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Abstract 

We present the first calculations of molecular magnetizabilities using London atomic orbitals at the multiconfigurational 
self-consistent field level. The natural connection is introduced to ensure a numerically stable evaluation of the 
magnetizability. Furthermore, the natural connection enables us to study the paramagnetic and diamagnetic contributions to 
the total magnetizability using London atomic orbitals. Large MCSCF calculations are presented for the isoelectronic series 
Bell , BH and CH +, for which correlation is known to be important. The geometry dependence of the magnetizability is 
investigated and shown to be small. It is demonstrated that Bell is diamagnetic, contrary to the prediction of a recent 
study. Our calculated magnetizabilities for the three molecules are: (204-207) X 10 3~j J T ~- (BH), (313-318) x l0 -3° J 
T -2 (CH+), and ( - 6 2  + 5 )  X 10 -3° J T -2 ( B e l l - ) .  

1. Introduct ion 

In the last few years the use of  London atomic 
orbitals (also known as gauge invariant atomic or- 
bitals (GIAOs))  has proven to be a successful ap- 
proach for calculating a number of magnetic proper- 
ties. Although the London atomic orbitals were intro- 
duced as early as 1937 [1], the first efficient imple- 
mentation was presented for nuclear shieldings at the 
Har t ree -Fock  level by Wolinski  et al. [2] in 1990. A 
number of  studies employing London orbitals have 
followed. Gauss extended the calculation of  nuclear 

1 Present address: Uni-C, Olof Palmes AII6 38, 8200 Arhus N, 
Denmark. 

shieldings using London atomic orbitals to MP2, 
MP3 and MP4 wavefunctions [3-5],  and Ruud et al. 
to MCSCF wavefunctions [6]. A direct SCF program 
has been presented by H~iser et al. [7]. 

The use of London orbitals has not been restricted 
to nuclear shieldings. Helgaker, JCrgensen and co- 
workers have demonstrated that the use of London 
atomic orbitals represents a major improvement in 
basis set convergence for optical properties like vi- 
brational circular dichroism (VCD) [8,9] and elec- 
tronic circular dichroism [10]. They have also pre- 
sented a number of Har t ree -Fock  investigations of 
magnetizabili t ies using London atomic orbitals [11 -  
14]. In particular, they have shown that the GIAO 
approach has superior basis set convergence com- 
pared to the IGLO (individual gauges for localized 
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orbitals) approach of Kutzelnigg and co-workers 
[15,16]. In addition, by a re-evaluation of gas-phase 
measurements of isotropic magnetizabilities [12], they 
found that the correlation contribution to the magne- 
tizability should be approximately 2% for common 
organic molecules. This finding is supported by a 
recent MP2 investigation by Cybulski and Bishop 
[171. 

One of the pleasing properties of magnetizabilities 
is that correlation effects are fairly small. Even for 
molecules where correlation usually plays an impor- 
tant role, like N 2 and CO, the correlation contribu- 
tion hardly ever exceeds 10% [17,18]. An exception 
to this is the isoelectronic series Bell , BH and 
CH +. Sauer et al. have shown that correlation in 
these molecules is important also for the magnetiz- 
ability [19]. From their investigation some doubt still 
remains as to whether Bell is diamagnetic or para- 
magnetic, and the authors claim that it tends towards 
paramagnetism. Boronmonohydride has for a long 
time been of special interest with respect to magneti- 
zabilities, as it is the first closed shell molecule 
predicted to be paramagnetic [20]. We have investi- 
gated these three molecules using our newly devel- 
oped GIAO-MCSCF program. We have also per- 
formed a detailed analysis of the geometry depen- 
dence of the magnetizability in these molecules. 

Although the theory of GIAO-MCSCF can be 
extracted from our articles on GIAO-HF magnetiz- 
abilities [11] and GIAO-MCSCF shieldings [6], an 
overview of the theory will be given for complete- 
ness. This will also allow us to include the so-called 
natural connection presented by Olsen et al. [21]. As 
discussed elsewhere, this connection ensures numeri- 
cal stability and enables us to partition the isotropic 
magnetizability into paramagnetic and diamagnetic 
contributions [21,22]. All calculations were carried 
out using the HERMIT-SIRIUS-ABACUS suite of 
programs [23-25], both for the geometry optimiza- 
tion as well as the calculation of the magnetizability. 

In the next section we present the theory behind 
the implementation of the GIAO-MCSCF approach 
with emphasis on the choice of a proper orbital 
connection. Section 3 describes the calculation on 
BH, and Sections 4 and 5 the calculations on CH + 
and Bell , respectively. The geometry dependence 
of the calculated magnetizability is treated in detail 
in Section 6, where we also present vibrationally 

averaged magnetizabilities. Section 7 contains some 
concluding remarks. 

