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The variation of the isotropic superhyperfine constant of the octahedral CrF;~ cluster with the Cr*—F-
distance has been obtained from the results of Hartree—Fock-Roothaan calculations on the £,e2-%4,
ground state. The effects of the quality of the 3d basis set, type of core-valence partition, core-
projection operators, and cluster-lattice interaction on the Aj(R) curve has been analyzed. From this
calculation and the observed values of A,, it is found that R(Cr*:NaF)=2.47 = 0.03 A and
R(Cr*:KMgF;) = 2.35 = 0.03 A. These are the first Cr*~F- distances reported to date. © 1987 Academic

Press, Inc.

I. Introduction

Many properties of the transition-metal
ions in ionic lattices are understood in
terms of the electronic structure of the ML,
cluster formed by the metal ion M and its n
nearest neighbors L. In many cases, the
symmetry of the cluster is so high that its
geometry is determined by just a M-L in-
ternuclear distance. Octahedral and tetra-
hedral species are examples. Knowledge of
the equilibrium value of this coordinate, R.,
is a very important step in the study of the
cluster. However, when the metal M is a
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substitutional impurity, R. may be different
from the perfect lattice value, Ry. In these
cases, the determination of R, is not easy.
In fact, although the extended X-ray ab-
sorption fine-structure (EXAFS) technique
may give accurate values of R., large con-
centrations of impurity (more than 1%) are
usually needed (I). On the other hand, the
nonempirical determination of R, from the
ground state nuclear potential of the ML,
cluster requires highly sophisticated and
very expensive calculations, due to the in-
tricacies of the M—L bond in the lattice.
To deal with this problem, Moreno et al.
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(2-5) have recently proposed a useful alter-
native based on the analysis of the isotropic
superhyperfine constant A;. Using it, these
authors have determined ligand relaxations
in alkali halides doped with copper and sil-
ver atoms (2, 3), and have shown that when
a stable impurity is placed substitutionally
in different lattices, R, tends to be close to a
value determined by the impurity, the li-
gand, and the coordination number (4, 5).
In this way, for instance, the values or R,
Mn?"-F~) in a sample of manganese-
doped fluoroperovskites turn out to cluster
around 2.11 = 0.04 A, although the corre-
sponding values of R, range from 1.993 to
2.262 A (4).

The method of Moreno et al. is based on
the fact that A is a local observable having
a definite variation with the metal-ligand
distance R. To determine this variation,
Moreno et al. assume that the covalency
parameter A, appearing in the definition of
A, is proportional to the group overlap in-
tegral S; = (3d,|x,), xs being the symmetry-
adapted combination of s valence ligand or-
bitals. Since the R variation of S, can be
immediately obtained from Hartree—Fock
atomic orbitals, the determination of the
A(R) function reduces to the estimation of
the proportionality constant ¢ in the as-
sumed equation A; = ¢§,. This constant can
be obtained from a system with known val-
ues of A and R, or from the results of reli-
able molecular calculations (4, 5).

The latter alternative becomes particu-
larly necessary when an impurity is gener-
ated in a doped sample by irradiation and
there are not stable concentrated com-
pounds of such impurity to supply a calibra-
tion for the constant c. This is the case of
the Cr* ion generated by X-ray radiation of
Cr?*-containing crystals. This unstable ion
has been detected in octahedral environ-
ments in NaF and KMgF; by means of reso-
nance spectroscopy (6-9).

The purpose of this work is to obtain the
value of R, for the Cr*—F~ bond in the octa-

hedral systems Cr*:NaF and Cr*:KMgF,
by means of the theoretically determined
A4(R) curve and the observed values of A,.
The curves Ay(R) have been computed from
the molecular orbitals forming the ground
state of the octahedral CrF?™ unit, without
invoking the relation A; = ¢S,. On the other
hand, our calculations confirm that such an
equation holds quite accurately for CrFi,
at least for 1.7 < R(Cr*-F~) < 2.6 A. How-
ever, we do not analyze in this work the
causes of this behavior of the covalency pa-
rameter A,. A study of such causes seems to
be convenient, given the potentiai useful-
ness of the method of Moreno et al., and it
is in progress in our laboratories.

