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The dipole polarizabilities of the groundX" and the lowest-lying A+ singlet states of LiH and NaH have

been investigated at the ab initio level by using the time-dependent gauge invariant method (TDGI). For the
ground-state dipole polarizability of LiH and NaH, and the tripl&faexcited state of LiH, an alternative
method, namely, the coupled cluster with single, double, and a perturbative treatment of the connected triple
excitations (CCSD(T)), has been computed for comparison. We found that the long in-plane conepgnent

of the excited A" state of NaH exhibits an unusual calculated negative value, due to the large negative
contribution of theX'>* state. At the TDGI level, the convergence of the calculated electric properties with
respect to the number of the spectroscopic states has been carefully investigated. The dipole polarizability
components as a function of the diatomic distances up to dissociation have also been computed. The results
obtained are particularly relevant to the understanding of the variation of the polarizability for small and
large internuclear distances. The properties computed in this work are in very good agreement with the
experimental and theoretical data available in the literature. With regard t6Xhead A'=" excited states,

most of the calculated electric properties are new for LiH and NaH.

I. Introduction regard to the excited states, for the sake of comparison, the

One of the interests in studying electronic properties of atoms polarizability of the lowest triplet &* stat_e has also bgen
and molecules is the importance of these quantities in different clculated through the CCSD(T) method implemented in the
models of interacting systerdsS In contrast to ground state ~ Gaussian 98 packagéThen, in the case of LiH, the polariz-
electric properties, which in most cases can be obtained with ability components of this lowest but dissociativ& & excited
high accuracy both by experiment and theory, experimentally State have been computed for five different internuclear distances
determined excited state properties are less commonly availableat both TDGI and CCSD(T) methods. Finaly, the dependence
and generally of lower accuracy. In fact, most of them arise of the polarizability on internuclear separation has been
from the study of molecular spectra in solutions, and their eval- investigated, in more detail for the associativi&X and ALZ*
uation heavily depends on the assumed model of sohsaitite states.

interaction$ 10 Recent progress in Iaser Stark specthSé_bW The pseudo-potential approach including core-valence cor-
has made possible the determination of ground to excited state

. . —relation has been used. Because it is possible for these systems,
property differences in some cases, but such measurements stﬂi

m difficult t rform routinelv. This situation iustifi ven ontaining a small number of valence electrons, to fully treat
see cult to perform routin€ly. This situation JUStlies even o |4 16nce shell, very accurate oscillator strengths and transition
more the need for accurate theoretical results. Moreover, because

: ; . energies needed for the calculation of the polarizability can be
excited-state electric properties of atoms or molecules may be hieved at I tational ¢ On the other hand
quite different from those in their ground state, interactions achieved at a small computational cost. ©n the other hand, we

involving electronically excited atoms or molecules may also "@ve shown in an earlier previous paefevoted to the ground
be considerably different from those in the ground electronic @nd excited states polarizabilities of Na and K atoms and to the
state. Thus, knowledge of the electric properties for atomic or evaluations of the van der Waals coefficients for the interacting
molecular excited states should be as important as they are forPairs Na-Na, K—K, and Na-K that the use of pseudopotentials
atoms and molecules in their ground electronic state. including core-valence correlation yields oscillator strengths in
In previous paper¥17 we have shown that the time- very satisfactory agreement with previous all-electron results
dependent gauge invariant (TDGI) approach is an efficient and and experiments but generally slightly overestimated. Thus, a
reliable method for calculating ground and excited states correction of oscillator strengths has been taken into account
polarizabilities of atoms and the ground state of molecules. More in this work through the use of modified transition operator as
recently’®-2% it is shown that this method is also suitable for proposed by Hameed et %12°
an accurate prediction of the polarizability of the low-lying
excited states of kj Na, NaLi, and K. In this work, we propose
reliable values of the polarizabilities of the ground=xX and
low-lying A= and &= excited states of LiH and NaH. With

In section I, we briefly present our computational method.
The numerical results including values for the transition
energies, oscillator strengths, and electric dipole polarizabilities
are presented, discussed, and compared with earlier theoretical

