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An ab initio investigation of the electric-field-gradient-induced birefringence §f, C,H,, and

CH, is presented. All linear and nonlinear optical properties contributing to the induced anisotropy
of the refractive index are computed by means of coupled cluster singles and doubles response
theory. For systems of cubic or icosahedral symmetry, the only nonvanishing contribution to the
induced birefringence within the semiclassical approach is due to the frequency-dependent dipole—
dipole—quadrupole and dipole—dipole—magnetic dipole hyperpolarizabilities. These hyper-
polarizabilities are important for accurate experimental determinations of the molecular quadrupole
moment from electric-field-gradient-induced birefringence measurements1998 American
Institute of Physicq.S0021-960808)30241-X]

I. INTRODUCTION theory has been extended to compressed gas mixtures by
Kielich.'® The general theory has been revisited by Imrie and
The  electric-field-gradient-induced  birefringence Raal}® using the semiclassical approach also employed by
(EFGB) is the anisotropy of the refractive index observedBuckingham and Longuet-Higgins. Recently, a quantum
when plane-polarized light passes through a medium in geory of EFGB based on a finite-temperature perturbation
direction perpendicular to an external electric field gradientapproach to molecular light scattering was presented by
The EFGB, which was originally predicted by Debybas  pumitru and Woolley?®2! An account of the historical de-
similarities to Optical effects like the Ke?r:? the Ve|opments of EFGB was given in a recent review by
Cotton—Moutorf, and the Farad@yf effects. The EFGB Ritchie2?
originates(primarily) from the interaction of the electric field In the past, EFGB measurements were often performed
gradient with the molecular quadrupole moment, resulting iyt 3 fixed temperature and the hyperpolarizability contribu-
a partial orientation of the molecules in the sample, @e¢- (o was neglected due to its smallness compared to the
ondarily). from che}nges in th? effective.polarizability induced temperature-dependent term. In some cases, theoretical re-
by the field gradient. The first effect is temperature depengjis for the hyperpolarizability term have been used to ob-
dent and it can be expressed in terms of the molecular quagsiy the molecular quadrupole moment from the EFGB ex-

rupole moment and the molecular electric-dipole pOIarizabi"periment(see, for example, Refs. 23 and)2By performing

ity. The second contribution is temperature independent an%easurements at different temperatures, the temperature-
determined by higher-order polarizabilities.

gested by Buckingham in 1959The first experiment was is known?® The experimental procedure is nevertheless dif-

carried out in 1963 by Buckingham and Distiho deter- g1 and cannot easily be applied for all systems. For in-

mined the qtiadr:upolg momené of GOBince tr:er;, EI';GBd tstance, the difficulties of handling compressed acetylene gas
measurements have been used as an accurale 1001 Tor delffi, . 5 yige range of temperatures prevented an analysis of
mining molecular quadrupole momengsee, for instance,

Refs. 9—15. The theoretical foundations of the EFGB effect the temperature dependence of the EFGB in a recent experi-

. . , ental study by Keiret al?® In non-quadrupolar systems,
in gases have been discussed by Buckingham an . R
Longuet-Higgin&® and Buckingham and Jamiesband the ﬁ:easurements of EFGB give the hyperpolarizability terms

directly.

Buckingham and Longuet-Higgitfs computed, in the
ziElectronic mail: sonia@kemi.aau.dk static limit, the anisotropy of the refractive index induced by
C)E:zgggr:‘:z :‘n"::ll Bsﬁg?gﬁf’guagtdk an electric field gradient analytically for the hydrogen atom,
9Electronic mail: rizzo@hal.icqem.pi.cnr.it and Buckingham and Jamiesdmstimated the temperature-
®Electronic mial: kenneth.ruud@kjemi.uio.no independent contribution to the EFGB for rare gasesamt
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CH,, using the approximate relationship that exists between . -
this term and the Verdet constant in the static limit and for /‘a:Z Qilia )
“spherical” systems.

