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Dipole polarizabilities and hyperpolarizabilities of excited valence states of Be

Spyros I. Themelis and Cleanthes A. Nicolaides
Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation,

48 Vasileos Constantinou AUenue, 11635Athens, Greece
(Received 27 March 1995)

We present predictions for the scalar and tensor components of the linear, a, and nonlinear, y, polari-
zabilities of the excited valence states of Be, 1s 2s2p P, 'P, 1s 2p P, and 1s 2p 'D. Also reported
are results on the previously extensively studied ground state 1s 2s 'S. The a11-order variational calcu-
lations solved state-specific complex eigenvalue matrix equations and accounted for valence electron
correlation and field-induced mixing effects. The results demonstrate the importance of valence-

Rydberg mixing on these properties, even when the valence states are the lowest of their symmetry. For
example, whereas for Be 1s 2s2p P, where such mixing is very small, ao= 39.33 and y0=9.49 X 10 a.u.
for 1s 2p 'D, which mixes heavily with the 1s 2snd Rydberg series (especially with 1s 2s 3d),
a0=492. 73 a.u. and y0=0. 48 X 10 a.u.

PACS number(s): 32.60.+i, 31.50.+w

INTRODUCTION

In recent work on the linear, a, and nonlinear, y, po-
larizabilities of He doubly excited states [1], it was found
that for the 2s 'S state these properties were of the same
order of magnitude as those of the Be 1s 2s 'S ground
state. Furthermore, the a and y of He 2s2p P were also
of the same magnitude, but, as it was pointed out, there
was no ab initio theoretical or experimental values for Be
1s 2s2p P with which to compare.

In fact, although the Be ls 2s S ground state has
been the object of many theoretical studies by difFerent
methods as regards its polarizability (e.g., [2—8]) and its
hyperpolarizability [3,6—8], the lowest excited Ualence
bound state of Be, i.e., the metastable 1s 2s2p P, the
1s 2s2p 'P, the 1s22p P, and the 1s 2p2'D, have not
been examined yet. From the point of view of electronic
structure and electron correlation, for a theory to be able
to handle the problem of computing a and y of such ex-
cited states, it must be applicable to open shell states with
possible heavy valence-Rydberg mixing, as is the case
with the ls 2p 'D state ([9],Table 5).

In this Brief Report we present results on the a and y
of such states, obtained from the application of a state-
specific theory of electric properties of polyelectronic
ground or excited states (e.g. , [1,10,11]),which allow the
systematic inclusion of electron correlation and of the
efects of field-induced mixing of low- and high-lying ex-
cited states and of the continuous spectrum.

The present approach to the calculation of field-
induced properties is formulated as a problem of solving
variationally to a11-orders of complex eigenvalue
Schrodinger equation (H —zo)/=0, where H =Ho
+ g; E.r; and zo=EO+b(E) —iI (E)/2. Ho is the free
atom Hamiltonian and F represents the external dc field.
h(E) and 1 (E) are the field-dependent energy shift and
width of the state of interest, whose field-free energy is

The nonlinear parameters P and 8 are optimized varia-
tionally until a stable eigenvalue is obtained of the com-
plex non-Hermitian Hamiltonian,

Kgg HgpH= (3)
Hpg Hpp

The solution corresponds to the root whose overlap with
the 4'0 is maximum. From the final complex eigenvalue
we obtain the energy shift A(E). For small field
strengths, the energy shift of the state (y, L,M) is ex-
panded as
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where a&L,~ is the polarizability and y&L~ is the hyper-
polarizability. These can be expressed as linear combina-
tions of their irreducible parts as

The trial function space is divided into two nonortho-
normal multidimensional parts Q and P. The Q space
contains state-specific correlated wave functions belong-
ing to the bound spectrum, including the ones that de-
scribe the localized part of states in the continuum. The
selection of the states that are included in the calculation
is based on the electronic structure and on the spectrum
of the system under study. Their form is
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where 40 is the zeroth-order rnulticonfigurational
Hartree-Fock (MCHF) wave function and X&"„,
represents the remaining localized correlations.

The P space contains X states that represent the mul-
tichannel continuous spectrum. The continuum orbitals
are expanded in terms of complex Slater orbitals,

sl (r, 0)= g a„p„~(r,8), p„&=r"+'e ~"' . (2)
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where ao and az are the scalar and tensor parts of the di-
pole polarizability and yo, and y2, y4 are the scalar and
tensor parts of the dipole hyperpolarizabilty correspond-
ing to tensors of ranks 2 and 4, respectively [12).

DETAILS OF THE CALCULATION

Our calculations accounted for virtual excitations out-
side a closed 1s core, since the in6uence of core excita-
tions to ak, yk is expected to be small. For the ground
state of Be, the numerical MCHF function 4o was
0.950(ls 2s )+0.312(ls 2p ), while X&«was expanded
in terms of 14 singly and doubly excited configurations
with virtual orbitals up to orbital angular momen-
tum I=3 and representing only L,-shell correlations.
For the first excited state 1s 2s 2p 'P we used the
MCHF function 40=0.972( ls 2s2p) —0.218( ls 2p3d)
+0.089( ls 3s3p), and X&«was expanded in terms of 14
configurations. For 1s 2p 'D, which is the lowest 'D
state of Be and has a strong mixing with the Ryd-
berg ls 2s3d state, we used @0=0.755( ls 2p )

+0.6S3(ls 2s3d)+0. 065(ls 3p )+0.022(ls 3d ), and
X&„was expanded in terms of 15 configurations.