* To whom correspondence should be addressed. E-mail: mohammadou.and experimental results in section IIl. Unless stated, atomic
merawa@univ-pau.fr. units are used throughout this paper.
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TABLE 1: First Oscillator Strengths (fik) and Vertical Transition Energies (AEix) Needed in the Calculations of the TDGI
(Pseudopotential) Dipole Polarizabilities of the Ground (XX+) and Excited (A'X") States of LiH, at Their Respective Calculated
Equilibrium Geometry of 1.604 and 2.559 &

transitions AEik fix transitions AEi fix
Xzt — Al 0.129880, 0.1%0794 0.246 XSt — (D)UT 0.167375, 0.12‘903’6 0.620
0.132550.131 0.169750.169
0.1319¢0.129% 0.171820.1671%0.200549
X1z — 31+ 0.214765, 0.22289%4 0.066 Xt — (21 0.235162, 0.262888 0.006
XIZt — 415 0.228296 0.010 Xt — (3)U1 0.237585 0.122
Xzt —5ixt 0.235258 0.122 Xt — (41 0.263958 0.001
ALZt — XIz+ —0.077167 —0.537 AST — ()T 0.038316 0.204
AT — 33+ 0.091837 0.225 At— )1 0.108110 0.013
ALZT — 415+ 0.096602 0.853 At — )1 0.110597 0.280
AlSt — Git 0.108206 0.100 At — (4)T1 0.136912 0.004

a All quantities are given in a.l.Reference 39: Experimental valueReference 14: All electron calculation, at experimental equilibrium bond
distance of 1.5955 Ad Reference 41: Multireference coupled cluster calculatiéReference 42: MCSCF calculatiori®Reference 43: MCTDHF
calculations9 Reference 44: Algebraic approach.

Il. Method and Computational Details core polarization potential operator is defined as in Meyer's

. o o initial formulation®
In this work, we use the TDGI method, which is a variation-

perturbation method with an original expression of the first- 1 .
order wave function1[] including a first degree polynomial Vepp=— ‘Zaifi'fi
function?® and taking into account correlation effects as 24
described in detail elsewhete!® In short the construction of
the first-order wave functiomll] which needs in addition to
the polynomial functiorg(r), the use of a combination of true
spectral stateg, and a quasi-spectral serigg, is given by

wheref; is the electric field at core with a core polarizability

o;. We followed the extension of Meyer’s approach proposed

by Foucrault et a! with an I-dependent cutoff functiof(ri,

p!) (rij being the distance between the coend an electroi,

N M p! the I-dependent cutoff radius) suitable for the study of

110= g(N)lypo+ S by, O ZOC”‘|¢”‘D excited configurz_ations. For the present two_-va_lence e_Iectron
& systems, the excited states are full configuration interaction (CI)

functions. The cutoff parameters were fitted on the first transition

The expansion coefficients are obtained variationally. The energies of Li and Na. Each value of the cutoff radius is obtained

polarizabilitya is then related to the second-order perturbation independently by fitting the firstS P, and®D energy levels
energy. to experimental dat& The resulting values ayg2s)= 1.434y,

ep(2p) = 0.97%y, and p(3d) = 0.60( and p(3s) = 1.436,
0(3p) = 1.10G, and p(3d) = 0.64Cx, for Li and Na atoms,
respectively. The Gaussian-type orbital (GTO) basis sets for Li
and Na built from Jeung’s original basis sét&'are taken from

ref 28 and 35. These basis sets including more diffuse functions
consist of contracted [7s,5p,3d,1f] and [7s,5p,5d,2f], for Li and
Na, respectively. Because of the fitting process, the most diffuse

n=

We have shown that the use of such a function ensures “gaug
invariance” simulates part of the continuum contribution and
partly corrects the restricted number of states in the construction
of the first-order wave function, giving rise to a consistent
method which is suitable for the calculation of the ground as
well as excited states dipole polarizabilities of atoms and
molecules. In fact, for nondegenerate molecular excited Statesexponents have been slightly modified.
considered in this study, the general formalism underlying the  Aq mentioned earlier, a correction of the oscillator strengths
concept and calculations of electric properties remains virtually 155 been taken into account as proposed by Hameed“al.
the same as that for the ground electronic state. In fact, a modified transition operator defined as

Electron correlation effects on the electric properties have
been taken into account by means of the multireference second- ui=—r+ Zacfc(i)
order many-body perturbation theory through the configuration ]
interaction selected by the iterative process (CIPSI) algorfthm.

