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Although in LiBaF3:Mn2+ the impurity replaces Li+ thus forming octahedral MnF6
4− units the experimental

hyperfine and anisotropic superhyperfine constants and the energies of d-d optical transitions do not fit into the
pattern observed for Mn2+-doped normal perovskite lattices. Seeking to look into this relevant issue first-
principles calculations in the framework of the density-functional theory have been carried out for MnF6

4−

complexes embedded in both KMgF3 and LiBaF3 host lattices which display normal and inverted perovskite
structures respectively. The present calculations lead to a value of the equilibrium Mn2+-F− distance, RI, which
is the same for both host lattices within 0.015 Å. Despite this fact and in agreement with experimental data the
calculated values of both the anisotropic superhyperfine constant, Ap, and the cubic-field splitting parameter,
10Dq, for LiBaF3:Mn2+ are found to be higher than those for KMgF3:Mn2+ while Racah parameters are a bit
higher for the latter case. All these results, and also the 3% reduction undergone by the hyperfine constant on
passing from KMgF3:Mn2+ to LiBaF3:Mn2+ are shown to be connected with a parallel increase in the cova-
lency. These surprising results, which cannot be ascribed to a different RI value, are shown to arise from the
internal electric field, ER, due to all lattice ions lying outside the MnF6

4− complex. Although, according to
symmetry, ER is null at Mn2+ site this is shown to be not true in the neighborhood of ligands for the LiBaF3

host lattice. The quite different shape of ER in normal and inverted perovskite lattices is shown to be already
understood considering only the first two shells surrounding the MnF6

4− complex. The present results demon-
strate that the traditional ligand field theory fails to understand the changes undergone by optical and magnetic
parameters of a complex when a host lattice is replaced by another one which is not isomorphous. The
relevance of present conclusions for understanding the color of Cr3+-based gemstones is also underlined.
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I. INTRODUCTION

A great simplification for understanding the electronic
properties of insulating compounds containing a transition-
metal cation, M, is gained through the concept of
complex.1–3 In agreement with this idea the optical properties
of compounds such as CoCl3�NH3�6 or KMnF3 can be ex-
plained to a good extent considering only the MXN complex
formed by the transition-metal cation with the N nearest
neighbor anions or ligands. The usefulness of the concept of
complex is greatly supported, for instance, by the compari-
son of optical spectra of KMnF3 or RbMnF3 pure
compounds4,5 with those measured for Mn2+-doped cubic
fluoroperovskites where MnF6

4− complexes are truly diluted
in the corresponding host lattices.6,7 The d-d electronic tran-
sitions displayed by all these systems look very similar in-
deed.

Bearing in mind this kind of experimental evidence it is
assumed within the traditional ligand field theory �LFT� that
the electronic properties of a transition-metal impurity in an
insulating lattice essentially depend on: a� The nature of the
impurity and ligands; b� The number and geometrical ar-
rangement of ligands; c� The actual distance between ligands
and the impurity.

In agreement with this widely accepted standpoint, if the
same MXN complex is inserted in two different lattices, the

possible differences encountered when comparing the optical
or the electron-paramagnetic-resonance �EPR� spectra should
then be ascribed to a change of metal-ligand distances. This
statement has been well verified for Mn2+-, Ni2+-, and
Fe3+-doped cubic fluoroperovskites, Cr3+- and Fe3+-doped
cubic elpasolites and also in the case of Mn2+-doped fluorite-
type lattices.8–13 In all these systems the variation of optical-
absorption �or excitation� maxima and the spin-Hamiltonian
parameters of the complex through different host lattices can
be well accounted for by the change of the equilibrium
impurity-ligand distance, RI, at ambient pressure. This dis-
tance follows in turn the value of the cubic lattice parameter,
a, along the series of isomorphous host lattices. In the same
vein, the changes of optical properties induced by a hydro-
static pressure on Cs2NaScCl6 :Cr3+ �Ref. 14� can also be
well explained on the basis of the progressive reduction in
the Cr3+-Cl− distance.15

Despite the variations of optical and magnetic properties
due to a complex in a series of isomorphous host lattices is
well understood by means of the traditional LFT, recent ex-
perimental results stress that this is no longer true when com-
paring the same complex embedded in two lattices with dif-
ferent crystal structure. A relevant example in this domain
concerns ruby and emerald whose color comes from a
slightly distorted CrO6

9− complex embedded in Al2O3 and
Be3Si6Al2O18 lattices, respectively.16,17 Recent measure-
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ments have shown that, within the experimental uncertainty
��1 pm�, the average Cr3+-O2− distance is the same for both
gemstones.18,19 Therefore, the red and green colors exhibited
by ruby and emerald, respectively, can hardly be accounted
for on the basis of the traditional LFT. This surprising situa-
tion has been pointed out to be reasonably understood once
the electric field created by the rest of lattice ions upon the
CrO6

9− complex, ER�r�, is also taken into consideration.20,21

This statement just means that, although active electrons are
essentially localized in the complex, the associated optical
and magnetic properties cannot be fully understood consid-
ering only such a complex in vacuo. According to this view
the cubic-field splitting parameter, 10Dq, which is behind the
color of Al2O3:Cr3+ and Be3Si6Al2O18:Cr3+, depends on the
metal-ligand distance but also on the shape of ER�r� in the
complex region which in turn reflects the host-lattice struc-
ture.

Despite the influence of ER�r� on the actual value of 10Dq
has been investigated for different gemstones doped with
Cr3+, no attention has been paid up to now to the changes
that such internal electric field introduces on the bonding
inside the complex. To look into this issue is certainly rel-
evant because hyperfine �HF� and superhyperfine �SHF� ten-
sors as well as the Racah parameters do depend on the de-
gree of covalency existing in the transition-metal complex.1,2

The present work is mainly addressed to explore this sub-
ject. More specifically, this study is focused on the different
spectroscopic properties exhibited by a Mn2+ impurity placed
in the inverted perovskite lattice LiBaF3 or in host lattices
with a normal perovskite structure. Both structures are de-
picted in Fig. 1. Main reasons for this choice are the follow-
ing:

