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The Rydberg spectrum of CaF and BaF: Calculation by R-matrix
and generalized quantum defect theory

M. Arif, Ch. Jungen, and A. L. Roche®
Laboratoire AimeCotton du CNRS, Universitde Paris-Sud, 91405 Orsay, France

(Received 29 October 1996; accepted 15 November)1996

R-matrix theory combined with generalized quantum defect theory is used to calculate the electronic
spectrum of the CaF and BaF molecules from the ground state up near the ionization limit. The
approach, an effective one-electron method similar in spirit to the ligand-field model of Rice,
Martin, and Field S. F. Rice, H. Martin, and R. W. Field, J. Chem. Ph§&.5023(1985] and to

the electrostatic polarization model of ffimg, Ernst, and Kadler [T. Torring, W. E. Ernst, J.
Kandler, J. Chem. Phy€0, 4927(1989] removes many of the limitations inherent in the previous
work. The resulting level energiggffective principal quantum numberare in good agreement

with the available experimental data and constitute the first quantitative theoretical calculation of the
full electronic spectrum of CaF and BaF. Limitations and possible extensions of the theory are
discussed, and quantum defects of high orbital angular momentum states are predicte2b7 ©
American Institute of Physic§S0021-96007)02607-X]

I. INTRODUCTION line earth halides has vastly expanded since about 1990.
Fourier-transform recorded laser induced emission spettra
yielded highly precise molecular constants for states ranging
up to 4 eV above the ground state. Building on this informa-

The alkaline earth halides are prototypes of ionic mol-
ecules with a lone electron moving in the field of two closed-

shell atomic ions, a metal ion M carrying two positive . . 9
- . . tion, Field and co-workefs® carried out double resonance
charges and a halogen ion Xarrying a negative charge. .
S . . . fluorescence experiments on several of these related mol-
This picture has been underlying most theoretical descrip-

tions of these systems. In the early 1980's Rice, Martin, angcules Wh'Ch op_ened up the region of the h'ghe'f Rydberg
Field" developed the so-called ligand-field model. They cal-States with effective principal quantum numbersanging up

culated the polarization of the lone electron orbital situated® %A:\LS‘ Field and K ized. th Rvdb
on the metal ion by the electrostatic field of the ligand ion s Field and co-workers recognized, these Rydberg

D ++ —
which was treated as an external perturber. The calculatiofi@S no longer correspond to a metal " "e") per-

involves a state-by-state perturbation Hamiltonian matrix diturbed by an external ligand X They are more realistically

agonalization and requires explicit knowledge of the va-  described in terms of a Rydberg elect+r(3n moving in the
lence electron wave functions. The model is capable of prefield of an lonic closed-shell coreM™"X"). Field and
dicting the lowest Rydberg states of the alkaline eartreo-workerd® summarized the present knowledge of CaF and
halides, but its application to higher states is more difficultBaF in compact form in a set of plotgmod1 vs v, wherev
because of the rapid increase of the size of the basis sei the effective principal quantum numbgaften calledn™)
required. A few years later "Fong, Ernst, and Kadle? put ~ and»(mod) is the negative of the quantum defect. Numer-
forward an electrostatic polarization model. Here the energPus Rydberg series are apparent in these plots, whose quan-
is evaluated classically in terms of the mutual polarization oftum defects however are not constant in each series, but ex-
the two centers M and X and the quadrupole moment of hibit for low v characteristic strong energy dependencies
the valence electron wave function. Unlike the ligand-fieldwhich are different for different series. These plots suggest
model this approach is not based on the explicit knowledgéhat the ground states of CaF and BaF can each be associated
of electron wave functions. While this model is very attrac-with one of the series o symmetry of the corresponding
tive in terms of the physical insight it provides, it has the molecule. Thusa priori somewhat surprisingly, the alkaline
drawback that the dipole polarizability of Ms treated as an earth monohalides can be regarded as “Rydberg molecules,”
adjustable parameter so that its predictive power is limitedin the sense that all their states including the ground state
This model has yielded excitation energies and dipole monaturally fit into Rydberg series. On the other hand it is not
ments for the lowest excited states of several alkaline earthossible on experimental grounds alone to assign particular
halides in quite good agreement with experiment. Only relaorbital angular momentum valuésto the individual series.
tively few ab initio calculations have been made for alkaline Indeed, the alkaline earth halides possess among the largest
earth halides, and these again do not extend beyond the firdipole moments known for diatomic molecules and hence
few excited electronic statéd. one expects that there should be strdngixing in their

The experimental spectroscopic knowledge of the alkaRydberg states. For this reason Field and co-workers labeled
each observed series by the higlalue of (modJ) and its
dLaboratoire de Photophysique Molglaire du CNRS, Universitde Paris- symmetry, e.g., 0-2§*+- We shall use the same convention
Sud, 91405 Orsay, France. in this paper.
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elliptic coordinates. It turns out that the long range
field is not exactly that created by two elementary
charges+2 and —1. Rather, mutual polarization of
the atomic ions tends to partially compensate the elec-
trostatic field so that the asymptotic field corresponds
to that of two effective charges, reduced by as much
as 20% to 40%.

The role of theR-matrix calculation is to propagate the
electron wave function from the short-range atomic to the
asymptotic region and thus to define the asymptotic molecu-
lar reactance matriX(e). The calculation is completed by
an application of generalized quantum defect theory which
determines bound or continuum states in terms of this reac-
tance matrix.

Two related theoretical approaches may be mentioned
here. The multiple scattering methdsSM) developed for
molecules in the 1970’s by Dill and Dehnéglso involves
FIG. 1. Schematic representation of an electron interacting with an alkalingéhe calculation of reaction matrices by means of matching
earth halide ion: 1, metal nucleus. 2, halogen nucleus. I, atomic zone. liprocedures applied simultaneously on the boundaries of the

molecular ( reaCtI.On ) zone. Il, asympmtlc.zone' The Sphere.grla’ individual atoms and of the whole molecule. The main ele-
r=r,, and the ellipsoik=¢, are the boundaries used in tRematrix cal-

culation (cf. the text. The figure is drawn to the scale corresponding to the MeNt of our approach, namely the variational evaluation of

calculations carried out for CaF. the electron motion in the intermediate zone with a realistic
potential field, was however not present in the earlier work,
nor was use made of the generalized form of quantum defect

The vast amount of experimental data collected by théheory. Philippe, Masnou-Seeuws, and Valifoand more
group of Field mainly on CaF and BaF constitutes a chalfecently Du and Greefigconsidered alkali atoms with neu-
lenge to theorists, and the present work is a response to thi§al perturbergrare gas atomsReference 12 focused on the
Our aim here is to provide a theory which describes botHealistic representation of the one-electron potential as we do
limiting situations,(M* e )X~ and (M**X)e™, equally  here, but rather than usirig-matrix theory, represented the
well. While retaining the physical simplicity of the ligand Perturber core by orthogonality constraints imposed on the
field and electrostatic polarization models, the theory shouldvave function. The method of Ref. 13 is perturbative in that
yield reliable predictions of the full level spectrum up to the only s- and p-wave scattering on the perturber is taken into
ionization potential and of the electron-ion phase shift specaccount, but otherwise is quite close to the present approach.
trum in the ionization continuum beyond. A preliminary ac-
count of this work has been given previouslin this work  |I. THEORY
we calculate the bound energy level pattern for the equilib-
rium internuclear distance. A forthcoming pafYewill report
on dipole moments, the variation of quantum defects wit
internuclear distance as well as the evolution with energy o
the continuum electron phase shifts.

Our method is based on scattering theory. It involves a\. Atomic zone |
variational one-electrorR-matrix calculation in a limited
volume surrounding the atomic cores™M and X but
which excludes the M* core(cf. Fig. 1). We take advantage
of the fact that on both boundaries of this reaction zone th
electronic motion can be described quite simply:

Figure 1 illustrates the partitioning of space into differ-
Ent zones which we use. We discuss the electron wave func-
Fion in the various regions in turn. Rydberg energy units are
used throughout.

