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Abstract 

Quadratic response function theory for self-consistent field and multiconfiguration self-consistent field wavefunctions have 
been used to calculate the Verdet constants for the nitrogen and acetylene molecules. The correlation contribution is oppositely 
directed in these two molecules and is important in obtaining close agreement with experimental results. 

For more than a decade multiconfiguration self- 
consistent field (MCSCF) linear response (LR) 
functions have been used to describe frequency-de- 
pendent linear molecular properties [ 1,2]. The 
MCSCF quadratic response (QR) function has also 
been developed [ 3 ] and used to calculate non-linear 
frequency-dependent and static molecular properties 
[ 45 1. In this work we use the MCSCF quadratic re- 
sponse function to calculate the Verdet constant, 
k’(o) (see for example refs. [ 6,7] ) for the nitrogen 
and acetylene molecules. By using the quadratic re- 
sponse function we have avoided invoking the ap- 
proximations that are introduced when the normal 
Verdet constant, V,, is calculated and V(w) is ob- 
tained from VN. 

The Verdet constant is associated with the Faraday 
effect, that is the magnetic optical rotation. The angle 

’ Permanent address: Institute of Organic Chemistry, Polish 
Academy of Sciences, 01 224 Warsaw, Kasprzaka 44, Poland. 
2 Permanent address: Istituto di Chimica Quantistica ed Ener- 
getica Molecolare de1 Cons&ho Naxionale delle Richerche, Via 
Risorgimento 35,56 126 Pisa, Italy. 
3 Permanent address: Department of Chemistry, Oslo Univer- 
sity, P.O. Box 1033, Blindem, N-031 5 Oslo, Norway. 

of rotation of the plane of polarization of light, @, is 
proportional to the magnetic flux density B and the 
path length I, 

$= Y(w)BI. (1) 

For a molecule in a non-degenerate electronic ground 
state, I’(o) can be written as [ 6,7] 

~(~)=C~(((X,Y,~,),,o-(Y,X,~,)w.o 

+ (( Y, =9 L, > 0,o - < =9 YY L, >> w,o 

+~~=,~,~y~~w,o-(<~,=~~y~w.o) 3 (2) 

where (x, Y, LB w,~ is the quadratic response func- 
tion [ 3 1, x and y are components of the dipole mo- 
ment operators and L, is the z component of the an- 
gular momentum operator. Finally, the 
proportionality constant is 

C=(l/2c)(2xN/4xs)(e/2@(1/6)(2), (3) 

where N is the number density. We have followed here 
the notation of refs. [ 5,6]. All our results are in atomic 
units, this means that V(w) is given in rad eaofi -l. 
To convert to pmin G-l cm-’ one has to multiply by 
2.763816X lo*, where we have assumed that the re- 
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sults pertain to 1 atm pressure and 0°C. In the cal- 
culation of magnetic properties the gauge depen- 
dence resulting from incomplete basis sets must be 
considered. However, when calculating the Verdet 
constant for molecules with a center of symmetry such 
as the nitrogen and acetylene molecules, the gauge or- 
igin dependence vanishes (see e.g. ref. [ 7 ] ) . We align 
the molecules on the z axis, hence the perpendicular 
and parallel components of the tensors we discuss are 
xx and zz, respectively. 

For Nz, we have used four different basis sets. The 
first two, called nII1 and nIV, are the nitrogen atom 
basis sets H III and H IV of ref. [ 8 1. These basis sets 
do not include enough diffuse functions as they were 
not designed to compute non-linear response prop- 
erties. We have added a set of s, p and d functions to 
nIV to obtain the next basis set, nIVa. The exponents 
of these diffuse functions were chosen assuming a 
geometric progression. The change in V(w) was sig- 
nificant, and therefore we extended the basis set fur- 
ther, adding another set of s, p, d and f functions. The 
resulting final basis set nIVb is a ( 13s9pSd2f/ 
lOs9p5d2f) basis, which yields 152 CGTOs. The 
MCSCF function we use is a CAS (complete active 
space) SCF function including in the active space (4, 
2, 2, 0, 3, 1, 1,O) orbitals where the numbers in pa- 
rentheses refer to the number of active orbitals of 
symmetries (o*, olur, 7c, g,, ou, xcBx, A,, 6,). The 1 s 
orbitals are inactive. The CI expansion for this wave- 
function includes more than 200000 determinants. 
The MCSCF wavefunction was determined using the 
SIRIUS program #l integrals were calculated using the 
HERMIT program #*. 