Today, sophisticated and reliable techniques are avail- P _z if

able for accurate calculations of the molecular quadrupole = 2m, iar ®
moment, the electric-dipole polarizability anisotropy, and the

hyperpolarizabilities contributing to the anisotropy of the re- - _E Y

fractive index. Whereas there is a large number of studies of Oas=3 El Gi(3ri,afi g~ 17 Oa ), ©)

the first two properties in the literature, calculations of the ~ ]

frequency-dependent hyperpolarizabilities characterizing th¥ith I'oi andl . indicating thea Cartesian component of the

temperature-independent term have been scarce. To ofPsition and angular momentum operators for a partlcle of

knowledge, the onlb initio study dedicated to the calcula- charged; and massm;. In Egs.(2) and (3), Xp indicates

tion of the hyperpolarizability contribution to the EFGB is Summation over all permutations of the paira.(— o),

that of Amos2® who, at the most advanced level, calculated(©s,/@), and of the pairs &,/—w), (Mg/w), respec-

the hyperpolarizability contribution to the EFGB of nitrogen tively. Herefiw;; =E;—E;, and|g) is the electronic ground

in the low-frequency limit by a coupled Hartree—FdeF)  State.

approach. The temperature-independent term is a combination of
In this work, we investigate the EFGB of,HN,, C,H,,  higher-order polarizabilitie$’

and CH, Quadrupole moments are computed as analytical

derivatives of the coupled cluster singles and doubles b= 1—5[Baﬂ’alg(—w;a),O)—Baﬁ’aﬂ(—a);o,w)]

(CCSD Lagrangian as described in Ref. 27. For the linear

and nonlinear polarizabilities, the recently implemented 2
linea® and quadratf® CCSD response approach is em- ~ 34 Catrlap (T 00,0, (7)
ployed.

where?

Ba,B,y&(_w(r;wlawZ)

Il. THEORY ~ - o
_iz 2 2 <9|Ma|m><m|Mﬁ|n><n|976|g> %)
For an ideal gas at the absolute temperafiyrthe rela- KR E 1T (@mg— @) (@ng— w3)
tionship between the microscopic properties and the ob-
served EFGRAN is (in SI unitg®t’ and
27TNq ( 2 [ Ja,ﬁ,y(_wo;wlva)
An=n,—n,= + O 50, - = -
Y (Ameg) 15T | aB%ap :iE s S (9l palm){m[mgln)(n|u,|g) ©
( 5 ) he % m#g n#g (wmg_wa)(wng_wz) ,
- Ag gt — G , 1 . o -
Ka| Apap™ () €aby 2By H @ where € is the Levi-Civita tensorw,=w;+ w,, %p indi-

cates here summation over all permutations of the pairs

where Einstein’s convention for implicit summation over re- (il — ), ([Lﬁ/wl) and ©,5/w,) for B, and of the pairs

peated indices is used. Hemnas the refractive indexN the i ° . o
number densityg the laboratory field gradierta diagonal (4!~ ®,), (Mglwy) and (u,/w;) for J. (i[Olj)
traceless tensoq=g,,=—0yy; d,,=0), O the permanent =(i|Olj)—d(g/O|g). Equivalent expressions f&@ andJ
molecular quadrupole moment, apcthe permanent electric Were given in Refs. 16 and 17.

dipole moment. Also,«, A and G are the frequency- For the temperature-independent contribution to the
dependent electric dipole—electric dipole, electric dipole-EFGB we employ the symbollb” as introduced by Buck-
electric quadrupole, and electric dipole—magnetic dipole poingham and Jamiesdn.The relationship betweelnand the

larizabilities. The frequency-dependent polarizabilideand ~ dipole—dipole—quadrupole hyperpolarizabilByis given in

G can be written as sum-over-states expressfons Eg. (7). In the original paper of Buckingham and
R Longuet-Higgin&® the symbol ‘B” was used instead of
_ 1 (9l ol MY(M|O 4,/ 9) “b.” This still continues to be done in the literature and it
A py(—wi0)= % ; ngg (0mg— ) 2 may be a source of misunderstanding, as the temperature-
independent contribution to the EFGB has been associated
1 (9] ol MY(m[mg|g) with a “molecular dipole—dipole—quadrupole” hyperpolar-
Gop(—wi0)= % > > ) izability B, and then erroneously identified with the dipole—

P mz (0mg— o)
e m dipole—quadrupole  hyperpolarizability introduced by

and they describe the dipole moment induced by the electricBuckinghani® (see, for instance, Refs. 10, 23, 25, 32, and
field gradient and the time-dependent magnetic field assoc24). This may lead to serious problems when theoretical es-
ated with the propagating wave, respectively. Herem, timates ofB (instead ofb) are used to extract the molecular
and © represent the electric dipole, magnetic dipole, andquadrupole moment from measurement of the EF@ile
electric quadrupole operators infra).
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Imrie and Raab’ have discussed the implications of us- motion—which is important for a molecule with a small mo-
ing the primitive quadrupole moment operator in the deriva-ment of inertia such as H-leads, within some approxima-
tion of the expression for the anisotropy of the refractivetions, to a slightly modified version of E¢11):3
index induced by an electric field gradient. The general form 2aNg [ 2 OAa