Single and double excitations relative to the multireference were gives an effective valence electron expression for the oscillator
included to separately build the first excited states of each strengths

symmetry. Static dipole polarizabilities have been computed by

including in the first-order wave function the 21 low-lying N

spectroscopic states of each symmetry and taking into account fox = 20| Z“ikaEOk

the quasi-spectral series and the first degree polynomial function. '

Thus, the convergence of the calculated properties with respectl/)0 andyy are valence electron wave functiohsis the number

to the number of spectroscopic states can be investigated, agfyalence electrons, amiEqy is the transition energies between
well as the evaluation of the contribution of each spectroscopic the two states. This correction slightly decreases the oscillator
state to the dipole polarizability components. This will therefore strengths, making them consistent with experiment and all-
support the accuracy of the converged values. Except for theg|ectron calculations.

dissociative &* state of LiH, the final polarizability values CCSD(T) all electron calculations have been carried out by
have been performed at optimized nuclear geometries. using the basis set of contracted Gaussian functions developed

Pseudo-potential calculations with core polarization potential for the purpose of accurate high-level-correlated calculations
(CPP) of Poteau and Spiegelmé&hrand that of Durand-  of electric properties by Sadlej and Urb®nThe s-, p, and
Barthelat?® for Li and Na, respectively, have been used. The d-type Gaussian-type functions (GTFs) consist of (10s6p4d)
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TABLE 2: First Oscillator Strengths (fix) and Vertical Transition Energies (AEi) Needed in the Calculations of the TDGI
(Pseudopotential) Dipole Polarizabilities of the Ground (XX+) and Excited (A'X") States of NaH, at Their Respective
Calculated Equilibrium Geometry of 1.913 and 3.213 A

transitions AEi fix transitions AEik fix
Xzt — AlZt 0.115700, 0.103522 0.621 XSt — ()UT 0.150858 0.684
Xzt — 313+ 0.185067 0.062 Xt — (21 0.202959 0.095
XIZ+ — 413+ 0.195251 0.094 Xt — (31 0.208535 0.071
X1zt —5iy+ 0.202904 0.023 Xt — (41 0.227164 0.001
AlZT — X1zt —0.055916 —0.945 AST — (1)1 0.042911 0.239
AlSt — 3+ 0.076583 1.466 At— 2 0.096576 0.378
ALZt — 413+ 0.083028 0.009 At— Q)1 0.101336 0.0001
AlZt — Bzt 0.096227 0.149 At— (4 0.120324 0.006

2 All quantities are given in a.l’.Reference 40: Experimental value.

TABLE 3: Dipole Polarizabilities (a.u.) of the a3* State of LiH, Calculated by Using the TDGI (Pseudopotentiel) and the
CCSD(T) (All Electron) Methods

R(A) Oy Oz a Ao

1.005 270.05,269.24 (<1%) 71.24273.04 (2.5%) 203.78.203.84 —198.812 —196.2
1.604 261.12,266.54 (2%) 79.42281.74 (3%) 200.55204.924 —181.702 —184.8
2.328 207.06,212.78 (3%) 107.0C* 110.82 (3.5%) 173.62178.8(% —100.002 —101.9
3.704 170.49,173.6% (2%) 151.2R 154.73 (2%) 164.082167.32 —19.222-18.9
6.350 168.14,172.36 (2.5%) 170.003,173.00" (2%) 168.762172.57 1.8620.64

aTDGI: pseudopotential calculationsCCSD(T): all-electron calculations.

contracted to [5s,3p,2d] and (13s10p4d) contracted to [7s,5p,-
2d], for Li and Na, respectively. The contracted-Gaussian-type
functions set of hydrogéh consists of (10s6p).

