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It is shown that the isotropic hyperfine coupling constant Aiso associated with the Fermi con
tact interaction can be accurately calculated from conventional multiconfiguration self
consistent-field wave functions if, in addition to the expectation value of the contact operator, 
one also includes the terms originating from the response of the wave function. These re
sponse terms are nonvanishing only for perturbation operators that are nonsymmetric in spin 
space. Calculations of Aiso for Nand BH2 illustrate the importance of the response terms and 
also indicate that a good estimate of the spin polarization of the core orbitals may be ob
tained from the response terms without correlating the core. 

I. INTRODUCTION 

Information about the distribution of electron spin in 
molecular systems is provided by the nuclear hyperfine 
constants which arise from the interaction between elec~ 
tron and nuclear spins. Accurate values of the hyperfine 
constants are obtained from electron spin resonance 
(ESR) experiments. Theory has encountered great diffi~ 
culties in calculating these constants. They have usually 
been identified with the expectation values of the relevant 
perturbation operator. For example, the isotropic hyperfine 
coupling constant Aiso is calculated as the average value of 
the Fermi contact operator for the highest M s component 
of the appropriate electronic state. 

When calculating expectation values from restricted 
Hartree-Fock (RHF) and multiconfiguration se1f
consistent~field (MCSCF) wave functions, the spin polar~ 
ization of the electrons in the doubly~occupied orbitals is 
ignored. Since the spin polarization of these orbitals may 
be important or even dominant, this approach is not reli
able. In contrast, the polarization of the doubly-occupied 
orbitals is considered in unrestricted Hartree-Fock 
(UHF) theory, where the wave function is optimized with~ 
out restrictions on the total spin. The problem encountered 
in UHF calculations is the contamination by higher spin 
components which leads to an overestimation of the spin 
polarization. 1 Removal of these contaminants by projec
tion does not improve the situation much since the result
ing polarization is usually too small. 1 Hence, it does not 
appear possible to calculate hyperfine coupling constants 
reliably as expectation values from either restricted or un
restricted self~consistent field wave functions. 

For small systems, one may use MCSCF wave func
tions which explicitly correlate the core electrons see, for 
example, the calculations by Richman, Shi, and McCul~ 
lough2 and by Chipman.3 Bauschlicher et aZ. have calcu
lated accurate hyperfine constants using multireference 
configuration interaction (MRCI) wave functions which 
correlate all electrons including those in the core.4 Unfor
tunately, the explicit correlation of the core becomes im
practicable for larger systems. 

Correlated calculations of coupling constants have also 
been carried out within the unrestricted scheme. 
Botschwina, Flesch, and MeyerS have calculated isotropic 
hyperfine constants using the unrestricted self-consistent 
electron pair method, Sekino and Bartlett6 have used 
many-body perturbation theory, and CarmichaeC has em
ployed the quadratic configuration interaction method. 
Since these approaches are not variational the Hellmann
Feynman theorem does not apply and the contribution 
from the perturbed wave function has been added to the 
expectation value of the Fermi contact operator. 

We propose in this paper a new approach to the cal
culation of hyperfine coupling constants. For the unper
turbed system we insist on using a spin-restricted wave 
function since this is the only practical way to ensure that 
the wave function has correct spin symmetry. On the other 
hand, when the perturbation is turned on, the exact wave 
function is no longer an eigenfunction of the total spin 
operator and spin restriction is no longer justified. There
fore, we allow the wave function to respond in an unre
stricted manner to the perturbation. Thus, our approach is 
restricted for the unperturbed system and unrestricted for 

3412 J. Chern. Phys. 97 (5), 1 September 1992 0021-9606/92/173412-08$006.00 @ 1992 American Institute of Physics 

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



Fernandez et al.: Spin polarization 3413 

the perturbed system. We refer to this method as the 
restricted-unrestricted (RU) approach. The RU method 
represents a simple and pragmatic solution to the problem 
occuring when the symmetry of the molecular system is 
lowered by an external perturbation. 

For this scheme to work, the response of the wave 
function must be defined in a physically reasonable way. 
We cannot use the variational principle since the wave 
function is unstable with respect to nontotally symmetric 
variations in spin space. Instead, we require the energy to 
change in such a way that the nonzero electronic gradient 
of the unperturbed system is conserved. The error in the 
energy is then kept approximately constant during the per
turbation, which is essential if the calculations are to be 
reliable. 