In this paper we present results of
Hartree-Fock-Roothaan (HFR) calcula-
tions on the octahedral CrF;™ unit in vacuo
and in the lattice potential of NaF and
KMgF;. In order to know the sensitivity of
the theoretical A((R) curves obtained from
these results against methodological alter-
natives in the cluster calculation, we have
considered several refinements and have
analyzed their effects on A(R). The quality
of the 3d basis set, the size and structure of
the core—valence partition adopted in the
calculation, the core projection on the va-
lence shell, and the cluster—lattice interac-
tion have been investigated. These results
are part of a detailed study of the geometry,
bonding, and spectra of the Cr* in fluoride
lattice (10). In a forthcoming report we dis-
cuss the nuclear potential of the classically
repulsive CrFi™ unit and the stabilization
effects produced on it by the L - M and L
— lattice charge transfers, as well as by the
electrostatic and nonelectrostatic, short-
ranged cluster—lattice interactions.

From the work presented in this paper
we find R(Cr*:NaF) = 2.47 + 0.03 A and
R(Cr*:KMgF;) = 2.35 + 0.03 A. As far as
we know, these are the first Crt-F~ dis-
tances reported to date. When compared
with the corresponding R.(Mn?*:NaF) =
2.154 + 0.013 A and R.(Mn2*:KMgF3) =



66 FERNANDEZ RODRIGO ET AL.

2.070 + 0.020 A (4), as well as with
Ry(NaF) = 2.317 A, Ry(KMgFs) = 1.993 A,
they reveal a Cr* ion more deformable than
the stable Mn?* ion, and with ionic radius
larger than r(Na*).

I1. Method

The HFR equations corresponding to the
3.e2-%A,, ground state of the octahedral
CrFi™ unit have been solved, following the
methodology of Richardson et al. (11), at
eight values of R, from 3.26 a.u. (1.73 A) to
4.99 a.u. (2.64 A). The STO basis set for the
Cr* ion has been taken from Ref. 12, but
the 4s and 4p orbitals are those on Ref. (13).
The fluoride basis has been taken from Ref.
14).

Four core—valence partitions (/1) have
been analyzed in this work: (a) the SPD
partition, in which the valence set is formed
of the 3s, 3p, and 3d metallic orbitals, and
the 2s and 2p ligand orbitals; the remaining
orbitals are kept frozen in the core (11); (b)
the SPDD partition is the SPD one aug-
mented with the extra 3d; function, which is
the inner STO of the regular 2- 3dy, func-
tion of Ref. (12); (c) the valence shell of the
DDSP partition contains the 3dy, 3d, 4s,
and 4p metallic orbitals, the 3s and 3p now
being in the core; (d) the SPDDSP partition
contains the largest metal valence: 3s, 3p,
3dy, 3dy, 45, and 4p. We note that the ligand
valence shell is the same in these four
cases.

Calculations made by following the stan-
dard methodology of Ref. (/1) will be called
here unprojected calculations, and will be
indicated by a capital U preceding the name
of the partition. These calculations can be
improved by the inclusion of core-projec-
tion operators in the Fock—Hamiltonian of
the cluster. Such operators, defined in
terms of the core orbitals, prevent the pos-
sible collapse of the valence shell into the
core, due to insufficient two-center, core-
valence orthogonality (15). We have intro-

duced these projections in the manner
discussed in Ref. (I5). ‘“‘Projected”
calculations will be denoted by a capital P
before the name of the core-valence parti-
tion.

The cluster-lattice interaction appropri-
ate to the Cr*:NaF and Cr*:KMgF; sys-
tems has been investigated as in Ref. (16),
namely, computing the lattice potential by
the Ewald method at many points along the
100, 110, and 111 directions, representing
these values by a one-electron octahedral
function, and incorporating such function
in the cluster Fock operator before the SCF
iterations. The accurate 7P potential func-
tion discussed in Ref. (I7) has been used
here.

