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Cluster-in-vacuo calculations are reported for the CrF}™ (n = 2--5) systems at several metal-ligand
distances, following the methodology of J. W. Richardson, T. F. Soules, D. M. Vaught, and R. R.
Powell (Phys. Rev. B 4, 1721 (1971)) augmented with core-projection operators. The effects of this
projection on the computed ground state nuclear potential and the equilibrium geometry have been
evaluated. The influence of the type and size of the valence set in the prediction of the geometry of the
cluster has also been analyzed. It is found that in. the projected calculations such influence is rather
small, so that a reliable theoretical prediction can be obtained. The calculations are compared with an
extensive collection of experimentally determined geometries. This comparison shows that, in the
worst cases, the predicted R.’s and #(a;,)’s deviate 0.1-0.2 A and 100-150 cm™!, respectively, from

the experimental values. © 1987 Academic Press, Inc.

I. Introduction

Many properties of a metallic cation M in
an ionic lattice can be interpreted in terms
of the electronic structure of the cluster
MX, , formed by the cation and its n nearest
neighbor anions. The equilibrium metal-li-
gand distance R(M — X) = R, plays a key
role in understanding the optical and mag-
netic behavior of the system.

X-Ray and neutron diffraction are the
usual techniques for the determination of
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internuclear distances in crystals. Never-
theless, these methods are not adequate for
those cases in which M is a substitutional
impurity in the crystal lattice. The extended
X-ray-absorption fine-structure (EXAFS)
technique can be used for the determination
of the distance between the impurity and its
nearest neighbors with great accuracy, al-
though it needs relatively high impurity
concentrations (of the order of 1%) (I).
More recently, Moreno et al. have found
that the equilibrium M-X distances can be
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obtained with great accuracy from the su-
perhyperfine structure of the magnetic res-
onance spectra (2-6) or from the optical
spectrum (7). Both methods seem to be
useful for impurity concentrations as small
as 1 ppm, and for concentrated materials as
well.

From the theoretical side, a rather small
number of nonempirical calculations of
equilibrium metal-ligand distances in crys-
tal lattices have been reported. We can
mention the CNDO calculations of Clack
and co-workers (8) on several MFg™ sys-
tems, whose results differ up to 20% from
the experimental values; the more elabo-
rated self-consistent-field molecular-orbital
(SCF-MO) calculations of Pueyo and
Richardson on K,;NaCrF¢ (9), Barandiardn
and Pueyo on K;NaCrFg and CrF; (10), and
Miyoshi and Kashiwagi on KCoF;, Cs,
CoF,, and K;CoF (11), with theory—ex-
periment agreements of about 1 to 6%. Also
we can mention the multiple scattering Xo
(MS-Xa) calculations of Chermette and Pe-
drini (/2) on CuCE".

In spite of the good results in Refs. (9)
and (/0), we have recently reported (/3)
(henceforth referred to as I) the noticeable
dependence of the cluster nuclear potential
with the type of core-valence partition
used. In I we presented calculations for the
octahedral CrF¢™ ion showing that (a) such
dependence is a consequence of insufficient
core—valence orthogonality in these frozen-
core calculations and (b) the use of ade-
quate core-projection operators in the
frozen-core Hamiltonian enforces this
orthogonality and gives rise to a near-parti-
tion-independent prediction of the equilib-
rium geometry.

In this work we extend the calculations
to the CrF¢™ (n = 2, 3, and 5) systems in an
attempt to determine whether Richardson’s
methodology with core projection is able to
give systematic predictions of the equilib-
rium properties of the 3d metal fluorides.
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We have analyzed the effects of the core
projectors and the type and size of the
core-valence partition in the curvature of
the ground state nuclear potential. The ef-
fects in the cluster wavefunction have also
been investigated.