2. Theory 

Our reference wavefunction, optimized at zero 
magnetic field, is given as a linear combination of 
Slater determinants 

[RWF) = ~ C ~  l u ) ,  (1) 
o~ 

where each determinant is written as a product of 
creation operators 

I o l)  = 1--[a~, Ivac). (2) 
i 

The creation operators create electrons in a set of 
unmodified molecular orbitals (UMOs). These UMOs 
are in turn written as linear combinations of London 
atomic orbitais 

4, M°(m = (3) 
k t  

We notice that in the definition of the UMOs the 
MO coefficients do not depend on the magnetic 
field. Only the London atomic orbitals in Eq. (3) 
depend on the field through 

o)u(r; A S )  = exp( - i A  5 • r)xu(r), (4) 

where X, is our ordinary Cartesian or spherical 
Gaussian atomic orbital, and A~ is the magnetic 
vector potential defined as 

e 1 
A M = 5B × RMO, ( 5 )  

where RMO is the vector from atom M on which X, 
is attached to the gauge origin O. The result is that 
no matter what gauge origin we choose, the atomic 
orbitals are always backtransformed to a local gauge 
origin placed on the nucleus to which the atomic 
orbital is attached. This choice of local gauge origin 
is physically motivated, as the London orbitals are 
correct through first order in the magnetic field for a 
one-electron, one-center problem [8]. 

As we turn on the magnetic field, our UMOs are 
no longer orthonormal and optimized. To ensure 
orthonormality we introduce the orthonormalized 
molecular orbitals (OMOs) [26] 

qs°M°(B) = Y] ~b,,UM°(B)T~,,(B). (6) 
t /  
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In all previous implementations of geometric and 
magnetic Hessians, the connection matrix, T, ..... has 
been chosen to be symmetric: 

T = S 1/2 (7) 

that is, the symmetric connection has been used. 
However, defining the T matrix in accordance with 
the natural connection of Olsen et al. [21] we have 

T = W  '(WS 'W*) '/~, (8) 

where 

14;,m(B ) = ~'C, . ,C~m(w~(Bo) Iw. (B)}  
/ x v  

= ~C,.,,C~,.( X,. I o . ( B ) } .  (9)  
/ x u  

The last equality arises because the London orbitals 
reduce to the ordinary Gaussian basis functions at 
zero magnetic field strength. We notice that the 
OMOs are equal to the UMOs at zero magnetic field. 
As discussed in Ref. [21] this connection will, as 
opposed to the symmetric connection, change the 
OMOs as little as possible when we turn on the 
magnetic field. 

Let us now consider our Hamiltonian as we turn 
on the magnetic field. As given by Helgaker and 
Jorgensen [27], the Hamiltonian for a static molecu- 
lar property can be written as 

~.~(B) = Y'.hm,,(B)Em,,+½ E aom,,pu(B)em,,pq. 
m r l  m n p q  

(lO) 

We have here defined the molecular integrals and 
excitation operators through 

h.,,,(B) = E T,:.;(B)hm',, ' (B)T,, ' .(B), (11) 
t t {  H t 

E r,;m,(B)T,,:,,(B) 
m n p q 

Xgm,,,'p,q,(B)rp,p(B)Tq, q(B) ,  (12) 

E ..... = E * (13) arncr a,t~r , 
i cr= +_~ 

e,,,,pq = Em,Epq - 6p,,E~q, (14) 

where the excitation operators are independent of the 
external magnetic field because we are considering 
an energy derivative [27]. The explicit expressions 

for the one- and two-electron operators hm,,,(B) and 
gm,,;p,q,(B) can be found elsewhere [11]. 

As we turn on the magnetic field we perturb our 
wavefunction.  This perturbed wavefunction,  
JWF(B)}, can be expressed as a unitary transforma- 
tion of the unperturbed reference wavefunction 
]RWF} through 

]WF(B)} = exp(iK) exp(iS)[RWF}.  (15) 

Thus the perturbed wavefunction has an implicit 
dependence on the external magnetic field through 
the operators ~: and S. Here K is the orbital rotation 
operator defined for an imaginary perturbation as 

" =  E "~ (Er ,  +E~r) ,  (16) 
F ~ S  

where only non-redundant orbital rotations are in- 
cluded in the summation. Similarly, the configura- 
tion rotation operator is defined as 

S= ~ s ,R( IN}(RWFI+IRWF}(N[) .  (17) 
N ~  RWF 

The energy of the perturbed system can thus be 
expressed as 

e ( B )  = (RWF[ e x p ( - i h : )  e x p ( - i S )  

x.~" exp(iS) exp(iK)[RWF}.  (18) 

Taking a Baker-Campbell-Hausdorff expansion of 
the right-hand side, we obtain the perturbed energy 
a s  

e(B)  = E 0 ( B  ) + i g T ( B ) A -  ~2ATH(B)A 

(19) 
where we have collected the electronic parameters in 
the vector A, 

We have furthermore defined the zero-order energy 
contribution, the electronic gradient and Hessian as 

Eo(B) = (RWF[ ~ ' ( B )  I RWF}, (21) 

g .... = <RWF[[,Z/ ' (B),  Era, +E , , , ]  ]RWF}, (22) 

Hm,,.p, , = (RWF [ [ [ ~ ' ( B ) ,  Em,, + E,,m], 

Epq + Eqp] ] RWF}. (23) 

In Eqs. (22) and (23) we have only given the orbital 
parts of the matrices. We refer to Ref. [6] for a more 
detailed discussion of these matrices. 
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As our MCSCF wavefunction is variational, that 
is, it is stationary with respect to variations in the 
electronic parameters for all values of the magnetic 
field, we can determine the electronic parameters A 
from the equation 

O~(B) 
- - - i g ( B ) - H ( B ) A + C y ( A 2 ) = O  VB. 

