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ABSTRACT: The origin of the spectrochemical series and
the different dependence of crystal-field splitting (10Dq) and
Racah parameters on the metal-ligand distance, R, is
explored through ab initio calculations on Cr3þ-doped
K2NaScF6, Cs2NaYCl6, Cs2NaYBr6, and Cs2NaYI6 lattices.
For this purpose both periodic and cluster calculations
have been performed. An analysis of ab initio results proves
that 10Dq values mostly come from the small admixture
of deep nLs ligand orbitals present in the antibonding
eg(∼x2-y2,3z2-r2) level and not from the dominant covalency with valence nLp ligand orbitals, which is actually responsible
for the reduction of Racah parameters. This study thus reveals the microscopic origin of the stronger dependence upon R of 10Dq
when compared to that observed for Racah parameters, thus explaining why electronic transitions which are 10Dq-independent give
rise to sharp optical bands. As a salient feature, while the covalency with nLp levels increases significantly on passing from CrF6

3- to
CrI6

3-, the nLs admixture in eg is found to be practically unmodified. This fact helps to understand the progressive decrease of 10Dq
through the series of CrF6

3-, CrCl6
3-, CrBr6

3-, and CrI6
3- complexes embedded in the corresponding host lattices when compared

at the corresponding equilibrium distance at zero pressure. The growing importance of the nLs admixture is well-depicted using
deformation density diagrams on passing from the ground state 4A2(t2g

3) to the 4T2(t2g
2eg) excited state depicted at several R values.

1. INTRODUCTION

A widespread interest on transition metal (TM) complexes
formed through nMd cations (nM = 3-5) exists in physics,
chemistry, and biology due to their particular properties. Indeed
TM complexes are involved in molecular magnets and centers
with giant magnetic anisotropy,1-4 active centers of proteins,5

catalysts,6 molecular electronics,7 pigments,8-10 electrolumines-
cent devices,11 gemstones,12-14 high-pressure manometers,15,16

solid-state lasers,17,18 and systems with ferroelectric distortions.19,20

A general characteristic, common to all of these systems, is that
the highest occupied molecular orbital (HOMO) level in the
complex has an antibonding character arising from a nMd level of
free TM cation. Nevertheless, a partial splitting of mainly nMd
levels emerges even under octahedral (Oh) symmetry,21 giving
rise to the antibonding eg(∼x2-y2,3z2-r2) and t2g (∼xy,xz,yz)
levels whose energy difference is called 10Dq. This quantity plays
a key role for understanding the properties displayed by TM
complexes. For instance, the nature and spin, S, of the ground-
state and the associated magnetic properties for nMd

m octahedral
complexes with 3 <m< 8 strongly depend22,23 on the actual value
of 10Dq. Furthermore, the transition from a broad band emission
to a sharp one in the case of octahedral complexes of V2þ, Cr3þ,
or Mn4þ impurities is favored12,21,24,25 by an increase of 10Dq. In

this case the first excited state is 2E(t2g
3), that is, 10Dq-indepen-

dent, while in low crystal field cases it is 4T(t2g
2eg). Along this line

t2g
reg

s f t2g
r-1eg

sþ1 transitions in octahedral complexes induce
an increase26,27 of the metal-ligand distance, R, leading to a
softening of stretching frequencies.28-30 This phenomenon
partially reflects the dependence of 10Dq upon R, which is also
behind the Stokes shift, the Huang-Rhys factor with the symme-
tric mode, and the bandwidth of optical bands involving a t2g f
eg electronic transition.

26,27,31-37Optical data for a given complex
taken at different R values reveal that 10Dq depends on R-n,
where n is usually found to lie close to 5.31,38-41

The difference between antibonding eg(x
2-y2,3z2-r2) and

t2g(xy,xz,yz) levels has also been pointed out
42 to be relevant for

understanding why the KNiF3 perovskite displays a perfect cubic
symmetry while in KMnF3 there is tilting of the MnF6

4-

octahedral at low temperature. Indeed it has recently been
proved42 that in KMF3 compounds (M = 3dm cation) tilting is
suppressed by filling the t2g shell.

Although both the 10Dq value for a given TM complex and its
R dependence are currently well-reproduced by ab initio
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calculations,27,43-46 there are still open questions concerning the
actual microscopic origin of some relevant experimental facts
involving the 10Dq parameter. One of such issues corresponds
to the so-called spectrochemical series,47 where a reduction of
only about 20% in the 10Dq value of an octahedral MF6

q-

complex is observed when the F- ligand is replaced by Br-. This
result cannot be simply understood on the basis of the equilib-
rium metal-ligand distance, Re, which is approximately 30%
higher in MBr6

q- than in MF6
q-. Indeed if 10Dq only depends

on R-n (n = 5), the 10Dq value for MF6
q- should be about four

times that for MBr6
q-.