All the calculations reported here are of
the cluster-in-vacuo type. We do not in-
clude cluster-in-the-lattice calculations (/0)
because we want to show the accuracy of
the cluster-in-vacuo description within a
family of clusters. We have compared our
results with more than 70 observed geome-
tries. This calculation reveals that, in the
worst cases, the cluster-in-vacuo values of
R, differ from the observed values by 0.1-
0.2 A. The totally symmetric cluster vibra-
tion v(ay)’s deviate, at most, by 100-150
cm~!. Moreover, it appears that these devi-
ations tend to coincide with the shifts ex-
pected from the cluster-lattice contribution
(10). Therefore, the calculations reported in
this work suggest that Richardson’s meth-
odology with core projection supplies clus-
ter-in-vacuo descriptions useful in the
study of families of compounds. On the
other hand, rather elaborate cluster-in-the-
lattice analyses might give a very accurate
description of a particular system of inter-
est. In our opinion, the two descriptions
have then their own field of application. In
the next section we give a short review of
the method followed in the projected calcu-
lations. The study of the a;, nuclear poten-
tials of the fundamental states of the above-
mentioned systems with and without core
projection is presented in Section III. In the
last section we present the comparison of
the calculated equilibrium geometries with
(some of) the available experimental data
on chromium ions in fluoride lattices.

II. Richardson’s Model with Core
Projection

From paper I, we briefly recall that core-
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projection operators try to enforce ortho-
gonality among core and valence orbitals
belonging to different centers. This consti-
tutes a necessary condition for the elec-
tronic separation (14, 15).

The core-projection operators are de-
fined in terms of symmetry-adapted orbitals
(SAOs), x(iT'y), as

core

QTy) = Y, BAD)GTy))XxGTy)| (1)

iely
with

B = —x(@iD)e(l) )
where e(il") are the energies of the corre-
sponding core orbitals and x(iT') the projec-
tion factors that, according to Hdojer and
Chung’s theoretical analysis (16), should be
taken as x(iI') = 2 (we will refer to other
possible values in Sect. IITI). When the pro-
jection operator is incorporated in the un-
projected effective one-electron Hamilto-
nian, HY, one obtains the corresponding
projected Hamiltonian, H®.
As in paper I, we will use the quantity

€)

as a measure of the global effect of the core
projection on the nuclear potential of an oc-
tahedral cluster. EF(R) and EV(R) are the
total valence energy of the cluster in the
projected and unprojected calculations, re-
spectively. Furthermore, E°*°(R) can be
divided into two contributions as follows:

(i) the expectation value of the core pro-
jector given by

Eorlho(R) - EP(R) _ EU(R)

n(Ty)BUD)|(xGTYWETy)?  (4)

where n(i'y) is the occupation number of
(ily). This equation clearly shows that if
the core—valence orthogonality is com-
plete, E®(R) vanishes.
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(ii) the deformation energy, defined as
EDEF(R) — Eortho(R) - EQ(R) (5)

which measures the deformation, generated
by the projection, of the valence electronic
density.

In our calculations we have used the me-
tallic bases of Richardson et al. (17, 18),
except for the 4s AO that has been taken
from Ref. (9). The fluoride basis has also
been taken from Ref. (9). For consistency,
the core projectors have been constructed
with the same bases. The orbital energies of
the metallic core AQ’s, needed in these cal-
culations, have been taken from the atomic
Hartree—Fock (HF) results of Watson (/9),
because Richardson’s bases are simulations
of Watson’s. For the fluoride ion we have
used the orbital energy of Clementi and
Roetti (20).

We have considered in this work the
three different core—valence partitions al-
ready defined in paper I: SPDD, SPDDSP,
and DDSP. The prefixes U or P before the
partition’s name will refer to the unpro-
jected or projected results, respectively.

II1. Core Projection Results on Nuclear
Potentials and Wavefunctions

We present now the calculations of the
ground state nuclear potentials for the octa-
hedral CrF§™ (n = 2, 3, and 5). Seven differ-
ent Cr2*—F~ distances have been used, the
range depending on the charge of the chro-
mium ion. In the case of Cr* we have used
eight distances. These results can be com-
pared with those for the t3,e,-°E, ground
state of the CrF¢~ ion studied in I.