OA 
(24) 

Ignoring terms of order three and higher, we obtain 
the energy expression 

~(B)=Eo(B)-½gT(B)H '(B)g(B).  (25) 

We now Taylor expand the molecular energy with 
respect to the external magnetic field, and obtain: 

1 O2e 
e(B) = e ( 0 )  + 2 0 - ~  B=O +~y(B4) '  (26) 

where we have taken advantage of the fact that the 
odd-order contributions to the energy vanish for a 
closed shell molecule due to quenching of the angu- 
lar momentum. The magnetizability is a second-order 
property in the magnetic field, and from Eqs. (25) 
and (26) we obtain 

B=0 ~ -  ~B--- 7 -  - 

0 : G ( B )  
3 B  2 

0gT(B) 
OB 

- - H  i 3 g ( B )  
OB 

(27) 

since the wavefunction is variational. 
The first term in Eq. (27), the static contribution 

to the magnetizability, is easily calculated as an 
expectation value, with reorthonormalization terms 
due to the perturbation dependent atomic orbitals. 
We return to the reorthonormalization terms below. 
The second term, the relaxation term, is obtained by 
solving the response equation 

09 B=o' (28) Ho" = - 3B 

These equations are solved iteratively, as discussed 
elsewhere [28,29]. The solution vector o- is then 
multiplied on the gradient vector in Eq. (27), produc- 
ing the relaxation contribution. 

Let us finally take a closer look at the differenti- 

ated OMO integrals entering Eq. (27). In accordance 
with Helgaker and J0rgensen [27], we introduce a 
class of integrals by 

= * h /'mn(t) E [exp(t In r)] ram' m'.' 
m' n' 

× [exp( t  In T ) ] , , , ,  (29) 

where our OMOs correspond to the special case 
where t = 1. Expanding the exponential operator in 
this equation we find that our OMOs can be written 

= h + (In T, h} + ½{ln T, in T, h} + . . .  (30) 

Differentiating this expression at zero magnetic field, 
that is, when In T(B = 0) = 0, we obtain 

/t (°) = h (°), (31) 

~(') = h (1) + (T  (1), h(°)}, (32) 

/t(2) = h(2) + {T (:) - Td)Td), h (°)} - {TO), h (j)} 

+ {T (l~, T (l~, h(°)}, (33) 

where we have defined the one-index transformation 
a s  

{T, h}mn = E (Tomho,, + Tonhmo)" (34) 
o 

We emphasize that these are exact expressions for 
the derivatives. We have also defined a multiple 
one-index transformation as 

1 
{T,, T 2 . . . . .  T,, h} = ~.v P ( l ,  2 . . . . .  n) 

x {T , ,  . . . . .  {;,;,, h } . . . } } .  
(35) 

Inserting into Eqs. (32) and (33) the expressions for 
the differentiated connection matrices given in Ap- 
pendix A of Ref. [21], we obtain the final expres- 
sions for the differentiated integrals as: 

/~(') = h (') - {W 0), h(°)}, (36) 

~(2~ = h(2)_ ½{S(2), h(,,)} + {S¢~)W(~), h(O)} 

- { W  ¢1), h ~1)} + {W ~l), W ¢1), he°)}. (37) 

We note the similarity between this expression and 
the one obtained in the symmetric connection (see 
for instance Eq. (64) of Ref. [27]). The main differ- 
ence is that S d) has been replaced with W °), as well 
as an extra term {S(1)W (~), h(°)}. Most of these inte- 
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grals have been g iven  by Helgaker  and J0rgensen 

[27], with the except ion of  the W (1) integral,  which 

is g iven  as 

i 
W~ ) : ~- ( X~ I RNO × r ] X~ ), (38) 

where  R N is the posi t ion of  the nucleus to which the 

basis funct ion X~ is attached. 

Thus the individual  d iamagnet ic  and paramagnet ic  

contr ibut ions to the magnet izabi l i ty  with the natural 

connect ion  now depend on the gauge origin, but the 

total magnet izabi l i ty  is gauge origin independent.  As  

shown by Olsen et al. [21], the operator  in Eq. (32) 

reduces to the ordinary angular  m o m e n t u m  operator. 

This  is not true for the symmet r ic  connect ion or 

indeed for any other  connect ion.  We have thus ob- 
tained a partitioning o f  the magnetizability into dia- 
attd paramagnetic contributions, but still obtain 
gauge origin independent magnetizabilities. This is a 

remarkable  feature o f  the London a tomic  orbital  

approach combined  with the natural connect ion.  