Another key point which needs to be understood concerns the
much higher sensitivity of the 10Dq value of a given complex to
variations of the metal-ligand distance when compared to that
of the Racah parameters and also the covalency with valence nLp
orbitals of ligands.39,40,43,46,48,49 It should be noted that in an
antibonding eg(x

2-y2,3z2-r2) orbital of an octahedral MX6
q-

complex (X = halide) the nMd levels are mixed mainly with nLp
orbitals of ligands as the nLs orbitals lie below the nLp ones
between 23 and 15 eV for free F- and Br-, respectively.50 For
this reason the nLs admixture has a residual character, far from
typical spn (n = 1-3) hybridization schemes which are valid for
atoms where nLp and nLs orbitals have much closer energies.51

Available data of electron paramagnetic resonance (EPR) and
theoretical calculations both indicate46,49,52,53 that the amount of
pσ admixture in the eg(x

2-y2,3z2-r2) orbital is nearly indepen-
dent ofR. In spite of the admixture of nLs ligandwave functions in
the antibonding eg(x

2-y2,3z2-r2) orbital being much smaller
than that associated with the nLp covalency, semiempirical
calculations have suggested that this mixing could play an
important role for understanding the 10Dq value and its strong
R dependence.54

Bearing in mind these facts, this work is aimed at gaining a
better insight into the microscopic origin of the spectrochemical
series and the different dependence of Racah parameters and
10Dq upon R. For properly achieving this goal ab initio calcula-
tions on large clusters simulating CrX6

3- complexes (X = F, Cl,
Br, I) embedded in cubic elpasolite A2NaMX6 (A = Kþ, Csþ;
M = Sc3þ, Y3þ; X = F-, Cl-, Br-, I-) lattices55 (Figure 1) have
first been carried out. After obtaining the equilibrium distance at
zero pressure, in a first step we have explored in detail the R
dependence of Racah and 10Dq parameters and also that of nLp
and nLs admixtures in the eg(x

2-y2,3z2-r2). Aside from verify-
ing that the main trends of experimental results are reasonably
reproduced by ab initio calculations, particular attention is paid

to unravel its actual microscopic origin. For achieving this goal
we use amodel where 10Dq is written in an approximate way as a
sum of several contributions whose values are derived from the
results provided by ab initio calculations. In that analysis special
attention is addressed to the contribution coming from the
calculated admixture with deep nLs orbitals, termed 10Dqs.
Because the energy difference between the antibonding
eg(x

2-y2,3z2-r2) level and the nLs levels is in all cases larger
than 18 eV, the 10Dqs contribution is derived using a simple
second-order approximation.56

The last part of the present study on CrX6
3- complexes

deals with the isotropic outward force on ligands57 along
the a1g breathing mode, which appears as a result of the transi-
tion from the 4A2(t2g

3) ground state to the first excited state
4T2(t2g

2eg) whose energy is just 10Dq. By virtue of the
Hellmann-Feynman theorem the quantity d(10Dq)/dR is
shown to be strongly connected with the difference of electro-
nic density, ΔFGE, between excited state and ground state
which is derived from the ab initio calculations. In this work,
particular attention is addressed to the form of ΔFGE in the
neighborhood of ligand nuclei as far as the metal-ligand
distance, R, is modified. This study provides us with additional
information on the change of nLs-nLp hybridization in the
eg(x

2-y2,3z2-r2) orbitals upon variations of R.
The present work is arranged as follows. In section 2 is ex-

plained how a reasonable value of the 10Dqs contribution is
obtained from ab initio calculations. In addition, an estimation of
the contribution to 10Dq coming from the nMd-nLp hybridiza-
tion in eg(x

2-y2,3z2-r2) and t2g(xy,xz,yz) orbitals is also given
in that section following a procedure similar to that first put
forward by Anderson.58 The computational tools employed in
the present work are shortly described in section 3. In section 4
are exposed the main results given by ab initio calculations on the
four explored systems together with the analysis carried out in
this work by means of the model. Finally some last remarks are
given in section 5.

2. THEORETICAL BASIS FOR THE ANALYSIS

An octahedral MX6
q- complex involves a central cation, M,

and halide ligands, X (X = F, Cl, Br, I), which, respectively, pre-
sent nominal charges zMe and-zLe. We designate by εd the ene-
rgy of the d levels of a free ion, while εp and εs are corresponding
energies for the valence p and s orbitals of the ligands. A good
starting point is to consider the effect of the electrostatic poten-
tial due to the rest of the ions of the complex over the d levels of
the cation.50 On one hand, it raises the d levels, while, on the
other, it produces a small splitting between eg(x

2-y2,3z2-r2)
and t2g(xy,xz,yz) orbitals corresponding to the so-called crystal
field description. For CrX6

3- complexes containing heavier X
halides (X = Cl, Br, I) this contribution to 10Dq, denoted
10DqCF, has been shown to be negligible, while for CrF6

3-, while
still small, it is about six times smaller than the experimental
values59 (see section 4 for fully detailed examples). Thus, in a first
approximation, 10Dq can be divided in two contributions, one
coming from the crystal field and the second due to covalent inte-
ractions with the ligands, denoted 10Dqcov,

10Dq ¼ 10DqCF þ 10Dqcov ð1Þ
To calculate this latter contribution, we consider the possibi-
lity of mixing the d orbitals of the cation with the p and s
valence orbitals of the ligands. With regard to halide ligands50

Figure 1. Periodic cell (left) and 21 ion cluster (right) employed for the
density functional theory calculations of Cr3þ-doped M2NaScX6 and
M2NaYX6 (X = F, Cl, Br, I; M = K, Cs) elpasolite lattices.
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εd-εs . εd-εp, the antibonding t2g and eg orbitals of a TM
complex can be reasonably written in a first step as

φ0
t, j ¼ RtjM

t, j -βtχ
p
t, j ð j ¼ xy, xz, yzÞ ð2Þ

φ0
e, j ¼ RejM

e, j - βeχ
p
e, j ð j ¼ 3z2 - r2, x2 - y2Þ ð3Þ

Here jt, j
M, je, j

M stand for pure d wave functions of the cation
belonging, respectively, to t2g and eg irreducible representations
(irreps) of the Oh group, while χt, j

p and χe, j
p are linear combina-

tions of pure ligand p orbitals with the adequate symmetry.21 For
instance, the linear combination of atomic orbitals (LCAO)
corresponding with the χt,xy orbital is