Table 1 collects projected and unpro-
jected results together with Eo™o(R),
E®(R), and EPEF{R) for all cases. In order
to facilitate the discussion, we depict in
Fig. 1 EVY(R) and E?(R) for the CrF?™ (n =
2-5) systems. To obtain the equilibrium
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F16. 1. Projected and unprojected ground state nuclear potentials for the CrFg~ (n = 2-5) ions.

properties, we write the SCF valence en-
ergy in the form,

E(R) = E(®) + Vien(R) + Ex(R) (6)

where E(x) is the energy of the infinitely
separated ions (Cr?* + 6F~), Viou(R) the in-
tracluster interaction in the point charge ap-

proximation: Vieo(R) = 6[V2 + % — (6 —
n)l/R for the MF§{™ unit, and E,.(R) the
nonelectrostatic energy. E..(R) can be ac-
curately represented by the function,
E,(R) = AR™™ + BR le"R, @

Using E(x), A, B, m, and n as fitting pa-
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rameters we find the values of R. and v(ay,)
collected in Table 1I.

Unprojected Results

Let us comment briefly on the unpro-
jected results, some of them previously re-
ported by our group (9, 21, 22). As can be
seen in Fig. 1, in all these clusters there are
large differences among the nuclear poten-
tials corresponding to the three core-va-
lence partitions.

The U-SPDD partition predicts stable
states in three cases, with equilibrium dis-
tances: R.(CrF%) = 3.197 a.u., R(CrF¢")
= 3.381 a.u., and R(CrF{") = 3.748 a.u. In
CrF{™ there are no signs of a stable ground
state, at least in the range of distances ex-
plored here (up to § a.u.).

The U-SPDDSP partition produces a
substantial decrease of the equilibrium dis-
tance (about 10-14%): R.(CrF2") = 2.799
a.u., R.(CrF{") = 3.005 a.u., R.(CrF¢") =
3.413 a.u., and R.(CrF?") = 4.253 a.u. As
we discuss below, this big reduction of R in
passing from U-SPDD to U-SPDDSP calcu-
lations is due mainiy to the iack of ortho-
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gonality between the 4s and 4p metallic
AO’s and the 1sg core AO’s of the fluo-
rides.

The U-DDSP results are even more strik-
ing: the SCF nuclear potentials become at-
tractive down to the lowest distance ex-
plored. We will see below that this behavior
is a consequence of the lack of orthogonal-
ity between the 3sy and 3py core AO’s and
the 2sF and 2pg valence AQ’s.

Projected Results

We will now comment on the results of
the projected calculations. As a general
result, we note first that the core projection
increases the energy of the system, i.e.,
E°™(R) is always positive. This can be
seen in Table 1. Since this increase in en-
ergy is bigger at smaller metal-ligand dis-
tances, the core projection increases the
value of R.. The curvature of the nuclear
potential in the equilibrium region also in-
creases, giving rise to larger values of
v(ayg), as can be seen in Table II. Another
general resuit is that the main contribution

TABLE 11

EqQuiLiBRIUM DISTANCES R, (A), anD a;, VIBRATION FREQUENCIES,
v(cm™!), oF THE CrFg~ (n = 2-5) Ions (NUMBERS IN PARENTHESES
ARE EXTRAPOLATIONS)

R. (A) vem~')
Ground Core-valence

Cluster state partition U- P- U- P-
CrFe™ 13Ty, SPDD 1.692 1.733 878 878
SPDDSP (1.481) 1.664 (9i0) 851

