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ABSTRACT

This work examines the relation between optical properties of a MFg?~ 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, Band
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 CrFs>~ embedded in the cubic elpasolite
K;NaScFg, 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(~32% — r%, x* — y?) 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 MFg?~ complexes with unpaired o 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.

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 =Mn?*, Ni**), replacing, for
instance, Zn®* in KZnF; leads to the formation of an octahedral
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MFs*~ 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~! at room temperature) have been built using fluorides
doped with impurities like Cr3*, V¥, Co?* or Ni2* cations [5]. This is
the case of systems like Cr*>*-doped KZnF; and LiBAIFs (B = Ca, Sr),
CsCaF;:V?* or KMgF; doped with Co?* or Ni?*. The emission found
in cases like KZnF5:Cr®* or LiCaAlFs:Cr>* 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~') [5,8,9]. Such
a difference stems from the nature of the first excited state which is
not the same for Cr>* in fluorides (at ambient pressure) and in
oxides. For instance, in Al,03:Cr?* the first excited state is 2E(t5°)
and thus belongs to the same electronic configuration as the
ground state 4A2(t2g3). By contrast, in the case of fluorides at
ambient pressure the first excited state, 4Ty(t,.%e,'), involves the
transfer of an electron from the 7 t,4 (~xy, Xz, yz) level to the o level
eg(~32% — 1?, x* — y?)[5-7,10,11]. If we designate by E; the energy
of the first excited state with respect to the ground one it has been
shown that the associated bandwidth depends on dE;/dR, where R
stands for the impurity-ligand distance [12]. In agreement with
this view the pressure dependence of the *Ay(t.°) — “Ta(tag%es")
transition energy has been measured to be much higher than that
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Fig. 1. Octahedral MFs*~ complex formed in a KAF; perovskite (A = divalent cation)
doped with a transition-metal cation, M?*.

for ?E(tyg°) — *Ax(tag>), such as it is shown in Fig. 2 for ruby [8]. The
sharp lines arising from the 2E(ty,>) — *Ay(t24°) transition are often
called the R-lines (Fig. 2). More precisely, from data depicted in
Fig. 2 measured for ruby [8] it is found dE;/dR = —32,300 cm~'/A
for a “T,(ty.%e,") excited state while it is one order of magnitude
lower (dE;/dR = 2900 cm™!/A) when the excited state is 2E(t,>). In
the case of fluorides, where a similar situation holds, the big
difference between dE;/dR for a *Ty(t.%e,') or a 2E(tp,°) 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 *Ax(t25%) — “Ta(tag%e,") excitation is just equal to the cubic
splitting parameter, 10Dq, while that corresponding to the spin-
flip transition *Ax(t>s°) — 2E(tyg°) 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 MFg?~ complex. For
instance, B for CrFg>~ is found to be around 800 cm™!, a figure
which is thus smaller than By=1030cm~! corresponding to the
free Cr>* 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 Jargensen [15].

Let us now focus on the splitting, 10Dq, between ey(~32* — 12,
x*> —y%) and tyg(~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 NiFs*~ already proved that the different
energy raising of {3z — 1%, x*> — y?} and {xy, xz, yz} orbitals due to
the formation of antibonding orbitals through the admixture with
{2p,, 2s} and {2p,} orbitals of six fluorine ligands was the main
source of 10Dq [13,16]. In other words, 10Dq reflects the different
covalency in the o level ey(~3z* — 1%, x* — y*) and in the 7 level
tog(~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.
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Fig. 2. Experimental excitation and emission spectra of ruby measured in the
13,000-31,000 cm~! range for two different hydrostatic pressures, P=3.7 and
34 GPa. The two *Ax(tzg°) — “Ta(tag2e,') and *Ay(trg’) — “Ti(tag’es") excitations,
both depending on 10Dq, are much more sensitive to pressure than the R-lines
associated with the 2E(tp,>) — *Ax(t2,°) transition. Data are taken from Ref. [8].