1� Electron nuclear double-resonance �ENDOR� data22,23

clearly prove that in LiBaF3 the Mn2+ impurity replaces a Li+

ion of the host matrix thus leading to the formation of an
octahedral MnF6

4− complex with remote charge compensa-
tion. Such a complex is thus the same than that formed in
normal perovskite lattices �such as KMgF3� where the Mn2+

impurity occupies the position of the divalent cation
Mg2+.24–30

2� The existence of ENDOR measurements23 carried out
on LiBaF3:Mn2+ allows a precise comparison of hyperfine
and superhyperfine parameters with those measured for
Mn2+-doped KZnF3, CsCdF3, and CsCaF3 using the same
tool. It was early noted that both the HF and the anisotropic
SHF constant of LiBaF3:Mn2+ can hardly be fitted into the

pattern for Mn2+ impurities in normal perovskites.22,31

3� The excitation spectrum of LiBaF3:Mn2+ has recently
been measured.32 Despite the lattice constant, a, of KMgF3
�Ref. 33� and LiBaF3 �Ref. 34� lattices is the same within
0.3%, there are significant differences between the excitation
spectra corresponding to MnF6

4− embedded in the two re-
ferred lattices.7,32

4� As both the normal and the inverted perovskite lattices
are cubic, it is easier to explore in detail the nature of anti-
bonding eg ��x2-y2, 3z2-r2� and t2g ��xy ,xz ,yz� orbitals
�where unpaired electrons are located in the ground state�
than in systems with much lower local symmetry such as it
happens for instance in the case of ruby.16–21 For these rea-
sons LiBaF3:Mn2+ and KMgF3:Mn2+ can be considered as
model systems.

5� Bearing in mind that active electrons in these systems
are highly localized8,35 relatively small clusters can be used
for calculating the ground-state equilibrium distance and the
associated magnetic and optical parameters. In all cases the
influence of the electrostatic potential coming from ions out-
side the cluster is taken into consideration.

Apart from these reasons, it is worthwhile to remark that
a significant attention has been paid in the last years to
LiBaF3 material doped with transition metal or rare-earth
impurities in the search of new systems for application as
devices in the deep ultraviolet or scintillators.36–38

Seeking to explore the variations in covalency of the
MnF6

4− unit on passing from a normal perovskite lattice to
LiBaF3 first-principles calculations in the framework of the
density-functional theory �DFT� have been carried out. For
the sake of clarity, the value of RI, the electronic density in
antibonding eg and t2g orbitals, and significant spectroscopic
parameters calculated for LiBaF3:Mn2+ are compared with
those derived for KMgF3:Mn2+.

In the realm of spectroscopic parameters, attention is
firstly focused on HF and SHF tensors. In particular, it is
explored whether the differences between HF and SHF ten-
sors measured22–25 for LiBaF3:Mn2+ and KMgF3:Mn2+ can
or not be accounted for on the basis of distinct RI values.
Subsequently, the connection between such experimental dif-
ferences and the corresponding changes in chemical bonding
is analyzed in detail. In a second step, attention is paid to two
optical parameters measured for LiBaF3:Mn2+, 10Dq and the
energy of the relatively sharp 6A1→ 4A1, 4E crystal-field
peak.32 Both of them are somewhat anomalous when com-
pared to the corresponding figures found for Mn2+ in normal
perovskites.6,7
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a) b) FIG. 1. �Color online� a� 21 atom clusters
used in the calculations of the inverted BaLiF3

�left� and normal KMgF3 �right� perovskite struc-
tures. Unit cells are marked with dashed lines.
The lattice constant a is thus equal to 2R0. Simi-
lar clusters were used for the calculations of the
corresponding Mn2+ impurity centers but replac-
ing the central ion �Li+ in LiBaF3 and Mg2+ in
KMgF3� by Mn2+. b� MnF6

4− complex and ar-
rangement of local axes for ligand 1 placed on
the x axis.

TRUEBA et al. PHYSICAL REVIEW B 78, 075108 �2008�

075108-2



The present work is arranged as follows. Section II pro-
vides with a detailed analysis of relevant experimental data
available for Mn2+ impurities in normal perovskite lattices
and in LiBaF3. This study will clarify what are the main
differences lying well beyond experimental uncertainties. In
Sec. III the computational details are reported, while in Sec.
IV the relevant results obtained on LiBaF3:Mn2+ and
KMgF3:Mn2+ are displayed and discussed in some detail. In
Sec. IV particular attention is paid to the shape of the elec-
trostatic potential, VR�r�, associated with ER�r�, in both nor-
mal and inverted perovskite lattices and especially to its in-
fluence on the covalency of embedded MnF6

4− units. Finally,
the relevance of the present conclusions for other systems is
shortly outlined in Sec. V.

II. Mn2+ IN NORMAL AND INVERTED PEROVSKITE
LATTICES. RELEVANT EXPERIMENTAL DATA

A. Hyperfine and superhyperfine tensors

For an octahedral MnF6
4− complex in its 6A1�t2g

3 eg
2� ground

state, the terms in the spin Hamiltonian describing the HF
and SHF interactions are written as39

HHF = AIS + �
k=1

6

I�Tk�S . �1�

In Eq. �1� A denotes the HF constant while �Tk� �k
=1, . . . ,6� mean the SHF tensors associated with the six
ligands. In an octahedral complex the symmetry operations
leaving invariant a given ligand display a tetragonal C4v
group. Therefore, a diagonalized �Tk� tensor involves two
different components called T� and T�. Principal directions
for the SHF tensor of one of ligands are shown on Fig. 1.
The T� component is associated with the corresponding
metal-ligand direction. For practical purposes, instead of
analyzing directly T� and T� parameters, it is often more
useful to work with the quantities Ap and As, defined by

T� = As + 2Ap; T� = As − Ap. �2�

Microscopically, Ap reflects mainly the admixture of 3d or-
bitals coming from Mn2+ with 2p valence orbitals of F−,

which is allowed for both eg and t2g antibonding orbitals.1,3,39

By contrast, As mainly comes from the 2s�F−�−3d�Mn2+�
admixture which is only allowed for the two eg orbitals. As
for free F− ion, the 2s orbital lie 23 eV below the 2p orbital,
bonding in a eg level is, however, mainly established through
2p�F−� orbitals.40

Representative values of A, Ap, and As parameters derived
from magnetic-resonance measurements for MnF6

4− in nor-
mal cubic perovskite lattices and in LiBaF3 are gathered on
Table I, together with the values of R0=a /2 and RI distances.
In such a table, ENDOR results are included when available
due to its higher accuracy with respect to normal EPR data.
The SHF tensor has been measured by ENDOR at low tem-
perature for the cubic KZnF3, CsCdF3, and CsCaF3 lattices
doped with Mn2+ 26,28,29 as well as for LiBaF3:Mn2+.23 Inter-
estingly, ENDOR values of A have been derived for both
CsCaF3:Mn2+ �Ref. 29� and LiBaF3:Mn2+.23

As shown in Table I, experimental values of �A� for
Mn2+-doped normal cubic perovskites are all lying in the
271–277 MHz region. This slight dependence of �A� on the
host lattice reflects that for an octahedral Mn2+ complex, the
hyperfine constant comes from the polarization of inner 1s,
2s, and 3s orbitals by the five unpaired d electrons.39 In a
previous study41 it was concluded that �A� should increase
slightly with the Mn2+-F− distance, d�A� /dR being around 0.5
MHz/pm. Looking at Table I one realizes that the value �A�
=265.3 MHz measured for LiBaF3:Mn2+ is certainly not in
the range of values reported for normal cubic perovskites. In
particular, it is clearly smaller than the figure measured for
KMgF3:Mn2+ although only by about 3%.