χpt, xy ¼ 1
2
ðξpx, y - ξpx, - y þ ξpy, x - ξpy, - xÞ ð4Þ

where ξi, j
p corresponds with the p orbital oriented along the

positive i-axis (i = x, y, z) belonging to the ligand found starting
from the metal and following the direction indicated by j (j =-x,
x, -y, y, z, -z; see Figure 1). The energies associated with the
orbitals defined in eqs (2) and (3) are denoted as εt

0 and ε0e,
respectively. Finally, we can take into account the contribution of
the s orbitals to the antibonding orbitals of the TM complex.
Because there is no symmetrized linear combination of s orbitals
of the ligands belonging to the t2g irrep, this contribution only
appears in the eg orbital. Thus, eqs 2 and 3 can be rewritten taking
into account this contribution as

φt, j ¼ φ0
t, j ¼ RtjM

t, j - βtχ
p
t, j ð j ¼ xy, xz, yzÞ ð5Þ

φe, j ¼ RejM
e, j - βeχ

p
e, j þ γχse, j

ð j ¼ 3z2 - r2, x2 - y2Þ ð6Þ
where χe, j

s is defined in a way similar to χe, j
p . Since εd- εs. εd-

εp, it is reasonable to assume that βe. γ. This assumption can be
verified a posteriori during numerical calculations of these para-
meters (see section 4). Hence, we can treat the inclusion56 of the
s orbitals into φe, j

0 as a small perturbation to the wave function.
In a simple second-order approximation we find that γ takes the
value

γ ¼
- Æφ0

e, jjh- ε
0

e
jχs

e, jæ

ε0e - εs
ð7Þ

and the energy correction to the eg orbitals due to themixing with
ligand s functions is

Δεse ¼ -
jÆφ0

e, jjh- ε
0

e
jχse, jæj2

ε0e - εs
¼ ðε0e - εsÞγ2 ð8Þ

Therefore, the total covalent contribution to 10Dq can bewritten as

10Dqcov ¼ ε0e þΔεse - ε0t ð9Þ
which, in turn, can be separated in covalent p and s contributions,

10Dqp ¼ ε0e - ε0t ð10Þ
10Dqs ¼ Δεse ¼ ðε0e - εsÞγ2 ð11Þ

With use of second-order perturbation theory, an expression similar
to eq 11 can be found for 10Dqp,

10Dqp ¼ ðεd - εpÞðβe2 - βt
2Þ ð12Þ

However, it must be noted that the p orbital contribution to eg and
t2g orbitals is, in general, not perturbative, particularly for the
heavier ligands. Thus, results obtained with eq 12 provide us only
with an estimation of the 10Dqp contribution.

10Dq is not the only spectroscopic parameter to depend on
covalency as it also influences the value of the interelectronic
interactions. We consider, for instance, an integral such as
Æφt, j(r1) φt, j(r2)|1/r12|φt, j(r1) φt,j(r2)æ whose value is essentially
determined by the probability of finding both electrons on the
metal.60 By this argument such an integral is reduced by a factor
Rt

4 on passing from free Cr3þ to CrX6
3- complexes (X = F, Cl,

Br, I). A similar reduction holds for theB andCRacah parameters
widely used for describing the multiplets of TM complexes.59

In octahedral Cr3þ complexes, there are no eg electrons in the
ground state and thus βe and γ coefficients cannot be determined
through EPR measurements. However, this drawback can be
circumvented by means of ab initio calculations. The strategy
followed in the present work consists of deriving first the βt, βe,
and γ coefficients which are readily accessible from ab initio
calculations. Afterward, and by means of these calculated quan-
tities at the equilibrium geometry and eq 11, we will assess the
weight of 10Dqs contributions along the series of CrX6

3-

complexes (X = F, Cl, Br, I). Similarly, an estimation of 10Dqp
by means of eq 12 will be accomplished. In a further step the R
dependence of calculated 10Dq, βt, βe, and γ coefficients, and
also the B and C Racah parameters, for the CrF6

3- complex will
be looked into. Particular attention will be paid in this analysis to
understand the origin of the different dependence displayed by
10Dq and the Racah parameters upon R.

We now focus on the total force undergone by a ligand nucleus
(whose charge is -zLe) due to the electronic density, F(r), and
the repulsion of other ligand nuclei and the TM nucleus. The net
force on the k ligand of aMX6 complex embedded in a host lattice
can shortly be written as

FðkÞ ¼
Z

FðrÞ ∂Ven

∂Rk
dτþ ∂Vnn

∂Rk
-
∂Vout

∂Rk
ð13Þ

Equation 13 assumes that the electronic density, F(r), is localized
in the complex region both in the ground and in the excited state
of the MX6 complex. In that equation Ven and Vnn describe the
interaction energies of the k-ligand nucleus with the electronic
density and other nuclei of the complex, respectively. The term
involving Vout accounts for the electrostatic interaction between
all host lattice ions lying outside the complex and the k-ligand
nucleus.61 If Vout is not perfectly flat in the complex region, it
induces a small modification on the energy levels of the complex.
This quantity has been shown to be mainly responsible, among
other phenomena, for the difference in color between ruby and
emerald.46,61,62

Let FG(r) and FE(r) = FG(r) þ ΔFGE (r) be the electronic
densities for, respectively, the ground and the excited state of the
MX6 complex both at the equilibrium geometry of the ground
state. Obviously, in this situation F(k) = 0 if F(r) = FG(r).
However, if the geometry is kept but FG(r) is replaced by FE(r),
this substitution leads to a net force on the k ligand just given by

FðkÞ ¼
Z

Δ FGEðrÞ
∂Ven

∂Rk
dτ ð14Þ

Equation 14 suggests that F(k), and thus d(10Dq)/dR, are
strongly connected to the variations of the electronic density in
the neighborhood of the k nucleus which appears as a result of the
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transition from the ground to the excited state.57 A study on
the behavior of ΔFGE(r) for the CrF6

3- unit at different R
values using the results of ab initio calculations is given in
section 4.5.

