pV5Z basis, consisting In the coupled cluster response approach the nonrelaxed
of a[8s7p6d5f4g3h] contraction with 326 basis functions. Hartree-Fock wave function of the unperturbed system is
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TABLE IV. Third harmonic generation hyperpolarizabilities TABLE VI. Third harmonic generation hyperpolarizabilities
¥)(—3w;w,0,0) for Ne. Comparision of SCF, CCS, CC2 and CCSD dis- y|(—3w;w,w,w) for N, at the equilibrium bond distand®y=2.074 bohr.
persion curves for the g-aug-cc-pV5Z basis. Comparision of SCF, CCS, CC2 and CCSD dispersion curves for the t-aug-
cc-pVTZ basis.

Nnm wl/a.u. SCF CCs CC2 CCsD
Nnm wla.u. SCF CCS CC2 CCsD

1319.0 0.034544 70.95 80.71 141.7 114.6

1055.0 0.043188 72.30 82.18 1451 117.2 1055.0 0.043188 795.8 919.0 1127.5 1020.7
694.3 0.065625 77.57 87.90 159.0 127.4 694.3 0.065625 932.8 1068.1 1350.9 1212.2
632.8 0.072003 79.61 90.11 164.5 1315 632.8 0.072003 990.6 1130.6 1447.6 1294.2
590.0 0.077226 81.49 92.15 169.6 135.2 590.0 0.077226 1046.4 1190.8 1542.6 1374.2
514.5 0.088558 86.31 97.37 183.0 144.9 514.5 0.088558 1201.8 1357.6 1814.4 1600.5
488.0 0.093368 88.71 99.96 189.8 149.8 488.0 0.093368 1286.2 1447.6 1966.7 1725.5

457.9 0.099505 1415.2 1584.7 2206.4 1919.9

used as reference state in the coupled cluster calculation. In
the static limit this becomes equivalent to finite field calcu-CCSD. This indicates that orbital relaxation can efficiently
lations where the external perturbation is first included in thebe treated implicitly by the single excitation manifold of the
Hamiltonian after the SCF step. Alternatively, in the orbital- cluster operator.
relaxed coupled cluster approach the perturbation is already From SCF to CCSDY) the results fory, increase by
included in the SCF step. In orbital-relaxed CCS calculations=60% for Ne and by 20%-30% for Ar, N and CH, re-
the cluster amplitudes become zero and therefore the CClecting the well-known large effects of dynamic electron
ground state energy and properties become equal to the SCPrrelation on the magnitude o4. If we compare unrelaxed
results. For frequency-dependent properties the explicit trea£C2 with the CCSD and CCSID) calculations, we find that
ment of orbital relaxation would lead to artificial poles in the the CC2 response approach overshoots the correlation con-
correlated results for frequencies at which the SCF responggbution significantly for all four examples. In the static limit
functions become singular. However, in the static limit both,CC2 is almost no improvement upon CCS. For all four ex-
the nonrelaxed coupled cluster response hierarchy CC®&mples the difference between unrelaxed CCSD and orbital-
CC2, CCSD, etc., and orbital-relaxed hierarchy SCF, CC2relaxed CCSIT) values is only a small effect: Ne: 2.2%,
CCSD, etc., are applicable and both hierachies converge iAr: 0.8%, N,: 1.7% and CH: 3.1%. The difference between
the limit of a complete cluster expansion to the full CI treat-orbital-relaxed CCSD and CC§D) results is much larger:
ment. The question arises, how efficient orbital relaxatiorNe: 8.8%, Ar: 5.6%, B 6.7% and CH: 8.2%. If one as-
can be treated implicitly by the single excitation manifold of sumes that the orbital-relaxed CCED values are close to
the cluster operator. In the literature it is usually assumedhe full Cl limit, one thus finds that the remaining correlation
that the orbital-relaxed hierarchy is more reliable. Numericakerror for the hyperpolarizabilities are larger in the orbital-
investigation&**° of this aspect, however, did not find a sig- relaxed CCSD calculations than in the unrelaxed CCSD re-
nificant better performance of orbital-relaxed calculationssponse approach. From the present results there is no reason
compared to nonrelaxed ones. to expect improvements by treating orbital relaxation explic-
In order to compare the performance of the two coupledtly in hyperpolarizability calculations with coupled cluster
cluster hierachies for the hyperpolarizabilities we have calwave functions.
culated the static limit valuesyy, for our four systems, using To compare the description of the dispersion in SCF,
the unrelaxed CCS, CC2 and CCSD response approach&£S, CC2 and CCSD, we give in Tables IV-VII results for
and the orbital-relaxed SCF, CCSD and CG¥Dmodels the third harmonic generation hyperpolarizabilities for Ne,
(see Table IlJ. The first elements in the two hierachies, non-Ar, N, and CH,. In the literature it has been speculated that
relaxed CCS and orbital-relaxed SCF, give for the presenihe dispersion contribution to the hyperpolarizabilities might
examples results of similar accuracy, with the CCS valuede less sensitive to basis set selection and electron correla-
for all four systems between the SCF and the CCSD resultgjon treatment than the static hyperpolarizabilifiésThis
for Ne and N closer to SCF and for Ar and GHloser to  suspection was based on a comparison of results obtained