J’_

of the equations remains unchanged in their approach, al- An=n,—ny=— ——f(T)|, (14)
though the particular combination of higher-order polariz- (4meo) 15 kT
abilities differs from that of Ref. 16. Still, Eq1) is identical ~ wheref(T)=1—o+ £0%— - - -, with c=hcB,/kT, B, be-

to that obtained by Imrie and Ra&lior nonpolar molecules. ing the rotational constant. At room temperatuf€T) has
Both 6,4 and the term in round parentheses in E).  been estimated to be 0.75 forPi*® At lower temperatures

depend on the choice of origin for polar molecules. How-the correction becomes larger. For SQuantum corrections

ever, the origin independence of the temperature-dependeRave been found to be unimportant at room temperatlire.

contribution in Eq.(1) has been provelf. Imrie and Raab’ Eq.(14) b’ differs fromb in Eq. (11) by the effects of cen-

derived a general expression for the anisotropy of the refraarifugal distortions®

tive index which is independent of the choice of origin when  The frequency-dependent polarizabilities and hyperpo-

the traced form of the quadrupole moment operator is emiarizabilities of Eqs(2), (3), (8), and(9) can be expressed in

ployed. Origin independence can be shown for tht&erm  terms of linear and quadratic response functions:

alone in the approach of Imrie and R&ddlss is also easily A

demonstrated for nonpolar systems, regardless of the choice Aupy=((1aiOsy)) 0 (19

of quadrupole moment operator. In polar moleculesgin G s= (i :Mg)) (16)

fective quadrupolar centerin general depending on the fre- «“p «rTplen

guency used in the experiment—can be determined as trRd

choice of origin for which the term in round parentheses in

Eq (1) VaniShesl.G b= 1_5 (<<[La 11&“5 1eaﬁ>>w,0_<<1&a ![LB !eaﬁ>>0,w)
For molecules with am-fold rotation axis withn=3,
ay=ayyF a,,, and 0,,=—-20,,=-20,,=0, Eq. (1) 2 .
simplifies to ~ 34 Cap(BaiMs k) w0 (17)
AR=f—n _ 27Ng N 2 In the limit of zero frequency, the last term in
X Y (4meg) 15kT Egq. (17) is related to the Verdet constanV(w)

ocweaﬁy«ﬁa;rhﬁ,ﬁy})o@, and the two dipole—dipole—
] (10) quadrupole hyperpolarizabilities cancel. For spherical-top
systems in the zero-frequency limi,is determined by the

where Aa=a,,— a,,. With the rotation axis along the  Single constant), g ,=Je,p,,”” andb can, in these cases,
direction, A=A, ;,= — 2A, = — 2A A=A =A be deduced from measurements of the Verdet constan}
’ z2,2Z Z,XX Z,yy1 X,ZX X,XZ

For nonpolar spe- 2t low frequencies’

X

10
AH+2AJ_+; G

OAa—u

=Ayy=Ayyz, and G=G, ,=—G, .
cies, as those studied here, 4]
bo=lim b=—lim (—) (18
Ao 27Nq o 2 oA 0—0 w0\ @
L L P 15T 0% v L - N
lim|—|=—— lim|——2|=————b,. (19
27TNq F w~>0<w2> ZC w~>0( q ) (47760)(: 0
= m [b+ ?} —mQ(T)Nq. (11)

The systems studied in this work are all nonpolar, and
For spherical top molecules, i.e., for systems of cubic ofve therefore focus on the calculation of the hyperpolariz-
icosahedral symmetryF=0 and only the temperature- abilities in EqQ.(17), the molecular quadrupole moment, and
independent term is nonvanishing. the anisotropy of the electric-dipole polarizability, all of
Assuming ideal gas behavior, E(.1) becomes which enter Eq(11).
2P For the linear and nonlinear polarizabilities we have em-
7mPq | 1

[— +——— eAa], (12) ployed the recently developed response approach for a
(4meo) (KT 1XkT) CCSD wave function as described in Refs. 29 and 34.
whereP is the pressure. The electric-field-gradient-induced ~ The linear and quadratic coupled cluster response func-
retardation or retardanceé associated to the anisotropy of tions are obtained as derivatives of the time-averaged quasi-

An=n,—ny=

the refractive index f5 energy Lagrangian
27l ,\ - _
==—4n, 13  {L(t,&)}r={ (HFH(t,e)e"™ 9I|HF+ X t,(t,e)
“
wherel is the path length anM is the vacuum wavelength of - - NCARE
the radiation. X(u|e" T H(t,e)—i 5 e’ IHF); |
T