3. Calculations on BH 

As shown by Dahle  et al. [13], magnet izabi l i t ies  

calculated f rom London a tomic  orbitals are within 

2% of  the H a r t r e e - F o c k  limit for a med ium-s ized  

basis set based on Dunn ing ' s  a u g - c c - p V D Z  sets [ 3 0 -  

32]. For  hydrogen their cc + p basis set corresponds 

to the ordinary aug-cc -pVDZ,  and for f irst-row atoms 

to the c c - p V D Z  with a diffuse p funct ion added. The 

exponent  of  this diffuse p funct ion is the same as 

that of  the most  diffuse p function of  the aug-cc-  

p V D Z  set. For BH this basis consists of  26 func- 

tions, using spherical  Gaussians.  Thus,  a full CI 

(FCI)  calculat ion can be carried out with this basis 

set, which  is useful for cal ibrat ing our results. As  the 

basis set is increased, FCI calculat ions are no longer  

tractable, and we  have instead used a number  of  

restricted or comple te  act ive space ( R A S / C A S )  

wavefunct ions ,  designed to m i m i c  convent ional  

wavefunc t ions  such as C I S D  and M R C I S D .  It should 

be noted, however ,  that our R A S  wavefunc t ions  are 

more f lexible  than the CI type wavefunct ions ,  as the 

orbitals are opt imized.  

The  wavefunc t ions  are listed in Table  1, labeled 

by the name of  the mimicked  wavefunct ions .  In 

addition, we give the numbers  of  act ive orbitals in 

the R A S  II and RAS III spaces sorted according to 

symmet ry  in the order (a l, a2, b 1, b2). For the C A S  
wavefunct ions ,  the number  o f  act ive orbitals are 

listed. In all cases the R A S  III space contains at most  

two electrons and R A S  I is empty.  The R A S  II space 

(3, 1, 1, 0) includes the most  important  near degen-  

eracy effects f rom the low- ly ing  rr-orbitals. In the 

Table 1 
Energy and magnetizability of boronmonohydride for the different wavefunctions and geometries used. All values given in 
T 2 

units of 10 30 j 

Wavefunction Geometry Basis Energy c A 

HF 
RAS-VCISD(2, 0, 0, 0)/(10, 6, 6, 1) 
RAS-CISD(3, 0, 0, 0)/(10, 6, 6, 1) 
RAS-MRCISD(3, 1, 1, 0)/(9, 5, 5, 1) 
RAS-MRCISD(6, 2, 2, 0)/(6, 4, 4, 1) 
RAS-VFCI(12, 6, 6, 1) 
FCI(13, 6, 6, 1) 
HF 
RAS-VCISD(2, 0, 0, 0)/(27, 16, 16, 7) 
RAS-CISD(3, 0, 0, 0)/(27, 16, 16, 7) 
RAS-MRCISD(3, 1, 1, 0)/(27, 15, 15, 7) 
RAS-MRCISD(6, 2, 2, 0)/(24, 14, 14, 7) 
RAS-VFCI(30, 16, 16, 7) 
RAS-VCISD(2, 0, 0, 0)/(21, 12, 12, 4) 
RAS-MRCISD(3, 1, 1, 0)/(20, 11, 11, 4) 
RAS-MRCISD(3, 1, 1, 0)/(20, 11, 11, 4) 
RAS-MRCISD(3, 1, 1, 0)/(20, 11, 11, 4) 

experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
experimental 
minimum 

pVDZ + p - 25.126098 313.0 
cc + p -25.212845 208.3 
cc + p -25.213810 208.8 
cc + p -25.217096 195.9 
cc + p -25.217343 196.4 
cc + p -25.217345 196.7 
cc + p 25.218421 196.8 
aug-pVTZ - 25.130201 308.2 
aug-pVTZ - 25.226701 219.0 
aug-pVTZ 25.231997 223.6 
aug-pVTZ - 25.231711 206.2 
aug-pVTZ - 25.232136 203.6 
aug-pVTZ - 25.232148 207.8 
pVTZ + sp -25.226270 217.4 
pVTZ + sp -25.231238 204.5 
pVTZ + (2s,2p) -25.231280 204.7 
pVTZ + sp - 25.231241 204.3 

- 764.2 
- 607.3 
- 608.3 
- 589.8 

590.6 
-591.1 
-591.4 
- 759.8 
- 623.5 
- 630.5 

605.2 
601.4 
607.8 

- 620.8 
- 602.3 
- 602.5 
- 602.0 
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valence CI (VCI) and valence full CI calculations as 
well as the MRCI wavefunctions we have kept the ls 
orbital inactive, thus correlating only four electrons. 
In addition we have performed full CISD and Full CI 

calculations correlating all six electrons. 
The choice of wavefunction is governed by two 

considerations: cost and accuracy. From Table 1 we 
notice that we need to include static correlation 
through at least a full valence active space, and as 
such, only the MRCISD and VFCI wavefunctions 
compare favourably with full CI. We also notice that 
the VFCI results compare very favourably with FCI, 
and may be used for calibrating larger basis sets. 