TABLE V. Third harmonic generation hyperpolarizabilites TABLE VII. Third harmonic generation hyperpolarizabilities
¥)(—3w;w,0,0) for Ar. Comparision of SCF, CCS, CC2 and CCSD dis- y)(—3w;®,»,») for CH, at the equilibrium geometry,c,=2.052 a.u.
persion curves for the g-aug-cc-pV5Z basis. Comparision of SCF, CCS, CC2 and CCSD dispersion curves for the t-aug-
cc-pVTZ basis.

Nnm wla.u. SCF CCSs cc2 CCSD

Nnm wla.u. SCF CCS cc2 CCSD
1319.0 0.034544 1042.1 1246.3 1358.5 1282

1055.0 0.043188 1092.2 1303.2 1427.5 1346 1319.0 0.034544 2071.7 2456.9 2854.7 2635.2
694.3 0.065625 1308.0 1547.0 1727.8 1626 1064.0 0.042823 2193.7 2594.2 3035.7 2799.2

632.8 0.072003 1401.3 1652.0 1859.3 1748 671.5 0.067853 2864.6 3344.5 4051.5 3716.0
590.0 0.077226 1492.9 1754.7 1989.2 1869 589.0 0.077357 3318.9 3848.3 4758.5 4350.7
514.5 0.088558 1755.0 2047.7 2366.2 2217 514.5 0.088559 4126.5 4738.0 6055.4 5507.8

488.0 0.093368 1901.9 2211.4 2581.0 2416 476.5 0.095621 4888.8 5571.9 7328.7 6635.7
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FIG. 1. Comparison of the relative dispersigf(w)/y(0) in the SCFHRPA) and the CCS, CC2 and CCSD response approaches for the third harmonic
generation in Ne, Ar, Dbland CH,.

from SCF, MCSCF and MP2 calculations. However, the cur-are available from the work of Shelton and co-workers,
vature of the dispersion curves is sensitive to the position ofovering the broad range of wavelengths between 1319 nm
the first pole iny(w) and is thus sensitive to the lowest and 457.9 nm. Detailed plots for ESHG in Ne and Ar are
excitation energy. As the MP2 frequency-dependent propershown in Figs. 3 and 4. The ESHG hyperpolarizability of Ne
ties have their lowest pole at the same position as irand its static limiting value has been the subject of numerous
SCF?**it is not surprising that the MP2 dispersion is usu-ab initio calculations and several experimental investiga-
ally similar to the SCF dispersion. In Fig. 1 we have for Ne,tions. The “ups” and “downs” of the theoretical and ex-
Ar, N,, and CH plotted the ratiOyTHG(w)/ vo at the SCF  perimental estimates foy can be found in recent reviews
and the CCS, CC2 and CCSD response level. From thedsy Bishop’ and Shelton and RiceAfter the latest reinves-
plots it is obvious that dynamic correlation has as large eftigation by Shelton and DonléyESHG measurements at
fects on the dispersion of the hyperpolarizabilities as it hadour frequencies were presumed to be accurate withind

on the static hyperpolarizabilities. For all four molecules the—0.8 a.u. A fit of these four points tO/ SHYw) = y,(1
dispersion ofy is strongly underestimated by the uncorre- + 6Aw?+ 36Bw?), whereB was constralnt to 5.50 a.fa
lated SCF and CCS methods, which give very similar resultsalue arbitrarily chosen between the results of a MR&fs.

for the dispersion. Despite the disappointing performance of

cc2 for the absolute magnitude of the relative dispersion

effect )/ HG(w)/y, is at the CC2 level significantly better TABLE Viil. Dispersion curves for different optical processes figrof Ne,
than at the CCS or SCF level. calculated at the CCSD level using the t-aug-cc-pV5Z basis.

Anm wla.u. Kerr? DFWM ESHG THG

VI. COMPARISION WITH EXPERIMENT
1319.0 0.034544 110.9 111.6 112.4 114.6
A. Neon and argon 1064.0 0.042823 111.3 112.4 113.6 117.1
: 1055.0 0.043188 111.3 1125 113.6 117.2
In Tables VIIl and IX we list for Ne and Arthe results of  go42 065625 1128 1155 1183 1274
CCSD response calculations for the dc Kerr effect, DFWM, 632.8 0.072003 113.4 116.7 120.1 1315
ESHG and THG in the frequency range=0.0-0.1 a.u. or 590.0 0.077226 113.9 117.7 121.7 135.2
A=455.6 nm-=c. The CCSD dispersion curves for the four iég-g g-gggggg ﬁgg E(l’i Eg; ﬁ;‘-g
optical processes are shown in Fig. 2. The electric field in- 4579 0.099505 116.4 1231 1304 156.9

duced second harmonic generati@SHQ is of particular

interest, because for this process accurate experimental da&tar the Kerr process the table lisgg . For the definition ofy, see Sec. Il
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TABLE IX. Dispersion curves for different optical processes fgrof Ar,
calculated at the CCSD level using the t-aug-cc-pV5Z basis.

