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A B S T R A C T

This work examines the relation between optical properties of a MF6
q� complex (M = transition–metal

cation) and the chemical bonding paying especial attention to the role played by the electronic structure

of fluorine. A main goal of the present study is to understand why if the effective Racah parameters, B and

C, as well as the cubic splitting parameter, 10Dq, all depend on the covalency nevertheless the latter one

is much more sensitive to a hydrostatic pressure than the former ones. The analysis carried out in this

work, together with the results of ab initio calculations on CrF6
3� embedded in the cubic elpasolite

K2NaScF6, demonstrates that, although the 2s–2p separation for fluorine is 23 eV, 10Dq does not come

mainly from the dominant 3d(Cr)–2p(F) covalency but from the tiny admixture of deep 2s(F) levels of

fluorine in the antibonding eg(�3z2 � r2, x2 � y2) orbital. By contrast, it is pointed out that the reduction

of Racah parameters essentially reflects the global covalency in the bonding. The way of measuring the

2p(F) and 2s(F) admixtures into the mainly 3d(Cr) level through Electron Paramagnetic Resonance data

for MF6
q� complexes with unpaired s electrons in the ground state is also explained in some detail. At

the same time the reasons avoiding its measurement from optical spectra are pointed out as well. The

present results stress that the microscopic origin of an optical parameter like 10Dq can certainly be very

subtle.

� 2011 Elsevier B.V. All rights reserved.
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1. Introduction

In the realm of diamagnetic insulating materials a great deal of
attention has been focused on fluorides [1]. Indeed these materials
have some advantages with respect to insulating materials
involving halide anions with a higher ionic radius. On one hand,
fluorides are harder in comparison with the corresponding
chloride, bromide or iodide compounds while, on the other hand,
they exhibit a larger transparency window in the visible-
ultraviolet (V-UV) range [2,3]. This important property is
ultimately related to the higher electronegativity of fluorine when
compared to other halides. The existence of a wide V-UV
transparency domain in the case of fluorides has been used for
building lenses and windows transparent in the UV. For the same
reason fluorides are also good host lattices for exploring in a wide
range of photon energies the optical properties of transition–metal
(TM) impurities. Due to the high ionic character of fluorides a
transition–metal impurity, M (M = Mn2+, Ni2+), replacing, for
instance, Zn2+ in KZnF3 leads to the formation of an octahedral
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MF6
4� complex with the six nearest F� anions [4] such as it is

shown in Fig. 1.
It is worth noting now that some broad band lasers (bandwidth

�2000 cm�1 at room temperature) have been built using fluorides
doped with impurities like Cr3+, V2+, Co2+ or Ni2+ cations [5]. This is
the case of systems like Cr3+-doped KZnF3 and LiBAlF6 (B = Ca, Sr),
CsCaF3:V2+ or KMgF3 doped with Co2+ or Ni2+. The emission found
in cases like KZnF3:Cr3+ or LiCaAlF6:Cr3+ at ambient pressure [5–7]
is thus rather different from the well-known emission of ruby or
alexandrite which is very sharp (bandwidth �5 cm�1) [5,8,9]. Such
a difference stems from the nature of the first excited state which is
not the same for Cr3+ in fluorides (at ambient pressure) and in
oxides. For instance, in Al2O3:Cr3+ the first excited state is 2E(t2g

3)
and thus belongs to the same electronic configuration as the
ground state 4A2(t2g

3). By contrast, in the case of fluorides at
ambient pressure the first excited state, 4T2(t2g

2eg
1), involves the

transfer of an electron from the p t2g (�xy, xz, yz) level to the s level
eg(�3z2 � r2, x2 � y2) [5–7,10,11]. If we designate by E1 the energy
of the first excited state with respect to the ground one it has been
shown that the associated bandwidth depends on dE1/dR, where R

stands for the impurity–ligand distance [12]. In agreement with
this view the pressure dependence of the 4A2(t2g

3) ! 4T2(t2g
2eg

1)
transition energy has been measured to be much higher than that

http://dx.doi.org/10.1016/j.jfluchem.2011.05.030
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Fig. 1. Octahedral MF6
4� complex formed in a KAF3 perovskite (A = divalent cation)

doped with a transition–metal cation, M2+.

Fig. 2. Experimental excitation and emission spectra of ruby measured in the

13,000–31,000 cm�1 range for two different hydrostatic pressures, P = 3.7 and

34 GPa. The two 4A2(t2g
3) ! 4T2(t2g

2eg
1) and 4A2(t2g

3) ! 4T1(t2g
2eg

1) excitations,

both depending on 10Dq, are much more sensitive to pressure than the R-lines

associated with the 2E(t2g
3) ! 4A2(t2g

3) transition. Data are taken from Ref. [8].
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for 2E(t2g
3) ! 4A2(t2g

3), such as it is shown in Fig. 2 for ruby [8]. The
sharp lines arising from the 2E(t2g

3) ! 4A2(t2g
3) transition are often

called the R-lines (Fig. 2). More precisely, from data depicted in
Fig. 2 measured for ruby [8] it is found dE1/dR = �32,300 cm�1/Å
for a 4T2(t2g

2eg
1) excited state while it is one order of magnitude

lower (dE1/dR = 2900 cm�1/Å) when the excited state is 2E(t2g
3). In

the case of fluorides, where a similar situation holds, the big
difference between dE1/dR for a 4T2(t2g

2eg
1) or a 2E(t2g

3) excited
state makes possible to change the nature of the first excited state
just by applying a hydrostatic pressure [6,7,10].