A more remarkable difference comes out when comparing
Ap values for MnF6

4− in normal perovskites with that mea-
sured for LiBaF3:Mn2+. As shown in Table I the Ap value
measured by ENDOR for Mn2+-doped KZnF3, CsCdF3, and
CsCaF3 are nearly identical all of them lying in the range
8.2–9.1 MHz. A different situation holds as regards As. In
fact, As increases by 35% on passing from CsCaF3:Mn2+ to
KMgF3:Mn2+. This significant increase has been proved to
reflect the strong dependence of As upon R.8,40 The reason
why Ap is much less dependent on R has been explained
previously.10,40,42

Bearing in mind the experimental Ap values measured for
Mn2+ in normal perovskites it seems again not easy to un-

TABLE I. Experimental hyperfine, A, and superhyperfine, As and Ap, parameters �all given in megahertz�
for MnF6

4− placed in the inverted perovskite LiBaF3 lattice as well as in a series of cubic fluoroperovskites.
Superhyperfine parameters have been measured at 4.2 K by ENDOR for KZnF3, CsMF3�M =Cd,Ca� and
LiBaF3 doped with Mn2+ while the hyperfine constant has been obtained by this technique only for
CsCaF3:Mn2+ and LiBaF3:Mn2+. EPR data correspond to room temperature. Experimental errors are given
in parenthesis. Values of R0=a /2 �Refs. 33 and 34� and the equilibrium Mn2+-F− distance, RI, �taken from
Ref. 8� are also included for comparison purposes. Both R0 and RI are given in Å.

Host R0 RI �A� Ap As Technique Ref.

LiBaF3 1.998 265.324 �0.003� 11.0 �0.1� 55.4 �0.1� ENDOR 23

KMgF3 1.993 2.06 273 �1.5� 5.9 �1.5� 54.3 �2� EPR 24 and 25

KZnF3 2.027 2.08 272.4 �0.3� 9.12 �0.03� 54.3 �0.03� ENDOR 26

CsCdF3 2.232 2.15 271.2 �0.6� 7.44 �0.9� 42.45 �0.9� EPR 27

CsCdF3 2.232 2.15 8.17 �0.04� 43.97 �0.04� ENDOR 28

CsCaF3 2.262 2.16 276.734 �0.005� 8.72 �0.1� 40.75 �0.1� ENDOR 29
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derstand the value Ap=11�0.1 MHz reported for
LiBaF3:Mn2+ �Ref. 23� which is about 30% higher than the
Ap value derived for KZnF3:Mn2+.26 The results collected in
Table I stress that such a difference can hardly be accounted
for on the basis of the actual value of the Mn2+-F− distance.

B. Crystal field transitions

The so-called d-d or crystal-field transitions for an octa-
hedral d5 complex with S=5 /2 in the ground state are both
parity and spin forbidden. For this reason the crystal-field
transitions for MnF6

4− complexes are observed by means of
the optical-absorption technique for pure compounds such as
KMnF3 or RbMnF3 �Refs. 4 and 5� while for doped systems
such transitions are usually measured through the excitation
spectrum of the 4T1g�t2g

4 eg
1�→ 6A1�t2g

3 eg
2� emission.6,7 Among

the crystal-field transitions observed for Mn2+ in normal per-
ovskites and in LiBaF3, values corresponding to the first
6A1�t2g

3 eg
2�→ 4T1g�t2g

4 eg
1� transition �whose energy is termed

E1� and the third 6A1g�t2g
3 eg

2�→ 4A1g , 4Eg�t2g
3 eg

2� transition
�whose energy is termed E3� are both gathered in Table II.
For the sake of completeness the values of R0 and RI dis-
tances are also included in such a table. While E1 depends on
10Dq, E3 is independent on this parameter and thus the
6A1�t2g

3 eg
2�→ 4A1g , 4Eg�t2g

3 eg
2� transition plays a similar role to

the 4A2�t2g
3 �→ 2Eg�t2g

3 � transition for Cr3+ in oxides.16,17 A
direct insight into 10Dq can simply be obtained looking at
the value of E3-E1 which is also reported on Table II. In a
first approximation, E3-E1 is just equal to 10Dq-C, involving
the C Racah parameter.1–3

In the series of normal perovskites doped with Mn2+ it can
be noticed that E3-E1 decreases progressively on passing
from KMgF3:Mn2+ to CsCaF3:Mn2+. This fact has reason-
ably been explained6,7 considering that under a hydrostatic
pressure the dependence of 10Dq on the value of the metal-
ligand distance, R, is given by the law

10Dq = KR−n, �3�

where the exponent n is usually found to lie in the 4–6
region.15,40,43 If active electrons are fully localized in the
MnF6

4− complex the same effect can be produced by placing
the complex in a series of distinct isomorphous host lattices

producing different chemical pressures upon the complex.
For MnF6

4− in cubic fluoroperovskites a value n=4.7 has
been derived from an analysis of experimental results.7 In-
terestingly, the 10Dq values measured for AMnF3 �A
=K ,Rb� pure compounds4,5 or for doped cubic
fluoroperovskites6,7 follow all of them the pattern of Eq. �3�.
However, the experimental value E3−E1=7967 cm−1 for
LiBaF3:Mn2+ �Table II� can hardly be fitted into the results
corresponding to normal perovskites with Mn2+. In fact,
while KMgF3 and LiBaF3 lattices have practically the same
R0 value the figure E3−E1=6960 cm−1 reported for
KMgF3:Mn2+ is about 1000 cm−1 smaller than that for
LiBaF3:Mn2+.

Along this line the E3 value itself recently measured32 for
LiBaF3:Mn2+ is also surprising when compared to data4–7

for normal perovskites containing Mn2+. As shown in Table
II the E3 values for AMnF3 �A=K ,Rb� compounds and
Mn2+-doped normal perovskites are all found to lie in the
25200–25380 cm−1 narrow range. By contrast, the value
E3=24097 cm−1 determined for LiBaF3:Mn2+ can not again
be fitted into such a pattern.