Since the RU approach is nonvariational, the hyperfine 
coupling constant cannot be calculated as a simple expec
tation value. We must add a term arising from the response 
of the wave function. To avoid the explicit calculation of 
the perturbed wave function we use Lagrange's method of 
undetermined multipliers and construct a Lagrangian from 
the constraint that the gradient of the electronic wave func
tion is constant. From this Lagrangian the first-order en
ergy may be calculated in accordance with the Hellmann
Feynman theorem. 

The bulk of this paper consists of two parts. First we 
discuss the RU method and its implementation. Next we 
present calculations on the nitrogen atom and the BH2 
molecule. We compare RHF and MCSCF calculations 
with full configuration interaction (FCI) results in order 
to investigate the usefulness of the RU approach. 

II. THEORETICAL BACKGROUND 

A. Motivation 

The nonrelativistic Born-Oppenheimer (BO) Hamil
tonian Ho is totally symmetric in spin space. We consider 
the case where we add to Ho the nonsymmetric Fermi 
contact operatorS 

H F= 8; gj3j3N L gn¢;CRn)¢qCRn) [ - T;q(l~-iI;) 
n 
pq 

(1) 

where the summation is over all nuclei n and all pairs of 
molecular orbitals ¢pCr) and ¢qCr) evaluated at the nuclear 
posi tions. We use {3 t! and {3 N to denote the Bohr and nuclear 
magnetons and ge is the electronic g factor. The position, 
spin, and g factor of nucleus n are denoted by R n, r, and 
gn' The triplet one-electron replacement operators are 
given by 

and 

T- 1 + pq =aPtPqa' 

C2a) 

(2b) 

(2c) 

In the presence of the strong external field characteristic of 
ESR experiments, the degeneracy associated with M s is 
completely lifted. The total spin S is no longer a useful 
quantum number although M s remains exact. The addi
tional presence of the Fermi contact operator mixes differ
ent M s states so that strictly speaking M s is not an exact 
quantum number either. However, we consider the limit 
where the contact perturbation is small compared to the 
external field and we may therefore to a good approxima
tion treat M s as an exact quantum number. 

Denoting the perturbed electronic state by 10), we 
may express the total energy 

- -
E=(OIHo+HFIO). (3) 

To first order in HF the splitting becomes 

E(l)= (OIHFIO) + (0(1) IHoIO) + (OIHoIO(1», (4) 

where 10) is the wave function in the absence of HF and 
10(1» the first-order correction to the wave function. If 
I 0) is the exact wave function the last two terms vanish in 
accordance with the Hellmann-Feynman theorem, but for 
an approximate wave function these terms do not neces
sarily vanish. To illustrate this point, we consider the eval
uation of the first-order energy within the restricted and 
unrestricted Hartree-Fock schemes. 

In UHF theory the wave function is optimized with 
respect to both singlet and triplet orbital variations. Since 
M s is treated as an exact quantum number we only con
sider triplet variations that conserve Ms. These are de
scribed in terms of the operators T;q in Eq. (2b). The wave 
function satisfies the generalized Brillouin theorem (GBT) 
for singlet and triplet variations 

(UHF I [Ho,Epq] I UHF) =0, 

(UHFI [Ho,Tpq] I UHF) =0, 

(5a) 

(5b) 

where T pq is a shorthand notation for T;q and Epq is the 
singlet excitation operator 

E - + + + pq-aPaOqa appOq{J . (6) 

Therefore, UHF hyperfine coupling constants are calcu
lated as expectation values in accordance with the 
Hellmann-Feynman theorem. However, in spite of its sim
plicity, this approach is unsatisfactory since the wave func
tion does not have the correct spin symmetry and since the 
agreement with accurate calculations is poor. 

In contrast, RHF wave functions are optimized with 
respect to singlet rotations only and the triplet part of the 
gradient is nonzero: 

(RHFI [Ho,Epq] IRHF) =0, 

(RHFI [Ho,Tpq] IRHF)=FO. 

