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Abstract

We present fully nonadiabatic as well as Born–Oppenheimer calculations of the dipole moments and static polarizabilites of

LiH and LiD. The nonadiabatic calculations are done in a basis of explicitly correlated gaussian functions. The electronic

Born–Oppenheimer values are corrected for vibrational contributions using the numerical Numerov–Cooley method including

all orders of anharmonicity. A comparison between the two methods does not suggest any substantial disagreement in absolute

values or the isotopic differences of the calculated properties.
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1. Introduction

The importance of the nuclear motion in the

electrical properties within the Born–Oppenheimer

(BO) approximation is now fully established [1–5].

Most of the merit of this recognition is due to the

notable work of Bishop [1,6–8]. An elegant and

rigorous method to include the role of the nuclear

movement is to perform fully nonadiabatic calcu-

lations [9–14]. Recently, two of the current authors

have presented benchmark nonadiabatic calculations

of the dipole moment of LiH and LiD [15], the

polarizability of LiH [16], and the polarizability of H2

[17]. In the current work the same methodology is

applied to evaluate the isotopic effects on the

nonadiabatic polarizabilities of LiH. The results

obtained will be compared with their adiabatic BO

counterparts.

The only approximation that the nonadiabatic

procedure makes is the neglect of the relativistic

corrections. Although Avramopoulos et al. [18] and

Norman et al. [19] have shown that the relativistic

corrections can be important for the BO

electrical hyperpolarizabilities, the relativistic cor-

rection to the linear polarizability is always

very small [18 –20]. This correction will be

especially small for the case of LiH, since it

is formed by two of the lightest atoms of the

periodic table.
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The ground state of any isolated non-perturbed

molecule is described by a spherically symmetric

nonadiabatic wave function. However, when the

molecule is under the influence of an electric field

the wave function loses the spherical symmetry and

the molecule tends to orient its dipole moment axis (or

the highest polarizability axis if the dipole moment is

zero) parallel to the field. The nonadiabatic method

used in this work is based on a variational wave

function expanded in a basis set of floating, s-type

explicit correlated gaussians (FSECG) [15,16]. The

mobility of centers of these functions allows them to

accurately describe the perturbation of the electronic

and nuclear density induced by the electric field.

The nonadiabatic electrical properties are obtained

through a finite field method that consists in fitting the

field-dependent energies obtained at several field

strengths to the following Taylor series:

EðFzÞ ¼ E0 2 mzFz 2
1

2
azzF

2
z 2

1

6
bzzzF

3
z

2
1

24
gzzzzF

4
z 2 · · ·: ð1Þ

In this finite field procedure only positive electric

fields are used, since with a negative electric field the

molecule rotates 1808 and has the same energy as with

a positive field of the same magnitude. The exact

reproduction of the experimental dipole moment of

LiH and LiD obtained in a previous work [15]

demonstrated the ability of our finite field procedure

to reproduce the experimental electrical properties.

If the field strengths used in the nonadiabatic

calculations are strong enough, as in the current

work, the LiH/LiD molecule becomes almost com-

pletely aligned with the electric field and the value of

polarizability calculated is comparable to the azz

component of the BO theory. However, if very small

field strengths are used the LiH/LiD molecule is only

slightly orientationally polarized from the fully

spherical state in field-free space, and the polarizability

calculated would be more comparable to the averaged

isotropic polarizability, aZZ ; of the BO theory. In the

current work we use basis functions that effectively

align the molecule with the field for large enough field

strengths (i.e. our functions are eigenfunctions of Ĵz;

where the field is applied along the z-axis; thus our

functions are strictly good eigenfunctions of

the Hamiltonian only in the field). In order to calculate

aZZ directly, we would need to perform nonadiabatic

calculations for very small fields and use basis

functions which could describe with similar accuracy

the polarized system in the field as well as the

increasingly spherically symmetric system as the

field strength goes to zero. If both the low field and

high field calculations are performed, then it would be

possible to extract a polarizability anisotropy ða’Þ

from the purely nonadiabatic calculations, as a’ ¼

3=2ðazz 2 aZZÞ; though this is beyond the scope of this

work. As noted above, it is impossible to calculate the

anisotropy in any other way since in the nonadiabatic

formulation, where the molecule automatically aligns

itself with the external field, there is only one unique

way of applying an external field. This differs from the

BO picture where one can fix the molecule in the

laboratory reference frame and apply fields both

parallel and perpendicular to the bond axis.