In the derivation of Eq(1), the molecular rotation has
been treated classically. A quantal treatment of the rotational (20
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Wherel:|(t,e) — Iqo—l-\A/(t,e), and\A/(t,e) describes the time- TABLE I. H,. The electric-field-gradient-induced birefringence. Results in
dependent perturbation by the external electric and magnetft!: Wavelength 632.8 nrif,=297.15 K and =20 A a/15.
fields

F
R - _ Basis set o) Aa b T
V(t,e)= 2, HXex(wy)e ™ oxt, (21)
X SCF d-aug-cc-pV5Z  0.4934  1.8998 —37.17  132.8
For homogeneous electric or magnetic field$ is a  FCI aug-cc-pvVTZ 0.4604 18507 -36.72 1215

aug-cc-pvQz 0.4573 1.8624 —36.92 120.7

component of, respectivelyy and m; the interaction with
aug-cc-pV5Z 0.4563  1.8705 -36.86  120.9

the gradient of the electric field is described by the quadru-
pole operato©. In Eq. (20), T(t,€) is the field- and time- g-aug-CC-p\\;Té 0-3573 1-8395 —32-01 1513
dependent cluster operatolt,e) =,1,(t,€)7,, wherer, d-ZE%—Cci-ZVSZ 8:4221 1:2728 —36:35 120:8
are the excitation operators ang{t,e) the corresponding

field- and time-dependent amplitudes. Hé) is the un- t-aug-cc-pvVTZ  0.4578  1.8704 -37.01 1213
perturbed Hartree—Fock state, afid = (HF| 7. t,(t,€) are taug-ccpvQZ 04563 16703 -36.83  120.9
the field- and time-dependent Lagrangian multipliers, which
are multiplied with the time-dependent equations for the CC
parameters. Th¢ } indicates the time-averaging over the
shortest common multiple period of the perturbations in
Eqg. (21). The linear and quadratic response functions ar
calculated as second and third derivatives of the real part oqlso performed for each molecule.

the time-averaged quasi-energy Lagrangian with respect t{) Ftc_)r Hf:ge CC‘T’tD m?r?eltglves_ the futI)I_tC(l)rg|gL_1ratl|:on n-
the strengths of the external fields: eraction(FCI) results within the given orbital basis. For ni-

trogen, acetylene, and methane, only the valence electrons

fects of electron correlation, a Hartree—Fock self-consistent
éield (SCBH calculation with a relatively large basis set was

d2(3{L(t,e)} 1+ 3{L(t,e)}¥) were correlated in the CCSD calculations since the selected
((A;B)),= den(—w)deg(@) : (22 basis sets have only limited flexibility for describing core
A B €=0 correlation. All frequency-dependent properties were evalu-
((AB.CYuy o ated at the experimental frequency of 632.8 nm.
The results are presented in atomic units unless other-
d3(H{L(t,e)}r+ HL(t,e)}%) wise mentioned. Conversion factors from atomic units to SlI
=\ ge (—on—wg)dea(wg)dec(@g) . (23 and e.s.u. for the quantities of interest are
MR e e e (i) 1 au of a=e’a3E, '=1.648 77& 10 C?m? J?
As in the time-dependent quasi-energy Lagrangian equa- ~1.48 185¢ 10—2% ey on
tion (200—employed for the calculation of frequency- gi) 1 au ofezeagz4.486 554('10740sz
dependent properties—the unperturbed Hartree—Fock state ~1.34503<10 28 Fr cn?
|[HF) is used as the reference state in the coupled clustemi) 1 au ofb(=B)Ee3a4E"251.696 73% 10763
response calculations, relaxation of the SCF canonical orbit- 3 m? J‘Zz4.57168<010h‘41 4arey Fr o erg ™t
als i_n th_e presence of exte_rnal field_s is_ not treated explicitly(iv) 1 au ofJEe3aéﬁ*1Eg157.Ol453< 10-47 CS’m“
but implicitly through the single-excitation part of the cluster s1J72=6.30435<10 ¥ Fr cnierg 1 G 1, and

Zggrgtsor. For details the reader is referred to Refs. 27, Z%V) 1 au ofqzeflangh59.71736< 1071V m—2

. ~ 5 —3 -1

The quadrupole moment, a frequency-independent first- =3.24136<10°Frem > (4meg) .

order property, is calculated as the analytical first derivative ~ To obtain the anisotropy of the refractive index at a pres-
of the static CCSD Lagrangian, as described in Ref. 27.  sure of 1 bar and a temperature of 273.15N=3.92 931

X 10 %a, 3, or N=2.65 163< 10?° m~3), from values of the
quantity in graph parentheses in Ef1) given in a.u. and
given in Sl units, the reader should multiply by the factor

IIl. COMPUTATIONAL DETAILS 254 067 10-2".