Nnm wl/a.u. Kerr? DFWM ESHG THG
1319.0 0.034544 1195 1212 1229 1282
1064.0 0.042823 1204 1230 1257 1343
1055.0 0.043188 1204 1231 1258 1346
694.3 0.065625 1239 1305 1376 1626
632.8 0.072003 1252 1334 1422 1748
590.0 0.077226 1264 1360 1465 1869
514.5 0.088558 1293 1426 1577 2217
488.0 0.093368 1307 1458 1634 2416

& or the dc Kerr effect the table listg . For the definition ofy, see Sec.

48,10 and a CASSCKRef. 49 calculation led to the esti-
mate for the static limiting valuey}®*=108.1+2.2 a.u.

However, the dispersion curve obtained by this fit does no
overlap with the error bars of the two ESHG measurements
in the infrared at 1319 nm and 1064 nm, as is seen in Fig. F

C. Hattig and P. Jérgensen 2769
estimateyh®=106.4-2 a.u. Furthermore it showed that the
ESHG experiment at 1056 nm is in good agreement with the
CCSD dispersion curve and the ESHG experiments at 514.5
and 488.0 nm, but that the value measured at 1319 nm is too
large by~2.4 a.u. The refined estimate quB‘e differs from

the static CCSD response result by 3.8 a.u. However, this
result was obtained using a frozen core approximation and
the t-aug-cc-pV5Z basis. If the core electrons are correlated
and the effects of connected triples are included by means of
a CCSOT) finite field calculation, one obtains for the static
hyperpolarizability of neonyQE’:lO?.l a.u. (cmp. Table

I, in good agreement with the refined experimental esti-
mate. If we account for these small additional basis sets and
correlation effects by a multiplicative correctiomﬁstw)

_ .CCSD CCSD(T ccsb
- 'yt—aug—czze—}rs){)/5£w) X 7t—aug—(:(c—)r)VC5£0)/ 'yt—aug—crce—lrs){)/5£0)* we
get at the wavelengths of the three most reliable

ESHG points:y[*(488.0 nm)=124.1 a.u., y[;(514.5 nm)
122.2 a.u. andyﬁsklo64 nm)=110.4 a.u. These results
gree within 0.5% with the experimental ESHG désae

Thus, at least one of these two measurements must have'&P!e X. Agreement between theory and experiment within
larger inaccuracy than indicated by its statistical uncertainty® 1% range was before only achieved for the two-electron
Because of the difficulties to extrapolate from the experi-System He and k>’ We note that based on the study in Sec.
mental data to the static limit based on a fitted dispersiodV remaining basis set effects can be expected to lower the
function, we suggested recenr’ﬂyo use the dispersion curve final results. The remaining correlation effecferative
from a CCSD response calculation, shifted such that itriples and connected higher excitatipmsill in the orbital
matches the two points measured in the visible to extrapolateelaxed approach likely increasg, slightly. Each of these

to the static limit. This extrapolation leads to the refinedeffects might change,/’a'e by 1-3 a.u. Thus, despite a better
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FIG. 2. Dispersion curves for the dc Kerr effect, DFWM, ESHG and THG in Ne, Aratd CH, (CCSD response; Ne: t-aug-cc-pV5Z basis? frozen; Ar:
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FIG. 3. Electric field induced second harmonic generation in neon. Comparison of the CCSD and th@ @OSED response curves with the experimental
results(Refs. 3,4,71and the CCSDI)/MP2 dispersion curve of RicRefs. 5,10,48

agreement with the experimental values one must estimathe t-aug-cc-pV5Z basis and with only the valence electrons
the remaining intrinsic uncertainity of theb initio results as  correlated. Even though connected triples and core effects
about+3 a.u. are not considered it is already close to the fit of the experi-
For argon the experimental situation is more favorablemental ESHG data. The CCSD response result;f@fr is
than for neon, since accurate ESHG data are available fawithin the uncertainity of the result extrapolated from a fit to
more that 20 frequencies in the range=457.9— this data. Correlating in the t-aug-cc-pV5Z basis all electrons
1319 nm. TheCCSD dispersion curve was obtained with give in a CCSD response calculatiqvér=1172 a.u. and in
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FIG. 4. Electric field induced second harmonic generation in argon. Comparison of the CCSD and th@ YJOS8D response curves with the experimental
results(Refs. 1-3 and the CCSDI)/MP2 dispersion curve of RicéRefs. 5,9,48 The line through the experimental results is the fit of Ref. 3.
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TABLE X. Comparison of the experimental data for dc Kerr effect, ESHG and THG for Ne with the CCSD
response results multiplied by the factpfSe ™ hvcsk0)/ veamger svs40) to account approximately for core
correlation and connected triples.