3. COMPUTATIONAL METHODS

We have performed first principles calculations within the
framework of the density functional theory (DFT). In a first step
we have carried out band structure calculations for the cubic
elpasolites55 K2NaScF6, Cs2NaYCl6, and Cs2NaYBr6 in order to
determine the lattice parameter, a, together with the equilibrium
A3þ-X- (A = Sc, Y; X = F, Cl, Br) distance, RH, between the
trivalent cation of the host lattice and the nearest X- ions
(Figure 1). For the sake of completeness the values of a and
RH have also been derived for the Cs2NaScI6 compound in a
hypothetical elpasolite structure. These calculations were carried
out using the version 5.4.4 of ABINIT code.63 The exchange
correlation energy was calculated using the Perdew-Burke-
Ernzehoff (PBE) functional,64 where the core electrons of all ions
have been represented through Fritz-Haber Institute library’s
pseudopotentials for PBE calculations.65 The cutoff energy for
the kinetic energy of the plane wave basis set was chosen to be
40 hartrees while a k-space sampling of 8 points (2 � 2 � 2)
was taken.

In a second step we have performed cluster calculations of
the TM complexes using the ADF code66 in its 2008 and 2009
versions. Here, all ions were described using the high-quality
TZP basis set included in the database of the program in which
each atomic orbital is described by three Slater functions plus
an extra polarization one. All core electrons, including up to 1s
for F, 2p for Cl, 3p for Cr, K, and Br, and 4p for I and Cs were
kept frozen during the self-consistent procedure. The ex-
change-correlation energy was computed according to the
generalized gradient approximation (GGA) using the Becke-
Perdew functional.67,68

The geometries of CrX6M8Na6
11þ (X = F, Cl, Br, I; M = K,

Cs) 21 ion clusters have been optimized to obtain the local geo-
metry around the impurity in four different cubic elpasolites,
K2NaScF6, Cs2NaYCl6, Cs2NaYBr6, and Cs2NaScI6. Periodic
calculations in large periodic cells, as described above, have shown
that equilibrium geometries and 10Dq values, among other
properties, are well-reproduced by small clusters consisting of
only 21 ions due to the fact that 3d electrons are extremely
localized around the impurities and its ligands.27 In the geometry
determination, only the Cr3þ-X- distance, R, was optimized,
while the rest of the cluster ions were kept frozen at their ideal
lattice position. The electrostatic potential due to the rest of the
lattice ions, Vout, was generated by means of 155 point charges at
their lattice positions with charge values previously fit to repro-
duce the electric field of the infinite lattice using an Evjen-Ewald
scheme.27

In a second step, the R dependence of the nLp and nLs
admixtures in the eg orbital and the 10Dq parameter are calcu-
lated on CrX6

3- (X = F, Cl, Br, I) complexes embedded in the set
of point charges. This simplification can be made considering the
very local character of the Cr3þ 3d electrons. In fact, for the
antibonding eg level the electronic density lying outside the com-
plex in larger cluster calculations is found to be smaller than 1%
for the whole set of doped elpasolites. Racah parameters B and C
were calculated following the ligand field-DFT (LF-DFT)
procedure59 already employed in previous works.27,46

4. RESULTS AND DISCUSSION

4.1. Properties of CrX6
3- Units in Elpasolite Hosts around

the Equilibrium Geometry. The calculated values of the host
lattice parameter, a, for the pure K2NaScF6, Cs2NaScCl6, Cs2-
NaYBr6, and Cs2NaScI6 lattices are collected in Table 1 together
with the corresponding figures for u = RH/a. RH and a values for
K2NaScF6, Cs2NaYBr6, and Cs2NaScI6 lattices have been de-
rived in the present work while those corresponding to
Cs2NaYCl6 have previously been obtained.27 Calculated a and
u values shown in Table 1 compare well with available experi-
mental data.55 For instance, in the case of K2NaScF6 the obtained
a = 8.54 Å figure is only 0.8% higher than the experimental one.
A central issue in the present analysis concerns the localization

of the three unpaired electrons coming from the Cr3þ impurity in
the CrX6

3- (X = F, Cl, Br, I) unit. Results of the present cal-
culations on Cr3þ-doped K2NaScF6, Cs2NaScCl6, Cs2NaYBr6,
and Cs2NaScI6 host lattices reveal that in the 4A2(t2g

3) ground
state at least 99% of the electronic charge resides in the CrX6

3-

octahedron, justifying the use of the complex approximation in
later calculations. It is worth noting that a high degree of loca-
lization of the electronic charge has been found through electron
nuclear double resonance (ENDOR) measurements carried out
for the CrF6

3- complex formed in KMgF3 and RbCdF3 perov-
skites.69,70 In fact, the highest superhyperfine constant measured
for F- ligand ions is found to be about 50 times higher than that
corresponding to the second shell of fluorine ions. Moreover, a
significant part of the second shell superhyperfine interaction is
simply accounted for by considering the magnetic dipolar inter-
action of unpaired localized electrons in the CrF6

3- complex
with the corresponding fluorine nuclei of that shell. A similar
degree of localization has been found71 in an ENDOR study on
Mg2AlO4:Cr