The BO equivalent to the nonadiabatic electrical

properties are formed by a sum of the electronic,

vibrational and rotational contributions [8,22]. The

results for the electrical properties of the BH molecule

calculated by Ingamells et al. showed that, compared

with the electronic and vibrational properties, the

rotational contributions are negligible [22]. Therefore,

the BO polarizabilities that we present in this paper

contains only the electronic and vibrational

contributions.

The perturbation theory provides a general sum-

over-states (SOS) procedure for calculating the

electrical properties [21]. If the vibronic wave

functions present in the SOS formulae are calculated

through a nonadiabatic procedure, the electrical

properties obtained will be the exact nonadiabatic

values. A general and rigorous BO approach to

calculate the vibrational dynamic (hyper)polarizabil-

ities was developed by Bishop and Kirtman (BK)

[22–26]. In the BK procedure the vibrational and

electronic contributions are separated by applying the

clamped nucleus approximation [27,28]. Under this

approximation the electronic and nuclear motions are

treated sequentially rather than simultaneously as in

the SOS general formulae. Thus, the electronic

(hyper)polarizabilities only consider the perturbation

to the electron cloud. The vibrational (hyper)polariz-

abilities then take into account the effect of the field

on the nuclear motion.
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In the BK formalism the total hyperpolarizability is

given by

P ¼ Pe þ Pzpva þ Pv
; ð2Þ

where Pe is the pure electronic contribution at the

equilibrium geometry, Pzpva is the zero-point

vibrational averaging contribution, and Pv is the

pure vibrational contribution. The vibrational (hyper)-

polarizability is given by sum of the last two

contributions. Pzpva has its origin in the difference

between the electronic contribution of a ‘clamped

nucleus’ molecule and a vibrating molecule, whereas

Pv comes from the dependence of the vibrational

wavefunction on the external electric field. The final

BK perturbation theory formulae depend on the

electrical property derivatives with respect to nuclear

displacements as well as harmonic and anharmonic

vibrational force constants. The different terms of

Pzpva and Pv are organized as a function of the order of

anharmonicity [26].

The static and/or infinite optical frequency

vibrational (hyper)polarizabilities can also be

obtained through an second procedure [29–33]. The

groundwork of this alternative methodology consists

in expanding the field-free Pv and Pzpva (or the

electronic energy, Ee; and vibrational energy, Ev) as a

power series in the static electric field vector

components. Part of the distortion of Pe and Pzpva

induced by the static electric field is due to the change

of the equilibrium geometry (i.e. ‘nuclear relaxation’)

induced by this field. The expansion of Pe (or Ee)

leads to expressions for the static and/or infinite

optical frequency nuclear relaxation (NR) contri-

bution to the (hyper)polarizabilities ðPnrÞ [30],

whereas the analogous expansion of Pzpva (or Ev)

yields the remaining contribution ðPc2zpvaÞ to

vibrational hyperpolarizabilities [29,31]. A detailed

comparison of Pnr and Pc2zpva expressions with the

BK formulae shows that the addition of both

vibrational contributions are equal to the BK pure

vibrational hyperpolarizability [30]:

Pv ¼ Pnr þ Pc2zpva
: ð3Þ

The NR contribution contains the lowest-order BK

terms while the order of anharmonicity included in

calculations of Pc2zpva depends upon the order of

anharmonicity included in the ZPVA (or Ee)

expression from which this quantity is obtained [30].

In the particular case of diatomic molecules the ZPVA

contribution or the vibrational energy can be calcu-

lated through numerical integration using the

Numerov–Cooley (NC) method [34–36]. The values

obtained with NC are essentially exact in the sense

that they include all orders of anharmonicities, so, the

Pc2zpva contribution calculated from these values will

be also exact. In this work we have followed this

procedure in order to obtain the BO polarizabilities.

Another methodology that would lead to the same

results is the ingenious semi-numerical method of

Ingamells et al. [37]. This method avoids explicit

numerical differentiation of field-dependent

vibrational energies using the available property

functions.