(7) 

(8) 

It is now permissible to calculate the hyperfine coupling 
constant as an expectation value only if we insist on using 
a restricted wave function to describe the perturbed sys
tem. However, such an approach is pointless since by ne
glecting triplet variations we are unable to describe the spin 
polarization of the wave function. 
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In the RU approach we use an RHF wave function for 
the unperturbed system and allow the wave function to 
adjust in an unrestricted manner to the Fermi contact in
teraction. Therefore, we must also consider triplet varia
tions when calculating the perturbed wave function. It is 
no longer possible to calculate the coupling constant as an 
expectation value. 

B. The unperturbed spin-restricted wave function 

The unperturbed wave function is parametrized in 
terms of singlet orbital rotations and state transfer param
eters and may be written as 

IK,p)=exp(-K)exp(-P) 10), (9) 

where the spin- and space-symmetrized reference function 

10)= LCgltPg) (10) 
g 

is a real linear combination of Slater determinants 

I rPg) = II a: I vac) (11) 
lEg 

constructed from a set of real MCSCF orbitals. The orbital 
rotation operator 

(12) 
p>q 

is a real linear combination of singlet excitation operators, 
and the state transfer operator 

P= LPk( Ik)(OI-IO)(kl) (13) 
k 

carries out orthogonal transformations in the configuration 
space. The reference state 10) and the orthogonal comple
ment states I k) all have the same Ms value but there is no 
restriction on the total spin of the orthogonal complement 
states. 

The unperturbed energy and wave function are ob
tained by minimizing the expectation value of the BO 
Hamiltonian 

E(K,p) = (K,p I Ho I K,p) (14) 

with respect to the orbital and configuration parameters. 
The optimized wave function has a zero electronic gradient 
which, in the basis of the optimized orbitals, may be writ
ten as 

aE(K,p) I 
a =(01 [Epq-Eqp,Hol 10) 

Kpq K=O 
p=O 

=2(0 I [Epq>Hol 10) =0, 

aE(K,p) I =2(kIHoI0) =0. 
apk K=O 

p=O 

(15) 

(16) 

The unperturbed orbitals are optimized only with respect 
to rotations Epq that are totally symmetric in the point 
group of the unperturbed Hamiltonian Ho. 

C. The perturbed spin-unrestricted wave function 

In the presence of the Fermi contact interaction, states 
of different spins are coupled. To allow the wave function 
to adjust properly to this interaction we add triplet rota
tions to the variational space. The spin-unrestricted per
turbed wave function is therefore written as 

~ A A 
IK,t,p) =exp( -KJexp( - T)exp( -P) 10), (17) 

where T is a real linear combination of triplet excitation 
operators 

T= L tpq(Tpq-Tqp). (18) 
p>q 

The total energy in the presence of H F may be written as 

E(X;K,t,p) = (K,t,p I Ho+xH FI K,t,p) , (19) 

where x is a strength parameter. For ease of notation we 
arrange the electronic parameters in a column vector 

(20) 

and the energy functional becomes 

(21 ) 

We must now consider the variation of the energy with the 
perturbational parameter x. 

We take as our starting point the unperturbed system 
where the energy is given by 

E(O;O) =(OIHoIO) (22) 

since A=O when x=o. However, the unperturbed elec
tronic gradient 

aE(X;A) I = [~] 
aA ..1.=0 0 

x=O 

(23) 

does not vanish since the energy has not been optimized 
with respect to triplet rotations 

Tpq= (0 I [T pq- T qp,Hol 10) =2(0 I [T pq,Hol 10). (24) 

The unperturbed energy is unstable and, consequently, we 
cannot determine the perturbed energy from the varia
tional principle 

o for all x (25) 

since this would lead to a discontinuity in the energy and 
gradient at x=O. Instead, we must use some other princi
ple which gives a continuous energy and treats the per
turbed and unperturbed systems in an unbiased way. The 
simplest way to achieve this is to require that the electronic 
gradient does not change when the perturbation is turned 
on: 

aE(X,A) 

aA 
• for all x. 