The main conclusions extracted from the simple inspec-
tion of E1 and E3 experimental values �Table II� is corrobo-
rated by an analysis of the six excitation peaks observed for
KMgF3:Mn2+ and LiBaF3:Mn2+. The energies of such tran-
sitions are given in Table III. From the analysis of such ex-
perimental transitions it is obtained 10Dq=9673 cm−1 for
LiBaF3:Mn2+ which is clearly higher than 10Dq
=7950 cm−1 for KMgF3:Mn2+. A similar situation is found
when comparing the experimental 10Dq parameter of Co2+

and Ni2+ impurities in LiBaF3 and KMgF3.44–46 As regards
the Racah parameters the figures B=814 cm−1 and C
=2995 cm−1 extracted for LiBaF3:Mn2+ are smaller than B
=847 cm−1 and C=3024 cm−1 obtained for KMgF3:Mn2+.
This fact supports that covalency is higher for the former
than for the latter system.

III. COMPUTATIONAL DETAILS

First-principles calculations have been performed within
the framework of the DFT by means of the Amsterdam den-
sity functional �ADF� code, 2006 version.47 Exchange-

TABLE II. Experimental values of the energies corresponding to 6A1g→ 4A1g and 6A1g→ 4A1g,4Eg tran-
sitions �denoted as E1 and E3, respectively� measured for AMnF3 �A=K ,Rb� pure compounds and also for
the Mn2+ impurity embedded in a series of normal cubic fluoroperovskites. These results are compared with
the corresponding values found for LiBaF3:Mn2+. E1 and E3 are given in cm−1. For the sake of clarity
available values of R0 and RI distances �given in Å� are also included in the table.

System R0 RI E1 E3 E3−E1 Ref.

LiBaF3:Mn2+ 1.998 16129 24096 7967 32

KMgF3:Mn2+ 1.993 2.06 18240 25200 6960 6 and 7

KZnF3:Mn2+ 2.027 2.08 18530 25210 6680 6

KMnF3 2.095 2.095 18900 25245 6345 4 and 5

RbMnF3 2.120 2.12 19300 25275 5975 4 and 5

RbCdF3:Mn2+ 2.20 2.13 19530 25230 5700 6

CsCaF3:Mn2+ 2.262 2.16 19860 25380 5520 6 and 7
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correlation energy was computed according to the general-
ized gradient approximation �GGA� employing the Becke-
Perdew functional.48,49 High quality TZP basis sets �triple-
zeta Slater type orbitals plus one polarization extra function�
were used to describe all atoms. Core electrons �1s-3p for
Mn and K, 1s for F and Li, 1s-2p for Mg and 1s-4d for Ba�
were kept frozen in geometry optimizations, while all-
electron basis sets were used for computing EPR parameters.
Following a previous study8,35 most of results shown in this
work on Mn2+-doped KMgF3 and LiBaF3 have been derived
using the 21 ion clusters MnF6K8Mg6

16+ and MnF6Ba8Li6
18+,

respectively. This simplification comes from the fact that ac-
tive electrons are lying essentially inside the MnF6

4− com-
plex. For instance, for the antibonding eg orbital of MnF6

4−

embedded in LiBaF3 the electronic density lying outside the
cluster is found to be only 1%. Despite this fact geometry
optimizations on the 57 ions clusters MnF6K8Mg6F24Mg12

16+

and MnF6Ba8Li6F24Li12
6+ have also been performed in order

to study the influence of the cluster size upon the equilibrium
Mn2+-F− distance, RI. For having a supplementary check of
the consistency of the employed method calculations on
MgF6K8Mg6

16+ or LiF6Ba8Li6
18+ clusters related to the pure

lattice, have also been carried out. In the geometry optimi-
zations the positions of all ions, except F− ligands, have been
kept at their calculated lattice positions. This approximation
is not unreasonable for present cases because both Mg2+

→Mn2+ and Li+→Mn2+ substitutions lead to a local relax-
ation which is always smaller than 3.5%.8,35

The electrostatic potential due to the rest of the lattice
ions VR�r�, was generated by means of 224 point charges at
their lattice positions with charge values previously fit to
reproduce the electric field of the infinite lattice using an
Evjen-Ewald scheme.50 Spin-restricted calculations were
used for geometry optimizations while an unrestricted treat-
ment was employed for the calculations of EPR tensors.

The LFT parameters �i.e., 10Dq and the two Racah pa-
rameters, B and C� have been computed through the Ligand
Field DFT �LFDFT� methodology proposed by Atanasov et
al.51 It consists of an average of configuration �AOC� full-
SCF calculation for the d electrons and in a further step the

energy of every possible Slater determinant �252 in the case
of a d5 ion� is calculated in a non-SCF calculation using the
orbitals obtained in the AOC procedure. The energy of all the
Slater determinants can be expressed as a function the ligand
field parameters and since the system is overdetermined �252
energies and only 4 parameters� a least-square minimum pro-
cedure is used to get the ligand field parameters.

IV. RESULTS FOR LiBaF3:Mn2+ and KMgF3:Mn2+

In a first step, it is necessary to see whether the present
DFT calculations are able to reproduce all anomalies en-
countered when comparing �A�, Ap and E1 and E3 values
measured for MnF6

4− in normal perovskites such as KMgF3
with the corresponding results found for LiBaF3:Mn2+. A
prerequisite for achieving this goal is to know the actual
value of RI for LiBaF3:Mn2+.

A. Equilibrium geometry for the ground state

As a test of the cluster method used through this work, the
calculated Mg2+-F− and Li+-F− distances for KMgF3 and
LiBaF3 pure lattices by means of clusters of 21 and 57 atoms
are collected in Table IV. As shown in such a table the dis-
crepancies with experimental R0 values never exceed 2%.
Calculated values of the equilibrium Mn2+-F− distance, RI,
for LiBaF3:Mn2+ and KMgF3:Mn2+ are also given in Table
IV. The obtained value for the Mn2+-F− distance in the case
of KMgF3:Mn2+ is close to RI=2.07�0.01 Å and
2.065�0.005 Å derived from experimental As and 10Dq
values, respectively, and to the figure RI=2.057 Å obtained
in a previous calculation.6,8,35 The results displayed in Table
III confirm that, as expected, RI in LiBaF3:Mn2+ and
KMgF3:Mn2+ are the same within 0.015 Å. A similar situa-
tion has been encountered for Ni2+ impurity in the two
KMgF3 and LiBaF3 lattices.46 As pointed out in Sec. III, the
R0 and RI calculated values gathered in Table IV have been
derived using the Becke-Perdew functional.48,49 Additional
calculations employing the Becke-Lee-Yang-Parr �BLYP�
functional48,52 have also been performed. We have verified

TABLE III. Comparison between calculated and experimental values of the optical transitions for Mn2+

impurity embedded in both KMgF3 and LiBaF3 lattices. Values of 10Dq and Racah parameters, B and C, are
also collected in the table. All energies are given in cm−1. Experimental data for KMgF3:Mn2+ and
LiBaF3:Mn2+ are taken from Refs. 7 and 32.