TABLE 4: Contributions of the Low-Lying Spectroscopic
States to the Parallel ¢, and Perpendicular (o) Dipole
Polarizability Components, of the Ground XX+ and Excited

AIXT States, at Their Calculated Equilibrium Geometry

LiH
Ill. Results and Discussion tate ot auXi)p it ot (XD
A good description, with a correct ordering, of the close- Alst 14.58 (54%) (B 22.13 (74%)
lying excited states are crucial for a good estimate of the excited- 3Z" 1.43 (5.3%) (211 0.11 (0.4%)
state polarizability. The calculated vertical excitation energies ‘5"1§+ g'%g Egg)/z;/") (%E g'(l)? g'gz/?,%)
for the ground X=* and excited AS* states of LiH and NaH ' ' ]
are given in Tables 1 and 2. Good agreement is found with state corft 0zAAZ)P state cort  ox(AX)°
experiment’*%and theoretical datd:**44 The computed verti- Xzt —90.2 (-156.6%) (1)1 139 (78.4%)
cal excitation energies for the first low-lying transitions are 32" 26.68  (46.3%) (201 111 (0.63%)
within 5—7% of the experimental values. One could anticipate gé+ gé:gg ((ﬁ%f’) ((f;)g 23:2513 (((1)2120//3
the large energy gaps in the case of the ground state to work as
a stabilizing factor leading to a rapid convergence of the NaH
polarizability components, whereas for thé3X excited state, state cot  ozAX'Z)P state cort  ax(XZ)P
the energy gaps are significantly smaller and errors in excitation Ats+ 46.41 (80%) (B 30.06 (73%)
energies might strongly affect the accuracy of the polarizability 3121 181 (3-12/0) (211 231 (5-5ZA1)
components. The calculated eqyil[brium distance of 1.604 A, 31§+ g:gg E‘ll:gcﬁg 8% é:gg 8:8‘@))
found for the X=* ground state is in perfect agreement (1%)
with the value of 1.594 914 A, measured by Yamada et Hitota.  state cortt 0AAZ)P  state cort  ox(ALD)P
This provides a reliable criterion of the quality of the wave xis+  —302.2 188.9%) (L)1  129.8 (68%)
functions used. 312: 250.0 (15603%) (2‘)_[ 40.5 (21.30/1()’)
The polarizability components of thé% state of LiH, as a ;‘@ 1(13'851) ((?'020/.05)%) ((323 8:21 Eg;gﬁ}f’)”’)

function of internuclear separation, computed at both TDGI and . o ] S ]

CCSD(T) methods, are collected in Table 3. The agreement Contributions to dlpole _p_olarlzablllty component$ercentage Wlth_

between the two methods is excellent. and all of the TDGI respect to total pol_arlzablllty component (Table 4), calculated_wnh
- o ’ e twenty spectroscopic states and taking into account the polynomial and

polarizability componentsogzo..) compare very well withina  guasi-spectral series contributions.

deviation less than 3.5%, with the CCSD(T) values.

Contrary to the polarizabilty of the ground state which
involves only positive contributions of the close-lying excited
states of appropriate symmetry, in the case of excited states,
there may also be negative contributions to a polarizability
component, which may even lead to an overall negative value
of the component. By using the excited states linear response
(LR) method, Jonsson et & have found for the B\, excited
state of formaldehyde a mean polarizability valuewcf —117
au, due to the large polarizability,x = —621 au component,
with a,; = 58.7 au andy,y = 212 au.

In this study, LiH and NaH having both at equilibrium
geometry, for thea,{A=") component a large negative
polarizability contribution (see Table 4) of the!X" state to

o(AZT), however, exhibit two different situations. In the case
of LiH, this negative contribution value 6f90.2 au, is entirely
compensated by the positive contributions of the above close-
lying excited states, giving rise to a positive converged value
of a,; = 57.69 au. In contrast, for NaH, because this large
negative contribution value{302.2 au) is not compensated by
the positive contributions of the states above tH&Astate,

the total converged value is found to be negatiug; = —16.0

au. Thus, the final sign of the total polarizability component of
an excited state depends on the balance between positive and
negative contributions of the states above and below the state
of interest.
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% : ' : Figure 2. Dipole polarizability components of the!X* and AlS*

0 5 10 15 2 states of LiH as a function of interatomic distance, calculated with the
TDGI and CCSD(T) methods.

L ] . L .
A calculations with single, double, and a perturbative treatment
of the connected triple excitations (CCSD(T)), is excellent for

\ the two systems.