When the Rydberg electron enters either of the constitu-
ent ions it will experience many-electron interactions and
there is no simple description of its motion. We assume here
%hat the repulsive potential of the halogen ion YXrevents
significant electron penetration. Therefore it will be suffi-
(i) Inside the metal ion M™ intra-atomic forces prevail. cient to describe the X-e~ interaction by a local potential

Near the ion surface the electronic motion is thereforeof appropriate form(In fact, penetration effects can also be
in a good approximation separable in a spherical coincluded within the present theory as long as they can be
ordinate system centered on*M and it will be represented by a local one-electron potenti@n the other

shown that the known quantum defects of M~ hand there will be strong penetration of the Rydberg electron
contain all the information needed to represent thewave function into the metal ion. We will therefore exclude
wave function on the ion surface. the sphere ;<r,, surrounding the nucleus of M (cf. Fig.

(i) At large electron distances the field of the molecularl) from our calculations and replace the many-electron wave
(MT*X™) core reduces to that created by two pointfunction inside the metal ion by a set of appropriate bound-
charges which are separated by the internuclear disary conditions on the Rydberg electron wave function at
tanceR. The electron motion therefore is separable inr,=r,.

J. Chem. Phys., Vol. 106, No. 10, 8 March 1997
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Specifically we write for each partial componént absorbed into the radial functiofisandg; . At the same time
the radial functions no longer are the analytical Coulomb
functions defined by Seatdfl,but they must be calculated

¢:(€1,r1,91,¢):Y|>\(91:</>) i [f(€;,r1)COSTU numerically. Our method of doing this will be described
M elsewheré? it is an extension of the phase-amplitude formu-
—g,(€1,ry)sin wuy], (1) lation of generalized quantum defect theory given by Greene,

Rau, and Fan&® In the following it will be assumed that

intra-atomic forces still prevail in the molecular environment
where they), are ordinary spherical harmonics centered onpearr,~r, . so that Eq.(1) remains valid. Withf,, g, and
the metal nucleus\ here and later is the projection of the w, known, Eq.(1) thus establishes a boundary condition at
orbital angular momentum on the internuclear axis which, —_ _\hich for each partial componehensures the con-

remains a good quantum number in the diatomic system anghyity of the wave function across the core boundary. This
within the present framework is identical with the spectro-.qndition is

scopic quantum numbex.

f, and g, are energy-normalized radial wave functions
also centered on the metal nucleus which are regular and  d(r1g)/dry  a(ray)lar,
irregular, respectively, at the origin=0. The y, are the (rig) (rogl)
quantum defects of the free metal ion"Me; is an effective
collision energy which will be specified in Sec. Il A. ff
andg, are taken to be radial Coulomb functions, EfQ. will
be valid for the free ion for values,; sufficiently large so
that the polarization field is negligible. The quantum defect
w, are then directly those obtained from the Mnergy lev-
els e, by means of the Rydberg equation in Rydberg units
€,=—1/[(n— u,(€)]% Here we shall instead define the ra-
dial functionsf, andg, as the energy-normalized functions B. Reaction zone II
associated with the Coulomb potential including the polar-
ization contribution(CP), namely,

=by(ry), 4

where for the given core radis; =r 1) the set of quantities

b, depends smoothly on the energy and characterizes the
Jarticular metal ion M*e™. Each term of the partial wave
expansion of?" valid in the reaction zone Il of Fig. 1 must
then satisfy Eq(4).

We next construct a set of variational solutiollisg
which satisfy Eq(4) and are valid throughout the reaction Il
surrounding the atomic zone (kee Fig. 1L We write the

22, a potential forr,=r,, by taking account of the following:
VEOP(ry)~ = —— — fi(ry) 2) . . .
rn r (@ the Coulomb interaction betweeh, Z,, ande™;
(b) the energy of the electric dipole induced on each ion by
[to which the centrifugal termi(l+1)/r? is to be adde} the e!ectron gnd b_y the charge of the other ion;
wherea, is the dipole polarizability of the metal core M (c) the dipole—dipole interaction energy of each electron-

induced dipole on one center with the ion-induced di-
pole on the other center;
(d) the dipole—dipole interaction energy of the two
f,(r)=[1—e (r1/r0®]12 3) electron-induced dipoles;

(e) a small metal core correction potential which will be
specified in Sec. Il B;

(f) all the terms that are independent of the position of the
electron(such as e.g. the dipole—dipole interaction en-
ergy between the dipoles induced on each ion by the
other ion are part of the energy of the ion core and are
therefore not considered explicitly.

and

is the customary cutoff function for the polarization potential
with r,. the “core radius.” With this definition Eq(1) re-
mains valid down to the metal core surface=r,~r .
However the quantum defegt; now no longer corresponds
to the value which would be obtained from the Rydberg
equation. Insteady, in Eq. (1) represents the core contribu-
tion to it, whereas the polarization contribution is effectively We thus have

2Z, 27,
i —s
r Mz |

27, cos 6 1 27, cos 6
—a’lfi—4+al 1 2 ! 2 +a2f2 ! 2

+ e —a,f?2 5 —
re riR2 222 rsR2

V|(r1,r2,R)=—[

4a1f1a2f2 -Zl COos 91 22 Ccos 02 Zalflazfz
- 5 2 2 3.2.2
R |1 rs R°rirs

[2 cos 6, cos f,+sin 6; sin 6,]+V{®(r,). (5)
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r, andr, are defined in Fig. 1. The polar anglesand 8, are In the variationalR-matrix scheme such as formulated
defined such tha,= 6,=0 at the molecular midpointy; and by Greené&® one solves a generalized eigenvalue system of
a, are the dipole polarizabilities of M™ and X, f; andf, the form

are the cutoff functions for the polarization potentials of the

two centers defined in E¢3). The choice of the cutoff radii I'a=b(rp)Aa ()

lic an_dr2C enteringf, andf, will be spe_cifie(_j in Sec. Il D. which directly yields the set of eigenvaluég (8=1,2,..)
The five terms of Eq(5) correspond, in this order, to the ¢, 1he houndary condition on the outer sphefesr ;.. The

terms(a)—(e) mentioned above. associated set of coefficiens, 5 serves to construct the

) We are r_10w readY tc,’ set up a b‘,"‘SiS, of functions V",hicheigenfunctions valid in the reaction zone Il in terms of the
will be used in the variational determination of the solutlonsbasiS of Eq(6)

describing the electron motion fog=r,,. We chose a basis
defined forr,<r,=<ry, (see Fig. 1 wherer,;, will be cho-

i . . . In_ N) (M)
sen as specified in Sec. lll E. The basis consists of spherical \I’ﬁ_% Ami, g¥mi ©)
free-particle eigenfunctions for positive and negative energy '
as follows: for eache, R, and\. For a given preselected total energy

1 the matriced” and A are defined as follow¥
Pl (11,01,6) =Y, (01,6) ;[ sin(kmirs)

T (€R)=—HN (R + €8y i
+dm| C0$km|l'1)], o)
L - [F 16¥mi (F1p,601,61)]
emi=> kﬁﬂzo}, 5
1 (6) Xm [rllzbm|7\(rlaelv¢l)]rl=rlb
Yl (r1,01,6)=Y,(01,0) T [Crmi€“™ 1+ dpy e “mif1], x sin 6,d0,d¢, ,
(10)

eml =~ 2 K =0|. At = +f f Ui (F1p, 61, 1)

The g:c_)efficient$m, andd_m, are determined by imposition of % ‘#g\/)w(rlb ,01,¢1)r2, sin 6,d6,d ¢,
specific boundary conditions a{=r,, andr,;=r,,. At the
inner edge of zone Il we impose the set of conditions(&y.  where the angular integrations yie®. 8\, by virtue of Eq.

whereas the condition imposed at the outer edge is arbitrargs) while the Hamiltonian matrix eIemenH;fgl)m,l, , those of
but fixed and will be specified in Sec. Ill F. For a given set of Eq. (7), are nondiagonal inh. '
conditionsb,(rq,) andb,(rqp) this procedure yields a dis- C. A ot "
crete set of energies)) and eigenfunctions which are or- ~ Symptofic zone
thonormalized. This is described in the Appendix A. The next step of the calculation consists in matching the
We next set up a Hamiltonian matrix for each valueof eigensolutionsl’g(rl,01,¢1) of the reaction zone to eigen-
with elements given by the volume integrals functions of the separable asymptotic Hamiltonian and hence
to determine the desired reaction matkixWe first consider
HEr)l\I),m’I’(R): +e(n§|)5m|’m/|,+f f f g (11,60, 0) the asymptotic behavior of the potentidiry,r,) of Eq. (5).
ExpressingV in terms of elliptic coordinates
[(1+1)
X| V(rq,ry,R)+ 2 _ rl;rz (1=g=c0),
XN (r1,00,¢)r2 sin 0,dridode. (7) —
The matrix is of course diagonal ix n=—g (Tls»=+D1), (11)