[ 00"'] (26) 
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If we assume that the error in the electronic energy is 
proportional to the gradient, the condition Eq. (26) im
plies that the error in the energy is independent of the 
perturbation and therefore cancels out when properties are 
calculated as derivatives. Although this assumption is not 
strictly valid, Eq. (26) still appears to be a reasonable 
requirement. Differentiating Eq. (26) with respect to x we 
arrive at the first-order response equations 

£J2E(X;A) aA 

aA2 ax 

£J2E(X;A) 

aAaX 
(27) 

which are identical to the usual response equations ob
tained by differentiating the variational conditions Eq. 
(25). There is one set of such equations for each nuclear 
spin component in the molecule. However, we shall see 
that it is not necessary to solve these equations to calculate 
the perturbed energy. Instead, the perturbed energy may be 
obtained by solving only one set of linear equations similar 
to Eq. (27). 

D. Variational formulation of the energy 

Since our wave function is unstable we cannot calcu
late the first-order energy according to the Hellmann
Feynman theorem. However, following Lagrange's method 
of undetermined multipliers, we construct a new energy 
functional which is variational and coincides with the non
variational energy at its stationary point.9 The functional 
form of the Lagrangian is 

- -(aE(X,A) 
L(X,A,A) =E(x,A) +A aA aE(X,A) I ) 

aA A.=o' 
x=O 

(28) 

where X are the multipliers. Differentiating Eq. (28) with 
respect to the variational parameters and setting the result 
equal to zero we obtain 

aL (X,A,A) 

aA 

aL(X,A,A) aE(X,A) 

aA aA 

(29) 

aE(X,A) I =0. 
aA A=O 

x=O 

(30) 

Note that A and X are conjugate in the sense that the 
variational condition on A [Eq. (29)] determines X while 
the condition on X [Eq. (30)] determines A. Inserting Eq. 
(30) in Eq. (29) we obtain a linear set of equations from 
which the multipliers may be determined: 

aE(X,A) I 
aA A=O' 

x=O 

(31) 

Since the stationary point of the Lagrangian coincides with 
the original nonvariational energy [to see this insert Eq. 
(30) into Eq. (28)], we may now calculate the first-order 
energy correction according to the Hellmann-Feynman 
theorem: 

dE(x) dL(x) 

dx dx 

aL(X,A,A) aL(X,A,A) aA aL(X,A,A) aA 
-------+ +--~=--

ax aA ax aA ax 

aL(X,A,A) 

ax 

aE(X,A) -£J2E(X,A) 
---+A . 

ax axaA 
(32) 

The first term in Eq. (32) is the usual expectation value 
term and the last one the response correction. If the wave 
function is stationary with respect to variations of the pa
rameters, the right-hand side of the multiplier equations 
Eq. (31) vanishes and the multipliers become zero. The 
response term disappears and the first-order energy expres
sion reduces to an expectation value. 

We now discuss the multiplier equations Eq. (31) in 
greater detail. The structure of the equations is given by 

a2E a2E a2E 

7);l aKat aKap 

(33) 

These equations are identical to the Newton equations for 
second-order spin-unrestricted optimization of the energy. 
Although the singlet gradient is zero, the linear equations 
are coupled and the corresponding singlet multipliers are 
nonvanishing. The reason is the following: The main effect 
of introducing a triplet perturbation is to induce triplet 
rotations of the orbitals. However, since the Hamiltonian 
in the perturbed case is nonsymmetric in spin space, these 
triplet rotations will also affect th~ singlet gradient. There
fore, for the singlet gradient to remain zero we must also 
consider singlet rotations. 

E. RU theory with neglect of singlet rotations 

The theory presented earlier represents a satisfactory 
solution to the problem of defining a physically reasonable 
response of an unstable wave function to a symmetry
breaking perturbation. However, the resulting equations 
are nonstandard since they couple singlet and triplet rota
tions and would require substantial programming efforts. 
We have therefore implemented a simpler version of the 
above scheme. 

It is reasonable to assume that the response of the wave 
function to a triplet perturbation is well described by T and 
'" P alone. Therefore, a reasonable description of the per-

turbed energy is obtained by using the functional form 

E(x;t,P) =(01 exp(i"'exp(T) (Ho+xHF ) 

Xexp( -T)exp( -1» )0) (34) 
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rather than the complete expression Eq. (19). Using the 
same arguments as before, we are led to the following ex
pression for the perturbed energy: 

dE(x) aE(x;t,P) -iPE(x;t,P) _a2E(x;t,P) 
dx ax +t axat +P axap 

(35) 

where the multipliers are obtained from the equations 

a2E a2E 

~a;~; [~l=-[~l. (36) 

apataF 

These equations are identical to Eq. (33) if we neglect all 
couplings to singlet orbital rotations. Provided these cou
plings are small, Eqs. (35) and (36) should not lead to 
results which are much different from the exact RU ap
proach. Our approach is a pragmatic one: It is easy to 
implement since we already have the code to solve the 
linear equations, Eq. (36). 