KMgF3:Mn2+ LiBaF3:Mn2+

Calculated Experimental Calculated Experimental
6A1g→ 4T1g 15282 18240 13228 16129
6A1g→ 4T2g 19708 22640 17945 22220
6A1g→ 4A1g,4Eg 22815 25200 22120 24096
6A1g→ 4T2g 26275 28070 25269 26666
6A1g→ 4Eg 28506 30230 27685 29411
6A1g→ 4T1g 32221 32590 32044 33333

B 813 847 795 814

C 2937 3024 2834 2995

10Dq 9610 8430 10961 9795
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that the differences with respect to values given in Table IV
never exceed 1%.

B. Covalency in eg and t2g antibonding orbitals

In the 6A1�t2g
3 eg

2� ground state of the MnF6
4− complex there

are three unpaired t2g and two unpaired eg electrons which
are responsible for the EPR parameters. The normalized
wave function of a t2g orbital can shortly be written as3,39,40

�t2g;�	 = Nt
�d�t2g�;�	� − �p�
��p�	� �� = xy,xz,yz� .

�4�

Here the first term on the right describes a pure d wave
function transforming like xy, xz or yz while the second term
means a suitable linear combination of atomic orbitals
�LCAO� involving p� valence orbitals of six F− ligands. The
coefficients Nt

2 and �Nt���2 reflect the probability of finding
the electron on the central cation and on ligands, respec-
tively. In the case of the antibonding eg orbital, symmetry
allows an admixture with 2p� and 2s orbitals of six ligands
and thus the corresponding wave function is given by3,39,40

�eg;�	 = Ne
�d�eg�;�	� − �p�
��p�	 − �s��ps	�

�� = x2-y2,3z2-r2� �5�

Calculated values of Ni �i=e , t�, �p�, �s, and �p� parameters
for both LiBaF3:Mn2+ and KMgF3:Mn2+ are gathered in
Table V. For the sake of completeness in addition to figures
related to the equilibrium distance, RI, those corresponding

to other values of the Mn2+-F− distance, R, are also reported.
Looking at the results associated either with

KMgF3:Mn2+ or LiBaF3:Mn2+, it can be noticed: i� �p�
2 is

certainly higher than �s
2; ii� Ni �i=e , t�, �p� and �p� are only

slightly dependent upon R; iii� By contrast, the tiny quantity
�s is quite sensitive to the actual R value. The origin of these
trends, which are usually found for Oh transition-metal
complexes,31,53,54 has previously been explained.10,40,42

The comparison between results derived for LiBaF3:Mn2+

with those for KMgF3:Mn2+ is somewhat surprising. Indeed
the data reported in Table V clearly show that the unpaired eg
and t2g electrons spend more time on 2p�F� ligand orbitals
for LiBaF3:Mn2+ than in the other case. This is particularly
true for the eg orbital displaying � bonding. In fact, on pass-
ing from KMgF3:Mn2+ to LiBaF3:Mn2+ �Ne���2 increases
by �0.08 while only �0.03 in the case of �Nt���2. Bearing
in mind that Ni �i=e , t�, �p� and �p� are nearly independent
on R for each one of the two considered systems the differ-
ences collected in Table IV cannot be explained on the basis
of a distinct Mn2+-F− distance for LiBaF3:Mn2+ and
KMgF3:Mn2+.

C. Hyperfine and superhyperfine tensors

Representative calculated values of the anisotropic SHF
constant, Ap, for LiBaF3:Mn2+ and KMgF3:Mn2+ are gath-
ered in Table VI. Although for both systems Ap has a tiny
dependence on R the calculated values for LiBaF3:Mn2+ are
systematically higher than those for KMgF3:Mn2+ by about
25%. The results embodied in Table V are thus not far from

TABLE IV. Calculated values of the Mg2+-F− distance for KMgF3 and Li−-F− distance for LiBaF3 using
clusters of 21 and 57 atoms. The calculated values for the Mn2+-F− distance, RI, for both KMgF3:Mn2+ and
LiBaF3:Mn2+ systems are also shown. For comparison purposes, the experimental R0 values for pure lattices
as well as the average RI value inferred from the analysis of EPR and optical data for KMgF3:Mn2+ are also
displayed. All distances are given in Å.

Calculated Experimental Ref.

System Distance 21 atoms 57 atoms

LiBaF3 R0 2.041 2.012 1.998 34

KMgF3 R0 2.013 1.988 1.933 33

LiBaF3:Mn2+ RI 2.065 2.050

KMgF3:Mn2+ RI 2.063 2.038 2.065�0.015 6 and 8

TABLE V. Calculated values of Ni �i=e , t�, �p�, �s and �p� parameters for both LiBaF3:Mn2+ and
KMgF3:Mn2+. For the sake of completeness, calculated values for other Mn2+-F− distances, R �given in Å�,
different from equilibrium RI=2.06 Å are also gathered in the table.

R System Ne
2 �Ne�p��2 �Ne�s�2 Nt

2 �Nt�p��2

2.02 LiBaF3:Mn2+ 0.865 0.337 0.019 0.911 0.204

KMgF3:Mn2+ 0.914 0.252 0.024 0.941 0.165

2.06 LiBaF3:Mn2+ 0.854 0.341 0.017 0.901 0.208

KMgF3:Mn2+ 0.905 0.256 0.021 0.932 0.167

2.10 LiBaF3:Mn2+ 0.839 0.347 0.015 0.886 0.217

KMgF3:Mn2+ 0.894 0.261 0.018 0.920 0.173
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experimental findings for Ap displayed in Table I.
The increase undergone by Ap on passing from

KMgF3:Mn2+ to LiBaF3:Mn2+ is consistent with the parallel
increase in covalency shown in Table V. The relation be-
tween Ap and �Nt���2 and �Ne�p��2 can shortly be written
as31

Ap = C�R� + � �Ne�p��2

3
−

�Nt�p��2

4
Ap

0

5
. �6�

Here C�R� involves the so-called metal-metal and metal-
ligand contributions which are mainly dependent upon R.
The last contribution directly reflects the covalency where
the quantity Ap

0 =1280 MHz corresponds to free F− ion. Us-
ing the values of �Nt���2 and �Ne�p��2 given in Table V and
assuming that C�R� is the same for both systems an increase
in Ap of about 4 MHz can be estimated from Eq. �6� on going
from KMgF3:Mn2+ to LiBaF3:Mn2+. Therefore, the differ-
ence between Ap=11�0.1 MHz for LiBaF3:Mn2+ and the
figures �in the range 8–9 MHz� measured for Mn2+ in normal
perovskites �Table I� can be associated with an increase in
covalency consistent with the calculated values of Table V.