Diagonalization of this matrix in principle yields eigen-
values and eigenfunctions of the one-electron Hamiltonian ¢=¢q,
valid in the range 1,<r;=r,, which atr,=r,, reduce to a
superposition of atomic functiongl (r;,) as required by Eq.
(1). These eigenenergies and eigenfunctions also depend on
the boundary conditiot(r,,) imposed at the outer bound- V(rq,r,,R)~—
aryr,=rq,. b(ry,) may be varied iteratively, and each time
an eigenvalue oH coincides with the preselected energy
b is an eigenvalue of the boundary condition. This is the —(Z5"-z5" 77}- (12
iterative eigenchanneR-matrix procedure of Fano and
Leel? with

we show easily that for large; andr, such thaté&>1=7,

4 4
W{ (Z1+2Z5)+ Rs_gg(a’l"' ay)|€

J. Chem. Phys., Vol. 106, No. 10, 8 March 1997
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and wherezS" is defined accordingly. Equatiofi2) is the
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The tan function in Eq(15) is taken for each element indi-
vidually. | andJ are determined by the requirement that Eq.
(14) and its derivative with respect té be continuous at
&=§,. First, \If% and its derivative are expanded in terms of

potential of two electric point charges expressed in ellipticthe “surface harmonics’Yt, with expansion coefficients

coordinates, with two differences.
(i)

of the dipole polarizabilities of the two ions which
decreases witl§ %
(ii)

the difference of tweeffectivechargesz$™ andz5™ a

given by Eq.(13). This equation expresses the fact

The total charge of the Coulomb term is comple-
mented by a polarization term proportional to the sum

the charge difference of the dipole term is replaced by

digeo= | | Vo, VE=TW o, . ) 10met,
(16)
and an analogous equation fot (where the prime refers to

differentiation with respect t@). Then Eq.(16) and its de-
rivative are subtracted from each other after multiplication

by'g'L and"g',~ or’f' andfT, respectively. Since the Wronsk-

that mutual polarization of the two centers tends toian of f7 and g7 is equal to 14 (see Refs. 16 and 15t
compensate the dipole field created by the ionfollows that

charges. Specifically the effective reduction of,
proportional to the polarizabilityr,, accounts for the

fact that the center of the electron charge on the sec-
ond atom is displaced by the polarization. Miecznik

and Green¥ have studied this effect in detail for the
He*"F~ system.

The electron motion in the potenti®gl(¢,7) of Eq. (12) is
well-known to be separablegsee Appendix B The relevant

7= m(GTuT =TT ),

1
JTB_ (f U|'3 f|U|'B) (7)

Use of Eq.(15 completes the calculation of the reaction
matrix K.

E. Bound states

equations are collected for easy reference in the Appendix B.

Solution of the Schidinger equation yields dipolar angular
functionsY7, (7, ¢) which are just dipole distorted spherical
harmonics.
normalized radial regular and irregular functidifg e, £) and
97(€,€) which we evaluate numerically following Refs. 15
and 16. Examples of dipolar orbita¥sy, (7, ¢) f7(§) are il-
lustrated in the Appendix B below.

D. Evaluation of the K matrix

We next choose a valug in order to match each solu-
tion \P%) obtained in zone Il to asymptotic functions valid in
region Ill. With &, large enough so that Egl2) holds we
can use the following expansion:

Wi(e,é0,m.0)=Vg (€.60,7.b)
—Z Y7\(€,7,¢) \/go—[f'(e )l Ta(e)

—07(e.é0)Irp(e)]. (14

(For the sake of clarity the indicesandR on ¥, f, g, |, and
J are omitted here and latgEquation(14) is entirely analo-
gous to Eq.(1) _except that it includes a sum over partial
(dipolan wavesl since unlikel in the free ion M, | is not

preserved in general in the MX molecule. The desired reac-

tion matrix K or the equivalent quantum defect matrix
then become

KTT'(G R)_tanw,ull,(e R)= 2 J|3(6)|B|,( €).

(19

In the present context we require energy-

Bound states are found by writing a general superposi-
tion of asymptotic channel functions expressed in terms of
which now embodies all short-range scattering effects in re-
gions Il and I. Thus,

V(e)=2 YT,

1
T VEE—1
X[Ti(e.6) o0 —Ti(e. 6K 1ZT(e). (19
We must choose the expansion coefficiezitfge) such that

W(e)—0 for é&—0. The asymptotic behavior dff andgy is
written in the phase-amplitude approdtt as

~ 1
fr(e)~ \[; ai(e,é)sin Bi(e),

~ 1
Gr(6)~~- \[;aT(e,f)COSET(e),

where the amplitude factoxy(e,£) is exponentially diver-
gent for negatives values(bound state regigrand B7(e€) is

the accumulated phadevhose dependence anandR is
again not indicated for the sake of clajity37(e) measures
the (generally nonintegrainumber of half-oscillations of the
wave function at the energy and is calculated with the
methods introduced in Refs. 16 and 15. Application of the
bound state boundary condition then leads to the familiar
homogeneous linear system of MQDT, namely,

(19

> [tan B7(e) 8 +Kij 1Z7:(€)=0 (209

| ’

for eachl. Nontrivial solutions of Eq(203 occur only when

the corresponding determinant is zero. Such zeros occur only

for discrete values of the energyg,= — 1/v2, for each value

J. Chem. Phys., Vol. 106, No. 10, 8 March 1997
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of A\. The Corresponding defect@n: — vn(modJ) will be TABLE |. Pseudopotential parameters for Ca and®Ba.
referred below as “effective quantum defects.” The coeffi-

. " . . Ca'te” Ba'*e”
cientsZ7/(e,) give the channel mixing for each bound state.

An alternative equivalent form of the homogeneous linear =0 1 2 =3 0 1 2 =3
system Is al) 40099 42056 35058 3.7741 3.0751 32304 32961 3.6237

b’ 13.023 12658 12.399 13.232 26107 2.9561 3.0248 6.7416

> [sin B7(e)Ci +cosBT(€)Si ]B7(€)=0, (20  ci’ 21315 20186 -2.2648 3.1848 12026 1.1923 1.2043 2.0379
T r{) 16352 15177 16187 0.7150 2.6004 2.0497 1.8946 1.0473

whereK=SC™, B = C"!Z andS = U sin mpU™ (and  aw, Aymar and M. Telmini, Ref. 20.
similarly for C), with U representing the eigenvector matrix
of the reaction matriXX of Eq. (209 and tanwu its eigen-

values. This extrapolation can be avoided if we represent the
atomic core region by a suitable pseudopotential. Such po-
Ill. DETAILS OF CALCULATION tentials are available in the literature for several alkaline

_ N earth atomic ions M.%° Their form is
A. Effective electron—metal atom collision energy

In order to connect each atomic radial function of Eq. Vi ()= — rg [(Zy—2Zy)e 2 1+ br e ]
of region | to the set of molecular basis functions E). of 1
region Il with the samd we must specify the effective e s
electron—metal atom collision energy occurring in Eq.(1) +r_‘1‘{e 1Mel —e el (23)

which corresponds to the classical kinetic electron energy in _
the vicinity of the metal nucleus. With Eq5), setting Zn1 iS the charge of the metal nucleus while is the metal
r,~R=r,., 6,~0 and taking the mean values of gipand  ion charge as before. The first two terms in £23) repre-

cos#, near the metal nucleus to be zero, we find sent the screening of the metal nucleus by the core electrons,
whereas the last term makes the polarization potential cutoff
e~ V(I .1y, R)~| e+ &jL a_i 1-27,+4 alflz?” I-dependent. The pseudocharacter of the potentf&?"®
R R R® comes in through thé-dependence of the parameter,
27w b{", c{V, andr{. v{¢®)r,) is defined for allr;=0 and is
_[_ = _j % ] (21 added to the long-range Coulomb plus polarization potential
1 VCP(r,) from Eq. (2. Outside the M™* core

We recognize the last brackkt-] as being the atomic po- {r:=[a{"] % [c{’] 1 r{}} V|(C(_)re) becomes  vanishingly
tential of Eq.(2). The first bracket therefore represents ansmall as stated before E(). With an appropriate choice of

effective collision energy, parameter® the combined effective potential/(°P)r,)
) . + v{®er,) + I(l + 1)/r2 can be made to represent the ob-

€= e+ ﬁJr a_j 1-27Z,+4 *1 222)' (22) served M energy levels quitg accurately fo'r.eabh/alue.
R R R Eachb,(r,,) can thus be obtained without difficulty by out-

Equation(22) relates the molecular electron energyo the ~ Ward numerical integration of the radial Sctimger equa-
“local” atomic collision energye,. The significance of this tion in this potential fronT,=0 tor,=r,,. Table | lists the
expression can be understood e.g. by considering a molec@Seudopotential parameters for Cadnd BaF from Ref.
lar threshold electror(e=0). As the electron approaches 20.

from infinity, it is slowed down by the repulsive potential of

the negative charge on the halogen atpmegative term C. lon polarizabilities

2Z,/Rin Eq.(22)] which would be absent in the isolated™
ion. As a result the effective energy neai Mis diminished.