As we increase the basis set to aug-cc-pVTZ we 
notice several minor changes. The Hartree-Fock re- 
sult changes by less than 2%, in accordance with the 
results of Dahle et al. We also notice that the RAS- 
MRCISD(3, 1, 1, 0 ) / (27 ,  15, 15, 7) compares 
favourably with the VFCI result. This is satisfying, 
as RAS lI contains only those orbitals needed to 
describe the static correlation. As we would like to 
evaluate the magnetizability at several molecular ge- 
ometries, we would like to reduce the basis some- 
what, and following the ideas of Dahle et al., we 
removed all the diffuse functions added to the cc- 
pVTZ basis except for the diffuse s and p functions 

[131. 
This basis set seems to be converged with respect 

to angular correlation. We also carried out a RAS- 
SCF calculation with another set of diffuse s and p 
orbitals added on boron and hydrogen in order to 
investigate the basis set saturation with respect to 
radial correlation. As can be seen from Table 1, the 
magnetizability changed by 0.2 × 10 3c/j T-2  in the 

direction of the larger basis set. The pVTZ + sp 
basis set used in this investigation for BH and CH + 
thus appears to be converged both with respect to 

angular and radial correlation. 
The experimental geometry is 1.2324 A and is 

taken from Ref. [33]. Our optimized geometry, 1.2352 
A, compares favourably with experiment indicating 
that our wavefunction is of high quality. This is 
further corroborated by the harmonic vibrational fre- 
quency evaluated at the optimized geometry, 2347 
cm ~, which is in good agreement with the experi- 
mentally determined harmonic vibrational frequency 
of 2366.90 cm i [33]. The change in the geometry is 
so small that no significant change in the magnetiz- 

Table 2 
Geometry dependence of the energy and magnetizability 
monohydride 

of boron- 

Geometry Energy ~:11 ~ _ ~i~o ~oi~, 
displacement 

0 . 2 5  -25.223595 -194.5 418.1 213.9 612.6 
-[).15 25.228746 195.5 413.3 21(I.4 6(18.8 

(I. 10 -25.230184 196.(I 410.7 2(18.5 -606.7 
0.05 25.230989 - 196.5 407.8 2(16.3 604.3 
0.(I - 25.231241 - 197.(I 404.9 2(/4.3 6(12.11 
0 . 0 5  -25.231012 197.6 401.9 202.1 -599.5 
0.l(t 25.23(/365 - 198.1 398.9 199.9 597.1 
0 . 1 5  -25.229357 - 198.7 396.0 197.7 594.6 
[).25 25.226443 199.8 390.5 193.7 -590.3 

Geometry displacements in atomic units with respect to the mini- 
mum geometry. All calculations have been performed with the 
RAS-MRCISD(3, 1, 1, 0)/(20, 11, 11, 4) wavefunction using the 
pVTZ +sp basis set. Energies in hartrees and magnetizabilities in 
units of 10 -~° J T 2. 

ability is to be expected. From Table 2 we see that 
this indeed is the case. We therefore conclude that 
the magnetizability of the rigid BH molecule is in 
the range ( 2 0 4 - 2 0 7 ) ×  10 3o j T 2. Based on this, 

we estimate the results obtained with this basis and 
active space to be correct to approximately 1.5% and 
that the error is in the diamagnetic direction. Thus 
we give uncertainties in our results for BH as 
(204(+3) )  × 10 30 j T-2 ,  implying that the magne- 

tizability should be between 204 and 207 × 10 3o j 
T 2. 

This result compares very well with a recent study 
on BH by van Wiillen [34]. Using a special version 
of the MC-IGLO approach [18] with the gauge origin 
placed on the boron nucleus, he obtains a magnetiz- 
ability of 208 × 10 3(1 j T 2. The basis set used by 

van Wiillen is larger than ours and the active space 
somewhat smaller due to the use of a complete 
active space (CAS) wavefunction. 

In contrast, if we compare our results with 
those of Sauer et al. [19], who used the coupled 
cluster doubles polarization propagator approach 
(CCDPPA), the difference is much larger. They ob- 
tain 259 × 10 -3o J T 2. Considering the large basis 

set and active space used in the investigation by van 
Wiillen, as well as the good convergence of our 
results, we believe that the CCDPPA method is not 
capable of handling the large static correlation con- 
tributions present in BH. 
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Geometrical displacement 

Fig. 1. The geometry dependence of the isotropic magnetizability in BH. Geometries in au relative to the optimized equilibrium geometry. 
Magnetizability in units of 10 30 j T-2. 

In Table 2 we have listed the two components of  
the magnetizability, as well as the isotropic and 
anisotropic magnetizability at different nuclear dis- 
tances. The geometry dependence is plotted in Fig. 
1. The isotropic magnetizability decreases almost 
linearly with increasing bond length, indicating that 
vibrational averaging should be of minor importance 
for the isotropic magnetizability. We return to this 
point later. 

4 .  C a l c u l a t i o n s  o n  C H  + 

Based on our results for BH, we use for CH + the 
pVTZ + sp basis and the RAS-MRCISD(3, 1, 1, 
0 ) / (20 ,  11, 11, 4) wavefunction. Our results for 
CH ÷ agree with Sauer et al. [19] in the sense that 
CH + is found to be more paramagnetic than BH. 
However, again there is a large discrepancy between 
our results in Table 3 and the result of Sauer et al. 
While they obtain a magnetizability of 385 x 10 30 
J T -2 at the experimental geometry, we obtain (313.4 
(-F4.5))X 10 -3o J T 2. Again the Hartree-Fock 

Table 3 
Geometry dependence of the energy and magnetizability of the 
carbonmonohydride ion 

Geometry Energy ~11 ~ l ~iso ~aniso 
displacement 

experimental -38.024389 -117.7 527.3 313.4 -641.6 
0.25 -38.012819 110.9 488.8 288.9 -599.6 