F. Details of implementation 

We now discuss the evaluation of Eq. (35) in more 
detail. The first term is a simple expectation value 

aE(x;t,P) 

ax 
(37) 

which is calculated in the usual way. For the r~ainiI!8 
two terms in Eq. (35) we need the multipliers t and P, 
obtained by solving one set of linear equations Eq. (36). 
The second-derivative matrix in Eq. (36) is identical to 
y2J in Eq. (9) of Ref. 10, which describes how linear 
equations of the same structure as Eq. (36) may be solved 
iteratively in a direct fashion. 

The non vanishing part of the right-hand side of Eq. 
(36) is given in Eq. (24) and can be expressed in terms of 
the inactive and active Fock matrices FI and pA 

~=hpq+ ~ (2giipq-giqpi), (38a) 
I 

(38b) 

and the Q matrix 

Qpq= L gabpctiqcab' (38c) 
abc 

We use here letter codes to specify orbital classes. Letters 
a, b, c, ... denote active orbitals, i, j, k, ... inactive, and s, t, 
U, ••• are reserved for secondary orbitals. Unspecified orbit
als are denoted by p, q, m, and n. The hpq and gpqmn are the 
usual one- and two-electron integrals, and the one- and 
two-electron density matrices are given by 

Dab = (01 TabIO), 

dqcab = (01 TqcEab-OcaTqbIO). 

Equation (24) then becomes 

(39a) 

(39b) 

(01 [T wH] 10) =Fpq-Fqp, (4Oa) 

FiS=2F'is, (4Ob) 

Fsi=O, (4Oc) 

F ic=2F/", (4Od) 

Fci= LFfaDca+Qcj, (4Oe) 
a 

Fas= LFstPab+Qas' (4Of) 
b 

Fsa=O, (4Og) 

Fab= LF~ac+Qab' (4Oh) 
c 

F/d=2I1v (4Oi) 

Fst=O. (4Oj) 

III. SAMPLE CALCULATIONS 

We present here calculations of the isotropic hyperfine 
coupling constant Aiso for the lIBH2 molecule in the X 2AI 

ground state and for the nitrogen atom in the X 4S ground 
state. We have chosen these systems since they are small 
enough for FCI calculations to be carried out with reason
able basis sets. We are therefore able to analyze reliably the 
merits of the RU method. In particular, we may determine 
what MCSCF configuration spaces are necessary to obtain 
close agreement with FCI and may estimate the accuracy 
of calculations using larger basis sets. 

A. The nitrogen atom 

The hyperfine coupling constant of the nitrogen atom 
in the X 4S ground state has been studied theoretically by 
Bauschlicher et al. 4 Their results show that an accurate 
coupling constant is difficult to obtain since the Is and 2s 
spin polarizations are both large but nearly cancel. As we 
use complete active space (CAS) wave functions with no 
correlation of the core electrons, the spin polarization of 
the core can only be described within the RU model. Cal
culations on this system therefore provide a sensitive test of 
this model. 

We first calculated the hyperfine coupling constant us
ing the 9s5p basis employed in FCI calculations by 
Bauschlicher et al. 4 In Table I we compare the FCI results 
with those obtained using SCF, CI( lsf), and MCSCF 
wave functions. The choice of orbitals for the three CAS 
spaces was based on an analysis of the CI( lsf) natural 
orbital occupation numbers. The CI( lsf) calculation, in 
which the Is spin polarization is neglected, is identical to 
one of the calculations reported by Bauschlicher et al .. 4 

The spin polarization of the Is orbital is described only 
through the response term. The dominant contribution to 
the 2s orbital is obtained from the average value term. The 
results in Table I show a large cancellation of the spin 
polarization of the Is and 2s orbitals. At the SCF level the 
expectation value vanishes (since the s orbitals are all dou
bly occupied) and the RU response overestimates Aiso• In 
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TABLE I. Isotropic hyperfine constant A in MHz for 14N and its two contributions: the response term and 
the average value. 