In the Q space we also included the Rydberg states
ls 2snl, n =3—6, l =0—(n —1), the ls 2p 'S state which
lies above the first ionization threshold, and the Rydberg
states ls 2pn'l', n'=3 6, l'=0—(n —1) ly—ing below the
second ionization threshold.

The P space included the states ls 2sel and ls 2pel',
and we used continuum orbitals el and sl' having l, l' ~ 5.
The nonhnear parameter P of el was optimal at P=1.5,
while for el', P' was equal to 1.3.

For the Be 1s 2s 2p P state we used the
MCHF function 40=0.994( ls 2s2p)+0. 097( ls 2p3d)—0.042( ls 3s3p), and X„,was expanded in terms of 14
configurations. It is clear that the contribution to the
electronic structure of Rydberg configurations

is much smaller here than in the other singlet
valence excited states 'P and 'D. Finally, for
ls 2p P we used 40=0.994(ls 2p ) —0.078(ls 3p )—0.082(ls 3d ), while X„, was expanded in terms of
only 7 configurations, since this electronic structure does
not have much electron correlation. The remaining part
of the Q of the P spaces had the same form as for singlet
states.

RESULTS

We obtained the polarizabilities and hyperpolarizabili-
ties by fitting 30 calculated values of the energy shift to a
tenth degree polynomial of even powers of the field
strength. The range of the values of the field strength
di8ered from state to state. Specifically, for 1s 2s '5
F =0.0~0.008 a.u. , for 1s 2s2p 'P F=0.0—+0.002
a.u. , for 1s 2p 'D F=0.0~0.0014 a.u. , for 1s 2s2p Po
F=0.0-+0.004 a.u. , for ls 2p P (M =0) F =0.0
—+0.0030 a.u. and for ls 2p P(M =1) F =0.0
~0.0012 a.u.

By inverting the expressions (5) and (6), we express
their irreducible parts in terms of the individual alM and
yL~. Our results are presented in Table I. There is an
obvious M dependence of al~ and yL~, particularly for
the 1s 2p 'D state. The tensor parts of the 2s2p
configuration are much larger for 'P than those for P .
Also, in the case of 'P and 'D, some components have a
negative sign.

It is perhaps of interest to the reader to see an example
of how a and y depend on major parts of P and Q. Let
us consider the ls 2s2p 'P (M =+1) level whose
a=81.23 a.u. , and y=1.04X10 a.u. (Table I). By ex-
cluding the continuum above the second ionization
threshold we obtain a =76.78 a.u. and y =9.84 X 10 a.u. ,
while by excluding the continuum above the first ioniza-
tion threshold and the states that lie within, we obtain
a=75.00 a.u. and y=8.06X10 a.u. As regards the

TABLE I. Calculated values of scalar and tensor parts of the polarizabilities and hyperpolarizabili-
ties for the lowest-lying Be valence states by the present state-specific complex eigenvalue approach.
All results are in a.u. The numbers in square brackets denote powers of 10.

ao
CX2

1s 2s 'S

37.62

1s 2s2p P

39.33
0.47

1s 2s2p 'P

128.67
—47.44

s~2p2 'g)

492.73
—375.37

1s 2p P

43.30
2.19

70
y2
3 4

3.05[4] 9.49[4]—5.91[4]
3.66[6]—2.62[6]

0.48[7]
6.28[7]—5.61[7]

3.75[5]
1.29[5]
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TABLE II. Comparison of the polarizability and hyperpolar-
izability of the Be 'S ground state obtained by different
methods. All values are in a.u.

Ref. [2]
Ref. [3]
Ref. [4]
Ref. [5]
Ref. [6]
Ref. [7]
Ref. [8]
This work

36.58+0.81
40.22
37.05
37.9
37.298
37.5312
37.59
37.62

3.83[4]

3.148[4]
2.7227[4]
2.93[4]
3.05[4]

highest Rydberg states of the remaining Q space we
found that they have a contribution of 0.2% to polariza-
bility and 4% to hyperpolarizability. In order to demon-
strate the level of accuracy of the state-specific calcula-
tions, in Table II we compare our results for a and y of
the ground state with other calculations where very large
expansions have been used.

CONCLUSION

We have applied a general, electronic structure-based
theory of field-induced properties to the calculation of the
scalar and tensor components of linear and nonlinear po-
larizabilities of prototypical excited valence states of Be.
The sizes and signs of these quantities depend crucially
on the electronic structure and on the symmetry of each
state. For example, the a of the metastable I' state,
which does not have much correlation beyond the
Hartree-Fock function, is very close to that of the 'S
ground state where, beyond the near degeneracy mixing
2s ~2p, which reduces the magnitude of the polariza-
bilities, the Rydberg state contributions are small. How-
ever, the fact that there are correlating Rydberg
configurations in the wave functions of the 2s2p 'I' and
especially of the 2p 'D states, which themselves interact
via the dipole operator, leads to very high values of u and
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