-0.15 -38.020652 -112.3 503.3 298.1 -615.5 
0.10 -38.022814 -112.9 510.9 303.0 -623.9 

-0.05 -38.024015 -113.6 518.9 308.0 -632.5 
0.0 -38.024389 - 114.3 527.6 313.6 -641.9 
0.05 38.024051 -115.0 536.6 319.4 -651.6 
0.10 -38.023101 -115.7 546.1 325.5 661.7 
0.15 -38.021628 -116.3 556.8 332.4 -673.1 
0.25 -38.017412 -117.6 579.2 346.9 696.8 

Geometry displacements in atomic units with respect to the mini- 
mum geometry. All calculations have been performed with the 
RAS-MRCISD(3, 1, 1, 0)/(20, 11, 11, 4) wavefunction using the 
pVTZ + sp basis set. Energies in hartrees and magnetizabilities in 
units of 10 -30 J T 2. 

result, 407.1 x 10 -30 JT -2 is far too paramagnetic 
yet close to the CCDPPA result, indicating again that 
CCDPPA does not recover the important correlation 
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contributions. No other correlated study of the mag- 
netizability exists for this ion. 

Geometry optimization changes the bond distance 
of the CH + ion from 1.1309 to 1.1317 ~,. This 
change is of the same order of magnitude as for BH, 
and there is a similar small change in the magnetiz- 
ability from 313.4 to 313.6 X 10 3o j T 2. We also 
note that while there is a difference of 100 x 10 -3o J 
T 2 between the isotropic magnetizabilities of BH 
and CH +, the difference between the anisotropies is 
only 40 X 10 3o j T 2. Thus the increased nuclear 
charge makes both the parallel and perpendicular 
components, and therefore the isotropic part, more 
paramagnetic. The anisotropic magnetizability 
changes less, reflecting the difference between the 
parallel and perpendicular components. 

Again the geometry dependence of the magnetiz- 
ability is almost linear, see Fig. 2. In contrast to BH, 
however, the magnetizability now increases with in- 
creasing bond length. For both molecules the parallel 
component decreases slightly with increasing bond 
length, but this is more than offset by the change in 

the perpendicular component. In BH the perpendicu- 
lar component decreases with increasing bond length, 
while it increases in CH+. 

5. Calculat ions  on B e l l -  

Proceeding to the Bell ion, we first notice the 
extremely small HOMO-LUMO gap, 0.080 au at the 
optimized geometry. This near-degeneracy indicates 
that any single-configuration-based method may ex- 
perience severe problems in describing the correla- 
tion effects. This may explain why Sauer et al. 
obtain almost no correlation effects with the 
CCDPPA approach [19]. 

An accurate description of the ion is furthermore 
complicated by the very loosely bounded outer elec- 
trons, giving, according to Sauer et al., a (r  2) value 
of 61.3 au, almost three times as large as for BH. 
Large basis sets containing diffuse functions are 
therefore needed for an accurate description of the 
magnetizability of this ion. 
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Fig. 2. The geometry dependence of the isotropic magnetizability in CH +. Geometries in au relative to the optimized equilibrium geometry. 
Magnetizability in units of 10 3o j T-2. 
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Table 4 
Basis set dependence of the molecular Hartree-Fock energy and magnetizability of Be l l -  

165 

Primitive set (Be /H)  Contracted set [Be/H] Energy c A 

(14s9p4d3f/8s4p3d) [4s3p2dlf/3s2pld] 15.126113 137.1 -854 .4  
(14s9p4d3f/8s4p3d) [6s5p3d2f/4s3p2d] 15.133999 24.0 - 892.6 
(14s9p4d3f/8s4p3d) [7s6p4d3f/5s4p3d] 15.134611 23.6 930.8 
(15sl0p5d4f/9s5p4d) a [8s7p5d4f/6s5p4d] - 15.134716 -3 .1  934.9 
(16sl lp6d5f/10s6p5d) b [9s7p6d5f/7s6p5d] 15.134720 2.8 -936 .5  
(14s9p4d3f/8s4p3d) [14s9p4d3f/8s4p3d] - 15.134646 23.7 931.6 
( t5sl0p5d4f/9s5p4d) a [15sl0p5d4f/9s5p4d] 15.134732 2.0 -935 .8  

All calculations at the experimental geometry. Energies in hartrees and magnetizabilities in units of 10 -3(] J T -2. 
Diffuse functions added for Be: s:(0.005197), p:(0.003881), d:(0.02101), f:(0.032). Diffuse functions added for H: s:(0.009787), 

p:(0.03459), d:(0.291). 
b Diffuse functions added for Be: s:(0.005197, 0.001819), p:(0.003881, 0.001358), d:(0.02101, 0.007354), f:(0.032, 0.0128). Diffuse 
functions added on H: s:(0.009787, 0.003426), p:(0.03459, 0.01211), d:(0.291, 0.1164). 

No correlation consistent basis sets exist for beryl- 
lium. Instead we used the atomic natural orbital 
(ANO) set of Widmark et al. [35]. For calibration we 
decontracted the ANOs completely. Diffuse uncon- 
tracted functions were then added in a geometric 
progression in order to describe the diffuse electronic 
cloud of the anion. 