According to the ligand field theory [13] the energy associated
with the 4A2(t2g

3) ! 4T2(t2g
2eg

1) excitation is just equal to the cubic
splitting parameter, 10Dq, while that corresponding to the spin–
flip transition 4A2(t2g

3) ! 2E(t2g
3) is independent on 10Dq and thus

only depends on the B and C Racah parameters. A central issue in
this domain is thus to explain why 10Dq is much more sensitive
than the two Racah parameters to R changes. This task appears in a
first view as rather puzzling because the two Racah parameters and
10Dq all depend on the covalency inside the MF6

q� complex. For
instance, B for CrF6

3� is found to be around 800 cm�1, a figure
which is thus smaller than B0 = 1030 cm�1 corresponding to the
free Cr3+ ion [14]. That reduction simply reflects that antibonding
electrons are not only on chromium but spend some time on the six
ligands. For a given cation such a reduction increases upon
decreasing the ligand electronegativity such as it is reflected in the
nephelauxetic series by Jørgensen [15].

Let us now focus on the splitting, 10Dq, between eg(�3z2 � r2,
x2 � y2) and t2g(�xy, xz, yz) levels which appears under cubic
symmetry. It was early proved that 10Dq was not mainly due to the
electric field created by ligands (taken as point charges) upon the
3d electrons lying on the central cation. By contrast, the work by
Sugano and Shulman on NiF6

4� already proved that the different
energy raising of {3z2 � r2, x2 � y2} and {xy, xz, yz} orbitals due to
the formation of antibonding orbitals through the admixture with
{2ps, 2s} and {2pp} orbitals of six fluorine ligands was the main
source of 10Dq [13,16]. In other words, 10Dq reflects the different

covalency in the s level eg(�3z2 � r2, x2 � y2) and in the p level
t2g(�xy, xz, yz). Therefore, if both 10Dq and the reduction of Racah
parameters depend on the covalency in the TM complex it is not
easy to understand the quite different sensitivity of 10Dq and
Racah parameters to variations of R.
The present work is aimed at clarifying this relevant matter
discussing recent results which support that the small admixture
with deep 2s levels of fluorine ion is the main responsible for the
high R-dependence of 10Dq [17]. This assertion is surprising
bearing in mind that the 2s–2p separation in the case of fluorine is
23 eV and thus much higher than that for lithium (1.9 eV) or
carbon (4.5 eV) as it growths with the atomic number along a row
of the periodic table [4].

It should be noted now that seeking to connect the chemical
bonding in TM complexes with the associated optical transitions,
fluorides offer an important advantage over oxides or chlorides. In
fact the covalency inside a fluoride complex can be measured by
means of experimental Electron Paramagnetic Resonance (EPR) or
Electron Nuclear Double Resonance (ENDOR) techniques where
the hyperfine coupling between unpaired electrons and 19F nuclei
(usually called superhyperfine) is often resolved [18,19]. This
situation is thus quite different to that found in oxides where the
nuclear spin, I, of 16O is zero while the natural abundance of the 17O
isotope (I = 5/2) is only 0.037%. Along this line the 19F nucleus has
I = 1/2 and a gyromagnetic factor gN(19F) = 5.25, a figure which is
nearly ten times higher than that corresponding to 35Cl
(gN(35Cl) = 0.55).

This article is arranged as follows. In Section 2, apart from
providing with a short description of covalency parameters for an
octahedral TM complex, particular attention is paid to the
measurement of such parameters by means of EPR. Section 3 is
devoted to show the existence of two contributions to 10Dq arising
from the different covalency in antibonding eg(�3z2 � r2, x2 � y2)
and t2g(�xy, xz, yz) levels. Interestingly, the analysis carried out by
means of results reached through ab initio calculations clearly
demonstrates that the 10Dq value mainly comes from the small

3d–2s hybridization and not from the dominant 3d–2p covalency
responsible for the reduction of Racah parameters. Some final
remarks are added in the last section.

2. Transferred electronic density in a transition–metal complex

2.1. Description of the covalency in a MF6
q� complex

Such as it has been stressed by Kohn [20] electron localization is
a main characteristic of an insulating material. This general idea is
behind the fact that a lot of optical properties of pure fluorides like
KBF3 (B = Ni, Mn) look quite similar to those observed for



Fig. 3. EPR spectrum of CaF2:Ni+, showing the five lines corresponding to the

superhyperfine structure of the square-planar NiF4
3� unit. Three different NiF4

3�

centres are formed inside the cubic CaF2 lattice due to the action of random strains.