For hydrogen the equilibrium distance of &gwas
used. Experimental geometries were employed for the oth

GV. RESULTS AND DISCUSSION
molecules with Ryy=2.0743h, for nitrogen®® Rcc

=2.2735h, and Rc;=2.0071%, for acetylene and Ry The results of the basis set investigation for the different
=2.0518@, for methane’® contributions to the EFGB for 5 N,, and GH, are col-
Augmented correlation-consistent basis sets of Dunnindected in Tables |, II, and lll, respectively. In Table IV, the

and co-worker®*! x-aug-cc-pVXZ—where x denotes the results forb of CH, can be found. Note that in Tables I, II,
augmentation level and X the cardinal number—were usednd IIl, the temperature-dependent terms have been evalu-
throughout. They constitute a well-established hierarchy ofted atT=297.15 K for hydrogen, at =298.15 K for nitro-
basis sets, which allows us to analyze the convergence of thgen, and aT =294 K for acetylene to conform to the experi-
properties with respect to the valence orbital descriptfdh  mental conditions. For the different quantities in Et{l) we

and the diffusenesk&) of the basis set. To estimate the ef- have collected in Table V our best results, which we com-
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pare with previous theoretical and experimental results. Idarger than the changes observed when varying the basis set.
this table, our results for theaveraged dipole—dipole— For H,, the most significant change is a reduction of the
quadrupole hyperpolarizabilit,,= B, s o5(— @;®,0) are  quadrupole moment by 7.6%. The polarizability anisotropy
also given and compared to previous static and frequencyand b change by about 1%-1.5%. For nitrogen, significant
dependent theoretical values. changes are observed for(—21%) andAa (—14%), while

the correlation effect oh is rather small, less than 0.5%. For
acetylene, the main changes are for (—11% and b

(—15%). In methane, a decrease oty about 11% due to
From the results in Tables I-I\Q, Aa, andb appear to  glectron correlation is observed.

have similar basis set demands. Significant improvements

are observed if the cardinal_ number X _is increased succegs Comparison with other theoretical estimates

sively. The double-zeta basis sets are inadequate, as for all

augmentation levels we obtain relatively large changes going It is beyond the scope of the present paper to discuss in
from the x-aug-cc-pVDZ to the x-aug-cc-pVTZ sets. In con-detail our results for the quadrupole moment and the anisot-
trast, the Changes observed when going to the X_aug_c(fopy of the electric-dipole polarizability. Our best results are
pVQZ sets are small. Significant changes in the propertie§ollected in Table V together with those extracted from ex-
are also observed when, for a given X, a second set of diffuseeriment.

functions is added to the aug-cc-pVXZ sets, whereas tr|p|e Previousab initio estimates ob are limited to the work
augmentation leads to only minor changes. For, @b sig-  Of Amos?® who computed the low-frequency limit df as
nificant difference is observed between the d-aug-cc-pvVTZhe dlpole dipole-magnetic  dipole hyperpolarizability
and t-aug-cc-pVTZ results. In some cases the changes intré? €as,da,5,, fOr @ few molecular systems, including,N
duced by the third augmentation level are in the opposité>2H2, and CH. This approximation was motivated by the
direction of those obtained by increasing the cardinal numbef@ct that in the zero-frequency limit, the difference
X. The d-aug-cc-pVXZ series seems to be the best choice fdBa,g,«p(— @;®,0) =B, g op(— ©;0,0)] vanishes. For non-

b andA«, whereas it might suffice to use a single-augmentedero frequencies the contribution from this difference is, in
basis set fol©. our case, much smaller than that frasm €apyda,p,y- COM-

We note that when the cardinal number is |ncreased th@al’lng the best basis set results at the CCSD level for nitro-
single- and double-augmented basis set results conver@®n, acetylene, and methane with those of Arffose ob-
from oppos|te side toward a common value. serve that the sum-over-states technlques used either with