Finally, the isotropic superhyperfine con-
stant A, is given by (6)

A = %A%MA‘Z’S/ZS

where
Ad = (87/3) g g B BalPas(0)?

and § = 5/2 for the r,e3-°A,, state consid-
ered in this work. A; and N are, respec-
tively, the covalency parameter and nor-
malization constant in the e, antibonding
molecular orbital:

|e; > = N(3de_AsXs_Ao-Xo-)

When this MO is doubly occupied, the
transferred spin density f; = AN%/3. We
have, then, for the A, state:

A = fsAgs/ZS
In this work we deal with the SPD |e;>:
|3€;,SPD> = a|33dM + anxst anxe

which gives f;, = a%/3, and with the DD

forms

|3e;.", DD> = b]33dM + b233d1 +b33Xs +
bysxo

for which f, = b3%/3. The fluoride 2s AO
used here gives A% = 13920 X 10~* cm™!.
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II1. Results and Discussion

In the table we present the values of A,
obtained in different calculations. In all
these cases A, decreases by a factor of
about 20 when R increases from R = 3.26 to
4.99 a.u.

The last two columns of the table contain
results obtained with the 3d wavefunction
corresponding to the Cr3* (12). These num-
bers show the importance of the 3d AO in
the final value of A,. The 3d(Cr**) function
is more contracted than the 3d(Cr™) one,
giving rise to a sensible reduction in A, in
spite of the presence of the second 3d func-
tion in the SCF process. The extra 34| func-
tion cannot correct the effects induced by
the comparatively more internal 3d(Cr*).

The results in the first four columns of
the table reveal the effects produced in A;
by the type of core-valence partition. The
three DD bases give essentially the same
function A (R), showing some differences
with the SPD partition that are larger at
shorter R’s. However, for R > 4.19 a.u.
these differences are negligible. Accord-
ingly, the predicted values of R., obtained
with the observed A,, differ by less than
0.03 A within these calculations.

Looking at the results of the projected
calculations we observe that the modifica-
tions of the cluster wavefunctions produced
by the core projectors increase when R de-
creases. This is not surprising since the er-
ror corrected by these operators (the lack
of two-center core-valence orthogonality)
is a decreasing function of R. Again, the
differences between the U and P calcula-
tions are negligible for R > 4.19 a.u. In
these two types of calculations the effects
of the empty 4s (ai,) and 4p (1,,) metallic
AOQO’s on A, are negligible, indicating that
this quantity is mainly determined in this
case (with no open shells in the ay,, 1,
blocks) by the details of the e, MO’s.

Finally, we observed in the table that the
effects of the electrostatic cluster—lattice

interaction on the structure of the [3e,>
MO are entirely negligible. This is true for
any core-valence partition, as well as for
the U and P calculations, although only the
SPDDSP results are collected in the table.

We conclude that, apart from the calcula-
tion performed with the 3d (Cr**) function,
the A,(R) curve obtained from 4.00 to 4.99
a.u. is essentially independent of the parti-
tion size, core-projection, and cluster—lat-
tice interaction.

From the theoretical curves we obtain
R.(Cr*:NaF) and R(Cr*:KMgF) by using
the experimental values of A, (6):
A(Cr+:NaF) = (12.5 = 0.5) x 104 cm™!,
AJ(Crt:KMgF3) = (19.3 = 0.5) x 10
cm™!. Our results are: R(Cr™:NaF) = 2.47
+0.03 A, R(Cr*:KMgF;) = 2.35 = 0.03 A.
The uncertainty in these predictions has
been estimated from the uncertainty in the
observed A, and from the dispersion of our
different theoretical curves.

These numbers indicate outward fluoride
relaxation in NaF and KMgF; upon Cr*
substitution. AR = R, — Ry = 0.15 A and
0.35 A for Cr*:NaF and Crt:KMgFs, re-
spectively. The first value suggests that the
Cr* ion is larger than the Na' ion, since
there is not charge compensation in
Cr*:NaF. From this result, the ionic radius
r(Cr*) can be estimated to be about 1.14 A.
This number compares well with the known
series (18): Cré* (0.44 A), Cr’* (0.49 A),
Cr** (0.55 A), Cr3+ (0.615 A), Cr2* (0.80 A).
The large relaxation (0.35 A)in KMgF; can
be understood in terms of the large size of
Cr* and the charge reduction in the substi-
tution Mg?* — Cr*.