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 '°F 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 °0 is zero while the natural abundance of the '70
isotope (I = 5/2) is only 0.037%. Along this line the '°F nucleus has
I=1/2 and a gyromagnetic factor gn('°F) = 5.25, a figure which is
nearly ten times higher than that corresponding to 3°Cl
(gn(3°Cl) = 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(~32* — %, x* — y?)
and t,¢(~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 MFg?~ 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
KBF; (B=Ni, Mn) look quite similar to those observed for
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KMgF5:Ni?* or KMgF3:Mn2* [13,16,21,22]. Therefore, thanks to the
electronic localization the optical and magnetic properties of
fluorides like KMgF; doped with a TM impurity, M, can be
understood to a good extent considering only the octahedral MFg?~
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 MnFg*~, NiFs*~ or CrFg>~,
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 txg(~xy, Xz, yz) and eg(~32 — 17,
x> — ¥?) molecular orbitals, with 7 and o character, respectively,
where such unpaired electrons can be located [13]

- ﬁpalXp(7> - ﬁS‘XS>
- IBer|Xp7T>

leg) = Qe|@pe)
[tag) = Ctel@pr )

(1)

Here ¢um:, ¢ume stand for pure d-wavefunctions of the cation
belonging, respectively, to t,, and e, irreducible representations
(irreps) of the Oy group, while x,, and xp, 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
Xpm Xpo and xs corresponding to eg~3z* — %, ~x*—y?) and
too(~xy, Xz, yz) orbitals is given in Table 1.

Let us take as an example the case of a Ni* impurity in a cubic
fluoride where in the ty,%e,? ground state (S=1) there are two
unpaired electrons, one in ~3z> — 1? and the other in the ~x* — y?
orbital. According to Eq. (1) and Table 1 the total unpaired
electronic charge transferred onto 2p,, and 2s orbitals of a fluorine
ligand is equal to (NoAp,)?/3 and (NeAs)?/3, respectively [13,18,19].

2.2. Experimental information on the covalency in a MFg?~ 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 1072 to 103
[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 1-10cm™! [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, goSSH,
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, Ag =g — go,
where |Ag|/go is usually smaller than 0.3 [19]. As random strains
induce changes on Ag of the order of 10~ this gives rise to a
broadening on the Zeeman energy BAgH<10*cm™! if
H = 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, Xpoand xp, linear combinations of fluorine valence 2s, 2p,, and 2p,, orbitals corresponding to eg(~32% — 1%, ~x* —

numbered according to Fig. 1.

260 280 300 320 340
Magnetic field [mT]

Fig. 3. EPR spectrum of CaF,:Ni*, showing the five lines corresponding to the
superhyperfine structure of the square-planar NiF,>~ unit. Three different NiF,>~
centres are formed inside the cubic CaF, lattice due to the action of random strains.
So one third of NiF,>~ units has its principal C4 axis parallel to the [1 0 0] direction of
the NiF,>~ unit while the same number of centres have its C, axis parallel to either
[010] or [00 1] directions. The orientation of the magnetic field, H, in the figure is
parallel to the [0 0 1] direction of the CaF; lattice thus implying that the four ligands
are always magnetically equivalent. For centres where C,4/|[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 6 = 45° with the metal-ligand
directions. A drawing of the C4||[00 1] centre is also included in the figure.
Experimental data are taken from Ref. [24].

A nice example showing the shf structure in an EPR spectrum is
given in Fig. 3 corresponding to the square-planar NiF,3~ unit
embedded in CaF, [24]. That complex involves the Ni* ion (3d°®
configuration) and its unpaired electron is placed in a ~x? — y?
orbital. As the ®'Ni (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 '°F 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
2Ir+ 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 |p, > ligand orbital of a
fluorine (Fig. 4). Such an electron interacts with the spin, I, of the
19F nucleus through the anisotropic dipolar interaction, Hp, given
by [19]

(2)

Hp = zﬂgNﬂN{w SI}

s r3

wherer 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 H||OZ or H_LOZ (Fig. 4). This is well reflected in the shf term,

y?)and trg(~xy, Xz, yz) orbitals. Orbitals are

Xp Xs
eg o 322-17 (1/y12)[- 2|pz(5)>+2|Pz(6)>+|px(l))+|py(2)>—|px(3)>—|py(4))] (1//12)[21s(5)) +2Is(6)) — Is(1)) — Is(2)) — Is(3)) — Is(4))]
X -y (172)[ = Ipx(1)) +Py(2)) +Ipx(3)) — Ipy(4))] (112)[Is(1)) = 1s(2)) *1s(3)) — Is(4))]
tog T xy (1/2)[Ipy(1)) +Ipx(2)) = Ipy(3)) — 4))]
xz (1/2)lIpA1 )>+Ipx(5)) Ipz(3)> Ipx(6)>]
yz (172)[IpA2)) +1py(5)) — Ip=(4)) — Ipy(6))]
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Fig. 4. Picture showing a single electron placed in a |p, > ligand orbital of a fluorine
with spin S.