In a recent paper two authors of this work

evaluated the nonadiabatic a of LiH obtaining a

value of 29.57 a.u. [15]. The a results obtained using

5 different basis sets with between 24 and 244

functions showed an excellent convergence respect

to the number of basis set. To our knowledge this is

the only nonadiabatic calculation of a of LiH present

in the literature. On the contrary, there are a few

theoretical studies of the BO azz of LiH which take

into account the vibrational corrections. Bishop et al.

[38] performed a pioneer evaluation of the vibrational

contributions demonstrating that they must be taken

into account in order to obtain an acceptable value of

the polarizability. More recently, Papadopoulos et al.

presented a systematic study of the effect of the basis

set, electron correlation, and anharmonicity on the

electrical properties of LiH [39]. Their best value for

the electronic contribution to azz was 24.24 a.u.,

calculated at the MP4 level, while its best value for the

vibrational contribution was 4.57 a.u., evaluated at the

SCF level. The difference between the sum of these

two contributions (28.91 a.u.) with the nonadiabatic

value could be caused by the lack of correlation in the

vibrational component. The same year, Jonsson et al.

[40] calculated the electronic contribution (26.89 a.u.)

and the ZPVA contribution (1.37 a.u.) to azz for LiH at

FCI level using the Sadlej polarizing basis set [41,42]

as one example of an application of response

functions. Again a direct comparison with the

nonadiabatic value is not possible because the lack

of the pure vibrational contribution. The main aim of

this paper is to obtain accurate enough nonadiabatic

and BO polarizabilities for the LiH and LiD to

M. Cafiero et al. / Journal of Molecular Structure (Theochem) 633 (2003) 113–122 115



evaluate the importance of the BO approximation in

the calculation of electrical properties of these two

molecules.

2. Theory: Hamiltonians

Rigorously speaking, in order to calculate the

interaction of light with matter one must treat both the

matter and light quantum mechanically. Often,

though, it is sufficient to treat only the matter quantum

mechanically and apply a classical treatment to the

light and still obtain accurate results. This is called the

semi-classical approach. In this approximation, one

treats the light as oscillating electric and magnetic

fields. Furthermore, the effects of the magnetic field

on the matter are much smaller than the electric field

effects, and thus it is a reasonable approximation to

ignore the magnetic field. In this scenario the study of

optical properties of molecules becomes the study of

the electrical properties of molecules.

A system of n þ 1 particles of masses Mi and charges

Qi may be described at any point in time by the n þ 1

vectors, Ri;describing the positions of the particles. For

convenience the vectors Ri are collected in R :

R ¼

R1

R2

..

.

Rnþ1

0
BBBBBBB@

1
CCCCCCCA
: ð4Þ

The total field-free Hamiltonian for this system is thus

H ¼ 2
Xnþ1

i¼1

1

2Mi

72
i þ

Xnþ1

i¼1

Xnþ1

j.i

QiQj

rij

; ð5Þ

where rij ¼ lri 2 rjl: In the presence of a static electric

field we add the semi-classical interaction term:

m·1 ¼
Xnþ1

i¼1

1·RiQi:

Note that since we will be dealing with a uniform static

electricfieldonly, we need not include the interactionof

the electric quadrupole of the molecule with the electric

field gradient, etc.

The number of internal degrees of freedom may be

reduced by a transformation to center of mass

coordinates. For example, the system of n þ 1

particles with 3ðn þ 1Þ degrees of freedom is reduced

by a transformation T to n pseudo-particles with 3n

degrees of freedom, described by the position vector r;

with the 3 left-over degrees of freedom describing the

motion of the center of mass, described by the vector,

r0 :

TR ¼

r0

r1

..

.

rn

0
BBBBBBB@

1
CCCCCCCA

¼
r0

r

 !
: ð6Þ

The charges map directly Qi ! qi21 with the charge

on the particle at the center of mass mapping to a

central potential. The masses of the particles Mi map

to the reduced masses Mi ! mi21 with the mass of the

particle at the center of the coordinate system

mapping as: M1 ! M0: Please see the previous work

[15–17] for a description of this center of mass

transformation.