So one third of NiF4
3� units has its principal C4 axis parallel to the [1 0 0] direction of

the NiF4
3� unit while the same number of centres have its C4 axis parallel to either

[0 1 0] or [0 0 1] directions. The orientation of the magnetic field, H, in the figure is

parallel to the [0 0 1] direction of the CaF2 lattice thus implying that the four ligands

are always magnetically equivalent. For centres where C4jj[0 0 1] the EPR spectrum

(in the 260–270 mT region) gives T? while for the two other centres (whose EPR

spectrum appears around 330 mT) H forms an angle u = 458 with the metal–ligand

directions. A drawing of the C4jj[0 0 1] centre is also included in the figure.

Experimental data are taken from Ref. [24].
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KMgF3:Ni2+ or KMgF3:Mn2+ [13,16,21,22]. Therefore, thanks to the
electronic localization the optical and magnetic properties of
fluorides like KMgF3 doped with a TM impurity, M, can be
understood to a good extent considering only the octahedral MF6

q�

complex [4]. Despite this enormous simplification for explaining
the electronic properties related to a TM impurity in an insulator
the unpaired electrons of a complex like MnF6

4�, NiF6
4� or CrF6

3�,
though coming from 3d electrons of free cations, are not residing
only on the central ion. This partial transfer of electronic charge is
described by the two antibonding t2g(�xy, xz, yz) and eg(�3z2 � r2,
x2 � y2) molecular orbitals, with p and s character, respectively,
where such unpaired electrons can be located [13]

jegi ¼ aej’M;ei � b ps jxpsi � bsjxs

�
jt2gi ¼ atj’M;ti � bppjx pp

E (1)

Here wM,t, wM,e stand for pure d-wavefunctions of the cation
belonging, respectively, to t2g and eg irreducible representations
(irreps) of the Oh group, while xpp and xps are suitable linear
combinations of fluorine valence 2p orbitals. Similarly, but only in
the case of the eg orbital, an admixture with a linear combination of
2s orbitals of six fluorine ions is symmetry allowed. The form of
xpp, xps and xs corresponding to eg(�3z2 � r2, �x2 � y2) and
t2g(�xy, xz, yz) orbitals is given in Table 1.

Let us take as an example the case of a Ni2+ impurity in a cubic
fluoride where in the t2g

6eg
2 ground state (S = 1) there are two

unpaired electrons, one in �3z2 � r2 and the other in the �x2 � y2

orbital. According to Eq. (1) and Table 1 the total unpaired
electronic charge transferred onto 2ps and 2s orbitals of a fluorine
ligand is equal to (Nelps)2/3 and (Nels)

2/3, respectively [13,18,19].

2.2. Experimental information on the covalency in a MF6
q� complex

The existence of this transfer of charge to ligands is well seen
experimentally in EPR spectra through the superhyperfine (shf)
structure due to the coupling between unpaired electrons and
ligand nuclei. As for fluoride TM complexes the splitting produced
by this shf coupling lies typically in the range 10�2 to 10�3 cm�1

[18,19] it cannot be detected through optical spectroscopy. Indeed,
as it has been pointed out in the introduction, the bandwidth
corresponding to sharp lines seen in the optical domain is typically
in the range 1–10 cm�1 [9] due to the unavoidable existence of
random strains in any real crystal [23]. That figure is thus at least
two orders of magnitude higher than the shf splitting.

Nevertheless, this situation is often overcome by means of the
EPR spectroscopy. In fact, if the orbital angular momentum of a
complex is perfectly quenched then the Zeeman interaction, g0bSH,
between the ground state spin and the magnetic field is not

influenced at all by random strains. Nevertheless, if that quenching
is not perfect random strains only modify the g-shift, Dg � g � g0,
where øDgø/g0 is usually smaller than 0.3 [19]. As random strains
induce changes on Dg of the order of 10�4 this gives rise to a
broadening on the Zeeman energy bDgH � 10�4 cm�1 if
H ffi 3000 G. Accordingly, splittings due to the shf interaction are
often observed in EPR spectra of fluoride complexes [18,19,24].
Table 1
Expressions of xs, xps and xpp linear combinations of fluorine valence 2s, 2ps and 2pp orb

numbered according to Fig. 1.

xp

eg s 3z2� r2 (1/H12)[�2øpz(5)i + 2øpz(6)i + øpx(1)i + øpy(2)i � øp

x2� y2 (1/2)[ � øpx(1)i + py(2)i + øpx(3)i � øpy(4)i] 

t2g p xy (1/2)[øpy(1)i + øpx(2)i � øpy(3)i � px(4)i]
xz (1/2)[øpz(1)i + øpx(5)i � øpz(3)i � øpx(6)i]
yz (1/2)[øpz(2)i + øpy(5)i � øpz(4)i � øpy(6)i]
A nice example showing the shf structure in an EPR spectrum is
given in Fig. 3 corresponding to the square-planar NiF4

3� unit
embedded in CaF2 [24]. That complex involves the Ni+ ion (3d9

configuration) and its unpaired electron is placed in a �x2 � y2

orbital. As the 61Ni (natural abundance 1.14%) is the only nickel
isotope with a nonzero nuclear spin this means that the hyperfine
splittings seen in Fig. 3 all come from the interaction of the
electronic spin with the nuclear spins of four 19F nuclei. For
orientations of the magnetic field where all ligand nuclei are
magnetically equivalent we need only to consider the total nuclear
spin IT = 4I(F) = 2 [19]. The associated shf interaction gives rise to
2IT + 1 = 5 lines which are well seen in Fig. 3.