In Table V we have listed the results obtained with thecanonical SCF orbitals or with field-perturbed orbitals
best basis sets used for the different molecules—that is, th&trongly underestimatefor all three molecules. The coupled
d-aug-cc-pV5Z basis for hydrogen, and the d-aug-cc-pvQziartree—Fock result 0f-34.18 au obtained in Ref. 26 for
basis sets of )N C,H,, and CH. The basis set saturation Nitrogen is, on the other hand, in rather good agreement with
errors at the CCSD level are estimated to be less than 1% fdoth our SCF and CCSD values, in spite of the fact that the
all properties. They were obtained by considering the differterm[B, g .p(— @;®,0)— B, g op(— »;0,0)] was neglected
ences between the d-aug-cc-pV5Z and the d-aug-cc-pvQznd a small basis set was used.
results for H and the differences between the d-aug-cc- We are not aware of otheab initio studies of theJ

pvVQZ and d-aug-cc-pVTZ results for the other molecules. hyperpolarizability. The literature oab initio calculations of
the frequency-dependent dipole-dipole-quadrupole hyperpo-

larizability B is also limited. For H, accurate calculations
have been done by Bishop and co-work&ré® In Ref. 45,
Comparing the SCF and CCSD results, electron correlathe individual tensor elements and appropriate averages of
tion is seen to have a pronounced effect, in some cases mu@), ; ,5(— w;w,0), obtained using a sum-over-states tech-
nigue with extended basis sets and explicitly correlated wave

L o o _functions, are reported for several frequencies. The pure
TABLE II. N,. The electric-field-gradient-induced birefringence. Results in e

A. Basis set study

B. Effect of electron correlation

a.u. Wavelength 632.8 ni,= 298.15 K, andF = 20 A a/15k. electronic contribution t® ,(— 78.07 a.u.) of Ref. _45 is_ very
close to our best result-78.46 a.u. Note that rovibrational
F averaging decreases the valueByf by more than 10%to
Basis set 0 Aa b T —-85.73 a.u.®

No results seem to be available for the frequency-
dependent dipole—dipole—quadrupole hyperpolarizabilities
CCsb aug-cc-pvbz  —1.1223  4.7324 -32.65 —750.0 of N,, C,H,, and CH, For these molecules, we compare in

aug-cc-pvVTZ —1.1205 4.4921 -3535 -—710.8 ; ; ; —A8
ocoVOZ 11162 45475 3607 _716s  T2ble Vwith the static results of Maroulis and ThakR&r?

SCF t-aug-cc-pvVTZ —0.9299 5.3236 —-36.74 —699.1

d-aug-cc-pvDZ —1.1530 4.6636 —37.58 —750.3
d-aug-cc-pVTZ —1.1263 45665 —36.49 —726.3
d-aug-cc-pvVQZ —1.1186 4.5536 —36.13 —719.3

D. T-independent versus T-dependent contribution to
An

taug-ccpvDZ —1.1550 4.6576 —37.63 —7507 The importance ofb qompared to that of' the
taug-cc-pVTZ —1.1280 45658 —36.58 —727.3 temperature-dependent contribution to the EFGB varies from
molecule to molecule. As observed by Buckinghamol-
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TABLE Ill. C,H,. Electric-field-gradient-induced birefringence. Results in TABLE IV. CH,. Electric-field-gradient-induced birefringence. Results in

a.u. Wavelength 632.8 nif,=294 K, andF=20A a/15k. a.u. Wavelength 632.8 nm.
= Basis set b

Basis set 0 Aa b T SCF d-aug-cc-pVTZ ~88.44
SCF d-aug-ccpvTZ 54509  12.453 —203.8 9721 cesp alg-cc-pVDZ 9086
ccsb aug-cc-pvDZ 47900 12784 -1648 8769 aug-cc-pvVTZ —96.26
aug-cc-pvTz ~ 4.8823 12170 —184.8 8509 d-aug-ccpvDZ _98.83
d-augcc-pVDZ 47766  12.076 —198.9 8261 d-aug-cc-pvVTZ —98.10
d-aug-cc-pVTZ ~ 4.8701  12.093 -1959 8434 d-aug-cc-pvQZ —97.32
d-aug-cc-pvQZ  4.8950  12.098 —193.3 8481 taug-cc-pvDZ 98,98
taug-cc-pvDZ 47727 12070 —198.7 8250 t-aug-cc-pvVTZ —98.10

t-aug-cc-pVTZ 4.8692 12.089 —195.5 8430

_ b the average of the CHF value for the dipole—dipole—
ecules with a small quadrupole moment may have a relamagnetic dipole hyperpolarizability contribution of Anfbs
tively large b contribution. For hydrogenb decreases the and the static dipole—dipole—quadrupole hyperpolarizability
observed birefringence by as much as 30%. If the effects of — 2p 5.45(0:0,0) calculated at the MP4 level by Marou-

molecular vibration onb are neglected, and if the js onq Thakkaf® As mentioned in Sec. II, the misuse Bf
temperature-dependent term is multiplied with the factor of,

