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This work reviews new ideas developed in the last two decades
which play a key role for understanding the optical properties
of insulating materials containing transition metal (TM) cations.
Initially, this review deals with compounds involving d4 and d9

ions where the local structure of the involved MX6 complexes
(M=dn cation, X=ligand) is never cubic but distorted, a fact
widely ascribed to the Jahn-Teller (JT) effect. Nevertheless, that
assumption is often wrong as the JT coupling requires an
orbitally degenerate ground state in the initial geometry a
condition not fulfilled even if the lattice is tetragonal. For this
reason, the equilibrium geometry of d4 and d9 complexes in low
symmetry lattices, is influenced by two factors: (i) The effects,
usually ignored, of the internal electric field, ER, due to the rest
of lattice ions on the active electrons localized in the MX6 unit.
(ii) The existence of structural instabilities driven by vibronic
interactions that lead to negative force constants. As first
examples of these ideas, we show that the equilibrium

structure, electronic ground state of KZnF3:Cu
2+, K2ZnF4:Cu

2+

and K2CuF4 obey to different causes and only in KZnF3:Cu
2+ the

JT effect takes place. These ideas also explain the local structure
and optical properties of CuF2, CrF2 or KAlCuF6 compounds
where the JT effect is symmetry forbidden and those of layered
copper chloroperovskites where the orthorhombic instability
explains the red shift of one d� d transition under pressure. In a
second step, this review explores stable systems involving d3, d5

or d9 cations, where the internal electric field, ER, is responsible
for some puzzling phenomena. This is the case of ruby and
emerald that surprisingly exhibit a different color despite the
Cr3+-O2� distance is the same. A similar situation holds when
comparing the normal (KMgF3) and the inverted (LiBaF3)
perovskites doped with Mn2+ having the same Mn2+-F distance
but clearly different optical spectra. The role of ER is particularly
remarkable looking for the origin of the color in the historical
Egyptian Blue pigment based on CaCuSi4O10.

1. Introduction

Insulating transition metal (TM) compounds are widely inves-
tigated due to the rich physical and chemical properties that
appear following the open shell structure of the TM cation. For
this reason, these compounds usually exhibit optical response
in the V-UV domain and magnetic ordering below a given
temperature. Research in this field is gaining increasing
importance because of a detailed knowledge of the bulk and
surface electronic structure is essential for understanding and
optimizing the mechanisms relevant to the growing number of
technological applications of these materials, which are used in

lasers,[1–3] devices with colossal magnetoresistance,[4] solar cells[5]

or systems displaying high piezochromism.[6,7]

In these materials active electrons are essentially confined in
the MXN complex formed by the transition metal cation, M, and
the N nearest anions X.[8] Accordingly, it is widely assumed that
many properties of TM compounds can be explained to a good
extent just considering the isolated MXN complex thus ignoring
the rest of lattice ions.[9–11]

In the realm of TM compounds those involving d9 cations
play a singular role. Indeed, considering only the sixfold
coordinated MX6 complexes (M=Cu2+, Ag2+) present in such
compounds they are always distorted from cubic symmetry.[10]

The same situation happens for d4 cations in high spin
configuration and also for d7 cations in low spin configuration.
The existence of that distortion is usually ascribed to the Jahn-
Teller (JT) effect.[12] However, that assumption is often hard to
be accepted due to the restrictive conditions behind a JT
effect.[8,13,14] Indeed, when we consider the complex actually
embedded in the crystal lattice, it requires an orbitally
degenerate electronic ground state in the initial high symmetry
geometry (here denoted as parent phase). However, this rule is
broken when the lattice geometry is tetragonal, orthorhombic,
monoclinic or triclinic.
The present work is a review dealing with new ideas

developed in the last two decades that improve our under-
standing of optical properties due to insulating compounds
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containing transition metal cations. Two main factors behind
the equilibrium geometry and the associated optical excitations
are: (i) The internal electric field, ER, due to the rest of lattice
ions upon the active electrons localized in the MXN unit

[15,16] an
important factor usually ignored within the ligand field theory
(LFT) essentially focused on the isolated complex.[9–11] (ii) The
existence of structural instabilities driven by a force constant
that becomes negative,[17] a mechanism which is enhanced in
pure compounds where nearest complexes share a common
ligand.[18]

A first part of the present analysis is addressed to pure and
doped fluorides containing d9 cations. In this domain, we firstly
explore three systems, Cu2+-doped KZnF3

[19,20] and K2ZnF4
[21,22]

and pure K2CuF4
[23,24] which are similar in composition but

exhibit different optical properties as a result of a distinct
equilibrium geometry and electronic ground state.[25] The
present ideas also shed light on the local structure and optical
properties of other compounds like CuF2,