These transformations result in the internal Ham-

iltonian:

Ĥ ¼ 2
1

2

Xn

i

1

mi

72
i þ

Xn

i–j

1

M0

70
i7j

0
@

1
Aþ

Xn

i¼1

q0qi

ri

þ
Xn

i,j

qiqj

rij

2
Xn

i¼1

1·riqi: ð7Þ

This is the Hamiltonian used in the nonadiabatic

calculations described here.

The total untransformed Hamiltonian may alter-

nately be written symbolically as

Ĥ ¼ T̂N þ T̂e þ V̂Ne þ V̂ee þ V̂NN; ð8Þ

where the subscript N denotes an operator that acts on

nuclei, and e denotes an operator which acts on

electrons. In the following discussion of the BO

approximation we will use N to denote the number of

nuclei and ne to denote the number of electrons, where

N þ ne ¼ n: We use this Hamiltonian in the time-

independent Schrödinger equation:

ðT̂N þ T̂e þ V̂Ne þ V̂ee þ V̂NNÞCðrÞ ¼ ECðrÞ: ð9Þ

The solutions to this equation are functions of all

internal coordinates and depend explicitly on
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the distances between all particles, rij: Explicitly

correlated basis functions are used in the nonadiabatic

calculations presented here. We may also seek a

solution of the form

C ¼
X

i

xiðrNÞfiðre; rNÞ; ð10Þ

where fi is a function of the electron coordinates and

depends parametrically on the nuclear coordinates,

and xi is a function of the nuclear coordinates only.

One may take any arbitrary arrangement of the

nuclei and create the so-called electronic Hamiltonian

Ĥe ¼ T̂e þ V̂Ne þ V̂ee þ V̂NN; ð11Þ

and find numerical solutions to the electronic

Schrödinger equation:

Ĥefi ¼ Ee
i ðrNÞfi: ð12Þ

Following standard procedures and substituting the

electronic function back into the total equation we get:

Ee
j ðrNÞxj þ

X
i¼1

kfjlT̂Nlfilxi ¼ Exj: ð13Þ

In the adiabatic approximation, we assume that

rather than find approximate solutions to the

electronic Schrödinger equation for an infinitude of

potential energy surfaces, we chose one potential

energy surface to study. This approximation works

in cases where the electronic excitations are very far

apart in energy. The Schrödinger equation takes on

the form (where we have expanded the term in the

sum):

Ee
j ðrNÞxj þ

XN
k¼1

1

2Mk

ð72
kxj þ kfjl72

k lfjlxj

þ 2kfjl7klfjl7kxjÞ ¼ Exj: ð14Þ

The equation is further simplified by the BO

approximation, i.e. neglecting the second two

terms in the sum:

Ee
j ðrNÞxj þ T̂Nxj ¼ Exj: ð15Þ

Thus we separate the total Schrödinger equation into

an electronic equation (Eq. (13)) and a separate

nuclear equation (Eq. (17)), where the total

wave function is Ci ¼ xiðrNÞfiðre; rNÞ: This is

the approach taken in the BO calculations presented

here.

3. Computational details

The FSECG basis function used in the nonadia-

batic calculations for n particles is:

gkðrÞ ¼ exp{ 2 ðr 2 skÞ
0½LkLk

0^I3�ðr 2 skÞ}; ð16Þ

where I3 is the 3 £ 3 identity, sk is a 3n vector of

‘shifts’ which are variational parameters and Lk is a

lower triangular n £ n matrix of variational exponen-

tial parameters.

The spin-free spatial wave function has the form

C ¼
Xm
k¼1

ckÊgk; ð17Þ

where m is the size of the basis. Ê is the direct product

of the Young operators for all of the sets of identical

particles in the system of interest. This operator

ensures that the wave function obeys the Pauli

principle and ensures the correct permutational

symmetry. For details on the method, see the previous

work [15].

In the nonadiabatic field-dependent calculations,

the wave function is optimized variationally with

respect to the parameters Lk; sk; and ck

E ¼ min
kClĤlCl
kClCl

; ð18Þ

using analytical gradients. This leads to ð3n þ nðn þ

1Þ=2 þ 1Þ optimization parameters per basis function.

The lth order electrical property is calculated

numerically from the definition:

Pl ¼ 2
›El

›l1i

: ð19Þ

The energy was calculated for each basis with several

electric field strengths, 1z ¼ 0; 0.0004, 0.0008,

0.0016, 0.0032 and 0.0064 a.u. and the energy curve

was fitted with a fourth order polynomial in 1i: More

details on these calculations may be found in the

previous nonadiabatic work [15].