) .~ as the theoretical estimate fbrmight, to some extent, find
0.75—as estimated from the quantum treatment of Buckmgl-tS roots in the use of the symb@ instead ofb for the
ham and Parisedt—the

_ relative contribution of the o nerature-independent contribution in the early days of
temperature-independent term increases to 41% of the tO@FGBlG'NThe finalb value obtained from this averaging—

anisotropy. For nitrogen and acetylene, the relative contribu

1 1 0, — 20, -
e o s s rrs s as 1 DG tongy overstimate, 85 more thn an
Y. P bp order of magnitude larger than the low-frequency valuebdfor

o wegpianed by Amos,and i lads o an estate o1
made for the magnetic—field-ind.uced birefringenctne ~0.02) a.u. for the quadrupole moment of.Kf Correcting
) . the experimental datum in Ref. 24 with our CCSD/d-aug-cc-

Cotton—Mquton effegt where aIso4ghe orientational effect PVQZ b term, we obtain instead—(1.116+0.02) a.u. in
increases in the orderaN,<CzH,. very satisfactory agreement with our best CCSD equilibrium
geometry result 1.119 a.u. In a recent theoretical
investigatiort* the rovibrationally averaged coupled cluster

Assuming an ideal gas behavior at STP, the anisotropiesingles and doubles with perturbative corrections for con-
An obtained from our calculated values g®—using a field nected triple excitations—CC8D)—basis set limit result
gradient intensity of X10° Vm™2 (=1x10 '3 au), which including estimates of relativity and correlation beyond
is the largest field-gradient strength commonly used inCCSO(T) was determined to be{1.099+0.007) a.u.
experiment>—range from about X 10" 6 for H, and CH, In an experimental investigation by Keét al,? a low-
to about 2< 10~ for acetylene—that is, an order of magni- density molar field-gradient birefringence constap®
tude smaller than the anisotropies observed in standare (4.97+0.15)x 10" a.u. was measured &=294K for
Cotton—Mouton experimeﬁ‘t%and several order of magni- acetylene. Ignoring thée correction term, these authors de-
tude smaller than those due to Faraday effedis an ex- duced a value of (4.550.2) a.u. for the molecular quadru-
ample, and also to compare directly to the quantity actuallypole moment. Our estimate for thg constant at the same
observed in the laboratory, we estimate an induced retatemperature as obtained from the compuédA«, andb
dance of about 35 nrad for,tat a pressure of fkPa, T employing a d-aug-cc-pVQZ basis is 5.20T0" a.u. (see
=300 K, and for a path length of 1.8 m by using E¢k2)  Table V). The agreement is quite satisfactory, considering
and (13) and the data in Table V. If molecular rotation is the neglect of vibrational effects and correlation effects be-
treated quantum mechanically and Ety) is used—that is, yond the CCSD approximation used in our calculations.
the temperature-dependent term for the hydrogen molecule is If we employ our calculated term from Table V, to-
multiplied by the factor 0.75—our estimated retardation re-gether with the experimental data fgQ, a value of 4.66
duces to approximately 22 nrad. Experiment observes in tha.u. is obtained for the quadrupole moment of acetylene.
same conditions a retardance of about 60 Afad. Russell and Spackmé&nemployed arab initio static value

It is not uncommon for experimentalists to resort to val-of the average dipole—dipole—quadrupole hyperpolarizability
ues forb obtained from theoretical calculations to improve B (Ref. 47—incurring in the same misunderstanding as the
the accuracy in their determination of the molecular quadruauthors of Ref. 24—to estimate a quadrupole moment of
pole moment. This was recently done for example by Gra{4.70+0.1)a.u. from the experimental data {g®.
hamet al?* In an attempt to obtain a more reliable estimate  Due to symmetry, the temperature-dependent term of the
of the quadrupole moment of NGrahamet al. employed as EFGB vanishes for Cl{ Direct comparison with experiment

which mixes different quantities calculated at different levels

E. Ab initio versus experiment
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TABLE V. Electric-field-gradient-induced birefringence. Summary of theoretical and experimental résaR€) A «/15k, and see text for other definitiori§=297.15K (H,),
T=298.15K (N,), T=294.0K (C,H,). Results labeled “CCSD” are our best basis set results obtained with basis d-aug-cc-b\pZr(d d-aug-cc-pVQZN,, CH,, CHy).