A simple test of the quality of the wavefunction is 
obtained calculating the Thomas-Reiche-Kuhn sum 
rule and second-order molecular properties. For the 
mixed length-velocity sum rule we obtain for each 
component more than 13.98 (the exact number is 14, 
the number of electrons), for both the SCF and the 
MCSCF function. The dipole polarizability at the SCF 
level is o,=9.81 and cy,= 15.00 au in good agree- 
ment with previous results (see ref. [ 91 and refer- 
ences therein), The MCSCF values are 10.43 and 

xl SIRIUS, a program for calculating MCSCF wavefunctions. 
H.J.Aa. Jensen, H. &ren and J. Olsen. 
l)z HERMIT, a program for calculating atomic integrals. T. Hel- 
gaker, P. Taylor and K. Ruud. 

14.79 au, respectively. Thus, in agreement with pre- 
vious calculations [ 10,111 the correlation contribu- 
tions are small, and make cy, slightly larger, and cy, 
slightly smaller. 

For the magnetic susceptibility, we obtain (for both 
molecules the gauge origin is at the center of mass, 
the units are ppm cgs units) &= -9.28 and 
r,,= - 18.34 for the SCF function, and - 10.07 and 
- 18.15, respectively for the MCSCF function. These 
numbers agree with previous MCSCF calculations 
[ 91 and with a similar calculation using London 
atomic orbitals (LAOS) (&= -9.93 and d= 
- 18.10 with the same active space as we have used). 

Acetylene is isoelectronic with N2, and we have 
chosen the same CASSCF active space. This choice 
of active space is in agreement with the choice based 
on the natural orbital occupation numbers of a sec- 
ond-order Msller-Plesset calculation. We have used 
the slightly smaller (12s7p4d,6s3p/6s5p4d,4s3p) 
basis set from ref. [ 5 ] (the ‘c’ basis spherical Gaus- 
sians). The sum rules in the mixed representation give 
11.96 and 12.13 for the perpendicular and parallel 
components at the MCSCF level. The contributions 
from the active space electrons are almost ten, in both 
cases larger than 9.77; the core excitations are not 
important for the calculation of the Verdet constant. 
Again, the SCF and MCSCF polarizabilities agree well 
with literature values [ 121. The SCF results are 
(Y,= 19.41 and cy,=31.40 au. The MCSCF results 
are a,- - 18.79 and cu,=29.96 au. We obtain 
&= -25.63 and &= -24.80 at the SCF level. A 
comparison with LAO calculations suggests that the 
paramagnetic term in the perpendicular contribution 
is slightly underestimated. The corresponding 
MCSCFresultsare &= -25.37 and &= -24.11. 

Accurate experimental data [ 13 ] are available for 
the Verdet constants for N2 and C2H2. Early ab initio 
calculations of the Verdet constants for N2 [ 141 and 
C2H2 [ 15 ] have given only crude approximations to 
the corresponding SCF results. Accurate calculations 
at the SCF level for the N2 molecule have been per- 
formed by Parkinson et al. [ 7 1. We have selected 
wavelengths in the range 400 to 850 nm for the anal- 
ysis of the dispersion of V(w). We found the fre- 
quency dependence to be smooth, so in most cases 
we have finally used only ;1=400, 550, 700 and 850 
nm. 

All our results will be given in atomic units, with a 
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factor lo-’ not written out explicitly. Table 1 gives 
our SCF and MCSCF results for the various basis sets. 
Practically no difference is obtained between the nIVa 
and nIVb basis values, and therefore we have not ex- 
tended the basis set beyond nIVb. In Table 2 and Fig. 
1 we compare our SCF and MCSCF results with the 
experimental values for Nz. Table 3 and Fig. 2 pres- 
ent similar results for C2H2. The correlation correc- 
tions improve significantly the agreement with the 
experimental data for both molecules. The experi- 
mental data show that the correlation contributions 
for N2 and C2H2 have opposite sign and this is con- 
firmed by the MCSCF results. Our SCF results for Nz 
are in good agreement with ref. [ 71. We cannot di- 
rectly compare the correlated values, since in that 
work Parkinson et al. have only included correlation 
in the calculation of the normal Verdet constant, V,. 
However, adding to our SCF values 1 lo& which was 
the correlation correction given for V,, we obtain a 
good approximation to the MCSCF results (for ex- 

Table 1 
Basis set dependence of calculated V(w) (in atomic units) for 
the nitrogen molecule 

a. 