3þ.
Values of the equilibrium Cr3þ-F- distance, Re, obtained for

the four lattices doped with Cr3þ through cluster calculations are
displayed in Table 2. With regard to Re = 1.95 Å derived for
CrF6

3- complex embedded in K2NaScF6 it is not unreasonable
when compared to the Re values measured for pure compounds
containing CrF6

3- units,72 such as KCrF4 (Re = 1.91 Å),
K2NaCrF6 (Re = 1.93 Å), or Rb2KCrF6 (Re = 1.94 Å). Concern-
ing the calculated 10Dq values at Re also shown in Table 2, it
should be noticed that they reproduce the pattern displayed by
the experimental data36,32,59 although they are somewhat smaller.
Therefore, the present calculations lead to a progressive decrease
of 10Dq, calculated at the corresponding equilibrium distance, on
passing fromCrF6

3- to CrI6
3-. This trend is thus consistent with

the empirical spectrochemical series.47

Table 1. Comparison between Calculated and Experimental
Lattice Parameter Values, a, and u = (RH/a) Parameters for
K2NaScF6, Cs2NaYCl6, Cs2NaYBr6, and Cs2NaScI6 Pure
Latticesa

a (Å) u

calculated experimental calculated experimental

K2NaScF6 8.54 8.47 0.2436 0.234

Cs2NaYCl6 10.47 10.48 0.2404 0.244

Cs2NaYBr6 11.30 11.30 0.2459 0.245

Cs2NaScI6 11.99 0.2413
aHere RH denotes the distance between the trivalent ion and a neigh-
bour X- anion (Figure 1). Experimental values have been taken from ref 55.
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Another central point in this study concerns the R dependence
of 10Dq around Re for each one of the four CrX6

3- (X = F, Cl,
Br, I) complexes. Main results collected in Figure 2 point out a
strong dependence of 10Dq upon R for the four CrX6

3- comp-
lexes. More specifically, writing 10Dq in the neighborhood of the
corresponding Re metal-ligand distance

10Dq ¼ KR- n ð15Þ
it turns out that the exponent n, collected in Table 2, is calculated
to be around 5 for all complexes. The value of the exponent n
either measured or calculated for TM complexes with halides or
oxygen as ligands is usually found31,61 to be close to 5. This is the
case, for instance, of Al2O3:Cr

3þ, NiO, MnO, or Mn2þ-doped
fluoroperovskites.38-41

4.2. Calculated Covalency Parameters for CrX6
3- (X = F, Cl,

Br, I) Complexes. The values of βt
2, βe

2, and γ2 parameters for
CrX6

3- complexes calculated at Re determined in section 4.1 are
displayed in Table 3. In that table the sensitivity of such param-
eters to changes of the impurity-ligand distance, R, around Re is
also shown. In particular, we employ three exponents nt, ne, and
ns that are defined as

βt
2 ¼ CtR

- nt ; βe
2 ¼ CeR

- ne ; γ2 ¼ CsR
- ns ð16Þ

Values of these exponents are gathered in Table 3 for the whole
series of Cr3þ complexes with different halides as ligands. For the
sake of clarity the R dependence of Rt

2, βt
2, βe

2, and γ2

parameters for the CrF6
3- complex is also portrayed in Figure 3.

As expected, the βe
2 parameter associated with the σ covalency

increases significantly on going from CrF6
3- to CrI6

3-. Never-
theless, βt

2 is found to remain nearly unmodified. A similar quali-
tative picture emerges from the work by Brik and Ogasawara.45

Because there are no eg electrons in the
4A2(t2g

3) ground state of
Cr3þ complexes, only βt

2 can be derived from experimental EPR
data. From the superhyperfine tensor measured for CrF6

3- in
KMgF3 βt

2 = 0.2 has been obtained, 73 which compares well with
the value 0.19 found for the same complex in K2NaScF6.
The results collected in Table 3 point out that for all CrX6

3-

complexes βe
2 is certainly much higher than γ2. Despite this fact

γ2 is found to be much more sensitive to R variations than βe
2, a

pattern which is always found in octahedral complexes with
halides or oxygen as ligands.46,48,49,52,53,61 In a first view, it is sur-
prising seeing that βe

2 is little dependent on R as the overlap
integral Æje, j

M|χe, j
p æ does increase when R decreases. However, it

has been shown that such an increase is compensated to a good
extent by the significant energy increase experienced by ligand to
metal charge-transfer transitions, and thus the εd - εp quantity,
when R is reduced.50,74 A quite different situation holds however
for the admixture with deeper nLs levels of halides. It was earlier
pointed out75 that the R dependence of γ is essentially controlled
by the overlap betweenje, j

M and χe, j
s because the relative variation

of the εd - εs quantity is much smaller than that of εd - εp as a
result of the deeper character of nLs levels in halides and oxygen
ligands.
It can be noted that the ratio (γ/βe)

2 decreases along the
ligand series F f Cl f Br f I. A somewhat similar situation is
encountered in the series of Oh and D4h complexes, where the
ligand is kept but the nature of the central cation is changed.51 In
these series it has also been verified that when the total covalency
increases, the ratio (γ/βe)

2 lessens. Along this line it can be
noticed that the calculated γ2 value is practically unmodified on
passing from CrF6

3- to CrI6
3-. This is in principle surprising as

εd- εs decreases from 23 to 10 eV on passing fromCrF6
3- to the

more covalent CrI6
3- unit. Nevertheless, according to eq 7 γ is

also controlled by the Æφe, j0 |χe, j
s æ overlap, which is essentially

equal to ReÆje, j
M|χe, j

s æ. In the present calculations we have found
that such a quantity is reduced from 0.107 in CrF6