For explaining the origin of the shf interaction seen in Fig. 3 let
us first consider a single electron placed in a jpz > ligand orbital of a
fluorine (Fig. 4). Such an electron interacts with the spin, I, of the
19F nucleus through the anisotropic dipolar interaction, HD, given
by [19]

HD ¼ 2bgNbN

3ðrSÞðrIÞ
r5

� SI

r3

� �
(2)

where r is the position of the electron taking the fluorine nucleus as
the origin.

As in an EPR experiment the orientation of the electronic spin, S,
and the nuclear spin, I, are essentially determined by the external
magnetic field, H, the interaction between S and I is thus different
when HjjOZ or H?OZ (Fig. 4). This is well reflected in the shf term,
itals corresponding to eg(�3z2� r2, �x2� y2) and t2g(�xy, xz, yz) orbitals. Orbitals are

xs

x(3)i � øpy(4)i] (1/H12)[2øs(5)i + 2øs(6)i � øs(1)i � øs(2)i � øs(3)i � øs(4)i]
(1/2)[øs(1)i � øs(2)i + øs(3)i � øs(4)i]



Fig. 4. Picture showing a single electron placed in a jpz > ligand orbital of a fluorine

with spin S.
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Hshf, which appears in the effective spin Hamiltonian [19]

Hshf ¼ TkSzIz þ T ? fSxIx þ SyIyg (3)

This means that the separation of two adjacent shf lines when
HjjOZ (H?OZ) is directly related to Tk (T?).

For the simple case we are considering, the relation between
Eqs. (2) and (3) is just given by

Tk � Tzz ¼ pz

3z2 � r2

r5

����
����pz

� �
¼ 2A p

0

T ? � Txx� Tyy ¼ pz

3z2 � r2

r5

����
���� pz

� �
¼ pz

3z2 � r2

r5

����
����pz

� �
¼ �A p

0

A p
0 ¼ 2

5
2bgNbNð Þ r�3

� �
2 p

(4)

In the case of fluorine the value of Ap
0 is equal to

460 � 10�4 cm�1 [25].
Let us now look at the EPR spectrum of the NiF4

3� unit in Fig. 3.
From the experimental separation of five shf lines for several
orientations of the magnetic field it is obtained
T// = 81 � 10�4 cm�1 and T? = 36 � 10�4 cm�1 [24]. Both values
are clearly smaller than those expected for a single electron placed
in a øpz > ligand orbital of a fluorine ion. This fact simply reflects
that in a NiF4

3� complex the unpaired electron in a �x2 � y2 orbital
is lying mainly on the central cation and only a small part of the
time on the 2ps orbital of a given ligand. As the form of the �x2 � y2

molecular orbital for a square–planar complex is the same as that
given in Table 1 for an octahedral unit the probability of finding the
unpaired electron on the 2ps orbital of a given ligand is just equal
to fs � (bps)2/4 and then the expressions of Tk and T? would be

T jj ¼ 2A p; T ? ¼ �A p

A p ¼ f sA p
0 (5)

Nevertheless the reduction from Ap
0 to Ap on passing from a

hypothetical single electron on a fluorine to a true complex does
not explain that the experimental quantity Tk + 2T? = 153 cm�1 is
certainly not equal to zero. This relevant experimental data is
however the fingerprint of a 2ps–2s fluorine hybridization in the
�x2 � y2 orbital which is symmetry allowed as shown in Table 1.
This 2s admixture induces a supplementary isotropic contribution,
As, to the shf tensor which is finally written as [18,19,24,25]

Tk ¼ As þ 2A p; T ? ¼ As � A p (6)

As ¼ f sAs
0 (7)

f s ¼
ðbsÞ

2

4
(8)

As
0 ¼ 8p

3
ð2bgNbNÞjC2sð0Þj2 (9)

where As
0 = 15,000 � 10�4 cm�1 for fluorine [18,25]. Therefore, as

As
0� Ap

0 a small 2s(F) admixture in the �x2 � y2 orbital can be
well detected through EPR. Using now the experimental values for
the NiF4

3� complex in CaF2, T// = 81 � 10�4 cm�1 and
T? = 36 � 10�4 cm�1, and Eqs. (5)–(9) it is found fs = 0.03 and
fs = 0.003. In other words, the total electronic charge transferred
from nickel to 2ps and 2s orbitals of four fluorine ligands is equal to
0.12 and 0.012, respectively, thus demonstrating that most of
electronic charge is lying on nickel. It should be noted now that the
ratio fs/fs derived from the analysis of EPR data is equal to 0.1 and
thus much smaller than that expected on the basis of widely used
sp, sp2 or sp3 hybridization models where fs/fs = 1, 1/2 and 1/3,
respectively. These criteria were initially employed by Pauling on
molecules containing elements like beryllium, boron and, espe-
cially, carbon, neglecting the small 2s–2p separation which for these
elements is smaller than 5 eV [26]. However, as it has been pointed
out in the introduction, a quite different situation comes out in the
case of fluorine where the 2s–2p separation amounts to 23 eV [4].
This key fact thus explains that covalency in a complex like NiF4

3�

is mainly established through the 2ps levels of fluorine ligands
while the 2s admixture has a residual character as it is underlined
by the ratio fs/fs = 0.1.