(nm) 

SCF 
400 
550 
700 
850 

MCSCF 
400 
550 
700 
850 

nIII nIV nIVa nIVb 

0.230 0.335 0.452 0.453 
0.118 0.172 0.230 0.230 
0.072 0.105 0.140 0.140 
0.048 0.07 1 0.094 0.094 

0.283 0.386 0.506 0.507 
0.144 0.198 0.257 0.257 
0.088 0.120 0.156 0.156 
0.059 0.081 0.105 0.105 

Table 2 
Frequency dependence of I’(w) (in atomic units) for the nitro- 
gen molecule 

A 

(nm) 

SCF MCSCF Exp. 

400 0.453 0.507 0.492 
550 0.230 0.257 0.251 
700 0.140 0.156 0.152 
850 0.094 0.105 0.103 

0.6 - 
VN 

in 10.'a.u. 

OS - 

0,4- 

0.3 - 

0.2 - 

O,l - 

I . I I s I I . I 

0,004 0,006 0,008 0,010 0,012 0,014 

02(a.u.) 
Fig. 1. Frequency dependence of the Verdet constant for the ni- 
trogen molecule. (0, -) MCSCF; (0, -) SCF; (X, -) 
experiment. 

Table 3 
Frequency dependence of V(w) (in atomic units) for the acety- 
lene molecule 

A 

(nm) 

SCF MCSCF Exp. 

400 3.040 2.728 2.736 
550 1.455 1.313 1.329 
700 0.862 0.780 0.787 
850 0.573 0.519 0.520 

ample, for A= 400 nm this estimate yields 0.504, while 
the MCSCF result is 0.507). 

We have tried to describe the dispersion using sim- 
ple functions of 02. The dependence of V( co) on o2 
is almost linear, but not exactly, in particular for 
C2H2. We find that an approximation of the form 
V( co) = czco2 + bw4 reproduces well all our results (and 
the experimental data) in the range of frequencies we 
have studied. For N2 in the MCSCF approximation, 
we obtain ~~35.4, bc277.1 and for C2Hz the 
MCSCF results yield a= 167.5 and b= 3220. We have 
not considered in this analysis the rovibrational ef- 
fects, which according to the data of ref. [ 7 ] are small 
for N2. To obtain an estimate of the rovibrational ef- 
fects for C2H2 we have performed a calculation for 
the r. (average structure) geometry [ 161 for the four 
frequencies of Table 3. The variations in V(w) were 
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Fig. 2. Frequency dependence of the Verdet constant for the acet- 
ylene molecule. (e, -) MCSCF; (0, -_) SCF; (X, -) 
experiment. 

much smaller than the computed correlation effects. 
For every frequency, V(o) increased by l%, which 
does not practically affect the comparison with 
experiment. 

In addition to Nz and CzHz we have also calculated 
the Verdet constants for Ar and the hydrogen mole- 
cule. For atoms, the Verdet constant can be obtained 
from the Cauchy moment expansions. We have veri- 
fled that for Ar we obtain the same results from the 
Cauchy moment expansion and from a quadratic re- 
sponse calculation [ 171. The correlation corrections 
improve significantly the agreement with the experi- 
mental data. For example, for 1= 400 nm at the SCF 
level we obtain 0.656, the MCSCF result is 0.735 and 
the experimental value [ 13 ] is 0.7 16. For Hz, we have 
compared our results with the accurate calculation of 
Bishop and Cybulski [ 6 1. We find that our MCSCF 
results differ by less than 0.1% from the values of ref. 
[ 6 1. For all the frequencies the correlation correction 
for H2 is small, we obtain for A= 400 nm, 0.46 1 and 
0.457 at the SCF and MCSCF levels, respectively. 
Bishop and Cybulski have shown that it is important 
to include the rovibrational contributions to Hz to 
obtain agreement with the experimental results. 

To summarize, the MCSCF quadratic response 

function yields accurate Verdet constants for the 
studied molecules and the correlation corrections 
improve significantly the agreement with experiment. 

Note added. After this work was submitted an MP2 
calculation of the magnetic susceptibility of Nz ap- 
peared [ 18 1. Our results agree well with their MP2 
values &= -10.10 and r,,= - 18.10 for the same 
origin. 
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