The additional terms in Eq22) are polarization corrections.

The metal ion dipole polarizabilities; for Ca" and
Ba'" anda, for F~ are listed in Table Il. The polarizability
of the isolated F is known fromab initio theory® to be very

large (=16 a3). Based on measurements of MF ground state
B. Logarithmic derivatives —b,(ryz)

The IoQamhmlC derivatives- b|(rla) al:e t_he main dy_ TABLE II. Dipole polarizabilities, cutoff radii, and ion internuclear dis-
namical parameters of the problem. In principle they can bgyncesatomic units.
evaluated from the known Mquantum defects as outlined

in Sec. lll A. In practice a difficulty arises since E(R2) a® Mc @’ M R®
shifts the effective_ collision energy by more thaRy to- ca e 35 16 47 53 354
wards lower energie€Z,=—1, R=4 a.u). As a result the Ba'tF~ 11.4 2.6 4.7 2.3 3.93

lower part of the MX Rydberg spectrufw=2) corresponds oA N o Rer 20
. .. . . Aymar an . leiminl, Ref. .
to an effective collision energy equivalent to~1.5 for = Torring, W. E. Ernst, and S. Kindt, Ref. 21.

which mOSI of the empirical atomic.quantum ('jefqatsmust. ©z.J. Jakubek, N. A. Harris, R. W. Field, J. A. Gardner, and E. Murad, Ref.
be obtained through an extrapolation from higher energies. 22.
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dipole moments Twing, Ernst, and Kindt recommend a
much smaller “saturated” valug¢~4.7 ag) which we use

Arif, Jungen, and Roche: Rydberg spectrum of CaF and BaF

the M"* core must be enclosed in the ellipsajet&,. The
latter in turn must be contained within the sphefe=r .

here. The correctness of this value is corroborated by conFhese requirements lead to the conditions

sideration of the dipole mome®}, of the M"*X ™ ion core.
According to Eq.(12) the dipole moment with respect to the
midpoint between the nuclei is
R eff eff
Ql:§ (Z37=Z7). (24
The effective point charge$" and z§" in turn depend on
the dipole polarizabilitiesy; and a, [Eq. (13)], and thus a

2r
&=1+ %,
In general it is preferable to reduggas much as possible in
order to avoid strong dependences df or . We found
that §=5 is a good choice with Eq$12) and (5) differing
by less than 1% everywhere except negr+1 (halogen
ion) where generally little probability amplitude is present.

R
r1v= 5 (1+&). (26

relationship is established between the core dipole momer®n the other hand fo&;<3 Eg. (12) begins to break down

and the ion polarizabilities. Jakub&kin anab initio calcu-
lation on CaF, found Q;=—4.4 a.u. with respect to the
molecular midpoint foR=3.538 a.u. Inverting Eq24) and
using Eg.(13) with the value fora; given in Table Il we
derive a,=4.0a3 which agrees to within 15% with the value
a,=4.7 a3 recommended by “Fang et al** We used the
latter value for both the CaF and the BaF calculations.

D. Polarizability cutoff radii  r . and r,,

The polarization cutoff radius corresponds to the dis-
tance at which the long-range potential expansion begins to
break down and thus is a measure of the core radius. We take

r,. for each metal core M" to be equal to the largest of the
r{! values of the pseudopotential given in TablerJ, is
taken such that

(29)

wherer, is the mean of the{) (I=0—4) values from

I’_lc-H’zC: R,

seriously both forp~—1 and+1. We carried out two sets of
calculations with¢,=5.0 and 3.0, and;,=12.2 and 7.9 a.u.,
respectively, and we found that the resulting solutions
differ by less than 0.015 for all of the electronic states cal-
culated, although some of they 7, elements differ by more
than this amountK(e) was evaluated on a coarse energy
mesh and the solutions, determined by suitable interpola-
tion.

F. R matrix basis set and boundary conditions for
ri=rip

We have included valuds=1=\ to 5 both for CaF and
BaF in the R-matrix basis Eq.(6) and in the asymptotic
expansion Eq.(14). Following the recommendation of
Greene and Aymat we took for eachl typically 13
“closed” radial functions p(r,)=10°] and 2 “open” ra-
dial basis functionst(r,,)=0]. This choice permitted the
use of the “streamlined” version of the variational eigen-

Table I. This choice is consistent with the picture of two channelR-matrix formulation?® Convergence was checked
ionic spheres that touch each other. We have verified that th@ all cases. We found that for all',| with 1=4 andl’
results of the calculations do not depend critically on thearbitrary the calculations yield off-diagonal elements
values chosen for the cutoff radii. The parameters definingu7+,7| < 0.02 and diagonal elemenjta7 7| < 0.002. Ac-

the potential of Eq(5) are listed in Table II.

E. R matrix radii rq,, rqp, and &

The choice ofr,, is made according to the following
criteria: Ideally, bothv(®P(r,) of Eq. (2) andV,(r,,r,,R) of

cordingly the positions of th&=4 states will be calculated
below as corresponding to strictly nonpenetrating orbitals
with all quantum defectg.7 7. set to zero.

IV. RESULTS AND DISCUSSION

Eq. (5) should be valid representations of the potential felt by Accumulated phase parameter and quantum

the valence electron negy=r,, i.e., their difference should

be small. In practice it suffices that their difference be about

constant across the spheare<r,, such that it is taken in
account in the effective collision energy [Eq. (22)]. For
this reason we take;, smaller than the core radiug.. We
can do this since with the(°°® [Eq. (23)] the electron mo-
tion is correctly represented fon,<r,<r,.. On the other

defect matrices

According to Egs(20) and (15) the energies,, of the
bound state spectrum are determined (Dythe phaseBt
accumulated by the electrdrin the asymptotic field andi)
the short-range quantum defect mattix 7. The behavior
of the phase parametef (€)/ is illustrated in Fig. 2 for
CaF forA=0 andl =0—4 and compared with the Coulomb

hand,|V,(r,,r,,R)| itself should not be too large in this range values B/7=v—| used in the ordinary quantum defect
in order to avoid unduly large Hamiltonian matrix elementstheory. When all quantum defects are z¢k=0 in Eq.
in Eq. (7). With these considerations in mind we took values(203], bound states occur in Fig. 2 whenegw)/= is an

for r,, close to the smallest of the cutoff radff} of Table I,
namely,r,;,=0.8 a.u. for Ca™ andr,,=1.0 a.u. for BA™.

integer. In a pure Coulomb fiel@lotted lines in Fig. 2this
happens for integral values. Notice how in CaHull lines)

Again we verified that the results do not depend critically onthe dipole_field pushes the lowest levg/7=1) to higher

the choice made.

energy forl=2, 3, and 4(cf. also the discussion of high-

The elliptical radiusg, must be taken large enough so states in Sec. IV § whereas fol =0 and 1 the strong at-
that Eq.(12) is a good approximation and at the same timetraction of the doubly charged metal ion causes the first level
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proach zero forv=<2.5. This behavior originates from the
corresponding behavior of the phase paramgtedepicted

in Fig. 2. By _contrast the substantial variations apparent in
the figure forl=0 and 1 reflect more a resonant behavior.
They are related to the fact that the lowest states wit2.5

are largely (and unavoidably contained within the outer
R-matrix radiusr,,. While this behavior is not incorrect as

. such, it renders the energy interpolations more difficult and
probably is the origin of the somewhat less satisfactory
. i - agreement obtained in Sec. IV B for lowthan for highv
O states.