[26–31] CrF2
[32–34] or

KAlCuF6
[35–39] as well as of layered copper chloroperovskites[40–42]

where often the longest Cu� Cl bond becomes extremely soft as
a result of the orthorhombic instability.[43] This key fact gives
rise to a surprising red shift of some d� d and charge transfer
transitions under pressure.[6,7,41,43]

The second part of this work is devoted to compounds
involving d3, d5 or d9 cations without structural instabilities

where the internal electric field, ER, is responsible for some
puzzling phenomena. This is the case of ruby and emerald
gemstones where the Cr3+� O2� distance is the same although
such materials surprisingly exhibit a different color.[44–50] Along
this line we also deal with two Mn2+-doped crystals, a normal
cubic perovskite KMgF3

[51,52] and the inverted perovskite
LiBaF3

[53,54] which exhibit a clearly different crystal field spectrum
despite the Mn2+� F� distances are identical[55] within 0.5%.
Finally, we discuss the origin of the color in the historical

Egyptian Blue pigment based on the CaCuSi4O10 compound.
[56,57]

In this material, Cu2+ cations do not display a sixfold but a
fourfold coordination giving rise to stable square-planar CuO4

6�

complexes with a hole in the b1g(x
2-y2) level. As a salient feature,

it is shown that the existence of a very anisotropic internal field
ER produces a huge red shift of around 1 eV on the highest d� d
transition, a1g(3z

2-r2)!b1g(x
2-y2), which is thus behind the blue

color of the historical pigment.[58]

This review work is organized as follows. For the sake of
clarity, section 2 offers a theoretical background mainly focused
on the JT effect, the microscopic origin of structural instabilities
and the relevance of the internal electric field, ER. Section 3 is
devoted to the equilibrium geometry and optical properties of
systems involving d9 or d4 cations while section 4 deals with
stable insulating materials where the effects of the internal
electric field play a key role.
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2. Theoretical Background

2.1. Electronic Density and the Jahn-Teller Effect

In pure and doped insulating compounds electrons are
essentially localized.[8] For this reason, a good starting point for
understanding the properties of KNiF3 or K2NaAlF6:Cr

3+ systems
is simply to consider the NiF6

4� or CrF6
3� units, where active

electrons are localized, at the right equilibrium distance.[8,9,11]

This idea is correct provided the ground state of the complex is
placed well below the bottom of the conduction band and the
energy of first excitations (up to 6 eV) smaller than the band
gap, Eg, of the crystal.

[8] The last condition is specially fulfilled
for fluorides involving Eg values higher than 10 eV.

[59,60] In the
singular system KCl :Ag0 the situation is somewhat different as
the 5s electron of silver is stabilized just below the bottom of
the conduction band of KCl but only thanks to a huge outwards
relaxation of ligands (~20%).[61,8]

In the cubic host lattice K2NaAlF6, Cr
3+ impurities replace

Al3+ cations[62,63] and the ground state of the octahedral CrF6
3�

complex, 4A2, involves three unpaired electrons in the t2g
orbitals (Figure 1, left), thus the corresponding wavefunction,
Ψ0, can shortly be written as the Slater determinant, described
in the abbreviated form following Ref. [11].

Y0ðMS ¼ 3=2Þ ¼ jxy " xz " yz " j (1)

Here xy actually means an antibonding molecular orbital of
the CrF6

3� complex transforming like xy under the Oh symmetry
group. Accordingly, the electronic density in the ground state
of CrF6

3� can shortly be written as

1 ¼ 1CS þ ½ðxyÞ
2 þ ðxzÞ2 þ ðxzÞ2� (2)

where ρCS denotes the density from fully occupied orbitals
(closed shells) of the CrF6

3� complex which keeps cubic
symmetry. As the electronic density coming from the three
unpaired electrons is also a cubic invariant, in the Al3+!Cr3+

substitution the six ligands move in the same way. Accordingly,
the octahedral symmetry of the reference geometry is pre-
served although the metal-ligand distance can change follow-
ing the different ionic radii of Al3+, Cr3+.

A different situation holds, however, when considering a
Rh2+ impurity (4d7 configuration) entering the cubic NaCl
replacing Na+, involving a remote defect that compensates for
the excess of local positive charge.[64,65] In this case, the
electronic ground state corresponds to the low spin (S=1=2)
configuration t2g

6eg
1 (Figure 1, right) in perfect octahedral

symmetry thus implying an orbitally degenerate ground state.
Interestingly, if the unpaired electron is placed in the molecular
orbital of the RhCl6

4� unit simply denoted as 3z2-r2, the
electronic density, ρ, is not compatible with cubic symmetry.
Indeed, ρ can be written as[8,66]

1 ¼ 1CS þ 1ð3z2-r2Þ ¼ 1CS þ 1C þ 1T

1C ¼ ð1=2Þ f1ð3z2-r2Þ þ 1ðx2-y2Þg e 2ðx4 þ y4 þ z4Þ þ . . .