These results cannot be compared with
other deduced from a calibration of the con-
stant ¢ (in Ay, = ¢S;) by means of a Cr*
crystal with A and R. known, since no pre-
vious value of R, has been reported. How-
ever, a comparison can be made with the
isoelectronic Mn?*. The distances R.(Mn2*
:NaF) = 2.154 + 0.013 A and R.(Mn?*:
KMgF;) = 2.070 + 0.020 A have been



§0°C 90°C 9€°C 9€'7 — (4384 vE'Z vE'T SET (<4 pE'T et (V) G800

91t 91t - - [Aaré 't 't WT 't 't e sv'e (Y) (deN: DY
6666°0 8666°0 9666°0 86660 86660 666'0  v666'0  P666'0 86660 86660 86666'0 16660 o
. LBEIV'O  CLBIP'O  O9PLS'O0  L6LES'O  SS6TS'0  8IP9S0  6879S°0 887950 PSOES0  ILLIS'O  6E6IS0  SELPS'O (yog) 9
M 50¢°8 LI19°L 90ty SS9°L 15344 1SL6'Y $996°¥ S106'F  86SE'8 6LLS'8 LLTT'8  OL¥8'S (-uo)y
=
= - - 01¢T’L 0LYT'L 0¥98°9 689 S60L'9  LVI99  vEPR9 6CTL'9 06¢9°9  LBLO9 66’y
m - — LET'S1 9t Sl 0L9'Y1 LL9VI 98t 1 STTYL LY 08+°¥1 OIE' Pl 8SP'El 68y
~ e6t'9 SSSP9 1€9°1C $68°1C 19T°1T CETIT  06L°0T SYS'0T  99v°IT 920°1¢ wsLoT 8IL6l 6ty
% - - 96L°0¢ vot 1t 8IL°0¢ 8LY°0t ¥78'6C Iev'6C  SHO'IE #0v° 0t 1£6'6C  619°8C 61°Y
& LSY'ST 12321 819°¢v $90°SY 6LE VY Lsy'ey SIS'Cy  688°IF  TISVb ST6'ty sor'ey  ¥8I'Iv 66't
H ITot £V0°9¢ LI1¥°98 ¥i8'v6 ETTH6 6v9°98 686'v8  ¥S9'tR  €6E°V6 14421 1L0°'T6  18¢°¢8 6S°€
a 8EV'IS 00605 19°€11 LI'TEL 19°0¢1 ¥6'E11 SICII 86°0IT  6T°0t! 961 s¢'otl  09°0lIT (YA 4)
Z 9L 88°CL wivl 18'¥81 T8l S8°LYl 09°9v1 syl 6v'esl Le e8I 96°'6L1  S8°SHI 9Tt
Z
m dSdddsn addsn dsaddsSd dSdddsn dSAddsN dSddd dSAddSd dddsd dsadn dsaddsn daddsn adsn (1qoq) ¥
(+eID)PE—_341D EASNA: 1D dBeN:4 1D onapa up 241D onapa up 241D

CABIADL: +1D)'V (48N ID)'V adA¥dsdQ FHL ANV FANND) (¥)°V IVIILAYOAH], FHL Wodd aadnad( °y 40
SANTVA ANV ‘4 NOILVNIWYIALA( 40 INAIOI4430)) (d/y-)dXd - ¥ = ¥ NOILONNJ FHL NI SYALTWVEVJ 0 ANV V¥ LSaq “(,_Wd ,_0])’V d41vINITIv)

1974VL

68



Cr*—F- DISTANCE IN Cr*:NaF AND Cr*:KMgF;

reported by Barriuso and Moreno (4).
Applying the method described here
to the SCF results on MnF¢~ by Flérez et
al. (19), we find R{(Mn?*:NaF) = 2.177 =
0.006 A and R.Mn?*:KMgF;) = 2.10 =
0.01 A. The close similarity between these
two sets of numbers indicates that the
method used here is essentially equivalent
to that described in Ref. (4). The small dif-
ferences should come from the slightly dif-
ferent value of AY (14978 x 10~% cm~! in
Ref. (4)), and perhaps from considering N,
= 1 in Ref. (¢). Both calculations give AR,
R.Mn?*:NaF) — R.(Mn?*:KMgF;) =
0.08 A. AR, turns out to be 0.12 A for Cr*.
This larger value suggests that the unstable
Cr* is a more deformable species than the
stable Mn?*,
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