Bim

v B. Energy levels

FIG. 2. Accumulated phase paramegein units of 7, plotted as a function Tables Il and IV S_ummar'ze the_ effective prlnCIpaI
of the effective principal quantum number=(—e)"¥2 for [=0—4 and  Qquantum numbers, obtained for the various values bffor

A=0. Full lines, numerical values calculated with the potential &8) with CaF and BaF, and compare them with the corresponding
parameters for CaF from Table Il aifh=2, Z,=—1. The dotted lines  oynarimental values. The same data are represented graphi-
correspond to the phase paramggétr=v—| for a Coulomb field, used in . ' . .
ordinary quantum defect theory. cally in the v(modJ) vs v plots of Fig. 4(CaP and Fig. 5
(BaP. The effective principal quantum number(abscissa
gives the overall position of the states on a nonlinear energy
to occurlower than the hydrogenic state. This behavior is of Scale. The quantity(mod)) (ordinats, the effective princi-
course modified once the penetration effects embodied in the@! quantum number stripped of its integral part in front of
quantum defect matrix are taken into account. the decimal point, corresponds to the negative of the effec-
Figure 2 illustrates further how the Coulomb accumu-fivé quantum defect and, per unit interval of gives the
lated phase parametg@/7=v—| crosses the zero line for relative positions of the states on an enlarged nonlinear en-
eachl at »=1. This leads to unphysical solutions fersl, a €'Y scale. Tables Iil and IV and the plots show that on the
well-known difficulty in ordinary quantum defect thecy. ~Whole the agreement between experiment and theory is quite
This problem does not arise in the numerical approach use@ratifying. The mean deviatiof¥yys—vcad is 0.030 for CaF
herel® since 87 is seen to approach zero asymptoticallyvas and 0.023 for BaF. This is equivalent to an error of the order
l o —1 - . —1 - .
decreases below=1. This physically correct feature is cru- Of 650 cm = for »~2 but of only~5 cm™* for »~10. This

cial for the success of the present calculations where we neé¥reement is about a factor of 3 better than in our previous
to avoid false solutions in the~1.5 to 3 region while at the calculatior of the states of CaF which neglected polarization

same time we must retain channels with relatively high €ffects. ~ o .
values in the calculations. The main components occurring in the expansion Eq.

Figure 3 illustrates the energy dependence of the ele20b) for v~5 are listed for ea_ch series in 'I;ablles llland IV.
mentsu7 7. with A=0 for CaF. Two types of energy depen- As expected most of the series are stronigimixed. Note

dence can be discermned:; all elements involvirg2 ap- that this r'nixing.occurfs in ad_dition to the mixing. dye to the
asymptotic multipole field which causes each elliptic compo-

nentl to be itself a mixture of spherical partial wavesThus
it is clear that at least for low it is not possible to assign
15 20 23 30 50 even approximaté values to the individual series. The pro-
! . : : ' cedure of Jakubek and Fiélvho named each series by its
asymptoticv(mod]) value reached near~5, together with
its molecular symmetry, thus remains valid.
Figures 4 and 5 show further that the characteristic ob-
served positive or negative curvatures of #fimodl) curves
at low v are reproduced by the calculations for all of the
series(the 0.14\ series in CaF exceptgdand that each se-
ries ends with the correct terminus state. All low lying states,
including theX 23 ground state, are seen to fit naturally
0,0 into the scheme of series. The empirical conclusion of Mur-
021 1 phy et al,’ that the alkaline earth halides may be regarded as
Py —— = = —— a particular type of “Rydberg” molecules, i_s thus suppc_)rted
e by the theory. The success of the calculations shows indeed
that the molecular core can be realistically represented by

) fl .
FIG. 3. Energy dependence of the quantum defect matrix elemegrisfor (WO sgparate Scatte”ng C?nters Mand X if proper ac-
CaF withA=0. count is taken of polarization effects.

0.1

0.0+

“e[l
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4110 Arif, Jungen, and Roche: Rydberg spectrum of CaF and BaF

TABLE Ill. (a) 2>* Rydberg series of CaRb) 2II Rydberg series of CaRc) 2A Rydberg series of CaRd) 2d Rydberg series of CaF. The ionization

potential of CaF is 46 9985 cm 19 Each series is designated by,{mod1) taken forv~5. For states withy<2.5 a correction was applied which takes

account of the difference of the vibrational frequency and internuclear distance in the molecular state and in theiigpirTtiee table thus correspond to

vertical ionization energies correspondingRg of the ion. The spectral composition of each series is giverwfeb in terms of the largest coefficients
7, Ed.(20D).

@

055" _ 088y _oags”t _oogst
0.9%+0.13 0.840+0.51d+0.16f 0.841—-0.5%-0.115 0.99-0.1%-0.1d
Vobs Vealc 0o—¢C Vobs Vealc 0—-c¢C Vobs Vealc 0—c¢C Vobs Vealc 0—c¢C
X 1.538 1.56 -0.02 B 1.99P 2.04 —-0.05 F' 3177 3.17 +0.01 4.08
D 2.553 2.56 -0.01 E 2.925 2.96 -0.03 4.188 4.17 +0.01 5.08
3.553 3.55 +0.00 3.90% 3.90 +0.00 5.184 5.16 +0.02 6.08
4.55 4.899 4.86 +0.04 6.187 6.16 +0.03 7.08
5.55F 5.55 +0.00 5.880 5.86 +0.02 7.189 7.16 +0.03 8.08
6.549 6.55 —0.00 6.878 6.86 +0.02 8.188 8.16 +0.03 9.08
7.546 7.55 —0.00 7.87% 7.86 +0.01 9.1968 9.16 +0.04 10.08%7 10.08 +0.01
8.54¢ 8.55 —0.00 8.868 8.86 +0.01 10.178 10.16 +0.01
9.552 9.55 +0.00 9.891 9.86 +0.03
(b)
0.9811 0.3611 _ 0.0711 _
1.000 0.98+0.18f 0.98 —0.1&
A 1.909 1.92 -0.01 C 2.557 2.55 +0.01 4.05
E' 2.959 2.97 -0.01 F 3.418 3.45 —-0.03 5.04
3.98 3.97 +0.01 4.37 4.41 —-0.04 6.04
4973 4.97 +0.00 5.360 5.40 —-0.04 7.04
5.97% 5.97 +0.01 6.358 6.40 -0.05 8.04
6.976 6.97 +0.01 7.3t 7.40 —0.09 9.04
7.977 7.97 +0.01 8.342 8.40 —0.06 10.078 10.04 +0.03
8.97¢ 8.97 +0.01 9.348 9.40 —-0.05
9.9¢ 9.97 +0.01 10.384 10.40 —-0.02

11.007 10.97 +0.04
(©

0147 _ 0.00A _
0.97d+0.23f 0.97—-0.2d
B’ 2.08% 2.16 —0.08 3.98
3.15 4.97
413 4.15 -0.02 5.97
5.136' 5.15 -0.01 6.97
6.135 6.15 -0.01 7.97
7.137 7.15 -0.01 8.97
8.134 8.15 -0.02 9.99% 9.97 +0.03
9.13F 9.15 -0.02
10.176 10.15 +0.02
(d)
0.939
1.00f
3.89
4.89
5.89
6.88
7.88
8.88
9.934 9.88 +0.05

8J. M. Berg, J. E. Murphy, N. A. Harris, and R. W. Field, Ref. 26.

M. Dulick, P. F. Bernath, and R. W. Field, Ref. 27.

°N. A. Harris and R. W. Field, Ref. 28.

dC. M. Gittins, N. A. Harris, R. W. Field, J. VergeC. Effantin, A. Bernard, J. d’Incan, W. E. Ernst, P.riBlgen, and B. Engels, Ref. 29.
°P. F. Bernath and R. W. Field, Ref. 30.

'R. W. Field, N. A. Harris, and Ch. Jungen, Ref. 31.