In the BO calculations several correlation consist-

ent basis sets were employed, see Table 2 [43]. We

have chosen this type of basis set because they allow
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a systematic improvement of the quality of the basis

set. Additional diffuse functions were added to the

standard atomic basis sets to accurately describe the

electrical properties [44]. The basis set labeled S1 is

formed by the correlation consistent basis sets with

the highest X for H and Li (cc-pVXZ) available in the

EMSL Gaussian Basis Set Order Form web page [43].

All the field-free and field-dependent BO ab initio

calculations were performed at CCSD(T) level, with

only the exception of the equilibrium geometry

optimizations which were carried out at QCISD

level [45]. We used the GAUSSIAN 98 suite of

programs [46] for both types of ab initio calculations.

The BO electronic dipole moments and longitudi-

nal components of the static polarizabilities were

calculated by numerical differentiation of the field-

dependent electronic energy with respect to an electric

field. The numerical differentiation was carried out for

fields of 0.0004, 0.0008, 0.0016, 0.0032 and

0.0064 a.u. The smallest magnitude field that pro-

duced a stable derivative was selected using a

Romberg method triangle [47].

The longitudinal component of the total BO

contribution to the dipole moment and static polariz-

abilities (i.e. Pe þ Pzpva þ Pv) was calculated from

field-dependent BO total energies using the Finite Field

method [29,31]. In order to obtain the field-dependent

BO zero-point-energies (i.e. Ee þ Ev) we first evalu-

ated the shape of the PES by computing the electronic

energy at 52 different bond distances between 2.462

and 3.992 a.u. Secondly, we used the PES as input for

the LEVEL 7.4 program [48] to obtain the total BO

energy. The numerical stability of this procedure with

respect to density of the grid and the values of extreme

bond distances was checked. As in the numerical

determination of the electronic dipole moment and

static polarizability, we set up a Romberg method

triangle for the electric fields ^0.0008, ^0.0016,

^0.0032, ^0.0064, and ^0.0128 a.u. to obtain the

stable derivative with the smallest numerical error.

4. Results

4.1. Nonadiabatic calculation

The nonadiabatic calculations presented here

employed basis sets with 24, 64, and 104 terms. It

has been shown in the previous work [15,16] that as

many as 144 terms are needed to achieve a good

convergence of the dipole moment and alpha, but as

may be seen in that work, the polarizability value for

the 104 term basis set is in error with the converged

value by only 0.5%.

The basis sets used in these calculations have the

same strengths and weaknesses discussed in the

previous work [15,16], and have been shown to be

adequate. However, an improvement in this method

has been made in the fitting used to obtain the

numerical derivatives. In the previous work, the

number of data points used in the fit allowed only

enough degrees of freedom to define the fit, i.e. three

points for a second order fit, etc. In the current work,

we use more data points (six points), that is, field-

dependent energies at higher and lower fields than

were used in the previous work, and fit to a fourth

order polynomial. This also allows us to determine the

size of the numerical error in the nonlinear regression.

The results of the calculations, presented in Table 1,

show the same systematic decrease in dipole moment

and increase in polarizability as was shown in the

previous work. The dipole moments are invariant to

the number of data points used and the fit employed,

as the values presented here are identical to the values

presented in the previous work [15]. On the other

hand, the values of the polarizabilities for LiH are

slightly different. This is due to the larger number of

points used and the higher order fit. The changes in the

values are all less than 1%, and the values presented

here are more accurate and more stable than the

previous values. The numerical error in the dipole

Table 1

Values of nonadiabatic dipole moments ðmÞ; and polarizabilities

ðaÞ; for LiH and LiD calculated at various expansion lengths (m).

All values are in atomic units

m mz azz

24 LiH 2.4048 24.23

LiD 2.3985 23.84

64 LiH 2.3393 28.63

LiD 2.3343 28.17

104 LiH 2.3261 29.61

LiD 2.3211 29.22
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moments obtained is less then 0.001 the numerical

error in the polarizabilites is less than 0.1%.

The best value of the nonadiabatic polarizability

presented here is 29.61 a.u., which is slightly larger

than the best value from the previous work 29.57 a.u.