To the best of our knowledge, the excitedSA state dipole
0, . polarizabilities of LiH have been previously calculated only by
Jonsson et &F By using the cubic response calculations, when
considering the A=* state as a reference state, they have found
for the parallel component the value of 138.4 au, at the ruby
ol laser frequencyd = 0.0656 au). This value has to be compared
with the TDGI value of 149.0 au, when the large negative
contribution of theX!=" state has not been taken into account.
As expected, thet,; and o polarizability components of the
AZT state are quite different compared to that of the ground

Sor TN 1 state. At optimized equilibrium geometries of 2.559 and 3.213
/ A, for LiH and NaH, respectively, the TDGI converged values
/ Oy for the parallel ¢, and perpendicularofy) components are

/ 0z, =57.69 andou =177.27 au, for LiH, and,;=—16.0 and
ol axx =190.6 au, for NaH.

We have computed the polarizability components, ),
L L : the polarizability anisotropyXa), and the mean polarizability

0 ° 0 R ? (@) as a function of internuclear separation. Their variations
Figure 1. Convergence of dipole polarizability components of LiH  with respect to the internuclear distances for tAEXand A=+
with respect to the number of spectroscopic states, calculated at thestates, for LiH and NaH, are presented in Figureg2For the
TDGl level. ground state, at small interatomic separationotheurves have
) o a maximum corresponding 8 = 2 x Req This maximum,

As noted earlier, the convergence of the polarizabilty versus §,e to dipole-induced dipole effects, corresponds to an optimal
the number of spectroscopic states has been studied (see Figurgombination of a large bond length with still sufficient overlap
1 for LiH). A glance at this figure shows that, for each o produce efficient charge transfer. Such behavior has also been
component, convergence is practically reached with fifteen found for the ground state of 4,iNa, and K dimers from the
spectroscopic states. Moreover, it is also clear that the main q|culations of Miler and Meye®’ for H, from the calculations
contributors to the total polarizability components are the first of Kolos and Wolniewic® and for the ground state of LiH
five low-lying spectroscopic states. We have collected in Table and H, from the calculation of Hyams et & The o, component
4 the contributions of the close-lying spectroscopic states to of the excited AX* state also presents a maximunRet 2 x
the polarizability components of the'X* and AZ* states of R, but exhibits a minimum value which correlates practically
LiH and NaH. In Table 5 are listed our final dipole moment with the maximum of thex,, of the ground X=* state, at the
and polarizability values, together with a selection of literature same internuclear distance. Obviously, this is not surprising
data. Excellent agreement with the best available'¢i4t4s47 55 because, for this component, the negative contribution of the
is found for the ground %t state. The agreement between polarizability of the X+ state to the polarizability of A&+
the dipole polarizability of LiH and NaH, calculated by using has its largest value at this maximum.
the TDGI method with a pseudo-potential approach including At large interatomic distances, the polarizability components
core-valence correlation and the coupled cluster all-electron oz, andayy of the XI=* state of LiH and NaH tend to the sum
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TABLE 5: Atomic (H, Li) Dipole Polarizabilities and Molecular ((LiH, NaH) X X+ Al¥X*) Static Dipole Polarizabilities (a.u.), at
Their Corresponding Equilibrium Geometry (equil) and Dissociation (diss) [Comparison with a Selection of Literature Values].