1T ¼ ð1=2Þ f1ð3z2-r2Þ� 1ðx2-y2Þg e 2z4- ðx4 þ y4Þ þ . . .

(3)

considering that ρ(3z2-r2) ~(3z2-r2)2 while[11] ρ(x2-y2)~[
ffiffiffi
3
p
(x2-y2)]2.

In Eq. (3) ρCS describes the electronic density associated with t2g6

and other closed shells lying at lower energy.
Interestingly, ρCS and ρC exhibit cubic symmetry but ρT

displays tetragonal symmetry giving rise to a force that moves
outwards the two Cl� ligands along the z-axis and inwards the
four ligands in the XY plane (Figure 2a). Thus, the tetragonal
density ρT generates the Qɛ distortion mode

[13,14,67] (transforming
like 3z2-r2) described in terms of ionic displacements, ui (i=1,
…, 6) as follows

Qq ¼
1
ffiffiffiffiffi
12
p 2 u5 þ u6ð Þ � u1 þ u2 þ u3 þ u4ð Þf g (4)

When only this distortion mode is activated, this gives rise
to an elongated tetragonal equilibrium geometry, with Z as
main axis, described by u5=u6= +2u, u1=u2=u3=u4= � u
(Figure 2a). Obviously, an equivalent situation is reached
placing the unpaired electron in the orbital j3y2-r2i= (� 1/2) j
3z2-r2i� (

ffiffiffi
3
p
/2) jx2-y2i which would lead to a tetragonal dis-

tortion, with Y as main axis (Figure 2b), described by the mode
(� 1/2)Qθ� (

ffiffiffi
3
p
/2)Qɛ where Qɛ transforms like x

2-y2 and is given
by[13,14,67]

Qe ¼
1
2 u1 � u2 þ u3 � u4f g (5)

Figure 1. Left: splitting (called 10Dq) of 3d orbitals of a Cr3+ ion under the crystal field of a CrF6
3� complex with octahedral symmetry. Right: splitting of the 4d

orbitals of a Rh2+ ion under the crystal field of a RhCl6
4� complex with octahedral symmetry.
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In the case of NaCl : Rh2+, due to the initial cubic symmetry,
another equivalent situation is found with the unpaired
electron placed in the 3x2-r2 orbital with X being then the main
tetragonal axis (Figure 2c).
Although the three distortions with X, Y, Z as main axes are

in principle equivalent such equivalence is however destroyed
by the existence of random strains,[14] inevitably present in any
real crystal,[13,68] making that at a given point of the lattice one
of them is favored. This usual situation is termed static JT
effect,[13,14] giving rise to three tetragonal centers, represented in
Figure 2, that only differ in the nature of the main axis. The
simultaneous existence of those three centers in NaCl : Rh2+ is
well proved through Electron Paramagnetic Resonance (EPR)
measurements.[64] Only in a few JT systems, like for MgO :Cu2+

[69,70] or MgO:Ag2+ [71] the existence of coherent tunnelling[13,72]

among the three equivalent distortions (coherent dynamic JT
effect) has been observed.
According to the initial degeneracy in NaCl : Rh2+ another

possibility is to place the unpaired electron in the jx2-y2i
molecular orbital of the RhCl6

4� unit, giving rise to a com-
pressed tetragonal geometry at equilibrium. However, the
anharmonicity, present in any molecular vibration, favors the
elongated over the compressed conformation provided the
complex is elastically decoupled from the rest of the
lattice,[65,73,74] such as it happens for NaCl : Rh2+. Among the cases
involving a static JT effect and octahedral coordination in
crystals, only in CaO:Ni+ the equilibrium geometry has been
found to be purely compressed.[75,76] In this case the complex
coming from the monovalent Ni+ is, however, strongly coupled
to the lattice made of divalent Ca2+ cations.
If we now consider a Cu2+ impurity in the cubic NaCl crystal

the ground state of the CuCl6
4� unit in perfect Oh symmetry

belongs to the t2g
6eg

3 configuration, thus involving a hole in the
eg level.