3- to 0.040 in
CrI6

3- as we move along the series. This reduction approximately
compensates the decrease of εd - εs on going from CrF6

3- to
CrI6

3- and thus explains qualitatively why γ2 is similar for both
complexes, as shown in Table 3. It is important to note that the
Re parameter is found to decrease only about 7% when going
from CrF6

3- (Re = 0.97) to CrI6
3- (Re = 0.90). Therefore, the

reduction of the ReÆje, j
M|χe, j

s æ quantity mainly reflects that, at the
corresponding equilibrium distance, the overlap between je, j

M

and χe, j
s decreases progressively on passing from K2NaScF6:Cr

3þ

to Cs2NaScI6:Cr
3þ. As expected, this reduction also involves a

Table 2. Values of the Equilibrium Cr3þ-F- Distance, Re,
Calculated for CrX6

3- Units in K2NaScF6, Cs2NaYCl6,
Cs2NaYBr6, and Cs2NaScI6 Lattices, and Comparison
between Calculated and Experimental 10Dq Valuesa

10Dq (103 cm-1)

X Re (Å) calculated experimental n

F 1.95 14.4 15.6 4.5

Cl 2.38 11.2 12.8 4.5

Br 2.56 9.8 ∼12.0 4.8

I 2.92 8.9 - 5.2
aAvailable experimental data come from refs 32, 36, 59. Calculated
values of the exponent n reflecting the dependence of 10Dq upon R
around Re are also shown.

Figure 2. Variation of the 10Dq values with metal-ligand distance as
calculated in DFT (dots). Solid lines correspond to fits carried out for
calculated values using potential laws of the type KR-n.

Table 3. Calculated Covalency Parameters for CrX6
3þ Units

at the Equilibrium Distance, Re, Derived for Complexes
Embedded in K2NaScF6, Cs2NaYCl6, Cs2NaYBr6, and
Cs2NaScI6 Host Latticesa

X Re (Å) βt
2 βe

2 γ2 γ 2/βe
2 nt np ns

F 1.95 0.19 0.30 0.065 0.22 1.82 1.39 7.70

Cl 2.38 0.19 0.49 0.100 0.20 2.42 3.03 9.70

Br 2.56 0.18 0.51 0.081 0.16 1.87 1.74 9.42

I 2.92 0.17 0.55 0.072 0.13 0.63 3.48 10.70
aThe values of the exponent nt, np, and ns, reflecting, respectively, the R
dependence of βt

2, βe
2, and γ2 quantities, are also shown.
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higher sensitivity of γ2 to variations of the metal-ligand distance
as reflected in Table 3. In fact, while the exponent ns is found to
be equal to 7.7 for CrF6

3-, the calculated value for CrI6
3- is

about 40% higher. It is worth noting that ns values around 20 have
been calculated for LaF4

2- complexes involving the unusual
La2þ cation.76 This conclusion is supported by EPR data on
CaF2:La

2þ showing that the superhyperfine lines are extremely
sensitive to the application of an uniaxial stress.76

4.3. Contributions to 10Dq and the Spectrochemical
Series. Seeking to gain a better insight into the spectrochemical
series, we now first calculate the value of the covalent s con-
tribution to 10Dq, denoted 10Dqs, by means of eq 11 and the
value of γ2 gathered in Table 3. The obtained 10Dqs values for
the series of CrX6

3- (X = F, Cl, Br, I) complexes at the corres-
ponding equilibrium distances are displayed in Table 4. For the
sake of completeness the p contribution, 10Dqp, estimated
through eq 12 and βe

2 and βt
2 parameters from Table 3, is also

given in Table 4 together with the crystal-field contribution,
10DqCF. In that table the approximate quantity

10DqM ¼ 10Dqp þ 10Dqs þ 10DqCF ð17Þ

derived in the model is compared with the actual 10Dq figure
obtained from DFT calculations for the four considered Cr3þ

complexes.
It should be remarked that the approximate 10DqM value

decreases on passing from CrF6
3- to CrI6

3- following the same
trend as that displayed by the 10Dq values reached by means of
DFT calculations. The main feature present in Table 4 is that the
contribution coming from the nLs orbitals, 10Dqs, actually
controls the value of 10Dq. This is particularly important in
CrF6

3- (embedded in K2NaScF6), where it accounts for 86% the
total 10Dq value, but even in CrI6

3- (embedded in Cs2NaScI6)
its contribution accounts for 70% of the total 10Dq value. All
these ab initio results thus support previous semiempirical
calculations on CrF6

3- complexes, pointing out that the 10Dq
value is clearly dominated by the 10Dqs contribution.

54 Accord-
ing to eq 11 10Dqs depends on both γ2 and εd - εs quantities.
Since γ2 is found to be the same for CrF6

3- and CrI6
3- units

(Table 3), while εd- εs decreases on passing from the former to

the latter complex, this leads to a reduction of the dominant con-
tribution to 10Dq. Because, according to Table 4, the quantity
10Dq - 10Dqs , 10Dq, this fact explains the progressive dec-
rease of 10Dq on passing fromCrF6

3- to CrI6
3- reflected in the

spectrochemical series.47

4.4. Different Sensitivity of 10Dq and Racah Parameters to
the Metal-Ligand Distance. The present analysis also sheds
light on the main cause behind the significant R dependence of
10Dq corresponding to a given complex. Indeed if, according
to Figure 3a and Table 3, γ2 strongly depends upon R while
βe

2 varies only slightly when R is modified, one can expect an
important sensitivity of 10Dq to R changes because 10Dqs is the
dominant contribution when compared to 10Dqp.Moreover, this
simple reasoning also tells us that the exponent n involved in
eq 15 should be smaller than ns, describing in eq 16 the R depen-
dence of γ2. It is worth noting now that in complexes such as
MnF6