Basis Energy (a.u.) Response Average value A 

9s5p 
SCF -54.395336 13.37 
CI(1sf) -54.441042 0.00 
CAS2slp -54.402586 -54.35 
CAS2s2p -54.435462 -59.56 
CAS3s3p -54.440 324 -48.96 
FCI -54.484104 

IOs5p 

SCF -54.395411 16.85 
CI(1sf) -54.442350 0.00 
CAS2s1p -54.403091 -53.93 
CAS2s2p -54.435973 -58.50 
CAS3s3p -54.441370 -46.87 
FCI -54.485385 

IOs5pld 

SCF -54.395411 16.85 
CAS2s1p -54.403091 -53.93 
CAS2s2p -54.435973 -58.50 
CAS2s2pld -54.488439 -54.68 
FCI -54.540 58 

Experiment 

'Reference 15. 

the largest CAS calculation the response and average value 
terms are both large (-48.96 and 52.26 MHz) but nearly 
cancel and the coupling constant is only 0.86 MHz above 
FCI (2.44 MHz). The Is spin polarization is thus well 
described in the RU theory. 

Going from the 9s5p basis to the more diffuse 10s5p 
basis of Bauschlicher et al.,4 the coupling constant in
creases by 3-5 MHz for all wave functions. For the CAS 
wave functions (where the coupling constants have both 
expectation and response contributions) this occurs be
cause of an increase of the expectation value term and a 
reduction of the response term. Inclusion of d orbitals has 
little effect on the coupling constant. 

B. The BH2 molecule 

The main purpose of the calculations on BH2 is to 
demonstrate the ability of the RU method to describe the 
spin polarization in hydrogen atoms. Using standard meth
ods, this polarization is accurately described only at high 
levels of theory. The BH2 calculations also test our descrip
tion of the spin polarization of the core Is orbital of the 
boron atom. The calculations were carried out at the ex
perimental ~round-state geometry with LHBH = 1310 and 
R BH = 1.18 A. II We used the generally contracted basis set 
of Widmark et al. 12 except in one case as noted later. The 
calculated hyperfine coupling constants are listed in Table 
II. 

We first consider the calculations with the smallest 
generally contracted basis set 32/21. For this basis an FCI 
wave function was calculated to serve as a benchmark and 
calibration for the more approximate wave functions. 
Moreover, the FCI natural orbital occupation numbers 

0.00 13.37 
53.29 53.29 
61.32 6.97 
64.30 4.74 
52.26 3.30 

2.44 

0.00 16.85 
58.13 58.13 
65.16 11.23 
68.29 9.79 
55.20 8.33 

7.47 

0.00 16.85 
65.16 11.23 
68.29 9.79 
62.80 8.12 

6.91 

10.450929 12( 10)" 

were used to construct the CAS configuration spaces: 
CASI and CAS2 were constructed from (3,1,2,0) and 
(7,2,5,1) active orbitals of symmetries (ai' hi' h2, a2), re
spectively. In both cases the Is orbital on boron was inac
tive. The CAS2 results are in good agreement with FCI. 
The boron coupling constant is reasonably accurate even at 
the SCF level, but the hydrogen coupling constant has the 
wrong sign. 

At the SCF level the RU approach overestimates the 
spin polarization. The spin polarization of the B Is orbital 
is well described by the RU response at the CASI level for 
all wave functions, whereas a good estimate of the polar
ization on hydrogen is achieved at the CAS2 level only. In 
general, the response term decreases as a larger fraction of 
the wave function is described by configuration variables. 
At the FCI level, the spin polarization is completely de
scribed in terms of configurations and the response term 
vanishes. From Table II it is seen that when the RU re
sponse term is small we have an accurate description of the 
hyperfine coupling interaction. 

In addition, for this basis we calculated the hyperfine 
coupling constant from the following three wave functions: 
FCI with the Is orbital frozen [CI(1sf)], CI including all 
single and double excitations from SCF (CISD), and CAS 
with all orbitals except Is active [CAS(1si)]. The CI(1sf) 
wave function does not describe the spin polarization of the 
Is orbital. As expected, this has little effect on the hydro
gen coupling but is important for boron. The CAS(1si) 
wave function is an FCI function except for the spin po
larization of the Is orbital. The calculations using this wave 
function demonstrate that the RU technique may describe 
the Is spin polarization accurately. The CISD results show 

J. Chern. Phys., Vol. 97, No.5, 1 September 1992 

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



3418 Fernandez et al.: Spin polarization 

TABLE II. Isotropic hyperfine constant for liB and IH in BH2 (A, in MHz), and its two contributions: the 
response tenn and the average value. 