%) 7 qw) ")
Nnm wla.u. CCsD Expt CCsD Expt CCsD Expt
1319.0 0.034544 107.8 109.2 111.0+0.8° 111.4
1064.0 0.042823 108.2 110.4 109.9+0.5° 113.8 90+ 45¢
1055.0 0.043188 108.2 110.4 1139 79.7+x8¢°
694.3 0.065625 109.6 115.0 126.4x4.1° 123.8 10818
632.8 0.072003 110.2 16182 116.7 127.8
514.5 0.088558 111.8 122.2 122.2+0.4° 140.8
488.0 0.093368 112.3 1241 123.5x0.5° 145.6
3Reference 54.
bReferences 3,70,4.
‘Reference 71.
dReference 53.
®Reference 52.
Reference 51.
an orbital relaxed CCS@) finite field calculation ygf Since CCSD response calculations for other optical

=1159 a.u. Accounting for these additional correlation ef- proccesses do not face any additional problems, we expect
fects by a multiplicative correction of the frequency- that the CCSD dispersion curves for the dc Kerr effect, de-
dependent CCSD results as for neon we obtained the resigenerate four wave mixing and third harmonic generation
in Table XI. The respective dispersion curve in Fig. 4 hashave about the same accuracy as the CCSD response calcu-
mean absolute and maximum deviations from the experimerations fory;>"Y ). The experimental situation however, is
tal points of 0.8% and—2.6%, respectively. For shorter different: Only few measurements have been published for
wavelenghts the deviations become somewhat larger. Thiéne dc Kerr effect and third harmonic generation in neon and
curvature of the calculated dispersion curve is slightlyargon and most of the experiments have uncertainities which
smaller than that for the fit through the experimental dataare much larger than those of the ESHG experiments.

This is likely an effect of the missing contributions from The THG hyperpolarizability of neon has been measured
connected triples and higher excitations to the dispersion dr three different wavelengths. From these three experi-
¥)/(@). As for neon, the remaining uncertainity of the final ments only the first measurement by Ward and Rieat A
estimates foryér due to basis set and correlation effects are=694.3 nm is infair agreement with thab initio results.
estimated to bes 1%—3%, although a smaller mean devia- The value obtained by Lehmeiet al? at 1055 nm is about
tion from the experimental ESHG data are found. 30% too small and the recent value ofdtial®® measured at

TABLE XI. Comparison of the experimental data for dc Kerr effect, ESHG and THG for Ar with the CCSD
response results multiplied by the factefse x ps£0)/ Vesmeenvs40) to account approximately for core
correlation and connected triples.

7 ) 7 qw) )
Anm wla.u. CCsD Expt CCsD Ex[t CCsD Expt
1319.0 0.034544 1175 1209 12267 1261
1064.0 0.042823 1185 1237 12364 1321 1846920
1055.0 0.043188 1185 1238 1324 1055109
694.3 0.065625 1219 1354 135211 1600 1525 242
632.8 0.072003 1232 1248 10° 1399 13978 1720
590.0 0.077226 1244 1441 1466 8 1849
514.5 0.088558 1272 1211+ 35° 1552 1558 2191
488.0 0.093368 1286 1608 16267 2377

457.9  0.099505 1304  1187+9¢ 1687  1698+23

4nterpolated from a fit to the calculated points.

PReference 6, for the same frequency in a previous experiffRait 54 1171+ 80 a.u. was obtained.

‘Reference 72.

“Reference 73.

‘References 3,1. The experimental results are only listed for some representative frequencies. Compare also
with Fig. 4 which includes all experimental results from Refs. 3,1.

Reference 53.

9Reference 52.

"Reference 51.



2772 J. Chem. Phys., Vol. 109, No. 7, 15 August 1998 C. Hattig and P. Jérgensen

TABLE XII. Bond length dependence of; for N, calculated at the CCSD level using the t-aug-cc-pVTZ
basis.

A=694.3 nm A=457.9 nm

run/a.u. Yo
Kerr® DFWM  ESHG THG Ker DFWM  ESHG THG

1.800 714.0 747.5 781.1 817.8 945.0 794.5 884.6 990.4  1458.9
1.900 772.6 809.2 846.2 886.6 1026.8 860.7 960.0 1076.8  1597.2
2.074 903.0 947.0 992.1 1041.1 1212.2  1009.2 1130.4 1273.4  1919.9

2.100 925.5 1034.9 1160.1 1307.8  1977.7
2.200 1019.1  1070.2 1122.8 1180.1 1380.8 11424 1284.5 1452.7  2224.6
2.300 1123.3 1262.7 1424.6 1617.0 2512.4

2.400 1237.0 1302.3 1370.2 14441 17055 1394.7 1579.4 1799.8  2842.2
(0] y|0) 915.0 959.8 1005.7 1055.6  1229.8 1023.0 1146.5 1292.2  1952.4

% or the dc Kerr effect the table listg ().