DDSP — 1.798 - 832

CrFy  13—Ay SPDD 1.789  1.823 711 711
SPDDSP (1.590) 1.773 (7i7) 678

DDSP — 1.883 — 703

CrFy  the~'E, SPDD 1.983  2.020 455 463
SPDDSP 1.806 1.992 461 475

DDSP — 2.047 —_ 516

CrFy  thei-tAy, SPDD — —_ — —
SPDDSP 2251 2375 280 292

DDSP 2.375 — 304
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to Eoo(R) comes from the expectation
value of the projector E®(R), whereas
EPEF(R) contributes from 1 to about 25%,
depending on the distance and partition
used. This fact suggests that neither the
MO’s nor the properties that depend on the
shape of the valence MO’s are much af-
fected by the projection. We discuss this
effect below. Let us see first the results of
the projection on the nuclear potentials.
In the SPDD partition, E°° is quite
small, much smaller than in the other parti-
tions, so that the U- and P-SPDD nuclear
potentials are very similar in the equilib-
rium region. The differences AR = R (P-
SPDD) — R.(U-SPDD) are: 0.077 (CrF?"),
0.064 (CrF?7), and 0.070 a.u. (CrF¢"). Asin
the U-SPDD calculations, the P-SPDD nu-
clear potential of CrF~ is continuously re-
pulsive in the range of distances studied
(3.26-4.99 a.u.). Eo* and E*(R) steeply
decrease as R increases, following R~!! or
R~V laws for these clusters. EPEF(R) repre-
sents 2% or less of the total Eo""(R) value,
and decreases quickly with increasing dis-
tance (as R~1>-R~20). This energy is practi-
cally negligible in the equilibrium region.
The projection effects are much more im-
portant in the SPDDSP partition. E°(P-
SPDDSP) is much larger than E°ro(P-
SPDD) at all distances, and the same
happens with E*(R) and EPEF(R). The U-
and P-SPDDSP nuclear potentials are very
different in the equilibrium region. So, AR
= 0.35 (CrF%), 0.35 (CrF37), 0.352 (CrF?"),
and 0.24 a.u. (CrF:). Eoo(R) decreases
as an inverse power of the metal-ligand dis-
tance, with larger exponent for larger cen-
tral ion charge: R~58 (CrF2™), R0 (CrF?),
R~%9 (CrF#), and R~86 (CrFy ). E(R) is
the biggest contribution to E°*°(R). It de-
creases with R in a slower way than
Eortho(R): R-55 (CrF%_), R34 (Cng_), R63
(CrFY), and R732 (CrFy). EPFF(R) is
smaller but it can be up to 25% of E*°(R)
at small distances. Thus, the projector ef-
fect over the valence MO’s can be rela-
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tively important in this partition. On the
other hand, EPEF(R) decreases quickly with
increasing distance: R~¢® (CrF:"), R™°3
(CrFi7), R7108 (CrF¢"), and R~ (CrF¢).

Finally, the results of the projection in
the DDSP partition are dramatic. All the U-
DDSP calculations predict nuclear poten-
tials continuously attractive in the range of
distances studied here, a result rather un-
satisfactory. Core projection corrects this
image and produces nuclear potentials
comparable to those obtained with the
other two partitions. As before, E®"(R)
deceases with increasing R: R3¢ (CrF%),
R%° (CrF{"), R™%7 (CrF{), and R™'%S
(CrF?"). The contribution of EPEF(R) to
Eo™(R) goes from 2 to 12%, depending on
the distance considered. We observe that
EDPEF(SPDDSP) > EPEF(DDSP) at the cal-
culated equilibrium distances, but this rela-
tion can be reversed at much smaller dis-
tances, as a consequence of the different
slope of the EPEF(R) function in both parti-
tions. So, although the projection effects on
the nuclear potentials are much bigger in
the DDSP than in the SPDDSP case
(E°rt*o(SPDDSP) < E°r*o(DDSP) for all dis-
tances considered here), the effects on the
shape of the valence MO’s in the equilib-
rium regions are bigger in the SPDDSP par-
tition. The latter result may be a conse-
quence of the larger flexibility of the
SPDDSP bases.

It is interesting to note that the P-SPDD
and P-SPDDSP nuclear potentials are prac-
tically parallel (see Fig. 1). The P-SPDDSP
potentials always lie below the P-SPDD
ones, as they correspond to a larger and
variationally more efficient basis. The P-
DDSP potential, however, differs notice-
ably from the other two. In CrFg~ we have a
somewhat different picture: the P-DDSP
potential is practically parallel to the P-
SPDDSP in the equilibrium region.