B atom 

Basis Response Average value A Response 

32/21 
SCF 62.7 278.9 341.6 -67.3 
CASI -7.6 315.6 308.0 18.3 
CAS2 -32.3 340.6 . 308.3 2.2 
CI (lsf) 0.0 335.3 335.3 0.0 
CISD 0.0 306.0 306.0 0.0 
CAS(lsi) -22.1 330.5 308.4 0.0 
FCI 0.0 308.8 308.8 0.0 

321/21 
SCF 57.5 306.8 364.3 -42.5 
CAS 1 -1.3 333.2 331.9 20.6 
CAS2 -27.0 341.0 314.0 -0.8 
CI( lsf) 0.0 345.9 345.9 0.0 
CAS(lsi) -23.2 339.5 316.3 0.0 

4321/321 
SCF 29.6 325.2 354.8 -41.6 
CAS 1 -27.1 351.9 324.8 10.9 
CAS2 -29.5 336.7 307.2 -3.6 

6532/432 
SCF 51.3 333.9 385.2 -40.9 
CAS 1 -11.3 364.5 353.2 7.1 
CAS2 -16.6 339.7 323.1 -2.9 

742/41' 
SCF 45.1 326.0 371.1 -40.5 
CAS 1 -17.9 352.8 334.9 10.5 
CAS2 -16.6 326.2 309.6 -2.9 

Experiment 358b 

"The basis of Chipman in Ref. 13. 
bReference 14. 

that the Is spin polarization can be described in a CISD 
calculation correlating the Is orbital. 

The hyperfine coupling constants were also calculated 
with a larger 321/21 basis, obtained by adding a d polar
ization function to boron. We still expect the CAS(lsi) 
results to be close to FC!. The CI ( 1sf) wave function does 
not describe the Is spin polarization and the calculated 
boron coupling is therefore about 30 MHz above CAS( lsi) 
as in the 32/21 calculation. The CAS2 results are close to 
CASe lsi) and presumably accurate. The tendencies of the 
SCF and CAS calculations are the same as for the 32/21 
basis. 

The basis was further extended to 4321/321 and 6532/ 
432. Again we expect the CAS2 results to be close to FC!. 
Only small changes are observed in the hyperfine constant 
as a result of extending the basis. For comparison, we also 
carried out calculations using the 742/41 basis of Chip
man, designed to describe hyperfine coupling constants. 13 

The results obtained with this basis and the larger gener
ally contracted basis sets are similar. We expect that the 
large discrepancy between the calculated and experimental 
results arises from a deficiency in the basis set and the 
neglect of vibrational averaging. 14 

Hatom 

Average value A 

46.8 -20.5 
-17.7 0.6 

11.9 14.1 
14.4 14.4 
12.9 12.9 
14.4 14.4 
14.4 14.4 

44.8 2.3 
-4.2 16.4 
32.2 31.4 
33.4 33.4 
33.4 33.4 

43.6 2.0 
-2.1 8.8 
32.2 28.6 

43.8 2.9 
2.0 9.1 

30.9 28.0 

43.5 3.0 
3.1 13.6 

-30.4 27.5 

38b 

IV. CONCLUSIONS 

We have demonstrated that the isotropic hyperfine 
coupling constant Aiso can be calculated accurately using 
CASSCF wave functions with configuration spaces de
signed to correlate the valence electrons only. The results 
are almost of the same quality as for properties whose 
perturbation operator is totally symmetric in spin space. 
We have achieved this by considering, in addition to the 
expectation value, the terms arising from the response of 
the wave function. The sample calculations show that 
when the response correction is small, the hyperfine cou
pling constant is accurately described. Our calculations 
also demonstrate that the spin polarization of core orbitals 
is well described by the RU response term. This is impor
tant since it indicates that it is not necessary to correlate 
the core orbitals in MCSCF wave functions in order to 
calculate hyperfine coupling constants accurately. 
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