1064 nm has a too large uncertainty to be useful in a comtial energy curve obtained with the same basis set and the
parison with theab initio results. For argon the findings are CCSD hyperpolarizability results listed in Table XIl. For
similar: we obtain reasonable agreement with the experimerthe remaining frequencies we interpolated the zero
by Ward and New at 694.3 nm, but significant disagree- point vibrational correction using the expression
ment with the newer measurement by Lehmaieal>® for A yf™A(wg; w1, w5, w3) ~A g A(1+aw? +bw}) with f
1055 nm, and the recent experiment byatial>® for 1064 = w2+ w’+ w3+ w3. The parametera and b were deter-
nm has too large an uncertainty to be useful. mined by a least square fit to the results in Table XII. The
For the dc Kerr effect in neon only one measurement byyibrational averaged CCSD response results for the dc Kerr
Buckingham and Dunmift has been reported in the litera- effect, DFWM, ESHG and THG are given in Table XIil. The
ture. Its value of 1018 a.u. measued fok=632.8 nm  electric field induced second harmonic generatiBSHG
falls with its error bar below the CCSD response resultsesults are again of particular interest. In the static limit and
(cmp. Table X. From the four dc Kerr measurements for for small frequencies the vibrational averaged CCSD re-
argon, we obtain only good agreement with the most recen§ponse results are in almost perfect agreement with the fit
experiment by Shelton and Palubinskas 632.8 nm. The  through the experimental ESHG data for the electronic con-
earlier experiment by Buckingham and Dunffufor the  ripytion (see Tables VIII and XIV and Fig.)5However,
same wavelength is also in agreement with the CCSD calCyyom the basis set study in Sec. IV we know that for the

lations, but has a large uncertainity. The experimental resu”fs-aug-cc-pVTZ basis set, which we used for the frequency-
for 514.4 and 457.9 nm fall both with their error bars bEIOWdependent calculations, the remaining basis set error is not

the CCSD dispersion curve. negligible, since the extrapolated “best estimate” for the

unrelaxed CCSD basis set limit is about 36 a.u. smaller than
the t-aug-cc-pVTZ result. Combining the extrapolated unre-
laxed CCSD value of 867 a.u. with the effect of connected
The analysis of the calculations for Ne and Ar showedtriples from Table 11l and including the zero point vibrational
that by the combination of CCSD response calculations witltorrection from the CCSD calculatiofi2 a.u., cmp. Table

large correlation consistent basis sets and estimates for COR4l), we arrive at a result 0&8‘N2=894 a.u. for the static

nected triples and core correlation we can for both atom?lyperpolarizability of N. This has to be compared with the

obtain agreement with the ESHG experiments within a feWygtimate obtained by Shelton from the experimental ESHG
percent. To reach a similar accuracy for molecules is much

more demanding. For a direct comparison with the experi-
mental data, one must in addition account for vibrational
averaging and for the pure vibrational and rotational contri-
butions to the hyperpolarizabilities. TABLE XIIl. Dispersion curves for different optical processes foy, Bal-

. . . . culated at the CCSD level using the t-aug-cc-pVTZ basis. Listed are the
For the diatomic example N the pure vibrational and vibrational averages of) for DFWM, ESHG and THG and ofy for the

rotational contributions to the ESHG processes were eStierr effect.
mated by SheltoA.From his work a fit through the experi-

B. Nitrogen

mental ESHG data are available which was corrected for AMnm wla.u. Kerr DFWM  ESHG THG

t_hese contributions and can be compgred_@_rectly Wlt.h .V|bra- 1055.0  0.043188 933.9 952 5 9721 10346
tional averaged electronic hyperpolarizabilities fratm ini- 694.3  0.065625 959.7 1005.5 1055.4 1230.0
tio calculations. Vibrational averaging has for, Mnly a 632.8  0.072003 969.2 1025.7 1088.0 1313.8

small effect of~1% on y, which increases slowly with the ~ 5900  0.077226 977.8 10442 11183 13955
frequency. We therefore performed vibrational averaging --&> ~ 0:0885%8 998.9 1091.1 1196.7 1626.6

quency. theretore p 9NY 4880 0093368 10089 11140 12360  1754.2
only for the static limit and for two wavelengths: 694.3 and 4579 0099505  1022.8 11464  1292.4  1952.3

457.9 nm. We used for these calculations a CCS[poten-
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TABLE XIV. Comparison of the experimental data for the dc Kerr effect, ESHG and THG jowith the
vibrational averaged CCSD response results multiplied by the fa@iaioyina£0)/ Y amersur40) to account
approximately for connected triples and remaining basis set effeetstext for details