The results from the Hartree-Fock basis set in- 
vestigation on Bell-  are summarized in Table 4. 
The [7s6p4d3f/5s4p3d] contraction reproduces the 
results obtained with the uncontracted set. When 
diffuse functions are added, one set of functions is 
required for convergence, the second set giving only 
small changes in the magnetizability. The calculated 
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Fig. 3. The geometry dependence of the isotropic magnetizability in Bell as obtained using the symmetric orthonormalization connection. 
Geometrics in au relative to the optimized equilibrium geometry. Magnetizability in units of 10 -3° J T 2. 
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Table 5 
Geometry dependence of the 
beryllium monohydride ion 

energy and magnetizability of the 

Geometry Energy ~Cll ~± ~:i~,, ~:~,,is~, 
displacement 

experimental 15.217553 -613.5 212.5 -62.8  826.0 
0.25 15.213930 -671.5 169.4 - 11{}.9 840.9 
0.15 -15.216370 -645.8 189.6 88.9 -835.4 

-0 .10 -15.217056 633.6 201.0 77.2 -834.6 
0.05 -15.217440 -621.9 207.3 -69.1 -829.2 
0.0 -15.217560 610.7 213.6 61.1 -824.3 
0.05 -15.217447 -600.0 219.7 -53.5 -819.6 
0.10 - 15.217132 589.7 221.6 48.8 811.4 
0.15 15.216640 -580.0 224.8 -43.5 804.8 
(}.25 15.215221 562.2 228.{) -35 .4  790.2 

Geometry displacements in atomic units with respect to the mini- 
mum geometry. All calculations have been performed with the 
RAS-MRCISD(3, 1, 1,/})/118, 11, 11, 4) wavefunction using the 
[8s7p5d4f16s5p4d] basis set. Energies in hartrees and magnetiz- 
abilities in units of 10 -3~j J T 2. 

magnetizability is in good agreement with the 
Hartree-Fock result of Sauer et al., - 2 . 3  × 10 -3o J 
T 2. 

For consistency, the active space was chosen to 
be as similar as possible to the active spaces of the 
BH and CH + molecules. Because of the large basis 
set in Bell this gives us, however, a large number 
of secondary orbitals not present in the other 
molecules. According to the MP2 natural orbital 
occupation analysis, a balanced active space with 
approximately the same number of correlated or- 
bitals as for BH and CH ÷ corresponds to 
(3, 1, 1, 0) / (18,  11, 11, 4). As for BH, we probed 
the importance of  radial correlation by adding one 
more set of s and p functions to Be and H. The 
magnetizability changed from - 6 2 . 8 ×  10 3~, to 
- 6 2 . 4 ×  10 3o j T 2, indicating saturation with 
respect to radial correlation. 

In Table 5 the geometry dependence of the mag- 
netizability is given. Clearly, Bell is a diamagnetic 
molecule. Just as for the other ion investigated, 
CH +, the isotropic magnetizability of Be l l -  in- 
creases with increasing bond length. 

Be l l -  is a prime example where the symmetric 
connection fails. In our first attempt at calculating 
the geometry dependence of the magnetizability of 
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]Fig. 4. The geomctry dependencc of the isotropic magnetizability in Bell as obtained using the natural connection. Geometries in au 
relative to the optimized equilibrium geometry. Magnetizability in units of l0 30 j T-2. 
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Table 6 

The individual  contr ibut ions to thc total isotropic magnetizabi l i ty  of  the beryl l ium monohydr idc  ion at the equil ibr ium bond distance using 

the symmetr ic  and the natural  orbital connect ions  

Contr ibut ion Symmetr ic  or thonormal izat ion Natural 

one-electron expectat ion value 

two-electron expectat ion value 

highest-order  rcor thonormal izat ion 

lowest-order  rcor thonormal izat ion 

relaxation 

total magnct izabi l i ty  

244.1 244.1 

841.6 841.6 

- 74.4 - 74.4 

- 1353178.2 110.1 

1353729.5 719.2 

120.6 - 62.8 

Magnetizabil i t ies in units of 10 3. j T 2. 

this ion we employed the symmetric connection. 
This attempt failed, as seen from Fig. 3 and Table 6. 
Not only did we obtain a totally incorrect geometry 
dependence of the magnetizabili ty with the symmet- 
ric orthonormalization, but the calculated numbers 
are in error by almost a factor of  two! The reason is 
evident from Table 6, where we have listed the 
different contributions to the total, isotropic magneti- 
zability. With the symmetric orthonormalization we 
obtain relaxation and reorthonormalization terms ex- 
ceeding 1 000000. Since the response equations are 
only accurate to 2.0 × 10 3 relative to the norm of 
the perturbed gradient vector, the relaxation term is 
accurate to no more than 5 or 6 digits. Although we 
might try to converge the response equations better, 
it is not at all clear that we would be able to obtain 
results as accurate as with the natural connection. In 
the natural connection, numbers are also accurate to 
5 or 6 digits, but since they are 100000 times 
smaller, this is no problem. A thorough discussion of  
the problems associated with the symmetric connec- 
tion is given elsewhere [22]. 