97. J. Jakubek, N. A. Harris, R. W. Field, J. A. Gardner, and E. Murad, Ref. 22.

hJ. Verge, C. Effantin, A. Bernard, A. Topouzkhanian, A. R. Allouche, J. D’Incan, and R. F. Barrow, Ref. 5.
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TABLE IV. (a) 23" Rydberg series of BaRb) 2I1 Rydberg series of BaRc) 2A Rydberg series of BaRd) 2® Rydberg series of BaF. The ionization
potential of BaF is 38 7423 cm 1.2 Each series is designated by,{mod1) taken forv~5. For states withy<2.5 a correction was applied which takes
account of the difference of the vibrational frequency and internuclear distance in the molecular state and in theigpinTtiee table thus correspond to
vertical ionization energies correspondingRg of the ion. The spectral composition of each series is giverwfeb in terms of the largest coefficients

7, Eq.(20D).
(@
076" _ 088" _ 0248t _ 0.085" _
0.95+0.3d 0.89+0.37d—0.25+0.14f 0.84—0.4%—0.35+0.17 0.98—0.21d
Vobs Vealc o0—c¢C Vobs Vealc o—c¢C Vobs Vealc o—-c¢C Vobs Vealc o—-c¢C
X 1.692 1.72 —-0.03 B 2.139 2.14 —0.00 E 3.223 3.23 -0.01 4.085 4.08  +0.01
D 2.75% 2.75 —-0.00 D’ 2.96% 2.94 +0.02 4.24 5.078 508  —0.00
G 3.758 3.76 -0.00 H 3.927 3.88 +0.04 5.24% 5.25 -0.01 6.081 6.08  +0.00
4.760 477 -0.01 4.895 4.85 +0.05 6.240 6.25 -0.01 7.087 7.08 +0.01
5.766 5.76 +0.01 5.88% 5.85 +0.04 7.248 7.25 —-0.00 8.08
6.770 6.76 +0.01 6.881 6.85 +0.03 8.251 8.25 —-0.00 9.08
7.76 7.884 7.85 +0.03 9.25%1 9.25 +0.00 10.095  10.08  +0.02
8.778 8.76 +0.02 8.888 8.85 +0.03 11.105 11.08 +0.03
9.889 9.85 +0.04
(b)
_oaiFm 04510 0.0411 _
0.84d+0.50 +0.21f 0.8H—0.481—0.13 0.97%—0.2
A 2.047 2.06 -0.01 C 2.459 2.45 +0.01 K 4.03% 404  —-0.01
E’ 3.109 3.13 -0.02 F 3.440 3.46 -0.02 5.03
J 4.12F 413 —-0.00 4.47 6.03
5.14 5.44% 5.48 —-0.03 7.03
6.14 6.449 6.48 -0.03 8.03
7.14 7.48 9.03
8.14 8.48
(©
0.23A _ 0.94A _
0.981+0.15 0.98 —0.20d
A’ 2.012 2.02 -0.01 3.958 396 -0.01
E" 3.1029 3.19 —0.09 4.945 496  —0.01
4.22 5.948 5.95 -0.01
5.227 5.23 —-0.00 6.945 6.95  —0.00
6.235 6.23 +0.01 7.95
7.243 7.23 +0.01 8.94% 8.95  —0.00
8.246 8.23 +0.02 9.955 9.95 +0.01
9.25% 9.23 +0.03
10.253 10.23 +0.02
(d)
0.870
1.00f
3.86
4.86
5.86
6.86
7.86
8.86

9.867 9.86  +0.01
10.873 10.86 +0.01

az. J. Jakubek, N. A. Harris, R. W. Field, J. A. Gardner, and E. Murad, Ref. 22.

PA. Bernard, C. Effantin, J. D’Incan, J. Vergeand R. F. Barrow, Ref. 35.

°C. Effantin, A. Bernard, J. D’Incan, G. Wannous, J. Vergand R. F. Barrow, Ref. 32.
9A. Bernard, C. Effantin, E. Andrianavalona, J. Vesgand R. F. Barrow, Ref. 6.

€Z. J. Jakubek and R. W. Field, Ref. 33.

f7. 3. Jakubek, Ref. 34.

9C. Effantin, A. Bernard, J. D’Incan, E. Adrianavalona, and R. F. Barrow, Ref. 36.
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FIG. 4. Rydberg series of Cal(modl) of bound states is plotted ug wherev is the effective principal quantum number an@nodl)=—u with u the
effective quantum defect. The abscissa thus represents the electron binding energy on the gross nonlinedr-s9afé’. For each unit interval the same
information is represented on an enlarged scale on the ordinate. The spectral composition of each seriesifoterigh of elliptic componentsis indicated
on the right. Circles, observed values. Full lines, calculated valaps?, states(b) %11 states(c) ?A states(d) ?d states.

The comparison of the plots of Figs. 4 and 5 for CaF andC. Comparison with previous calculations of the
BaF for corresponding symmetry reveals that the patterns lowest states

are basically similar in the two moleculeigor thell sym- For some of the lower states of CaF and BaF there exist
metry this becomes apparent if one realizes that thelD.98 gjier theoretical calculations based on the polarization
series of CaF could be moved to the equivalent positionyogel the ligand field approach or ab initio type. These

—0.02[Fig. 4b)].} Tozmilke this analogy more complete We 4o cojlected in the Tables V and VI and compared with
have reassigned tie °X " state of BaF as the terminus state gy periment and with our results. Also given are the devia-

el > .
of the 0.88%" series instead of the 0.24" as proposed in  jons observed minus calculated and their rms value for the

Refs. 8 and 33. This reassignment is further justified sSinC@gy of states for each calculation. It can be seen that for CaF
our calculations indicate that tiiestate has a predominantly , resylts are on the average distinctly closer to experiment

p character. , , than all previous calculations. For BaF our results also com-
l’he calculations for BaF neag:&l yield oneIl and 416 well with the previous theoretical work. The polariza-
one“A state whereas Effantiet al™ have assigned experi- ijon model performs best in this case, although it should be

2 H ; ; ’ "
mentally two [[1 states in this regiore" andE", separated  remempered that this theory contains a freely adjustable pa-
by only 62 cm~, but no“A state. The discrepancy can be .o ater.

resolved if, as is done in Table IV and Fig(ch and was
suggested very recently by Jakubek and Fal&" is as-
sumed to be the missing\ state. We note though, that the
agreement obtained with this reassignment is less good th
for the other states. Our calculations show further that near Ernst and Kadler® have measured the electric dipole
v~4 a few gaps still remain in the observations both for CaFmoments of some of the lower states of CaF. They found
and BaF. This intermediate region is difficult to reach byvastly different values for thé 2IT and C °II states and
Fourier transform spectroscopy as well as by double resanterpreted this in terms of two distinct types of polarization
nance spectroscopy. For BaF we predict a series?IL13 of the lone electron orbital. In the first case the electron is
which has not yet been observed beyanrel [Fig. 5b)]. polarized away from the X center(X 23 or A 211 state

D. Wave functions and low-energy behavior of the
aanuantum defects
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FIG. 5. Rydberg series of BaF, Cf. caption for Fig. 4.

and the core dipole moment is partly compensated. In thetabilized in the attractive potential well of M, whereas
second case so-called “reversed” polarization of the Ryd{ow states undergoing “reversed” polarization are destabi-

berg electron occurs towards the Xenter and the total

lized. In the plots of Figs. 4 and 5 this becomes manifest in

dipole moment, core plus Rydberg electron, is on the conthe characteristic positive slope/negative curvature or nega-
trary increased. This behavior has been confirmed bythe tive slope/positive curvature of thgmodl) vs v curves in

initio calculations of Bndgenet al2 for the two states. Mur-
phy et al’ further related this to the low- behavior of

the two cases, although this behavior is not equally pro-
nounced in all the series. These conjectures are again con-

v(modJ); low states undergoing “normal” polarization are firmed qualitatively by the present calculations and shown to

TABLE V. The lowest electronic states of CaF: Various theoretical regoits?).