system states Ozz Olxx a
H 1°S 4.487, 4.487 4.487, 4.487 4.487, 4.487
Li 223 165, 168 165, 168 165, 168 1640 164.5 164.0+ 3.4
22p 109 118 115
Na S 163, 166 163, 166 163, 166 165.06 162.7+0.8
3P 532 270 357
system states u Ozz Olxx a Aa
LiH X1z t-equil —2.284 27.04 29.96 28.99 —-2.92
—2.3079 —2.30% 26.619 26.68 29.629 29.66 28.61928.67 —3.019 —2.98¢
—2.31337 —2.310 26.08"26.92 29.75029.84 28.53" 28.87 —3.67"—2.93
—2.294] —2.294 26.15} 25.7% 29.70829.5% 28.52¢28.3k —3.55¢ —3.7&
—-2.311m 26.3!26.36" 29.3!29.76" 28.3!28.63" —3.0/ —=3.4m
Xz t-diss. 0.0006 169.10 169.20 169.20 —0.10
AlZr-equil 1.185 57.69 177.27 137.41 —119.58
AlZ*-diss. —0.0011 112.73 122.98 119.56 —10.25
NaH X1Zt-equil —2.629 58.01 41.37 46.92 16.64
—2.5199 —2.624 54.6958.3 40.1939.6 44.9945.8 14.5918.#
—2.514i —2.520 58.24156.53 39.51139.97 45.75} 45.49 18.73116.56
—2.518+0.27%
X1z t-diss. 0.0015 187.70 184.00 185.20 3.70
ALZ-equil —0.342 —16.01 190.60 121.73 —206.60
A= *-diss. 0.0002 536.50 293.70 374.70 242.80

aThis work: CCSD(T) all electron calculatiodReference 60: CCSD(T) calculatiohReference 61: CCSD(T) calculatiohReference 62:

CCSD(T) calculation® Reference 63: Experimental valddreference 64: Experimental valu€This work: CCSD(T), computations performed
by correlating two electron$.Reference 14: TDGI all electron calculatidiReference 49: CCSD(T)Reference 50: Full-Cl calculationsReference
51: CCSD(T) calculationd.Reference 52: CASSCF calculatioffsReference 53: MCSCF calculatiorisReference 46: QCISD(T) calculations.
° Reference 47: Experimental value.

T T T T 5000 T T T T T T T
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w500 | Op A Y |
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o, (X'Y) u(1s,H) +0(3s,Na)
500 : L . : ' y '
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Figure 3. Isotropic () and anisotropicAa) dipole polarizabilities of
the XX=* and A'=" states of LiH as a function of interatomic distance,
calculated with the TDGI method.

Figure 4. Dipole polarizability components of theX" and A=+
states of NaH as a function of interatomic distance, calculated with
the TDGI method.

of the isotropic dipole polarizabilities of the corresponding atoms izabilities for the corresponding atoms calculated with the
in their ground £S) state, namely(1°SH) + a(2°SLi) = 169.1 basis sets extracted from molecular basis set are collected in
au ando(1°SH) + a(32SNa) = 187.7 au (not totally dissoci-  Table 5.

ated). The anisotropfia. = a,; — 0 falls to zero (see Figure

3), the isolated alkali-metal atom and hydrogen being isotro- IV. Conclusion

pically polarizable (S states) in their ground state. In the case

of the AIX" state which involves the alkali-metal atom in its  he polarizability for the AS* excited states of LiH and NaH.
excited ¢P) state, with anisotropic polarizability, the,,; and We have first shown that the TDGI method with a pseudo-
axx components tend at large interatomic distances to two potential approach including core-valence correlation yields
different values converging @(1°SH) + 0,{2?P, Li) = 115.33 polarizability values of the ¥+ state in very good agreement
au, a(12SH) + 043%P,Na) = 536.5 au anda(12SH) + with the best values obtained from high-correlated methods.
0 22P,,Li) = 122.8 aua(12SH) + ox(32P,Na) = 293.7 au Second, we have investigated the excited-state properties with
(not totally dissociated). The ground and excited states polar- a carreful check of convergence in order to provide reliable

One of the main purposes of the present work was to calculate
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values for the AX* excited state of LiH and NaH. As expected, Ortiz, J. V.; Stefanov, B. B;; Liu, G.; Liashenko, A,; Piskorz, P.; Komaromi,

; ; i~ i I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
fora glven_ excited state, .the vicinity of Other electronic S.tates Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
of appropriate symmetry is one of the .ma'n.f.aCtorS leading to \: Johnson, B. G.; Chen, W.: Wong, M. W.: Andres, J. L.; Head-Gordon,
a considerable increase of the polarizabilities, and even to M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,

negative values. The polarizabilities increase by a factor-df 2

upon excitation. The largest change is found for the perpen-

dicular component of NaH
Third, the polarizability changes with internuclear distance

have been calculated. We found that this change is more
pronounced for the long in-plane component of the ground and

Inc.: Pittsburgh, PA, 1998.
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