It is expected that a study with the larger basis sets of

the previous work with the larger number of field

strengths used here will result in a polarizability

slightly larger than that presented here, though the

difference is estimated to be only about 1% at most.

The isotopic difference in the dipoles for each basis

is roughly the same as that predicted in the previous

work, and is about 0.005 a.u. This difference is upheld

in the experimental dipole moments [49]. The isotopic

differences in a are about 0.42 a.u. averaged over the

basis sets, with the best value for this difference being

0.39 a.u.

4.2. Born–Oppenheimer calculations

In Table 3 we show our results for the pure

electronic contribution to the dipole moment and

longitudinal static polarizability calculated at the

fixed bond distance of 2.995 a.u., and at the

corresponding equilibrium bond distance of each

basis set. One of main goals of these calculations

was to perform a systematic study the dependence of

the electrical properties of LiH on the basis set.

For the case of the fixed geometry, both dipole

moment and longitudinal electronic polarizability

show a clear convergence in the correlation consistent

aug-cc-PVXZ basis set with respect the increment of

X (see Table 1 for the definition of the basis sets used).

The comparison of the T1 and Q1 with T3 and Q3

results shows that only the H atom needs diffuse

functions to accurately describe the electrical proper-

ties of LiH. This is due to the strong polarization of

the electronic density towards H. Furthermore, the

comparison of the T1 and Q1 with the T2 and Q2 data

illustrate that saturation of the diffuse functions is

easily achieved.

Due to computational limitations, the highest

angular momentum basis functions were removed

from the F1 and S1 basis set. In order to evaluate the

effect of this approximation we calculated me
z and ae

zz

at CCSD(T) level using F2 and F3 basis sets (Table 2),

and obtained very similar values (i.e. 2.28756 and

2.28757 a.u. for me
z ; and 25.018 and 25.026 a.u. for

ae
zz; respectively) with both basis sets. Thus, we can

conclude that the elimination of these basis functions

is an acceptable approximation to the corresponding

complete correlation consistent basis set for the

calculations presented here.

Due to the high dependence of equilibrium bond

distance ðReÞ on the basis set, the values of me
z and ae

zz

calculated at the Re presented in Table 3 have a poorer

convergence that their counterparts computed at fixed

geometry. Nevertheless, the results of the F1 and S1

show an acceptable agreement. For the fixed geometry

me
z and ae

zz the diffuse functions in Li can be neglected

Table 2

Basis sets used in the LiH and LiD BO calculations [43]

H basis set Li basis set No. of orbitals

T1 d-aug-cc-pVTZ cc-pVTZ 62

T2 t-aug-cc-pVTZ cc-pVTZ 71

T3 d-aug-cc-pVTZ d-aug-cc-pVTZa 94

Q1 aug-cc-pVQZ cc-pVQZ 101

Q2 d-aug-cc-pVQZ cc-pVQZ 117

Q3 aug-cc-pVQZ aug-cc-pVQZa 126

F1 aug-cc-pV5Z(-g)b cc-pV5Z(-h)c 142

F2 cc-pV5Z cc-pV5Z 146

F3 cc-pV5Z(-g)b cc-pV5Z(-h)c 126

S1 aug-cc-pV6Z(-gh)d cc-pV5Z(-h)c 158

a The diffuse functions of the B atom have been used.
b The g basis functions were removed from this basis set.
c The h basis functions were removed from this basis set.
d The g and h basis functions were removed from this basis set.

Table 3

Longitudinal CCSD(T) electronic dipole moment and static

polarizabilities of LiH and LiD calculated at the fixed bond distance

of 2.9945 a.u. and at the equilibrium bond distance of each basis set.

All quantities are in a.u.

Basis set R ¼ 2:9945 Equilibrium geometry

me
z ae

zz Ra
e me

z ae
zz

T1 2.2971 25.66 3.002 2.3003 25.79

T2 2.2973 25.67 3.002 2.3003 25.79

T3 2.2969 25.69 3.002 2.2999 25.81

Q1 2.2931 25.42 2.971 2.2833 25.02

Q2 2.2930 25.43 2.965 2.2807 24.94

Q3 2.2931 25.44 2.968 2.2819 24.99

F1 2.2895 25.41 3.006 2.2941 25.60

S1 2.2895 25.40 3.000 2.2918 25.50

a Calculated at the QCISD level.
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and it is easy to reach saturation of diffuse functions

on H.