4-, NiF6
4-, or FeF6

4-, where there are unpaired eg electrons
in the ground state, the condition ns > n has been verified
experimentally by means of EPR and ENDOR techniques on
complexes placed in different host lattices.49,53,61,75

On the contrary, calculated values for the Racah parameters
are much less sensitive to metal-ligand distance variations. LF-
DFT calculations on free Cr3þ led to the values of B0 = 1013
cm-1 and C0 = 3688 cm-1. When the cation gives rise to a
CrF6

3- complex embedded in K2NaScF6, LF-DFT calculations
yield the values B = 772 cm-1 and C = 2630 cm-1. These results
are in reasonable agreement with previously reported values for
Cr3þ impurities in fluorides.77

Concerning the calculated R dependence of the two B and C
Racah parameters we take as a guide the case of the CrF6

3- com-
plex whose results are portrayed in Figure 3b. It can be noticed
that, at variance with what is found for 10Dq, the calculated
Racah parameters are found to be almost independent of R. This
result is consistent with other theoretical calculations on TM
complexes and available experimental data.39,40,43,46 The Racah
parameters are essentially dependent upon the probability of
finding the two active electrons on the central cation of the
complex.60 For this reason they depend basically on quantities
such as Rt

4 which reflect the global covalency. As shown in
Figure 3a, Rt

2 is not significantly dependent on R, which is thus
behind the behavior of B and C Racah parameters portrayed in
Figure 3b.
The present analysis thus sheds light on themicroscopic origin

of the quite different R dependence shown by 10Dq and the
Racah parameters. Indeed the 10Dq parameter is found to
arise mostly from the small nLs admixture in the antibonding
eg(∼x2-y2,3z2-r2) level reflected in the γ2 quantity. By contrast,

Figure 3. Relative variation with the metal-ligand distance, R, around
the equilibrium in a CrF6

3þ complex of (a) Rt
2, βt

2, βe
2, and γ2

covalency parameters and (b) 10Dq and the Racah parameters B and C.

Table 4. Values of 10Dq Parameter Obtained by Means of
DFT Calculations Performed at the Equilibrium Re Distance
for the Four CrX6

3þ Units Embedded in the Elpasolite
Latticesa

X 10Dq 10Dqs 10Dqp 10DqCF 10DqM

F 14.4 12.4 3.8 1.6 17.8

Cl 11.2 11.7 4.8 0.5 17.0

Br 9.8 8.9 3.8 0.3 12.9

I 8.9 6.2 2.3 0.1 8.6
aValues of crystal-field contribution, 10DqCF, and covalent contribu-
tions, 10Dqs (calculated by means of eq 11) and 10Dqp (estimated by
means of eq 12), are also shown, together with the sum of the three
contributions, 10DqM. All values are given in 103 cm-1 units.
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this nLs admixture is practically unimportant with regard to two-
center integrals such as Æφt, j(r1)φt, j(r2)|1/r12|φt, j(r1)φt, j(r2)æ and
Racah parameters depending on the global covalency.
The existence of distinct mechanisms behind the R depen-

dence of 10Dq and Racah parameters allows one to understand
microscopically well-known experimental features. For instance,
the separation between the first excited states 4T2 and

2E for d3

impurities depends on the ratio 10Dq/B according to the
Tanabe-Sugano diagrams.21 As the emission in these systems
arise from the first excited state, applying pressure on systems
such as K2NaScF6:Cr

3þ, KMgF3:Cr
3þ, or LiCaAlF6:Cr

3þ allows
one to tune either a broad band emission (from 4T2) or a sharp
one.24,25,78 The present analysis clearly reveals that this tuning is
possible thanks to the different response to pressure of 10Dq and B
parameters which also has another relevant consequence. In fact,
if the energy of an excited state with respect to the ground one is
called E, the bandwidth, the Huang-Rhys factor of the sym-
metric mode, and the Stokes shift all depend26,27,31,35,79 on dE/
dR. By virtue of this fact, since the energy of the 2E state only
depends on the B parameter,21 this gives rise to a sharp line
(bandwidth in the range of 1-10 cm-1) with zero Stokes shift.80

By contrast, since E = 10Dq for the 4T2 state, the emission
from this state gives rise32-34,36,73,77,78 to a broad band (band-
width around 2000 cm-1) and Stokes shift in the range of
2000-3000 cm-1.
4.5. Analysis of the Differential Electronic Density, ΔGGE.

The analysis carried out in the preceding section strongly
supports that the small nLs admixture involved in the antibonding
eg orbital plays a key role for understanding the values of 10Dq
and the exponent n. Because the differential electronic density,
ΔFGE, is related to d(10Dq)/dR and thus to the force, F(k),
exerted on the k-ligand nucleus on passing from the 4A2(t2g

3)
ground state to the excited t2g

2eg configuration, we are now going
to visualize the form ofΔFGE at different R values aroundRe. As it
has already been pointed out,35,57 the first excited state 4T2g-
(t2g

2eg) is not an orbital singlet. For this reason after the
4A2g(t2g

3)f 4T2g(t2g
2eg) excitation an anisotropic Jahn-Teller

force appears in addition to an isotropic force along the breathing
mode. Therefore, if we want to see only the isotropic component
of the force, we can use the isotropic part of the electron density
corresponding to the (3z2-r2)0.5(x2-y2)0.5(xy)2/3(xz)2/3(yz)2/3

electronic configuration with fractional occupation.57 The
change of electronic density, ΔFGE(r), on passing from the
ground state ((xy)1(xz)1(yz)1 configuration) to such an excited
state is just given by57