%) ) ()

Nnm wla.u. CCsD Exp. CCsD Expt CCsD Expt
1055.0 0.043188 912.5 949.8 1010.8 9’
694.3 0.065625 937.6 1031.2 1057.6.4 1201.3 1295 206"

632.8 0.072003 947.0 144360° 1063.1 1095.6:4.6 1283.6

590.0 0.077226 955.4 1092.7 1132.0.2 1363.4

514.5 0.088558 975.9 1169.2 1208.8.2 1589.2

488.0 0.093368 985.8 1207.7 12538.3 1714.0

457.9 0.099505 999.4 1262.8 13272.54..3 1907.5

aReferences 1,2.
PReference 58.
‘Reference 52.
‘Reference 51.

data by extrapolationy®"2(0)=917+9 a.u. The deviation Decause its curvature is slightly smaller. Again, we attribute

between the two estimates is small, only 2.5%, and probably‘is to the contributions from connected triples which are not
partly due to remaining basis set effects and higher-ordeficluded in the frequency-dependent calculations. Connected
correlation contributions. triples tend to lower excitation energies and therefore it is
Notwithstanding this remaining uncertainity, the com- €xpected that they increase the dispersion of dynamic prop-
parison of the dispersion curve from the vibrational average@rties. We thus obtain also for the diatomic examplg, &
calculations with the experimental ESHG data demonstratgood agreement with the ESHG experiments, although the
that the CCSD response approach gives an accurate descrigmaining deviation is considerably larger as for Ne and Ar.
tion of the dispersion contribution. First far<570 nm the The third harmonic generation hyperpolarizability of N
CCSD dispersion curve falls somewhat below Shelton’s fithas been measured by Ward and Refer 694.3 nm and

wn
2
1350 g
} A
(=]
ot
1300 - E
R - 4
EXp. <f}/ev ) § §/i,/ y ;N
1250 57 A &
Exp. Yy --- gy g
I ) e i | 5
1200 CCSD  (7Y°) -= .y :
1150 CCSD(T)/CCSD (’ye) o Ry 4 5.2
= 1150 7 Sy N
? e & A 3
i MCSCF ’}/ T X g & =
3 2.
- Q
1050 =
1000
950 1
i
900 4
850 T T T T T T T T T
0.0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

w [ au

FIG. 5. Electric field induced second harmonic generation in nitrogef. (Gomparison of the vibrational averaged CCSD and the extrapolated @@SD
CCSD dispersion curves with the experimental res{iisfs. 1-3 and the MCSCF dispersion curve of Leo al. (Ref. 65. The line through the measured
points is the fit of Ref. 3 to the ESHG data after subtraction of the pure vibrational and rotational contributions.
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TABLE XV. Dispersion curves for different optical processes for CH 2. Th ; ; ; : SHG
. ' . The zero point vibrational correction forE has re-
calculated at the CCSD level using the t-aug-cc-pVTZ basig=2.052 P CH,

au. cently been calculated by Bishop and S&tiesing the MC-
SCF response theory combined with a numerical differenc-
A/nm w/a.u. Kem®  DFWM  ESHG  THG ing technique for the derivatives of with respect to the

1319.0  0.034544  2407.3 2450.3 24947 26352 hormal coordinates. To correct the CCSD dispersion curve

10640 0042823 24306 24982 25688 27992 for y{°"Yw) we have fitted the MCRPA results of Ref. 59
6715 0067853 25351 27221 29295 37160 {5 the expressionAy?PA(w?)=AyEVA(L+aw? +bw!

5000 0077357 25896 28452  3137.6  4350.7 6 ol AT
5145 0.088559 2665.6 3024.8 3454.4 55078 +cw)). The pure vibrational contribution tpCH4 has been

4765  0.095621 2720.7 3161.1 3705.2 6635.7 determined by Bishop and Piffhbased on the perturba-
tional approximation introduced by Bishop and Kirtm&hn
using Hartree-Fock values for the necessary derivatives of
the dipole moment, the polarizability and the first hyperpo-
larizability. Adding the pure vibrational contributions of Ref.
Lehmeieret al® for 1055 nm. In the former experiment the 60 and the ZPVA correction to the results of the CCSD

ratio v/ y[i® was determined at 694.3 nm as 26.75response calculation we obtained the ESHG hyperpolariz-
2

+4.25. Using the accuratab initio results fory[H® from  abilities in Table XVI. The dispersion curves fofi>"Yw)

Bishop and Pipihone obtainsﬂ,HG()\=694.3 nm)=1295 in methane are shown in Fig. 6 in comparison with the ex-
2 . .