Although available EPR data and theoretical calculations on
fluoride complexes support that in all cases fs	 fs [18,19,25,27]
they also point out that fs strongly depends on the metal–ligand
distance, R, while fs is nearly insensitive [25,27]. As an example, the
R-dependence of fs and fs calculated for an elongated NiF6

5� unit is
shown in Fig. 5. It should be noted that, according to Eqs. (7)–(9),
the strong dependence of fs upon R implies that the isotropic shf
constant, As, can easily be modified by applying a hydrostatic
pressure or by placing the impurity in another lattice. This idea has
been well verified through EPR measurements on different TM
impurities with unpaired s electrons (like Ni2+, Mn2+, Fe3+ or Ni+) in
the ground state, especially in the case of fluorides [25,27–30].
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3. Influence of the covalency on 10Dq and Racah parameters

Let us firstly consider the microscopic origin of the 10Dq
parameter. In a first step we shall show that 10Dq is not originated
mainly by the splitting on d-levels of the TM cation due to the
electrostatic field created by ligands taken as point charges. This
contribution to 10Dq is usually called the crystal-field contribution
and shall be denoted as (10Dq)CF. Later on, it will be pointed out
that 10Dq mainly arises from the chemical bonding taking place
inside the TM complex. That contribution will be referred to as
(10Dq)cov.

3.1. 10Dq in the crystal-field framework.

Let us consider an ionic octahedral complex like MnF6
4�, NiF6

4�

or CrF6
3� discarding in a first step the existence of covalency. By

virtue of the repulsive electrostatic potential of anions upon active
electrons on the central ion the energy of d-levels is raised when
compared to that for a free TM cation [4,13,27]. This energy raising
helps to locate the d-levels of the TM above the 2p-levels of ligands.
Therefore, if in this situation we designate by ed

0 and ep
0 the energy

of 3d levels of central cation and that of 2p levels of ligands then
ed

0 > ep
0 for ionic complexes. Moreover, as the repulsive electro-

static potential of six ligands has not spherical but cubic symmetry
it also induces a partial splitting, (10Dq)CF, among the five d-
orbitals [13,14]. Accordingly, the energy difference between
eg(3z2 � r2, x2 � y2) and t2g(xy, xz, yz) orbitals is simply given by
[13]

ð10DqÞCF ¼
5

3

ð�ZLe2Þ r4
� �

3d

R5
(10)
Fig. 6. Picture showing the effects of chemical bonding upon metal and ligand orbitals of

can be mixed with 2ps(F) and 2s(F) orbitals of fluorine ligands while the three {xy, xz, yz

admixture in the antibonding eg and t2g orbitals is the source of the (10Dq)cov contribu
Here ZL means the ligand ionic charge while r4
� �

3d
refers to the

3d-orbital of free TM cation. As ZL < 0, Eq. (10) implies that
eg(3z2 � r2, x2 � y2) orbitals would be above t2g(xy, xz, yz) under
octahedral coordination.

Now taking r4
� �

3d
¼ 0:33 Å4 for free Cr3+ ion [19,31] one

obtains (10Dq)CF around 2000 cm�1 for the octahedral CrF6
3�

complex using R = 1.95 Å and ZL = �1. This figure is however much
smaller than the experimental 10Dq value measured at ambient
pressure for the CrF6

3� complex embedded in different fluorides
which is close to 16,000 cm1 [5,7,10,11,32]. This simple analysis
thus stresses that (10Dq)CF is not the main contribution to 10Dq,
although experimental data under hydrostatic pressure for several
TM complexes confirm that 10Dq does depend on R following the
law

10Dq ¼ KR�n (11)

where K is a constant and the exponent n is found to be close to five
[8,27,33].

3.2. Contributions to 10Dq coming from chemical bonding

In the foregoing analysis of Section 3.1 the existence of chemical
bonding between the central cation and the ligands has been
neglected. In that situation the wavefunctions of orbitals where the
unpaired electrons can be placed are those given in Eq. (1) with
covalency parameters bpp = bps = bs = 0. In other words, in that
first step it was assumed that the wavefunctions of unpaired
electrons have a purely 3d character and then the total charge on
the central TM ion is equal to its nominal charge.
 an octahedral MF6
q� complex. The two {3z2 � r2, x2 � y2} 3d orbitals of the M cation

} 3d orbitals of central ion can be mixed only with the 2pp(F) orbitals. This different

tion to 10Dq.
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However, this situation is not in general true in a TM complex
like CrF6

3� involving ligands with a closed shell structure but a
central cation with a non-filled 3d shell. For this reason there is a
partial flow of electronic charge from F� ligands to the TM ion but
not in the reverse direction because it is forbidden by the Pauli
principle. This flow of electronic charge leads to a final charge on
the central cation significantly smaller than the nominal one. This
fact is the basis of the electroneutrality principle by Pauling [26].