Analysis of the Projection Effect
As commented above, the small values of
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EDEF(R) indicate small effects of the core
projection on the valence charge distribu-
tions of these clusters. This interesting
result could be related to the fact that the
basis used in the calculations is composed
of valence AO’s which are orthogonal to
core AO’s of the same center. In fact, the
valence AO’s have the characteristic radial
and angular nodes of the atom and, conse-
quently, the MO’s obtained as linear combi-
nations of them can have all the nodes that
the all electron MO’s would have.

In order to illustrate this argument we
have depicted in Fig. 2a, as an example, the
valence MO’s of the a;, block obtained in
the U-SPDDSP calculation of CrF¢~ at R =
3.26 a.u. It can be seen that the 4a;4(~3sy),
Saig(~2s1), and 6a1,(~2p,1) MO’s have the
characteristic nodal regions that would en-
force, in the all-electron case, orthogonality
to the core lspy(~lay), 2su(~2a;,), and
Isp(~3ayy) AO’s. Inclusion of the core pro-
jection does not make big changes, as Fig.
2b illustrates. There is only a slight de-
crease in the charge density of the 6a,, at
the nucleus and inner region of the F~ ion,
compensated by a slight increase in the
near outer region. Similar results are ob-
tained for the other blocks, partitions, and
distances.

It is important to remark that despite the
adequate nodal structure of the valence
MO’s, core-valence orthogonality is not
completely reached. This lack of ortho-
gonality remains after projection due to in-
sufficient flexibility of the basis set. It
should affect the energy calculation, since
the usual equation E,, = (®,,(1 . . Nv)|
H|®.a(1 . . Nv)), where ® (1 . . Nv) is
the valence multielectronic wavefunction,
is incorrect if core-valence orthogonality
fails (14, 15, 23). The inclusion of E(R) in
the valence energy works as an approxi-
mate correction to this residual nonortho-
gonality (24).

As a final remark, we would like to com-
ment on the best values of the projection
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constant x(iI') in Eq. (2). Our recent stud-
ies on the projection effects in frozen-core
atomic calculations (24) suggest the con-
venience of a softer projection [x(iT") ~ 1]
when the valence basis does not have
enough flexibility in the regions of high core
electronic density. This prevents excessive
outward shifts of the valence orbitals af-
fected by projection. The use of soft core
projection has also been invoked by other
authors (see for instance (25-27) to im-
prove the agreement between molecular
calculations with model potential or effec-
tive core potentials and the corresponding
all-electron calculations. In these cases,
however, the problems were attributed to
the difficulty of reproducing core-valence
exchange interactions. In the molecular cal-
culations reported here, these problems
should be negligible, given the small effect
of the projector on the valence MO’s shape.
Nevertheless, in order to study the signifi-
cance of the x(i')’s, we have carried out
calculations using reduced projection con-
stants. Figure 3 depicts the nuclear poten-
tials obtained in the CrF¢™ case. The projec-
tion constants used are indicated in
parentheses as (x; . . . x,, y2. . . ¥, 20),
where x;, y; stand for the metallic is) and
ipy AO’s, respectively, and z; for the ligand
1SL AO.

As can be seen in Fig. 3, reduction of
x(1sp1), x(25x), and x(2py) from 2 to 1 does
not significantly change the nuclear poten-
tials in any partition. On the contrary, the
value of x(1sg) tuns out to be of great impor-
tance in the SPDDSP and the DDSP parti-
tions. This can be seen in Figs. 3b and
¢, where one can classify the nuclear
potentials in families depending on the
value of x(1sg). Such a result can be ex-
plained as a consequence of the large over-
lap between the 1sg AO and the 3d, 4s,
and 4p metallic AO’s (see Fig. 4). In the
DDSP partition, the projection of the 3s and
3p AO’s is even more important. Again,
this is a consequence of the size of their
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shell. When this overlap is small, any value
from 1 to 2 seems to work adequately. In
cases of larger overlap the softer projection
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F1G. 4. Radial parts of metallic and fluoride AQ’s at R = 3.26 a.u. Dotted lines have been used for
core AO’s, solid lines for valence AO’s.
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should be avoided in order to obtain good
consistency among nuclear potentials of
different partitions.