+206 a.u. Taking into account the large uncertainity of thePerimental results and the MCSCF calculations of Ref. 59. In

experimental result, this is in fair agreement with the ccsprontrast to N, the zero point vibrational averaging and the

response result, which is 1201 a(see Table XIV. The vibrational contribution for methane are not small correc-
’ THG()\ —694.3 nm) waesti- tions: depending on the frequency, they account=$a0%—

rovibrational contribution tcryN2 20% of the total h larizability. Bt h h th
57 o . o 6 of the total hyperpolarizability. But even though these
mated by Sheltoti®” as —0.64 a.u. and is thus insignificant effects are treated more approximately, we obtain a very

ffr this Compgrlsofn.THla7h%%|Sret al.+0bta|ned for A q good agreement with the experimental ESHG results with
__1055 Tr;rg aatio of v, 1 he —_21._1_2.1,c0rrespon " mean absolute and maximum deviations of respectively
ing to yy, =954+95 a.u., which is somewhat smaller 1 504 and 4.4%, where the largest deviation is found at 1319
than the CCSD response result gf'®=1010.8 a.u., al-  nm. Also the static limit of the electronic hyperpolarizability
though theab initio result is within the uncertainity of the is in good agreement with the estimates extrapolated from
experiment. the experimental ESHG data: the CCSD response result in
The only experimental result for the dc Kerr hyperpolar-the t-aug-cc-pVTZ basis plusy“"V* from Ref. 59 leads to
izability of N, is from Ref. 58 and was measured at 632.8yﬁ’CH“(0)=2650 a.u., which has to be compared with the
nm as 1443160 a.u., which is much larger than tlad  estimates derived from the experimental results by Sh&lton
initio result of 949.1 a.u. for the electronic contribution. Thewithout further modifications of the measured data, 2590
vibrational contribution toy,(632.8 nm) wasstimated in  a.u., and by Bishop and Pipfhafter correction for the pure
Refs. 56,57 as 0.5 a.u. and is thus negligible, but the rotavibrational contribution, 2607 a.u.
tional contribution was estimatgas large as 4670 a.u. and To obtain more information on the remaining uncertain-

8 or the dc Kerr effect the table listg . For the definition ofy, see Sec.
111

thus hinders a meaningful comparison. ity of the electronic contribution, we performed a CQSD
finite field calculation in the d-aug-cc-pVTZ basis which led
C. Methane to yﬁH4(0):2294 a.u. The unrelaxed CCSD value in the

The methane molecule has 9 vibrational degrees of free3@Me basis is 2364 a.u. Thus, the sum of orbital relaxation
dom and vibrational averaging using numerical integration i£ffect and the contnbunpq of connected t.r|ples is only small:
therefore prohibitive. For polyatomic molecules the zero_7(_) a.u. or.—§%_ Co.mbml'ng the best e;Umg&\a/Aof the CCSD
point vibrational correction and the pure vibrational contri-Pasis set limit obtained in Sec. IV witAy and the
bution can only be otained using perturbation theory. Thirbital relaxation and triples effect, we getabesteegglmate for
requires the evaluation of derivatives with respect to the northe static electronic second hyperpolarizability,gf~*(0)
mal coordinates for the d|p0|e moment, the frequency-: 2533 a.u. The uncertainity of the CCSD result due to basis
dependent polarizability and the first and second hyperpolarset incompleteness was estimated in Sec. IV te-be35 a.u.
izability. Because the determination of these derivatives waghe additional uncertainity introduced by the higher-order
out of the scope of the present investigation, we have deteforrelation effects which we have not included and by the
mined only the electronic hyperpolarizabilities at the equilib-approximations used in Ref. 60 for the calculatiomaf*”"*
rium geometry and have taken the values for the zero poin@re likely of a similar magnitude. Thus the total uncertainity
vibrational correction and for the pure vibrational contribu- of yﬁ’CH“(O) is estimated to be about70 a.u. or=3%.
tion from the literature. The rotational contribution to the Little is known about the uncertainity of the pure vibrational
hyperpolarizability vanishes for spherical-top molecules likecontribution taken from Refs. 59,60. Therefore it is difficult
CH,. to assess the uncertainity of the frequency-dependent results.

In Table XV the CCSD response results for the four ~ Shelton and Palubinskabave recently measured the dc
optical processes obtained with the t-aug-cc-pVTZ basis ar&err hyperpolarizability for methane for seven different fre-
listed. A graphical presentation of the results is given in Fig.guencies. To compare the CCSD dispersion for the dc Kerr
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TABLE XVI. Comparison of the experimental data for dc Kerr effect, ESHG and THG in @lth the ab
initio calculated results which iclude zero point vibrational correction and the pure vibrational contribution.

7 w) D) )
Anm wla.u. CCSD Expt® CCSD Expt® ccsof Expt.9
1319.0  0.034544 2894 2717 26031 2974
1092.0  0.041725 2920  2855+21
1064.0  0.042823 2925 2822 28830 3173
7635  0.059677 3004  2967+16
694.3  0.065625 3039 4162%  3997+120
671.5  0.067853 3054 3312 33110 4308
632.8  0.072003 3081  3070+11°
589.0  0.077357 3120 31327 3575 36139 5112
514.5  0.088559 3212 323619 3975 406623 6581
4880  0.093368 3255  3286+24
4765  0.095621 3278 4291 44124 7997

457.9 0.099505 331% 3360+ 14

4nterpolated between the calculated points.