Preserft Ab initio® Pol. modef Ligand field'

Obs, T, Calc o-C Calc o-C Calc o-C Calc o-Cc
X2t 0 1407 -—1407 0 0 0 0 0 0
A 21 1653¢ 16883 —353 17712 -1182 16340 +190 18217 -1687
B2t 18841 20148 -1307 20069 —1228 18620 +221 21486 —2645
B’ 2A 21544 23259 —-1715 24851 —-3307 17690 +3854 22552 —1008
D 23" 30159 30253 —-94 32741 -2582
c2m 30214 30122 +94 32765 —2549 29850 +366 32138 -—1922
Mean deviation 1062 2121 1738 1709

&This work. T, values, obtained by correcting the calculated vertical ionization energies for the differences of
vibrational frequency and internuclear distance in the molecular state and the ion.

bP. Bindgen, B. Engels, and S. D. Peyerimhoff, Ref. 3.

°T. Torring, W. E. Ernst, and J. Kaller, Ref. 2.

9A. R. Allouche, G. Wannous, and M. Aubert'Emn, Ref. 37.

°P. F. Bernath and R. W. Field, Ref. 30.

M. Dulick, P. F. Bernath, and R. W. Field, Ref. 27.

9J. Verge, C. Effantin, A. Bernard, A. Topouzkhanian, A. R. Allouche, J. D’Incan, and R. F. Barrow, Ref. 5.
"C. M. Gittins, N. A. Harris, R. W. Field, J. Verge C. Effantin, A. Bernard, J. D’'Incan, W. E. Ernst, P.
Bundgen, and B. Engels, Ref. 29.
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TABLE VI. The lowest electronic states of BaF: Various theoretical reatis 2).
Preserit Ab initio® Pol. modet Ligand field'
Obs, T, Calc o-c Calc o-c Calc o-c Calc o-c
X235t 0 1245 —1245 0 0 0 0 0 0
A’ 2A 1093¢ 11150 —211 7420 +3519 11100 -161 11310 —371
A 21 11986 12309 —329 9440 +2540 12330 —-350 11678  +302
B23* 1394% 13962 —17 12660 +1285 14250 —305 13381 +564
c 2 20086 19956  +130 16290 +3796 19970 +116 22080 —1994
D 2% 24177 24231 —54 25810 -1633
D' 23" 26249 26046 +199 32750 —6505
Mean deviation 502 3378 226 951
@This work. T, values, obtained by correcting the calculated vertical ionization energies for the differences of
vibrational frequency and internuclear distance in the molecular state and the ion.
PE. Westin and A. Rosen, Ref. 4.
°T. Torring, W. E. Ernst, and J. Kaller, Ref. 2.
9A. R. Allouche, G. Wannous, and M. Aubert-Emn, Ref. 37.
®A. Bernard, C. Effantin, J. D’'Incan, J. Vergeand R. F. Barrow, Ref. 35.
fC. Effantin, A. Bernard, J. D’'Incan, G. Wannous, J. Vergend R. F. Barrow, Ref. 32.
YA. Bernard, C. Effantin, E. Andrianavalona, J. Vesgand R. F. Barrow, Ref. 6.
< hold for the whole series as demonstrated for the BaFID.13
0 ] (terminus stateA °IT) and 0.43I (terminus stateC °IT)
] series neav~5. The electron wave function contour plot of
23 Fig. 6(@) shows strong polarization away from~Xin the
o former case, whereas Fig(t§ on the contrary shows appre-
R @ ciable probability amplitude in the vicinity of Xin the latter
= 24 case.
S
2 ] E. States with high orbital angular momentum
a .
ry T Tables VI a) and VII(b) list for CaF and BaF, respec-
© 3 tively, the effective principal quantum_numbers calculated
{v ,,,,,,,, S S — . for the lowest nonpenetrating states with4—6. As_indi-
—54.0 -36.0 -18.0 0.0 18.0 cated earlier we set all quantum defegts 7 for |’,1=4
(a) Z 1.a identically to zero in these calculations. The resulting effec-
o tive quantum defectg are thus due entirely to the departure
<7 qf the poFentlaI given by Eq€12) and (13) from that of a
] single point charg&,+Z,.
o] Watsori® recently derived a formula for calculating the
<] quantum defect of an electron moving in the field of an elec-
= g - TABLE VII. (a) Nonpenetrating Rydberg states of CaB) Nonpenetrating
b ] Rydberg states of BaF.
o ] _
=E A= 0 1 2 3 4 5 6
[ 4
] ~ @
< 3 =4 5038 5.031 5011 4981 4.943
$ 1 —_— : 5 6.021 6.018 6.012 6.001 5986 5.968
~18.0 0.0 18.0 6 7.013 7.012 7.005(9b) 7.004 6.998 6.990 6.980
(b) zua. T=4 5036 5029 5009 4978 4941
5 6.020 6.018 6.011 6.000 5985 5.966
FIG. 6. Wave function contour plots for Ba#l series neaw~5. z=0 6 7.012 7.011 7.008 7.004 6.997 6.989 6.979

corresponds to the position of the Ba nucleus. The F nucleus is situated at
z=4. Full and dotted lines are used to indicate sign changes of the wav&Each entry corresponds to the calculated effective quantum number of the
function. (a) 0.131 series.(b) 0.491 series. lowest state for thé and\ values indicated.
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to the quantum defec{There are further small polarization

0.08 |- . 4 terms which we neglect hejeEquation(29) yields contribu-
tions 0.010, 0.003, and 0.001 to the quantum defects for
004 L A= 1 |=4-6, respectively, which correspond closely to the devia-
tions apparent in Fig. 7. We conclude that for the bound state
ool _ range considered in this work nonpenetrating states with
1=4, and in fact very nearly also the states derived from
0.04 L i | =3 orbitals, can be calculated directly from E¢&7)—(29)
. i) without use of the numerical apparatus developed in the ear-
008 L i lier sections of this paper.
R . . .1 V.CONCLUSION
3 4 5 6

/ In this work we have developed a theoretical approach
designed to calculate the electronic structure of ionic di-
FIG. 7. Quantum defects of highstates of CaF foh=0 (highest-energy AtOMIC ions with an associated electron, based solely on the
component and A=1 (lowest-energy componentNote that, in line with  properties of the constituent ions such as their charges and
Figs. 4 and 5. has been plotted. Full lines, point dipole moffeys.(27)  dipole polarizabilities. For the lowest bound states our ap-
32;} (28)]. Circles, numerical valuelEq. (20)]. Squares, experimental val- proach resembles in many ways the ligand-field model of
' Rice, Martin, and Fieltl and the electrostatic polarization
model of Taring, Ernst, and Kadler? It yields however an
equally good description for the high Rydberg states and has
tric point charge with a superposed point dipole. It is instruc-ed, in the application to the CaF and BaF molecules, to the
tive to compare the quantum defects derived from the effecfirst quantitative calculation of the full electronic spectrum of
tive principal quantum numberg of Tables VI(a) and these molecules at equilibrium.
VII (b) with those obtained from Watson’s analytical expres-  Obvious further applications of this approach will be to

sion. For unit total charge his formula gives some of the other alkaline earth halides whose Rydberg spec-
) trum is not yet known in detail and where we should be able
o a=— 2[1(1+1)—3)\7] (Q2-Q,) to make reliable predictions. The rare gas hydrides constitute
T @243) 21+ 20D +1) T another class of ionic systems where one Has-0 and

(27 z,=+1 instead ofZ,= +2 andZ,=—1, i.e., the ion core

whereQ), is the dipole and), the quadrupole moment. Wat- M&Y b_e representeq as a protonateq rare gas atom. W(.:' will
Q1 P @ d P show in a forthcoming paper that with this simple substitu-

son showed that while both these quantities are origin> h h I Il for the el
dependent for a system carrying a net electronic charge, tHiPn the present theory accounts equally well for the elec-
combination Q2—Q,/(Z,+Z,) is origin-independent as tronic structure of ArH and KrH as for the alkahne_ earth
physically required. Here we take the midpoint between thd'alides studied here. Further, the present method is by no
two nuclei as the center and we find from E¢E2) and(24) ~ M€ans restricted to Rydberg molecules with Z,=+1. It

might also be applied to the calculation of electron phase
that 2 L .
shifts in negative ions possessing a double-closed-shell neu-
) R? off  —efo tral core ¢,+Z,=0) such as, e.g., alkali-halides. An inter-
Ql_szj [(Z3'=Z7) 1] (28) esting future avenue which we hope to pursue is the exten-

sion of the method to treat Rydberg states of small van der
with Z8™ and zS" defined by Eq(13). Figure 7 compares the Waals complexes, a subject that is just beginning to emerge
quantum defects obtained from Eq87) and (28) by using  experimentally. Polyatomic systems with a protonated
the appropriatey;, a,, andR values for CaF from Table Il, closed-shell core constitute another class of possible candi-
with | taken equal td and with the quantum defect values dates for the method; HCO is an example whose Rydberg
derived from Table Vi(a). It can be seen that the two sets of spectrum is under study by Grant and co-work8rs.
values are indeed in close agreement. Notice that the values There are two obvious limitations of the approach such
calculated with the present numerical elliptical approach apas it has been outlined here. First, by representing the ligand
pear consistently somewhat lower in the plot of Fig. 7 thanion as a point charge we have neglected electron penetration
those derived from Watson’s model. This is due to theeffects on the second center beyond those taken into account
&dependent polarization term included in E§2) which by the polarization potential used here. The results seem to
adds a contribution indicate that this approximation is reasonalitematrix cal-

culations allowing for two excluded atomic zones, one

APl e)= 3-1+1)e around each atomic nucleus, clearly constitute the required
upo(€)=(ayt+ay) 1 1 . h h h |
ali=Z)ih+2a+ni+2 next step in the development of the method. The conceptua