Calculated values of the HF constant, A, in the 2.02 Å
�R�2.10 Å range are also collected in Table VI. For both
KMgF3:Mn2+ and LiBaF3:Mn2+, A is found to be negative
and slightly dependent upon R. Both facts reflect that for an
octahedral d5 complex with S=5 /2 in the ground state the
isotropic HF constant A arises from the polarization of 1s,
2s, and 3s core levels by the five unpaired d electrons.39 By
this reason it is more difficult to reproduce the A value than
the anisotropic SHF constant Ap coming essentially from eg
and t2g valence orbitals. Despite this fact the calculations
give for LiBaF3:Mn2+ an A value which is about 8 MHz
smaller than that for KMgF3:Mn2+ and thus it is in agree-
ment with the trend displayed by experimental A values
�Table I�.

The difference between the A values for KMgF3:Mn2+

and LiBaF3:Mn2+ can again be ascribed mainly to a slightly
different bonding in the two systems.55 Assuming, in a
simple model, that A reflects the unpaired spin density lying
onto the Mn2+ impurity, A can be written as

A =
2Ne

2 + 3Nt
2

5
A0, �7�

where A0 refers to free Mn2+ ion. Using Eq. �7� and the
calculated Nt

2 and Ne
2 values of Table IV it is found

A�KMgF3:Mn2+� /A�LiBaF3:Mn2+�=1.04 which is not far
from the figure A�KMgF3:Mn2+� /A�LiBaF3:Mn2+�=1.08
derived from the calculations as it is shown in Table VI.

D. 10Dq and the 6A1(t2g
3 eg

2)\ 4A1g , 4Eg(t2g
3 eg

2) transition
energy

In this section the 10Dq values calculated for both
KMgF3:Mn2+ and LiBaF3:Mn2+ as a function of the
Mn2+-F− distance, R, are shown together with the corre-
sponding values of the Racah parameters, B and C, derived
through the LFDFT method.51 For checking the reliability of
this method, the free Mn2+ ion has firstly been studied. After
calculating the energy of 252 Slater determinants the values
of Racah parameters B0=958 cm−1 and C0=3438 cm−1 for
free Mn2+ have been obtained. These values are thus not far
from the corresponding figures B0=960 cm−1 and C0
=3325 cm−1 derived from experimental optical transitions.1

Main results derived for KMgF3:Mn2+ and LiBaF3:Mn2+

are displayed in Fig. 2. In accord with previous
calculations53,54 B and C are found to be very little depen-
dent on R for the two explored systems. So, in the range
2 Å�R�2.1 Å�	B /B� is found to be smaller than 1.5%.
By contrast, results on Fig. 2 point out that 10Dq is strongly
dependent upon R. The variation of calculated 10Dq values
around RI=2.06 Å follow the pattern of Eq. �3� with the
exponent n being close to 4.5 for both KMgF3:Mn2+ and
LiBaF3:Mn2+ systems. It is worth noting that the figure ob-
tained for KMgF3:Mn2+ essentially coincides with the value
n=4.7 measured for MnF6

4− embedded in a series of normal
perovskites.6,7 This fact stresses that when electrons are ac-
tually localized on a MXN complex the changes on electronic

TABLE VI. Calculated values of the anisotropic superhyperfine
constant, Ap, and the hyperfine constant, A, for both LiBaF3:Mn2+

and KMgF3:Mn2+ systems. For the sake of clarity, results obtained
for three different values of the Mn2+-F− distance, R, are given.
Hyperfine and superhyperfine constants are given in megahertz,
while Mn2+-F− distances are given in Å.

R System Ap A

2.02 LiBaF3:Mn2+ 13.2 −115.8

KMgF3:Mn2+ 10.7 −123.9

2.06 LiBaF3:Mn2+ 12.6 −114.3

KMgF3:Mn2+ 10.4 −123.3

2.10 LiBaF3:Mn2+ 11.95 −111.9

KMgF3:Mn2+ 10.0 −122.1
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FIG. 2. �Color online� a� Calculated Mn2+-F− distance depen-
dence of 10Dq parameter for both KMgF3:Mn2+ �dashed line� and
LiBaF3:Mn2+ �solid line�. b� The same for Racah parameter C. c�
The same for B parameter.
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properties induced by the different chemical pressures of iso-
morphous host lattices are the same than those produced by a
hydrostatic pressure applied to one of the systems. This state-
ment is, however, no longer true when vibrational properties
are considered.35,40,56 The origin of the strong dependence of
10Dq upon R has previously been discussed.57,58

Despite the calculated values n=4.46 for LiBaF3:Mn2+

and n=4.62 for KMgF3:Mn2+ are very similar, the 10Dq
value itself is found to be clearly higher for the former sys-
tem than for the latter. For instance, at R=2.06 Å we obtain
10Dq=10961 and 9610 cm−1 for LiBaF3:Mn2+ and
KMgF3:Mn2+, respectively, as it is shown in Table III. This
pattern is thus consistent with the experimental E3-E1 values
given in Table II and with the figures 10Dq=9795 cm−1 for
LiBaF3:Mn2+ and 10Dq=8430 cm−1 for KMgF3:Mn2+ ex-
tracted from measured crystal-field transitions �Table III�. In
the same vein results gathered in Fig. 2 show that B and C
are a little smaller for MnF6

4− in LiBaF3 than in KMgF3.
The values of crystal-field transitions calculated by the

LFDFT method51 for both KMgF3:Mn2+ and LiBaF3:Mn2+

are displayed in Table III and compared to experimental find-
ings. It can be noted that the main experimental features are
reproduced by the present calculations. So, the energy of the
first 6A1g�t2g

3 eg
2�→ 4T1g�t2g

4 eg
1� transition calculated for MnF6

4−

in LiBaF3 is found to be 2000 cm−1 smaller than in KMgF3,
while the calculated values for the sharp 6A1g�t2g

3 eg
2�

→ 4A1g , 4Eg�t2g
3 eg

2� transition �E3=22815 and 22120 cm−1 for
KMgF3:Mn2+ and LiBaF3:Mn2+, respectively� follow the
trend exhibited by the corresponding experimental values
E3=25200 and 24096 cm−1. This difference can again
mainly be ascribed to a different chemical bonding in the two
considered systems reflected in Table V. In a simple model
the E3 value can be approximated by59

E3 = E3
0Ne

2Nt
2, �8�

where E3
0 refers to free Mn2+ ion. According to this simple

view and the Ne
2 and Nt

2 values displayed in Table V, a ratio
E3�KMgF3:Mn2+� /E3�LiBaF3:Mn2+�=1.09 is derived which
can be compared with the experimental value �Table III�
equal to 1.05.