274 LUANA ET AL.
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IV. Equilibrium Properties: Comparison
between In-Vacuo Calculations and
Experimental Values

In this section we compare our calculated
equilibrium distances with those observed
in several ionic crystals.

As mentioned in the previous section,

equilibrium distances and v(a;y) frequen-
cies, collected in Table II, have been de-
duced from the optimized function given by
Eq. (6). In Fig. 5 we show the theoretical
and experimental equilibrium distances,
and in Fig. 6 the calculated frequencies.

In Fig. 5 we can observe the great regu-
larity of the calculated R.’s as functions of
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the cluster’s charge. R, increases with n, in
agreement with the trend shown by the
ionic radii of the metal (28).

Equilibrium distances obtained with the
three core-valence partitions are in good
agreement. Inclusion of the 4s and 4p vir-
tual valence AO’s of the metal decreases
R., probably because these AO’s increase
the electronic delocalization and the metal-
fluoride interaction. On the contrary, R, ap-

preciably increases when the 3s and 3p
AOQO’s are included in the core, indicating
the contribution of these AQ’s to the
metal-fluoride bond. In (CrFl~, for in-
stance, R.(P-DDSP) — R.(SPDDSP) = 0.11
A, a change comparable to the crystal lat-
tice effects described in K;NaCrFg (10). On
the other hand, the dispersion among equi-
librium distances calculated in different
partitions increases with the central ion’s
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charge, revealing that the contribution of
the 3s, 3p, 4s, and 4p AO’s to the metal-
fluoride bonding in these clusters increases
with the metal ionization.

The equilibrium R.(Cr**—F~) distances
have been determined by diffraction meth-
ods in numerous crystals. In Tables III to V
we have collected a significant part of the
available experimental information that will
be used to examine our theoretical results.

As can be see in Table I1I, the CrF:~ sys-
tem appears as a slightly distorted octahe-
dron in M?*CrFs- and M3 CF¢-type com-
pounds, where the equilibrium Cr**-F~
distance varies from 1.71 to 1.86 A. Our
theoretical values, corresponding to the P-
SPDD (~1.73 A) and P-DDSP (~1.80 A)
calculations, are within the experimental
range, the P-SPDDSP values being smaller
(~1.66 A).

Table IV presents a great variety of reli-
able experimental data on the Cr**-F~ dis-
tance. It can be seen that the CrF:™ unit
shows a great preference for the regular oc-
tahedral structure and that the Cr3*—-F~ dis-
tance varies from 1.89 to 1.94 A. Our theo-
retical P-SPDD (1.823 A) and P-SPDDSP
(1.773 A) results are 0.1-0.2 A smaller than
the observed ones. The P-DDSP value, R,
= 1.883 A, practically coincides with the
lower limit of the experimental range.

The °E, octahedral ground state of the
CrF{™ ion is expected to undergo a strong
Jahn-Teller splitting. It is observed so in
KCrF;, where the CrF¢™ cluster takes the
shape of an enlarged octahedron with two
equatorial fluorides at 1.946 A, two at 2.002
A, and two axial fluorides at 2.332 A. That
means an average Cr?*—F~ distance of 2.09
A. We want to emphasize that Cousseins
and De Kozak (29) reported a phase transi-
tion on KCrF;, produced by a lengthy heat-
ing at 500°C, to a perovskite-type cubic lat-
tice in which the Cr?* ion is surrounded by
a regular octahedron of fluorides at 2.08 A.
The fact that the observed distance for this
octahedral CrF¢~ coincides with the aver-
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age value quoted above makes plausible the
use of these averages in distorted clusters.
From Table V we can estimate a range of
2.08-2.13 A for the Cr2*—F~ distance in oc-
tahedral compounds of Cr2*. The theoreti-
cal distances computed in this work are
slightly smaller than the observed average
values, as can be seen in Fig. 5. The fact
that R.(P-SPDD) = 2.020 A, R.(P-
SPDDSP) = 1.992 A, and R.(P-DDSP) =
2.047 A do compare well with the smaller
distances in JT-distorted octahedra (rang-
ing from 1.95 to 2.02 A) is probably fortui-
tous. However it is satisfactory to see that
the differences between our in-vacuo val-
ues and the observed average distances are
only 0.05-0.14 A.