2 2 2 link with the multiple scatterindMSM) model of Dill and

(299  Dehmet! will then become clearly apparent. However our

J. Chem. Phys., Vol. 106, No. 10, 8 March 1997



4116 Arif, Jungen, and Roche: Rydberg spectrum of CaF and BaF

approach, once extended, will not be restricted to the case ofhereN normalizesy to unity. It is easy to show that the
a constant potential between the scattering centers amglantization condition is given by
should thus yield a more realistic description of electron- o s _
molecule multiple scattering. A more serious drawback of PaPb tKDsin(kra—kry) —k(b, bb)cos(kra—krb)—o(,A3)
the approach is that in the molecular reaction zone Il a one- ) o )
electron Hamiltonian is employed. Thus the mixing of theWhile the ratio of the coefficients andd is
M**X"e" configurations with configurations of the type ¢ p_cogkr,) —k sin(kr,)
M™Xe™ occurring in the alkaline earth halides as dissocia- i~ b sin(kr,) + k cogkr.) " (A4)
tion is approached, is beyond the present framework. a a a
Small-amplitude vibrations around the equilibrium on The normalization factoN is obtained as
the other hand can be handled without difficulty at present. 1 1
In a forthcoming papé? we shall evaluate the derivatives N2== (c?+d?)(r,—rp)— - (c?—d?)[sin(2kry)
with respect taR of the quantum defect matrices, i.e., those 2 4k
guantities that yield the contribution of the Rydberg electron cd
to the bond strength as well as the vibronic coupling that —sin(2kra) ]+ - [sirP(kr,) —sir(kry)].  (AB)
affects the manifold of high Rydberg staté<alculations of
spin—orbit splittings and permanent and transition dipole moFor certain boundary conditioris, and b, one may also
ments will also be presented. have a solution at negative energys —«?<0. In this case
Returning once again to the CaF and BaF molecules, wEd. (A2) becomes
stress that our calculations unambiguously establish the low-
energy terminus states for all of the Rydberg series. In par- = N [ce*"+de ], (AB)
ticular, the fourf series are nearly nonpenetrating in both
molecules, and have in fact almost the same quantum defectéhereas the quantization condition becomes
in CaF and BaF due entirely to the core dipole plus quadru- v _ _ _
pole field of the molecular ion core. Their lowest members. aPb ™ <) SINALKTa = ) = k(D — bp)
have v=~4 for all A components. This is somewhat unex-  Xcosh«r,— kr,)=0. (A7)
pected since the atomit orbital is nonpenetrating in Ca
but penetrating in Ba We shall show in Ref. 10 that the
molecularf orbitals of BaF indeed become more and more C (by—k)e *a

The analog of Eq(A4) is now

penetrating as the energy increases beyond the range studied q ~ (b, + k)et Ta’ (A8)
so far. The formula of Watsdhthen fails for their descrip- hile th lization f .
tion, and use of the fulR-matrix apparatus becomes again W€ the normalization factor is
necessary. , G L A -
=— KMy __ @ckla) — —2KkMy_ a— 2Kl
N P (e e P (e e )
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ELLIPTICAL COORDINATES

APPENDIX A: BOX QUANTIZATION WITH ARBITRARY

BOUNDARY CONDITIONS The kinetic energy operator expressed in the elliptical

coordinates of Eq(11) is*?
We wish to determine the eigenenergies and eigenfunc-

: ; ; ; . e 4 J d 1 &

fuons of the one-dlmen5|onal free-particle radial Hamiltonian A= 52@2—_27 (?_g (£2-1) (9_5 + §T1 e

in a boxr,=<r=<r, in such a way that K ¢
o' o' J 0 1 &

—?=ba, r=rg, —?=bb, r=ry, (A1) +%(1—U)%+mza¢ : (B1)
whereb, and b, are given. The general expression of the The Schrdinger equation for a single electron in Rydberg
wave function for positive energg=k?=0 is given by energy units is then

1 _ [A—V+€e]¥=0, (B2

V= N [c sinckr)+d cogkn)], (A2) where the potential energy is given by Eq.(12). Writing
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whereA(e) is the separation constant ahds a cutoff func-

=}
37 tion analogous to Eq3). Setting
V(1) = ———s Y(7,8) (B6)
771 \/1_—7]2 7]1
@ in order to have only second derivatives we obtain
—_
- o] &2 1 >\2 1
k< eff eff
1
+ﬁ[—A(6)] XY(n,¢)=0, (B7)
< n
% -
' s00 0 50.0 ((92 ! [)\2_ (Z,+Z,) 4 (
-0 : ' 27 22 7 1742) T o33 (g
(a) Z u.a 96 &1 &1 R'¢
R2§2 -
Y +ap)f [RE—A(€) | +| | €| X(£)=0 (B8)
s ] 2 4(&2-1) '
1 The angular functiofy in Egs.(B3) and(B6) is the same
as that occurring in Eq14). We obtain the discrete eigen-
value spectrum ofA by numerical integration of EqB7)
& with the appropriate bound state boundary conditions applied
S5 24 at »=—1 and p=+1. The eigenfunctionsr of Eq. (B7)
= behave as (t 5)**"/2 near »==1, respectively. The ei-
genvalued reduce forp=0 to the familiar quantity(l +1).
In analogy with the spherical problem we define the gener-
alized orbital angular momentum quantum number as
(=3 ~
- i I . I=k,+X\, (B9)

wherek,, is the number of nodes of the eigenfunction of Eq.
(o) zua. (B7). Multiplication_of the eigenfunction of Eq(B7) by

(27) " Y%™ yields Y( 7, $). Y is normalized to unity with a
FIG. 8. Contour plots of elliptic orbitals evaluated for BaF with the param-yglume elemendnd¢

e o Table | and F4612 an0(13 0 conespends o e Po%an Oncey andA have been obtained for the iven eneegy
functions have been evaluated only %27 (a) 53¢. (b) 5. and valued and\, Eq. (B8) is integrated and, depending on
the boundary conditions imposed fé=1 and é=co follow-
ing the methods of Refs. 16 and 15, the energy-normalized
regular solutionX=f or the irregular solutio’X=g will be
1 obtained. Foh>0 f behaves asif\) ~3(¢ — 1)(X*N/2 near
V(& n ¢)= N X(6Y(7,¢), (B3)  ¢~1, wheread behaves as- (m\) 3¢ — 1)A~NM/2, For
¢ A=0 f behaves as{ — 1)'? near¢~1, whereag behaves
and replacing?/a¢? by —\? we obtain separate angular and as(m ‘(£ — 1)""?In(¢ — 1). Equation(14) is a superposition
radial equations, of functions of the type of Eq(B3). The volume element for
the total wave function iR3(£%— %) d&dydp/8.

d b 0 A2 off  oeff ) 5 Figure 8 shows two examples of contour plots of ellip-
- (1=7%) an m_(zl —Z3)Rn+pTy tical BaF orbitalsYT,(7,¢ = 0)f7(&). Strong polarization
away from the hglogen ion is apparent for ldwand A,
whereas for highelr and\ the familiar shapes of hydrogenic

Y(7,¢)=0, (B4) orbitals are recovered.

—A(e)
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