The formation of bonding and antibonding molecular orbitals is
the mechanism responsible for the transfer of electronic charge
from closed shell ligands to the TM ion. Accordingly, an initially
pure 3d wavefunction becomes an antibonding molecular orbital
which allows the electron to spend some time on ligands. The
opposite happens to the counterpart bonding orbitals. As the latter
ones are fully occupied while antibonding orbitals are only
partially occupied this leads to a net flow of electronic charge
from ligands to the TM ion.

Looking in more detail what happens in the case of an
octahedral complex the three {xy, xz, yz} d-orbitals can be mixed
with the 2pp orbitals of ligands while there is an admixture
allowed by symmetry between the two {3z2 � r2, x2 � y2} orbitals
and both the 2ps and 2s ligand orbitals (Fig. 6). Therefore, in
complexes with an ionic character the admixture of 2pp

wavefunctions into t2g can be approximated using perturbation
theory [34] as follows

b pp 
 �
x ppjh � e0

dj’M;t

D E
e0

d � e0
p

(12)

where h stands for the one-electron Hamiltonian. Eq. (12) thus tells
us that the admixture of 2pp wavefunctions into t2g is controlled by
the separation between 3d levels of the TM cation and the 2p levels
of ligands, and also by the overlap between the two corresponding
wavefunctions.

Similarly, in the case of ionic complexes the 2ps and 2s

admixtures in the eg level can be approximated by

b ps 
 �
x ps jh � e0

dj’M;e

D E
e0

d � e0
p

(13)

bs 
 �
xSjh � e0

dj’M;e

D E
e0

d � e0
s

(14)

The meaning of es
0 in Eq. (14), quite similar to that of ep

0 in
Eq. (13), is the energy of a 2s orbital of fluorine subject to the
electrostatic field of the TM cation and the rest of ligands simply
taken as point charges.

It is worth noting now that the 2ps and 2s admixtures in the eg

level also lead to an increase of its energy due to the formation of an
antibonding orbital [27]. The energy raising due to the 3d–2ps

hybridization, Dee
p, can thus be approximated by

De p
e ¼

xps jh � e0
dj’M;e

D E��� ���2
e0

d � e0
p

(15)

Similarly, the energy increase due to the 3d–2s hybridization,
Dee

s, in the eg level can be written as

Des
e ¼

xSjh � e0
dj’M;e

D E��� ���2
e0

d � e0
s

(16)

Obviously, there is also an energy increase, Det, due to the
formation of a t2g antibonding orbital which can be approximated
by

De p
t ¼

xppjh � e0
dj’M;t

D E��� ���2
e0

d � e0
p

(17)

If the energy raising in the t2g level, Det
p, is different from

Dee = Dee
p + Dee

s this leads to a new contribution to 10Dq, called
(10Dq)cov, which reflects the different chemical bonding in s and p
antibonding orbitals. Moreover, (10Dq)cov can be written as a sum
of two different contributions [17]

ð10DqÞcov ¼ ð10DqÞp þ ð10DqÞs (18)

where

ð10DqÞ p ¼ fDee
p � Det

pg; ð10DqÞs ¼ Dee
s (19)

Now bearing in mind Eqs. (13)–(17) the two contributions to
(10Dq)cov, (10Dq)p and (10Dq)s, can be written in terms of
admixture coefficients bps, bpp and bs as follows

ð10DqÞ p ¼ fb2
ps � b2

ppgðe0
d � e0

pÞ (20)

ð10DqÞs ¼ fbs
2gðed

0 � es
0Þ (21)

ð10DqÞs ¼ fbs
2gðed

0 � es
0Þ (21)

These expressions connect Molecular Orbital coefficients with
the covalent contributions to 10Dq. As bps

2, bs
2 and bpp

2 can be
measured through EPR and ENDOR techniques Eqs. (20) and (21)
thus establish a link between optical and magnetic resonance data.

Eqs. (19) and (20) tell us that the raising of the eg level due to the
3d–2ps hybridization, Dee

p, is partially canceled by the energy
increase, Det

p, of the t2g level as a result of the 3d–pp hybridization.
Therefore, although bps

2� bs
2 not necessarily (10Dq)p > (10Dq)s.

Calculated values of Dee
p, Det

p and (10Dq)s for CrF6
3� embedded in

K2NaScF6 are reported in the next section.
Furthermore, bps

2 is found to be nearly independent on R while
bs

2 is very responsive to R variations as it is shown in Fig. 5. As the
experimental 10Dq values are proportional to R�n (n � 5)
[7,8,27,33] this fact strongly suggests that the (10Dq)s contribution
plays a relevant role for explaining both the value of 10Dq and its
strong R dependence.

3.3. Results of ab initio calculations for the CrF6
3� complex

The results of ab initio calculations can be of great help in order
to gain a better insight into the actual origin of the 10Dq
parameter. Indeed aside from deriving the value of 10Dq itself we
can estimate the three contributions called (10Dq)p, (10Dq)s and
(10Dq)CF once we determine from calculations the values of bps

2,
bs

2, bpp
2 and the total charge on a fluorine ligand. Moreover, both

the calculated and experimental 10Dq values can be compared
with the approximate 10Dq value, termed (10Dq)AP, which involves
the sum of the three contributions

ð10DqÞAP ¼ ð10DqÞCF þ ð10DqÞp þ ð10DqÞs (22)

Bearing in mind that a great deal of attention is focused on the
optical properties of Cr3+ impurities we have undertaken the study
of the CrF6

3� complex embedded in the cubic elpasolite K2NaScF6

by means of the ab initio Density Functional Theory calculations
[17].