Results labeled “Others” are previous theoretical results for the property.

H, N, C,H, CH,
Property CCSD  Others Experimental CCSD Others Experimental CCSD Others Experimental CCsD Others  Experimental
b —36.75 —46+15*  —36.13 -17.09 -1933 -76° -97.32 -31.8% _2p2+66°
—26.5% -107 —41.8%
-34.14
E 120.9 145 -719.3 -700" 8481
T_
mQT) 5287 —4747 5.207x 10* (4.97+0.15)x10* —611.5
€] 0.4561 0.48% -1.119 ~1.09+0.07 4.869 4.55+0.2
—1.04+0.0% 4.57+0.1
—1.099+0.007" —1.12+0.02" 4.66
Aa 1.8710 2.12 4.554 4.749 12.09 12.13-0.24
B, —~78.46 -—78.07 —151.53 —149 -576.62 —582 -317.79 —27¢

3Reference 9.

PReference 26. Sum-over-states with SCF canonical orbitals.

‘Reference 26. Sum-over-states with field perturbed orbitals.

dReference 26. Coupled Hartree—Fock.

€From the value of 110.0 a.@which allows for a 25% quantum correctjorabulated in Ref. 9.

. Q(T)=2ml4mes{b+FIT}. See Eq(1).

9Reference 23.

hReference 57.

fReference 14, ignoring thie term correction.

IReference 23. EFGB measurements.

Reference 24.

'Reference 23. Cotton—Mouton measurements.

MReference 51. Rovibrationally averag€dCSDO(T) basis set limit result including estimates of relativity and correlation bey@@SD(T).
"As obtained from correction of the experimental result for the “effective quadrupole moment” in Ref. 24 with our “best”
°As obtained from correction of the experimental EFGB result in Ref. 23 with our “bbst”

PReference 58. From light scattering measurements.

9Reference 59.

Boy= 2B p.ap( — ©,0,0).

Reference 45. Frequency-depend@2.8 nm result with explicitly correlated wave functions. The zero-point and thermally averaged value 85a&3 at 295 K.
'Reference 46. MP4 static value.

UReference 47. SCF static value.

VReference 48. SCF static value.

is still difficult, since vibrational corrections have to be takenabout+6% for ® and «,,, and by aboutt4% for a,,, all

into account. Our best result is far outside the experimentatalculated at the MP2 level. A rovibrational effect of ap-
error bars, and, even by taking into account the uncertaintproximately 10% was found for the frequency-dependent
on our results arising from basis set incompleteness and codipole—dipole—quadrupole polarizabili§(— w,,0) of H,
relation effects beyond the CCSD model, it seems unlikelyat 632.8 nm(Ref. 45 and for the Verdet constart.In the
that theory and experiment can be brought into agreementstatic limit, the latter is related to the main contributiorbto
For a discussion of rovibrational effects on the quadrupole
moment of nitrogen, we refer to Ref. 51, where the effect
was estimated to be around 1%. Vibrational effects have

In order to compare theory and experiment, the com-

puted electronic properties—obtained at a fixed internucleaP®€n shown to be about 0.2%or the static polarizability.

distance—should be corrected for rovibrational effétts In a previous investigatiorf, we calculated the rovibrational
general, the importance of the vibrational corrections varie§orrection for the Verdet constant of ldt the CCSD level to
from molecule to molecule and from property to property.be about 1.5%. For an analysis of rovibrational effects on the
While zero-point vibrational averaging can easily be doneduadrupole moment and polarizability of acetylene, the
for diatomic molecules, the procedure becomes time conteader is referred to Ref. 32. No vibrational study is available
suming for molecules with more than one vibrational degredor the electric field gradient birefringence of methane.
of freedom. A study of the vibrational effects for the prop- ~ No pure vibrational corrections have so far been com-
erties computed here is, however, beyond the purpose of thguted for the hyperpolarizabilities entering theterm. Per-
investigation. turbation theory expressions for the static vibrational dipole—
The (ro)vibrational effects on both the quadrupole mo- dipole—quadrupole hyperpolarizabilities are given, for
ment and the static polarizability of hydrogen and nitrogeninstance, in Ref. 31. They were used by Bishop and Lam to
have been the subject of an investigation by Bishop anestimate the importance of pure vibrational contributions to
Cybulski®® For hydrogen, the authors found changes ofthe static value oB in hydrogen and nitrogetf=** The au-

F. Vibrational effects
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