E. Microscopic origin of the differences between LiBaF3:Mn2+

and KMgF3:Mn2+

The analysis carried out in the preceding sections supports
that the observed differences when comparing optical and
magnetic parameters of LiBaF3:Mn2+ and KMgF3:Mn2+

cannot be ascribed mainly to distinct RI values. By contrast,
such an analysis stress that although RI is practically the

same for both systems the unpaired electrons spend more
time on F− ligands in LiBaF3:Mn2+ than in KMgF3:Mn2+.
Bearing in mind that antibonding eg and t2g electrons are
essentially localized in the MnF6

4− complex such a difference
can be related to a different internal electric field, ER, due to
all lattice ions lying outside the complex.

A direct proof of the relevance of ER�r� is obtained
through calculations on an isolated MnF6

4− complex with RI
=2.06 Å though subject to the internal electric field corre-
sponding to LiBaF3 or KMgF3 lattices. For the SHF constant,
a value Ap=6.2 MHz is found for the in vacuo MnF6

4− com-
plex, while a close value Ap=7.4 MHz is obtained when the
electric field ER�r� corresponding to the KMgF3 lattice is
added in the calculation. By contrast, the calculated Ap value
for MnF6

4− under the internal field of LiBaF3 is found to be
equal to 10.9 MHz thus implying that Ap�LiBaF3:Mn2+�
−Ap�KMgF3:Mn2+��3 MHz. These results are thus similar
to those collected in Table VI. A similar situation is encoun-
tered for A and 10Dq parameters. In fact the A and 10Dq
values calculated for a simple MnF6

4− complex under ER�r�
are close to those derived by means of a 21 ion cluster for
LiBaF3:Mn2+ and KMgF3:Mn2+ �Tables III and VI�.

The differences in ER�r� for LiBaF3 and KMgF3 lattices
can be understood displaying the associated potential VR�r�
with r along �100	, �110	, and �210	 directions �Fig. 3�. Ac-
cording to the local Oh symmetry, at the Mn2+ site ER=0.
However, this is no longer true for a ligand site whose local
symmetry is only C4v. As shown in Fig. 3, when r runs along
a �100	 direction �−e� VR�r� increases significantly on pass-
ing from the Mn2+ site to the ligand place for the LiBaF3 host
lattice. By contrast, in the case of KMgF3 �−e� VR�r� is con-
stant on going from �0,0,0� to �1.5,0,0� Å. It is worth noting
that VR�r� is nearly flat for both types of lattices when r runs
along a �110	 direction. However, when r is parallel to �210	
�−e�, VR�r� shows a significant raising near to the ligand site
for LiBaF3 but not again for KMgF3.

In agreement with Eq. �5�, the antibonding eg ��x2-y2 ,
3z2-r2� electrons spend some time on ligands. Moreover, the
electronic density associated with this orbital is primarily
lying around �100	 directions and thus the effect of �−e�
VR�r� tends to raise such levels in the case of LiBaF3 host
lattice in comparison to KMgF3.46 By contrast, the effect of
�−e� VR�r� on � t2g ��xy ,xz ,yz� orbitals �mainly directed
toward �110	 directions� is expected to be much smaller ac-
cording to Fig. 3. This reasoning is thus able to explain albeit
qualitatively why 10Dq is bigger for LiBaF3:Mn2+ than for
KMgF3:Mn2+ �Tables II and III� despite RI is found to be
practically the same for both systems �Table IV�. In other
words, 10Dq does not depend on the actual RI value but also
on the shape of VR�r�. To formulate more precisely this idea
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FIG. 3. �Color online� a� Electrostatic poten-
tial, VR�r�, of the rest of lattice ions on a MnF6

4−

complex depicted along �100	 type directions for
LiBaF3 �solid line� and KMgF3 �dashed line�. b�
The same for �110	 type directions. c� The same
for �210	 type directions.
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let us call �10Dq�R��v the 10Dq value expected for a com-
plex in vacuo. When the complex is inserted in a lattice there
is, however, a supplementary contribution to 10Dq,21,46 com-
ing from VR�r�, which shall be designated as 	R. Therefore
the actual 10Dq value can simply be written as

10Dq = �10Dq�R��v + 	R. �9�

If, around RI, �10Dq�R��v follows a law

�10Dq�R��v = KvR−n �10�

and if 	R
 �10Dq�RI��v, then the R dependence of 10Dq on
R is given by Eq. �3� but the K constant does depend on 	R
through the expression

K � Kv�1 +
	R

KvRI
−n� . �11�

This simple reasoning thus explains the main differences be-
tween the R dependence of 10Dq values calculated for
LiBaF3:Mn2+ and KMgF3:Mn2+. Such differences are por-
trayed in Fig. 2. Therefore, as K is sensitive to the form of
VR�r� it may happen that if a complex is placed in two dif-
ferent lattices and RI is the same, both systems do not have
necessarily the same 10Dq value.

Let us now focus on the influence of VR�r� on bonding.
Looking at the shape of �−e� VR�r� along a �100	 direction in
LiBaF3 and in KMgF3 �Fig. 3� it is clear that VR�r� favors an
additional net flow of � electrons from ligands to Mn2+ in
the case of LiBaF3:Mn2+. Care has to be taken, however, to
understand properly the mechanism responsible for this flow.
In complexes in vacuo such as MnF6

4− �with ligands with
closed-shell structure� 3d orbitals are lying above 2p�F−�
orbitals and there is a net flow of electronic charge from
ligands to the central cation which is the only one allowed by
the Pauli principle.1,3,40 Despite this fact unpaired electrons
in antibonding levels �coming from 3d levels of free cation�
spend some time on ligands as a result of the 3d�Mn2+�
−2p�F−� admixture �Eqs. �4� and �5��. However, in the coun-
terpart bonding levels �coming from 2p�F−� levels of free
anion� there is also a partial transfer of electronic charge to
the central cation fostered by the 3d�Mn2+�−2p�F−� admix-
ture. As in the ground state of transition-metal complexes
�such as MnF6

4− or CrF6
4−� bonding levels are fully populated

while there are holes in antibonding levels this implies that
the net flow of electronic charge goes from ligands to the
central cation.