The calculated 10Dq value at the computed equilibrium
distance (R = 1.95 Å) is found to be equal to 14,400 cm�1 (Table
2) and thus not far from the experimental figure
10Dq = 15,600 cm�1 [10]. The values of bps

2, bs
2 and bpp

2

parameters derived from the ab initio calculations are also



Table 2
Values obtained from ab initio calculations on a CrF6

3� complex for the covalency

parameters bpp
2, bps

2 and bs
2, and 10Dq parameter. Values of the three

contributions called (10Dq)CF, (10Dq)p and (10Dq)s, as well as their sum (10Dq)AP,

are all also given. All 10Dq values are given in cm�1 units. Results are taken from Ref.

[17].

bs
2 bps

2 bpp
2 (10Dq)CF (10Dq)p (10Dq)s (10Dq)AP 10Dq

0.065 0.30 0.19 1600 3800 12,400 17,800 14,400
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collected in Table 2. With the help of these values and the
calculated total charge on a fluorine ligand (�0.73e) we have
determined the three approximate contributions (10Dq)CF, (10Dq)p

and (10Dq)s as well as their sum, (10Dq)AP, which are also displayed
in Table 2. It can firstly be noted that the approximate

quantity (10Dq)AP = 17,800 cm�1 is not very different from
10Dq = 14,400 cm�1 obtained in the ab initio calculations. This fact
underlines that the analysis carried out in Section 3.2 is not
meaningless. A further discussion on this issue is given in Ref. [17]

The value (10Dq)CF = 1600 cm�1 reported in Table 2 underlines
that this contribution is only around 10% of the calculated
10Dq = 14,400 cm�1. A similar conclusion was previously reached
by Atanasov et al. [35]. As regards the value of
(10Dq)p = 3800 cm�1 given in Table 2 it is still much smaller than
the calculated 10Dq. It should be noted that this surprising
situation mainly comes from the partial cancellation of Dee

p by
Det

p described in Eq. (19). Indeed the calculated raising of the eg

level due to the 3d–2ps hybridization (Dee
p = 10,360 cm�1) is

compensated to a good extent by the increase of the t2g level
(Det

p = 6560 cm�1) coming from the 3d–2pp hybridization.
As a salient feature Table 2 clearly shows that (10Dq)s is the main

contribution to 10Dq. In particular, the calculated value
(10Dq)s = 12,400 cm�1 is only 15% smaller than 10Dq
= 14,400 cm�1. Along this line the big dependence of bs

2 upon R

(Fig. 5) and Eq. (21) allows one to explain the sensitivity of 10Dq to R

changes. In fact, if we write

bs
2 ¼ CR�ns (23)

it is found ns = 7.7 for CrF6
3�. Apart from the dominant (10Dq)s

contribution, 10Dq also depends on (10Dq)p which in turn is
function of bps

2, a quantity nearly independent on R (Fig. 5). From
this simple reasoning it can be expected that n < ns where the
exponent n is defined in Eq. (11). This inequality is well reproduced
by the present ab initio calculations on the CrF6

3� complex leading
to n = 4.5.

Therefore, these results strongly support that both the big
sensitivity to pressure of the 4A2(t2g

3) ! 4T2(t2g
2eg

1) transition
energy and the associated broad band (bandwidth �2000 cm�1 at
room temperature) microscopically arise from the small 3d(Cr)–
2s(F) hybridization in the eg level of the CrF6

3� complex. A similar
situation has been proven to happen for TM complexes involving
other halides or O2� as ligand [17,36]. This conclusion is thus fully
consistent with previous semiempirical calculations for CrF6

3�

showing [37] that n 
 0 when the 2s(F) orbitals are not included in
the basis set.

A pertinent question is now to understand why bps is nearly
independent on R. Indeed according to Eq. (13) bps depends on the
overlap between xps and wM,e wavefunctions which should increase

upon decreasing R. Nevertheless, according to Eq. (13) bps also

depends on the charge–transfer gap, e0
d � e0

p, whose value increases
when R is reduced thus compensating the increase experienced by
the overlap [4,25,27].

A quite different situation holds however in the case of bs where
the relative variation of the ed

0 � es
0 quantity (around 30 eV)

induced by a change on R is much smaller and then the R
dependence of bs is essentially controlled by the overlap integral
xsj’M;e

D E
[27,29]

Although the present analysis on the CrF6
3� complex shows

that 10Dq arises mainly from the covalency it turns out that its
main contribution does not come from the dominant 3d–2p

hybridization but from the small 3d–2s hybridization taking place
in the antibonding eg level.