Hsnr, which appears in the effective spin Hamiltonian [19]
Hghe = Ty Sal; + T L {Sxlx + Syly} (3)

This means that the separation of two adjacent shf lines when
H||OZ (HLOZ) is directly related to T, (T,).

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

372 — 12
5

bz )= ZAPO

322 —r?
pz)=1{D;

5

T“ =T, = <pz‘

322 —r2
5

T, =Tw=Ty = <pZ

A = 22BEnB) (),

pz> = 7APO

(4)

In the case of fluorine the value of A" is equal to
460 x 10~*cm~! [25].

Let us now look at the EPR spectrum of the NiF,>~ unit in Fig. 3.
From the experimental separation of five shf lines for several
orientations of the magnetic field it is obtained
T;=81x10"%cm™! and T, =36 x 10~*cm~" [24]. Both values
are clearly smaller than those expected for a single electron placed
in a |p, > ligand orbital of a fluorine ion. This fact simply reflects
that in a NiF,>~ complex the unpaired electron in a ~x> — y? orbital
is lying mainly on the central cation and only a small part of the
time on the 2p,, orbital of a given ligand. As the form of the ~x? — y?
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 2p, orbital of a given ligand is just equal
to f, = (Bpo)?/4 and then the expressions of T; and T, would be

T =24, T, =-A,
5
Ap _ fUApo ( )

Nevertheless the reduction from A,° to A, on passing from a
hypothetical single electron on a fluorine to a true complex does
not explain that the experimental quantity T + 2T, =153 cm™ ! is
certainly not equal to zero. This relevant experimental data is
however the fingerprint of a 2p,—2s fluorine hybridization in the
~x? — y? 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]

Ty=As+2Ap T, =As—A, (6)
A= [AS @)
-8 ®)
A0 =7 g W O) (©)

where A = 15,000 x 10~* cm~! for fluorine [18,25]. Therefore, as
AL > Ay a small 2s(F) admixture in the ~x? — y* orbital can be
well detected through EPR. Using now the experimental values for
the NiF,>~ complex in CaF, T;=81x10"%cm™' and
T,=36x10"*cm™!, and Egs. (5)-(9) it is found f,=0.03 and
fs=0.003. In other words, the total electronic charge transferred
from nickel to 2p, 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 f/f, 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, sp? or sp> hybridization models where f;/f, =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>~
is mainly established through the 2p, levels of fluorine ligands
while the 2s admixture has a residual character as it is underlined
by the ratio f;/f,=0.1.

Although available EPR data and theoretical calculations on
fluoride complexes support that in all cases f; < f,, [18,19,25,27]
they also point out that f; strongly depends on the metal-ligand
distance, R, while f,; is nearly insensitive [25,27]. As an example, the
R-dependence of f,; and f; calculated for an elongated NiFs>~ unit is
shown in Fig. 5. It should be noted that, according to Eqgs. (7)-(9),
the strong dependence of f; upon R implies that the isotropic shf
constant, A, 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 o electrons (like Ni?*, Mn?*, Fe>* or Ni*) in
the ground state, especially in the case of fluorides [25,27-30].

3 0.75

2f f———————— 10.50

f, (%)

(%) 3

10.25

0 1 1 1 1 1 1 1 1 1 1 o
2.0 2.05 21 215 2.2 2.4

Req (A)

Fig. 5. R-dependence of f, and f; parameters calculated for an elongated NiFs°~ unit
where the axial Ni*-F~ distance is fixed at R,y = 2.43 A while the equatorial distance
is varied around Req =2.10 A. Note the different scales used for f, and f;. Data are
taken from Ref. [25].
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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)cr. 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 MnFg*~, NiFg*~
or CrFg>~ 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 &,° and ¢,° the energy
of 3d levels of central cation and that of 2p levels of ligands then
£4° > ¢,° 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)cr, among the five d-
orbitals [13,14]. Accordingly, the energy difference between
ey(32% — 1%, x* — y?) and ty(xy, Xz, yz) orbitals is simply given by
[13]

(=21%)(r*)54
R5

5
(10Dq); = 3

(10)
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Here Z; means the ligand ionic charge while <r4>3d refers to the
3d-orbital of free TM cation. As Z; <0, Eq. (10) implies that
(322 — %, x* — y?) orbitals would be above tyg(xy, xz, yz) under
octahedral coordination.