ΔFGEðrÞ ¼ ð1=2Þ½F3z2 - r2ðrÞþ Fx2 - y2ðrÞ�
- ð1=3Þ½FxyðrÞþ FxzðrÞþ FyzðrÞ� ð18Þ

FiðrÞ ¼ jφij2 ði ¼ e, 3z2 - r2; e, x2 - y2; t, xy; t, xz; t, yzÞ
where one-electron φi wave functions were defined in eqs 5 and
6. Bearing in mind that φe,x2-y2 and φe,3z2-r2 transform like√
3(x2-y2) and (3z2-r2), respectively, and that φxy ∼ xy, it

can easily be verified thatΔFGE(r) exhibits cubic symmetry, thus
leading to the same force on all ligands.
The form of ΔFGE(r), derived from the present ab initio

calculations, at two R values for the CrF6
3- complex, is portrayed

in Figure 4. We now have a look on the behavior of ΔFGE(r)
around a given ligand nucleus. It can be noticed that the
electronic density ΔFGE(r) in the outside part of the complex

just behind a given nucleus grows significantly when R is progres-
sively reduced.Moreover, comparing the form ofΔFGE(r) in that
region for R = 2.15 Å and R = 1.75 Å, one can easily notice the
increase of the 2s(F) admixture into the eg wave function in the
latter case. In fact, the lobes of electronic accumulation (ΔFGE > 0)
associated with two adjacent ligands are well-separated when
R = 2.15 Å, while they intersect when the Cr3þ-F- distance
becomes smaller. It should be pointed out now that this electro-
nic density displaced toward the external region of the complex as
a result of a t2g f eg excitation appears as a fundamental con-
tribution to the isotropic outward force on any ligand.
It is worth noting here that an outward force on a ligand

requires that the electronic densityΔFGE around a ligand nucleus
is, in general, higher in the external region of the complex
(|r| > R) than in the region lying between metal and ligand
nuclei where |r| < R. This imbalance is greatly helped by
the strong antibonding character of the eg wave function. We
consider, for example, the upper ligand in Figure 1. In view of
eqs 5, 6, and 18, the contribution toΔFGE(r) around the ligand
in the positive z direction (see Figure 1) coming from
σ bonding, shortly called δ(σ), can be written as

δðσÞ � 1
6
½ð- βeξ

p
z, zþγξszÞ2

þ 2
ffiffiffi
3

p
RejM

e, 3z2 - r2ð- βeξ
p
z, z þ γξszÞ� ð19Þ

In eq 19 the first and second terms describe the so-called
ligand-ligand and metal-ligand contributions, respectively.
As the hybrid contribution from a ligand orbital with σ character,
-βeξz,z

p þ γξz
s, reinforces the electronic density in the middle

region between the ligand and the central cation, the ligand-
ligand contribution alonewould give rise to an inward ligand rela-
xation, a point not well clarified in a previous work.57 This situa-
tion is however significantlymodified thanks to themetal-ligand
contribution in eq 19, which reduces the electronic density in the
middle region since the orbital is antibonding, thus making possi-
ble a net outward force on a ligand.

5. FINAL REMARKS

The present ab initio calculations reproduce the different
dependence on the metal-ligand distance of 10Dq and Racah
parameters observed experimentally. At the same time they repro-
duce the progressive decrease of 10Dq on passing from CrF6

3-

to CrI6
3- reflected in the spectrochemical series. Moreover, the

Figure 4. Equidensity contours of the difference density function,
ΔFGE, for a CrF6

3þ complex when the metal-ligand distance, R, is
2.15 (left) and 1.75 Å (right). Blue (red) contour lines correspond to
regions with ΔFGE > 0 (ΔFGE < 0).
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analysis carried out in this work using the approximate expression
17 and the results of ab initio calculations strongly support
that the 10Dq splitting parameter comes mostly from the small
admixture of deep nLs ligand orbitals in the antibonding
eg(∼x2-y2,3z2-r2) orbital. Therefore, this unexpected conclu-
sion provides us with a link between 10Dq and the isotropic
superhyperfine constant, As, which can be measured when there
are unpaired electrons occupying the eg(∼x2-y2,3z2-r2) level73

of octahedral complexes. Taking into account that As is a direct
reflection of γ2, it was early recognized that As is strongly
dependent on the impurity-ligand distance and thus can be
used for getting reliable information on R from EPR and
ENDOR measurements.75,46,49,53 The present results point out
that the sensitivity of 10Dq to R variations is also related to the
strong dependence of γ2 on R. Similarly, the recent findings of
ferroelectricity in highly compressed BaTiO3 and PbTiO3 ma-
terials have been associated with the increased covalency of eg
orbitals of Ti with the 2s orbitals of the oxygen ions inside the
TiO6

4- complexes, revealing how these deep and apparently
inactive orbitals can trigger very strong structural effects.81

At variance with what happens for the nLp admixture in
eg(∼x2-y2,3z2-r2) the present results show that the nLs ad-
mixture is practically unmodified when comparing CrF6

3- and
CrI6

3- units. Because the dominant contribution to 10Dq depe-
nds on (εe

0 - εs)γ
2 the reduction of εe

0 - εs on passing from
CrF6

3- to CrI6
3- allows one to understand the trend reflected in

the spectrochemical series.47

In summary, in this work we show that ab initio calculations
are useful not only for predicting the value of 10Dq but especially
for understanding the subtle origin of a number of phenomena.
In particular, our results can be used to explain the very different
dependence of 10Dq and the Racah parameters with the
metal-ligand distance. Further work along this line is now
underway.
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