Finally, there are not, to our knowledge,
stable compounds of Cr* in fluoride
lattices. Nevertheless, the equilibrium
distance of the CrFg~ cluster has been
estimated from the observed isotropic su-
perhyperfine constant, A,, in Cr*: KMgF;
(R, = 2.35 = 0.02 A), and in Cr* : NaF (R,
= 2.47 + 0.02 A) (30). Our calculations pre-
dict an equilibrium distance of 2.38 A in
both P-SPDDSP and P-DDSP partitions.

Let us now comment on our results on
vibrational frequencies. We show them in
Fig. 6. It can be observed that v(ay) in-
creases when the charge of the central
metal increases, as could be expected. The
calculated v(ay) strongly depends on the
type of nuclear potential function used for
representing the SCF resuits, as well as on
the quality of the fitting. However, we no-
tice that the values obtained with different
core—valence partitions are very similar.
To our knowledge, the only experimental
data available for these systems refer to the
CrFg~ cluster. Ferguson et al. (31) have de-
termined v(a;y) = 568 = 4 cm™! from the
fluorescence spectra of Cr’*:K,NaGaF;.
Dubicki et al. (32) obtained v(a;) = 575
cm~! from the analysis of the vibrational
structure of the ‘A, < ?E, emission and 564
cm~! from the Raman spectrum of this sys-
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tem. Our in-vacuo calculations in CrF3~
give v(a;y) in the range 680-710 cm™!,
which means around 100-150 cm~! over the
experiment. Nevertheless, Barandiaran
and Pueyo (/0) found that the vibrational
frequency v(a,,) of the U-SPDD calculation
decreases about 150 cm~! when the electro-
static potential of the K,NaCrF; lattice is
included in the SCF calculation. Since the
structure of this lattice is identical to the
one studied by Ferguson et al. (3/) and Du-
bicki et al. (32), the discrepancies found be-
tween the in-vacuo calculations and the ex-
perimental values are within the range of
the lattice effects expected.

From these comparisons we conclude
that the in-vacuo calculations on the CrFg~
(n = 2-5) systems reported in this work
give ground state R.’s and v(a;g)s which de-
viate, at worst, 0.1-0.2 A and 100-150 cm ™!
from the observed values, respectively. In
CrF¢ the predicted R.’s lie within the ex-
perimental range. These results are remark-
ably more consistent with the observations
than the CNDO values in Ref. (8). Also,
they have a quality comparable to that
achieved, after inclusion of a certain type of
cluster—lattice interaction, in Ref. (/7).
Furthermore, the nuclear potential for the
CrF?™ ion shows a clear minimum in our
best calculation, in contrast with the M S—
Xa results for CuCE™ in Ref. (12). The qual-
ity of the present calculation of R, seems to
be better than that appearing in analogous
recent calculations. In relation with v(ay,),
we recall that this quantity is often un-
known for this type of compound. The ex-
cellent agreement reported in Ref. (12) (156
vs 160 cm™! (observed)) for v(a,y) seems to
be accidental, given the high sensitivity of
this frequency to the functional representa-
tion of the nuclear potential. We can say
that Richardson’s methodology in the
present form gives reasonably accurate val-
ues of ¥(aj,). Given the scarcity of the
known data, these theoretical results are
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useful. Finally, the deviations from experi-
ment obtained in these in-vacuo calcula-
tions are practically coincident with the
shifts obtained by Barandiaran and Pueyo
in K;NaCrFg (10) when this methodology is
augmented with a detailed (and expensive)
treatment of the cluster—lattice interac-
tions. This satisfactory result suggests that
whereas the relatively economic in-vacuo
calculation can give a faithful description of
families of compounds with a common
cluster unit, the rather expensive cluster-in-
the-lattice calculation may be able to give
very accurate predictions on the equilib-
rium geometry of a particular system of in-
terest.
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