PReference 6.

‘In a previous experimer(Ref. 74 at the same wavelength a value of 28844 a.u. was obtained.
In a previous experimer(Ref. 73 at the same wavelength a value of 38650 a.u. was obtained.
°References 3,75.

fOnly electronic contribution, see text for explanation.

9Reference 62.

effect with the experimental results, we estimated the zerthe effective frequency»?. We thereby neglect the small
point vibrational correction from the MCRPA results for difference betweery, andy; and the fact that y*"VA(w?)
ESHG from Ref. 59, assuming thaty?"VA(»?) for the dc  for the dc Kerr effect and ESHG differ in sixth orderdn .
Kerr effect and ESHG follows the same dispersion curve inThe pure vibrational contribution is again taken from Ref.
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FIG. 6. Electric field induced second harmonic generation in methang)(Gdmparison of the experimental results of Refs. 1-3 with the CCSD response
results at the equilibrium distaneg , and with the zero point vibrational correctiohg“"VA and the pure vibrational contributioyt from Refs. 59,60 added
(see text for detai)s
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and with the zero point vibrational correctionsy?"VA and the pure vibrational contributiop? from Refs. 59,60 addetbee text for details

60. The results obtained by adding these contributions to th?EHHG, an accurate Comparison with the CCSD response re-
. . 71
CCSD response values are compared with the experimentg), s is not possible. From an interpolation of the numbers in

results from Shelton and Palubinskas in Fig. 7. On the aveerable XV we obtainy™6(694.3 nm)=3600 a.u. The vi-

age we obtain a good agreement between the calculat(z) 'o

curve and the experimental results of Ref. 6 with deviationLrational hyperpolarizability is for THG at optical frequen-
of only 0.5%—2.5%. But the dispersion of thb initio curve cies far above vibrational resonances usually smaller than for
is distinctly too small to fit to the experimental points: for the

ESHG and should be almost negligible here. Extrapolating
lower frequencies the calculated results are too large b

gyZPVA from the MCRPA data of Ref. 59 in the same way
~2.5%, while for the higher frequencies they are too smal

s for the dc Kerr effect, we obtain for the electronic contri-
by ~2.5%. Although it is expected that the inclusion of con- bution the rough estimate of 4162.a.'l.J" which |_nd|cates a
nected triples in the response calculations would slightly in_reasonabl_e agreement between ateinitio calculation and
crease the dispersion of the electronic contribution, this det—he experimental measurement.
viation can hardly be traced back to this effect, since the
comparison of the ESHG data showed that the dispersion dfll. CONCLUDING REMARKS
the electronic hyperpolarizabilities is well described at the
CCSD response level. It was already observed by Shelto
and Palubinsk&sthat the calculated values for the vibra-
tional hyperpolarizability of Ref. 60 disagreed in size and

We have presented a coupled cluster response study of
the frequency-dependent second hyperpolarizability of four
example systems: Ne, Ar,,Nand CH,. Basis set studies

were performed at the SCF and the unrelaxed CCSD level

theref likelv that a | fracti f the di b %sing sequences of correlation consistent basis sets. The larg-
erelore Tikely that a farge fraction of the discrepancy De-q hagis sets employed for, nd CH, included 326 and
tween theab initio dispersion curve and the Kerr measure-

) L . 53 basis functions, respectively. The hierarchical structure
ments is a consequence of the approximations used in Re

60 for th lculati f the vibrational ibution. N f the correlation consistent basis sets was employed to get
or the cacu at|op 0 .t e vibrational contribution. EVET™ results close to the basis set limit and to estimate the remain-
theless, this is the first time that for a dc Kerr hyperpolariz-

bilit t withi f t is obtained betw ing error. We found that in correlated calculations, once a

abl'l yt_agrelemle? Wi lnda ew _perc?nl IS obtaine te €tertain augmentation level is reached, the second hyperpo-

ab Initio cafcu’ations and experimental measurements. larizability results tend to decrease if the description of the
For the third harmonic generation hyperpolarizability of valence part is improved in the series TZ - QZ - 5Z. Consid-

CH, only one ;’“ easurement Is reporteq '”T,}Qe Tlggratureering only saturation of the basis with respect to augmenta-
Ward and Elliof” have determmegl the ratio 9,/ vre” AL tion with diffuse functions, as was often done in the litera-

694.3 nm as 8252.5 corresponding to an absolute value foryre, gives for the examples studied here significantly too
Yeh, of 3997+120 a.u. Because the vibrational contribution arge results and leads to too small estimates for the remain-

and the zero point vibrational correction are not known foring basis set errors.
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