Now taking (r*),, = 0.33 A?* for free Cr*" ion [19,31] one
obtains (10Dq)cr around 2000 cm™! for the octahedral CrFg3~
complex using R = 1.95 A and Z; = —1. This figure is however much
smaller than the experimental 10Dq value measured at ambient
pressure for the CrFg>~ complex embedded in different fluorides

which is close to 16,000 cm! [5,7,10,11,32]. This simple analysis
thus stresses that (10Dq)cr 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 = KR™" (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 By, = By, = 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.

Fig. 6. Picture showing the effects of chemical bonding upon metal and ligand orbitals of an octahedral MFg?~ complex. The two {3z — 1%, x*> — y?} 3d orbitals of the M cation

can be mixed with 2p,(F) and 2s(F) orbitals of fluorine ligands while the three {xy, xz, yz} 3d orbitals of central ion can be mixed only with the 2p_(F) orbitals. This different
admixture in the antibonding e; and t,z orbitals is the source of the (10Dq)c,y contribution to 10Dq.
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However, this situation is not in general true in a TM complex
like CrFg>~ 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 2p, orbitals of ligands while there is an admixture
allowed by symmetry between the two {322 — 12, x> — y?} orbitals
and both the 2p, and 2s ligand orbitals (Fig. 6). Therefore, in
complexes with an ionic character the admixture of 2p,
wavefunctions into t,, can be approximated using perturbation
theory [34] as follows

b~ (Xprlh = €31 Pa.c) a2

0 _ o0
Sd Sp

where h stands for the one-electron Hamiltonian. Eq. (12) thus tells
us that the admixture of 2p,, wavefunctions into t,4 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 2p, and 2s
admixtures in the ez level can be approximated by

Xpolh — edlom,
ﬂpo~——< ol = e (13)

0 _ 0
&4 SP

ﬂsz_<Xs\h*Sg|‘/’M‘e> (14)

0 _ g0
9 — &

The meaning of &° in Eq. (14), quite similar to that of &,° 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 2p, 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-2p,
hybridization, AeP, can thus be approximated by

2
Aep— ‘<Xpa|ZO—SEO¢M,e> (15)
d p

Similarly, the energy increase due to the 3d-2s hybridization,
AgZ, in the e, level can be written as

0 2
Aes — ‘<X5'h82 idgl(fm> (16)

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

by

’<Xprr‘h - 82'¢M,[>’2
&g — &9

Aef = (17)

If the energy raising in the ty, level, Ag?, is different from
Ag. = AeP + Ag,’ this leads to a new contribution to 10Dq, called
(10DQ)cov, Which reflects the different chemical bonding in o and
antibonding orbitals. Moreover, (10Dq).ov can be written as a sum
of two different contributions [17]

(10Dq),, = (10Dq) , + (10Dq); (18)
where
(10Dq), = {Ae.? — AeeP};  (10DQ), = Age® (19)

Now bearing in mind Eqgs. (13)-(17) the two contributions to
(10DQ)cov, (10Dq), and (10Dq)s, can be written in terms of
admixture coefficients By, Bp, and B as follows

(10Dq), = {Bhy — Bon } (€] — €9) (20)
(10Dq), = {B,*}(e4° — &°) (21)
(10Dq), = {B,*}(e4° — &°) (21)

These expressions connect Molecular Orbital coefficients with
the covalent contributions to 10Dgq. As B,,°, Bs> and B, can be
measured through EPR and ENDOR techniques Egs. (20) and (21)
thus establish a link between optical and magnetic resonance data.

Egs.(19)and (20) tell us that the raising of the e, level due to the
3d-2p, hybridization, Ag.P, is partially canceled by the energy
increase, Ag/, of the t,z level as a result of the 3d-p,, hybridization.
Therefore, although B,,* > s> not necessarily (10Dq), > (10Dq)s.
Calculated values of Ag.P, Ag and (10Dq), for CrFg>~ embedded in
K;NaScFg are reported in the next section.

Furthermore, B, is found to be nearly independent on R while
B2 is very responsive to R variations as it is shown in Fig. 5. As the
experimental 10Dq values are proportional to R™"™ (n~5)
[7,8,27,33] this fact strongly suggests that the (10Dq); 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 CrFs°~ 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),, (10Dq)s and
(10Dq)cr once we determine from calculations the values of ﬂpgz.
Bs%, Bpr* 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

(10Dq)p = (10Dq) ¢ + (10Dq) , + (10Dq); (22)

Bearing in mind that a great deal of attention is focused on the
optical properties of Cr>* impurities we have undertaken the study
of the CrFg>~ complex embedded in the cubic elpasolite K;NaScFg
by means of the ab initio Density Functional Theory calculations
[17].