Bearing in mind this reasoning it can now be understood
that the action of the �−e� VR�r� term in LiBaF3:Mn2+ along
�100	 directions tends to decrease the separation between
mainly 3d�Mn2+� and mainly 2p�F−� orbitals and thus to en-
hance the probability of finding an antibonding eg electron
on ligands. This explains qualitatively the differences
between �Ne�2 and �Ne�p��2 for LiBaF3:Mn2+ and
KMgF3:Mn2+ displayed on Table V.

Finally, it is crucial to understand the quite different be-
havior of VR�r� in the normal and in the inverted perovskite.
As both lattices are cubic VR�r� can be written as

VR�r� = �
i

Vi�r� . �12�

Here Vi�r� means the contribution of the i shell �involving
ions all of them placed at a distance Ri from Mn2+� display-
ing an Oh symmetry. Therefore, in a multipolar expansion of
Vi�r� around r=0 the first nonconstant contribution depends
on Ri

−5.1,3 For this reason, important differences in the shape
of VR�r� for the normal and the inverted perovskite already
appear considering only the first two shells �i=1,2� lying
outside the MnF6

4− complex.46 In both KMgF3 and LiBaF3
lattices �Fig. 1� the first shell is composed by a cube of eight
cations with charge Z1 lying at a distance R1=�3R0 from the
origin, while the second shell is formed by an octahedron of
cations with charge Z2 placed at distance R2=2R0. According
to crystal-field theory the contributions, V1�r� and V2�r�,
arising form the first and second shell can be written as

V1�r� = V1
0 + �

8

9

Z1

R1
5�x4 + y4 + z4 −

3

5
r4� + . . .

V2�r� = V2
0 − �

Z2

R2
5�x4 + y4 + z4 −

3

5
r4� + . . . �13�

Here ��0 and V1
0 and V2

0 are constants. Therefore, if
VR�r��V1�r�+V2�r� then VR�r� can be approximated by

VR�r� � V1
0 + V2

0 +
�

R0
5

�Z1;Z2�
7776

�x4 + y4 + z4 −
3

5
r4� + . . .

�14�

Here the �Z1 ;Z2� function is defined by

�Z1;Z2� = 256�3Z1 − 243Z2 �15�

The �Z1 ;Z2� quantity plays a key role for explaining the
differences between the shape of VR�r� in the normal and
inverted perovskite lattices.46 For a normal perovskite Z1
=1 and Z2=2 implying �Z1 ;Z2�=−42.6. By contrast, in an
inverted perovskite Z1=2 and Z2=1 and then �Z1 ;Z2�
=643.8 which is thus about 15 times higher than the absolute
value of �Z1 ;Z2� calculated for the normal perovskite. This
just means that in the inverted perovskite the effects of the
first shell composed by divalent Ba2+ ions dominate over
those coming from the second one involving monovalent
ions and placed further. By contrast, in a normal perovskite
such as KMgF3 the effect due to Mg2+ ions in the second
shell practically cancels V1�r� coming from first K+ ions thus
giving rise to a VR�r� function which is essentially constant
over the complex region.

V. FINAL REMARKS

Although active electrons of a transition-metal impurity,
M, placed in an insulating lattice are usually localized in the
MXN complex the present results stress the key role played
by the internal electric field, ER, for properly understanding
both the chemical bonding inside the complex and the related
EPR and optical parameters. The influence of this field which
appears inevitably in any insulating compound with ionic
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character is not considered within the traditional LFT. In
particular, the study carried out in this work demonstrates
that the influence of ER can not be avoided when comparing
the properties of the same complex in two nonisomorphous
host lattices even if both are cubic. The present conclusion
has thus some relation with the nearsightedness principle.60

In short, the electronic density in a small region is only af-
fected by what happens in a neighbor buffer region as well as
by the long-range Coulomb potential due to all ions which
are necessarily formed in insulators with a partial ionic bond-
ing.

According to the present study ER not only affects 10Dq
but every property associated with the embedded complex.
For this reason the energy of charge-transfer transitions in
LiBaF3:Mn2+ and KMgF3:Mn2+ are not necessarily equal.
Let us consider the separation between the nonbonding t1g
orbitals �mainly built from 2p�F−� orbitals� and the antibond-
ing t2g ��xy ,xz ,yz� orbitals. It is found in the present calcu-
lations that such a separation is 2400 cm−1 smaller for
LiBaF3:Mn2+ than for KMgF3:Mn2+, a fact which partially
reflects the raising of 2p�F−� orbitals in the former system
due to the shape of VR�r� depicted in Fig. 3. Unfortunately,
there are up to now no experimental information on charge-
transfer transitions of the present systems2,61,62 lying in the
vacuum UV region. The influence of VR�r� upon charge
transfer transitions has been well demonstrated for
NH4X:Cu2+�X=Cl,Br� where such transitions appear in the
optical domain.63 Furthermore, very recently64 it has been
shown that the energy of the first charge transfer transition
corresponding to Be3Si6Al2O18:Fe3+ is about 1700 cm−1

smaller than that for Al2O3:Fe3+. This difference has also
been interpreted as the result of distinct VR�r� potential in
beryl and corundum host lattices.

The form of VR�r� inside the complex region is described
but approximately by Eq. �14� thus implying that VR�r� is
positive when r is parallel to �100	 directions but negative
when r runs along a �111	 direction. Bearing in mind this

fact, it is worth remarking here that the importance of VR�r�
is enhanced due to the directionality of orbitals. Indeed the
electronic density in eg and t2g orbitals is not isotropically
distributed in the complex but is mainly lying around �100	
and �110	 type directions, respectively.

Through the present study it is confirmed that a good
starting point for understanding the properties of a transition-
metal impurity in insulators is to consider only the complex
at the right experimental distance, RI, and subject to the in-
ternal electric field, ER. This supports the explanation on the
actual origin of the different color displayed by ruby and
emerald.20,21 Along this line the present results stress that
when the same complex in two different host lattices dis-
plays a different 10Dq value this fact does not necessarily
mean that the equilibrium distance, RI, is not the same. This
conclusion is thus in contradiction with what is usually as-
sumed within the traditional LFT.

The analysis performed in this work suggests that changes
in bonding should appear when comparing ruby and emerald
simply as a result of a different internal electric field. As in
the ground state of a CrO6

9− complex there are only three
antibonding electrons in the t2g orbital, changes in bonding
are in principle expected to be smaller than for the present
systems where there are two additional electrons placed in
the antibonding eg orbital which has a � character. Apart
from this reason the study in the two referred gemstones is
not simple due to the low local symmetry which is only C3
for ruby. Work along this direction is planned for a near
future.
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