In addition to numerical stability, another advan- 
tage of  the natural connection is the possibility of 

Tablc 7 

Diamagnet ic  and paramagne t ic  contr ibut ions to the magnet izabi l -  

ity of  the three molecules  investigated, compared  with the 

C C D P P A  results o f  Sauer  et ah 

Molecule This  work  Sauer  et al. 

Bel l  - 7 8 2 . 0  719.2 - 6 2 . 8  - 7 7 5 . 4  773.7 1.7 

BH - 2 9 0 . 2  495.1) 2(t4.7 - 2 9 7 . 3  556.3 259.0  

CH + - 169.3 482.9  313.6  - 172.5 557.5 385.0  

The geometry  is taken to be the experimental  one. All values in 
units of  10 -3(7 J T -2 .  

partitioning the total magnetizability into diamag- 
netic and paramagnetic contributions, as done for 
CH +, BH and Bel l  in Table 7. For comparison, we 
also report in Table 7 the results of Sauer et ah The 
diamagnetic contributions are almost identical to 
those of Sauer et al., but the paramagnetic terms are 
for some reason - possibly related to static correla- 
tion effects - quite different. As noted, the differ- 
ence between the results of Sauer et al. and ours is 
approximately 60 × 10 3o j T-2  for all molecules 
investigated. 

6. Geometry dependence 

The results obtained by vibrational averaging are 
collected in Table 8. The vibrational corrections, 
obtained by averaging over numerically calculated 
vibrational ground state wavefunctions, are small. 
The largest change in the isotropic magnetizabili ty is 
for CH +, but even for this molecule it amounts to 
less than 2% of  the total magnetizability. For BH and 
CH + there are only small changes in the parallel 
component,  and the change due to vibrational aver- 
aging comes from the perpendicular component only. 
For Bel l  , however, there are almost equal but 
opposite effects on the parallel and perpendicular 

Table 8 

Vibrat ional ly averaged magnetizabil i t ies  for  the three molecules  
investigated 

Molecule ~11 ¢ • ~is,, ~IL - ~ • 

Bel l  - 6 0 3 . 5  209.7  - 6 1 . 3  - 8 1 3 . 2  

BH 197.5 402.3  202.4  - 599.7  

C H  + - 114.5 536.8 319.5 651.5 

All values in units of  10 -30 J T 2 
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components, cancelling out for the isotropic magneti- 
zability. Thus, vibrational averaging is in this case 
more important for the anisotropic part of the magne- 
tizability. 

The geometry dependence of the magnetizabili ty 
reveals some unexpected features regarding the 
change in the diamagnetic and paramagnetic contri- 
butions. The paramagnetic term increases almost lin- 
early with increasing bond lengths for all molecules. 
The increase is largest for CH + (46 X 10 30 j T 2) 
and smallest for Be l l  (3 X 10 -3o J T -2 )  when the 

bond has been stretched by 0.25 au. 
For BH and CH + the change in the diamagnetic 

term with increasing bond length is also as one 
would expect, an increase in the absolute value of 
the diamagnetic term of 12 X 10 -3o J T ~ for CH + 
and 1 9 X 1 0  so j T 2 for BH. Due to the extra 
positive charge in CH ÷ the electronic cloud is kept 
under more strict control as the bond is stretched, 
leading to a smaller change in the size of  the electron 
cloud, and therefore also in the diamagnetic term. 
Thus, in CH ÷ the change in the paramagnetic term 
dominates, giving an overall increase in magnetiz- 
ability with increasing bond length, whereas in BH 
the diamagnetic term dominates, giving an overall 
decrease in the magnetizabili ty with increasing bond 
length. 

For Be l l  the situation is somewhat peculiar, as 
the absolute value of the diamagnetic term decreases 
with increasing bond length, giving an overall in- 
crease in the magnetizability. The observed geometry 
dependence is thus almost solely determined by the 
change in the diamagnetic term. One can explain this 
result by the fact that the increased bond length 
results in a stronger attraction between the nuclear 
charge and the outermost parts of  the electron cloud, 
thus effectively reducing its size when stretching the 
bond, and thereby also the diamagnetic term. 

7. Conclusion 

We have presented highly accurate magnetizabili-  
ties for three isoelectronic molecules. Fast basis-set 
convergence and gauge-origin independence has been 
ensured by the use of London atomic orbitals. Large 
multiconfigurational wavefunctions have been em- 

ployed in order to describe correlation effects prop- 
erly. 

It is demonstrated that BH and CH + both are 
paramagnetic in accordance with previous studies of 
Sauer et al. However,  in contrast to Sauer et al., our 
results show that Be l l  is diamagnetic. The effects 
of zero point vibrations are small, less than 2% for 
all three molecules. Our estimates for the magnetiz- 
ability of  the molecules investigated are: (204-207)  
X 10 so j T 2 (BH), (313-318)  X 10 -30 J T -2 

(CH), and ( - 6 2  + 5) X 10 -3°  J T - 2  ( B e l l - ) .  

The use of the natural connection has enabled us 
to calculate separately the diamagnetic and paramag- 
netic contributions to the total magnetizabilities. The 
calculations show that it may be inappropriate to use 
CCDPPA to calculate accurate magnetizabilit ies for 
systems with as large static correlation effects as 
CH ÷, BH, and B e l l - .  
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