The calculated 10Dq value at the computed equilibrium
distance (R=1.95 A) is found to be equal to 14,400 cm™! (Table
2) and thus not far from the experimental figure
10Dq = 15,600 cm™" [10]. The values of B,,?, Bs® and Bp,>
parameters derived from the ab initio calculations are also
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Table 2

Values obtained from ab initio calculations on a CrFs>~ complex for the covalency
parameters By;% PBpo- and B2 and 10Dq parameter. Values of the three
contributions called (10Dq)cr, (10Dq), and (10Dq)s, as well as their sum (10Dq)ap,
are all also given. All 10Dq values are given in cm ™! units. Results are taken from Ref.
[17].

ﬂsz :Bpaz ,Bprrz (1ODCI)CF (lODq)p
0.065 030 0.19 1600 3800

(10Dq)s
12,400

(10Dq)ap  10Dq
17,800 14,400

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)cr, (10Dq),
and (10Dq); 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=17,800cm~' is not very different from
10Dq = 14,400 cm ! 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)cr = 1600 cm ™! reported in Table 2 underlines
that this contribution is only around 10% of the calculated
10Dq = 14,400 cm . A similar conclusion was previously reached
by Atanasov et al. [35]. As regards the value of
(10Dq), = 3800 cm ! 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 Ag” by
Ag® described in Eq. (19). Indeed the calculated raising of the e,
level due to the 3d-2p, hybridization (A& =10,360cm™!) is
compensated to a good extent by the increase of the t,, level
(Ae =6560 cm™!) coming from the 3d-2p,, hybridization.

As a salient feature Table 2 clearly shows that (10Dq), is the main
contribution to 10Dq. In particular, the calculated value
(10Dq)s=12,400cm™! is only 15% smaller than 10Dq
=14,400 cm~ . Along this line the big dependence of 3,2 upon R
(Fig.5)and Eq.(21) allows one to explain the sensitivity of 10Dq to R
changes. In fact, if we write

B> =CR™ (23)

it is found ns=7.7 for CrFg>~. Apart from the dominant (10Dq);
contribution, 10Dq also depends on (10Dq), which in turn is
function of ﬂpaz, a quantity nearly independent on R (Fig. 5). From
this simple reasoning it can be expected that n < ns where the
exponent nnis defined in Eq. (11). This inequality is well reproduced
by the present ab initio calculations on the CrFg>~ complex leading
to n=4.5.

Therefore, these results strongly support that both the big
sensitivity to pressure of the *Ay(tys’) — *Ta(trg%€,') transition
energy and the associated broad band (bandwidth ~2000 cm™! at
room temperature) microscopically arise from the small 3d(Cr)-
2s(F) hybridization in the eg level of the CrFs®>~ complex. A similar
situation has been proven to happen for TM complexes involving
other halides or 0>~ as ligand [17,36]. This conclusion is thus fully
consistent with previous semiempirical calculations for CrFg3~
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 B, is nearly
independent on R. Indeed according to Eq. (13) B, depends on the
overlap between X, and ¢, wavefunctions which should increase
upon decreasing R. Nevertheless, according to Eq. (13) Bp, also
depends on the charge-transfer gap, & — 8%, 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 8; where
the relative variation of the ¢;° — ¢ quantity (around 30 eV)
induced by a change on R is much smaller and then the R

dependence of f; is essentially controlled by the overlap integral
(Xsleme) 12729]

Although the present analysis on the CrFs>~ 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 e, 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

<f2g(r1 Ytag(2) !

12

g (11 )tzg(r2>> (24)

If we now consider a CrFg3~ complex it is well know that the
jonic radii of both species Cr*>* (0.63 A) and F~ (1.33 A) are quite
different. These data thus point out that the two electrons can be
much closer when both are lying on the Cr** ion. In other words,
<t2g(r1)t2g(r2) 1 tzg(r1)t2g(r2)> is essentially given by [38]

2

12

<f2g(r1)f2g(r2) tag(r )fzg(r2)>

— ot (el (12) a2 ) (25)
and thus o,* 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 o*. 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 8, and B, are found to be nearly independent on R the
same happens for «, and o, [17]. This explains albeit qualitatively
that Racah parameters in the CrFg>~ 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 e, electron on a 2s
orbital of six F~ ligands. The significant correlation between the
microscopic quantity 8, 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 o 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 B, or o 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 CuFg*~, AgFs*~ or NiFg>~
embedded in cubic lattices [39]. Work along this line is planned for
a near future.
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