3.4. Influence of the covalency on the Racah parameters

Racah parameters are related to two-centre integrals reflecting
the repulsion of two electrons [13]. As an example, one of such
integrals is

t2gðr1Þt2gðr2Þ
1

r12

����
����t2gðr1Þt2gðr2Þ

� �
(24)

If we now consider a CrF6
3� complex it is well know that the

ionic radii of both species Cr3+ (0.63 Å) and F� (1.33 Å) are quite
different. These data thus point out that the two electrons can be
much closer when both are lying on the Cr3+ ion. In other words,

t2gðr1Þt2gðr2Þ 1
r12

��� ���t2gðr1Þt2gðr2Þ
D E

is essentially given by [38]

t2gðr1Þt2gðr2Þ
1

r12

����
����t2gðr1Þt2gðr2Þ

� �

¼ a4
t ’M;tðr1Þ’M;tðr2Þ

1

r12

����
����’M;tðr1Þ’M;tðr2Þ

� �
(25)

and thus at
4 reduces the value of the integral with respect to what is

found for a free TM ion. If the two electrons are lying in the eg

orbital then the reduction factor would be ae
4. Therefore, in these

cases the reduction reflects the global covalency in the TM complex
[17], a fact which is behind the so called nephelauxetic series [15].
As both bp and bps are found to be nearly independent on R the
same happens for ae and at [17]. This explains albeit qualitatively
that Racah parameters in the CrF6

3� complex are found to be nearly
insensitive to variations of R [17]. This situation is thus quite
different to that analyzed in Sections 3.2 and 3.3 on the
microscopic origin of 10Dq. As it has been emphasized the analysis
carried out shows that the main contribution to 10Dq does not
arise from the global covalency but from the tiny 3d–2s

hybridization.

4. Final remarks

It has been shown through the present analysis that the
microscopic origin of measured macroscopic variables can be very
subtle indeed. In particular the value of 10Dq for an octahedral
fluoride complex has been demonstrated not to come from the
dominant 3d–2p covalency but from the small probability
(typically in the range 1–5%) of finding the eg electron on a 2s

orbital of six F� ligands. The significant correlation between the
microscopic quantity bs

2 and 10Dq allows one to understand the
sensitivity of 10Dq to hydrostatic pressures and at the same time
establishes a link between an optical parameter and the isotropic
shf constant, As, which can be measured by EPR when there are
unpaired s electrons in the ground state [18,24,27–30]. By
contrast, the reduction of Racah parameters essentially stems
from the dominant 3d–2p covalency which is reflected in
microscopic quantities like bpp or at which are less sensitive to
an applied pressure [17,25]. It should be noted now that this big
difference between 3d–2p and 3d–2s covalency ultimately arises
from the electronic structure of free fluorine already involving a
2p–2s separation of 23 eV [4].

The present method of analysis, which allows one to separate
the contribution from 2p and 2s valence orbitals of fluorine, could
also be applied to clarify the microscopic origin of the Jahn–Teller
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distortion force in TM complexes like CuF6
4�, AgF6

4� or NiF6
5�

embedded in cubic lattices [39]. Work along this line is planned for
a near future.
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[29] M.T. Barriuso, M. Moreno, Solid State Commun. 51 (1984) 335.
[30] A. Trueba, J.M. Garcia-Lastra, M.T. Barriuso, J.A. Aramburu, M. Moreno, Phys. Rev.

B 78 (2008) 075108.
[31] S. Fraga, J. Karwowski, K.M.S. Saxena, Handbook of Atomic Data, Elsevier,

Amsterdam, 1976.
[32] I. Hernández, F. Rodriguez, A. Tressaud, Inorg. Chem. 47 (2008) 10288.
[33] A. Trueba, J.M. Garcia-Lastra, J.A. Aramburu, P. Garcia-Fernandez, M.T. Barriuso,

M. Moreno, Phys. Rev. B 81 (2010) 233104.
[34] R. McWeeny, B.T. Sutcliffe, Methods of Molecular Quantum Mechanics, Academ-

ic, London, 1976.
[35] M. Atanasov, C.A. Daul, C. Rauzy, Chem. Phys. Lett. 367 (2003) 737.
[36] K. Wissing, M.T. Barriuso, J.A. Aramburu, M. Moreno, J. Chem. Phys. 111 (1999)

10217.
[37] M. Moreno, J.A. Aramburu, M.T. Barriuso, Phys. Rev. B 56 (1997) 14423.
[38] D. Curie, C. Barthou, B. Canny, J. Chem. Phys. 61 (1974) 3048.
[39] P. Garcia-Fernandez, I.B. Bersuker, J.A. Aramburu, M.T. Barriuso, M. Moreno, Phys.

Rev. B 71 (2005) 184117.


	Transition metal impurities in fluorides: Role of electronic structure of fluorine on spectroscopic properties
	Introduction
	Transferred electronic density in a transition-metal complex
	Description of the covalency in a MF6q- complex
	Experimental information on the covalency in a MF6q- complex

	Influence of the covalency on 10Dq and Racah parameters
	10Dq in the crystal-field framework.
	Contributions to 10Dq coming from chemical bonding
	Results of ab initio calculations for the CrF63- complex
	Influence of the covalency on the Racah parameters

	Final remarks
	Acknowledgments
	References