Our best result for the electronic dipole moment,

2.2918 a.u., is nearly identical to the vibrationless

experimental estimation of 2.293 a.u. obtained by

Rothstein [50] and to accurate theoretical values

obtained by Bishop and Cheung (2.2917 a.u.) [51] and

Roos and Sadlej (2.2921 a.u.) [52]. The small

differences with the other values of literature (see

for instance Ref. [33] and references therein) are due

to the large dependence of the ab initio values on the

basis set and Re: For the longitudinal electronic

polarizability our best result is 25.50 a.u. Papadopou-

los et al. obtained a value for LiH ae
zz of 24.24 a.u.

calculated at MP4 level [39]. In the literature there are

several other published data which have been

commented on in detail by Papadopoulos et al. [39].

As an example, we want to mention the value of

26.36 a.u. obtained by Bishop and Lam at the MCSCF

level [53]. Our best value is within the range of the

theoretical results of the literature that take into

account electron correlation.

The results obtained for the BO total dipole

moment and longitudinal polarizabilities and their

vibrational contributions for LiH and LiD are shown

in Table 4. As with the electronic contributions, the

total values also exhibit an important dependence with

the basis set. The results obtained for the two largest

basis sets have a relative error smaller than 0.1%

for mz; and 0.4% for azz: For the longitudinal

polarizability, the basis set convergence is achieved

for the vibrational contribution sooner than for the

total property. Albeit the vibrational contribution to

the dipole moment for LiH and LiD represents less

than 1% of the total dipole moment, it has to be

included in order to reproduce the experimental dipole

moment. For the polarizability the sum of the ZPVA

and pure vibrational contribution contribute more than

12% of azz: As expected, the vibrational contributions

of LiD are smaller than their counterparts for LiH. For

our best BO values the difference between the LiH

and LiD dipole moment and longitudinal polariz-

ability are 0.0053 and 0.33 a.u., respectively.

5. Conclusions and future directions

A comparison of the best BO results with the best

nonadiabatic results obtained in this work and from

the previous work [15,16] do not show a substantial

difference. The best dipole moments obtained with

each method agree to within about the experimental

uncertainty. It has been shown here that in the

nonadiabatic method the values of dipoles are

converged with respect to number of electric field

strengths and fit, so it is safe to say that the best

nonadiabatic dipole moment and the best BO dipole

moment each agree with experiment fairly well. The

isotopic differences in the dipole moments of LiH and

LiD are 0.005 a.u. in both methods, which agrees with

the experimental difference.

The BO longitudinal polarizability obtained here

seems to converge to a number around 29.5 a.u., with

the value obtained with the largest atomic orbital basis

set is 29.43 a.u. The best nonadiabatic value obtained

in the previous work, 29.57 a.u. is slightly larger than

this value, and with application of larger field

strengths will likely increase by about 0.5–1%. This

difference may be attributable to the difference in

correlation used in the calculations (for example, the

lack of quadruple excitations in the level of

correlation used here), or in the somewhat fickle

nature of the atomic orbital basis sets with respect to

polarizability. The isotopic differences between the

isotopomers is about 0.34 a.u. for the BO calculations,

and about 0.39 a.u. for the nonadiabatic calculations.

This difference is probably not attributable to

nonadiabatic effects, and again may result from

Table 4

CCSD(T) total and vibrational dipole moment and total and

vibrational longitudinal static polarizabilities of LiH and LiD. All

quantities are in a.u.

Basis set mz m
zpva
z azz a

zpva
zz þ av

zz

T1 LiH 2.3219 0.0217 29.84 4.06

LiD 2.3165 0.0162 29.50 3.71

Q1 LiH 2.3055 0.0222 28.97 3.95

LiD 2.2999 0.0166 28.63 3.61

F1 LiH 2.3148 0.0206 29.54 3.94

LiD 2.3096 0.0154 29.21 3.61

S1 LiH 2.3128 0.0211 29.43 3.94

LiD 2.3075 0.0158 29.10 3.60

mv is always null by definition.
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differences in the level of correlation used and basis

set effects.
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