[77] If, for instance, the hole is placed in the jx2-y2i orbital
and we designate by ρH(x2-y2) its associated density, then the
electronic density of the electronic ground state, ρ(t2g6eg3)
verifies[66]

1ðt2g
6eg

3Þ þ 1Hðx
2-y2Þ ¼ 1C (6)

just underlining that t2g
6eg

4 is a closed shell. For this reason, the
electronic density that generates the tetragonal distortion is
� ρH(x2-y2). Accordingly, a hole in the jx2-y2i orbital of the

CuCl6
4� complex induces an elongated conformation whereas a

compressed shape comes out when the hole is in j3z2-r2i.
A precious information on the nature of the electronic

ground state in static JT systems involving dn ions (n=9, 7, 4) is
derived from the experimental g-tensor measured in EPR
experiments provided covalency is low or moderate.[8,67] So, if g j
j � g0>g⊥� g0 the unpaired electron lies in the jx

2–y2i orbital
while the opposite means that it is placed in j3z2-r2i. As usual,
g j j is the gyromagnetic factor measured when the magnetic
field, H, is parallel to the main axis of the tetragonal unit. The
experimental values measured for NaCl : Rh2+ (g j j j=2.019, g⊥=

2.451)[64], NaCl :Cu2+ (g j j j=2.373, g⊥=2.070)[77] prove that for
both d7, d9 systems the equilibrium geometry corresponds to
an elongated octahedron although the unpaired electron is
located in a different orbital.

2.2. Linear Vibronic Coupling and the Jahn-Teller Effect

The previous ideas on the JT distortion as a result of the force
acting on the ligands[66] are consistent with the usual
description[14,67] through the coupling between nuclear vibra-
tions and electrons (vibronic coupling). In this view, within the
framework of perturbation theory, the total Hamiltonian, H, is
divided into two contributions, one coming from the Hamil-
tonian, H0, for frozen nuclei at the initial parent phase geometry
and the other, Hvib, which introduces the linear vibronic
coupling as a perturbation

H¼H0 þ Hvib � H0 þ SG,j VG,jðrÞ QG,j (7)

where summation runs on vibrational modes Γ with ionic
displacements characterized by normal coordinates QΓ,j where
the index j accounts for the degeneracy of the Γ mode. VΓ,j(r),
transforming like QΓ,j, is the vibronic coupling operator.

[14]

In first-order perturbation, if the orbital wavefunction of the
H0 ground state belongs to the Γ0 irrep it must be verified that
Γ0×Γ0�Γ. For this reason, if the ground state is orbitally
nondegenerate it can only be coupled with the symmetric
mode that keeps the symmetry of the complex. By contrast,
non-symmetric modes can be involved in first-order perturba-
tion if the ground state is orbitally degenerate and this is just
the essence of the JT effect.[8,13,14]

Figure 2. Tetragonal equilibrium geometry for an initially octahedral RhCl6
4� complex due to an unpaired electron in (a) 3z2-r2, (b) 3y2-r2 and (c) 3x2-r2. The

force on a ligand is parallel to the displacement (2u or –u). The Qθ mode is described by red arrows in (a).
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For the sake of clarity, we consider now a particular case of
JT effect, namely Eg�eg, where the reference geometry
configuration is octahedral and the electronic ground state Eg is
orbitally two-fold degenerate. The effective vibronic Hamilto-
nian in this case can be written[14] in terms of the two
degenerate nuclear motions (eg symmetry) Qθ, Qɛ (Eqs. (4), (5)),

Hvib ¼ VqðrÞ Qq þ VeðrÞ Qe (8)

which describes the linear vibronic coupling, where Vθ~Qθ,
Vɛ~Qɛ.
If we recall the case shown in the previous section, an

impurity of Rh2+ in the pure NaCl lattice, it is an example of this
Eg�eg JT effect. If the unpaired eg electron is placed in 3z

2-r2

orbital, one can calculate[78] the forces acting on ligands 1 and 5
when Qθ=Qɛ=0. According to Eqs. (4), (8), considering that
heg 3z

2� r2ð Þ Vqj jeg 3z
2� r2ð Þi¼� V, these forces are given by

FZð5Þ ¼ � @E=@u5 ¼ � hegð3z
2� r2ÞjVqjegð3z

2� r2Þið@Qq=@u5Þ

¼
2
ffiffiffiffiffi
12
p V

(9)

FXð1Þ ¼ �
1
ffiffiffiffiffi
12
p V (10)

showing that, for an impurity in a lattice site with octahedral
symmetry in which an unpaired electron is localized in the 3z2-
r2 orbital, the forces over the ligands induce an elongated
tetragonal distortion (Figure 2a), in full agreement with the
results coming from the electronic density standpoint. As
discussed in section 2.1, this tetragonal distortion is described
by a Qθ mode, which leads the system to an elongated
tetragonal equilibrium geometry. The associated energy can be
obtained, in a first step, by adding a harmonic elastic
contribution[14] to the vibronic contribution coming from Eq. (8)

E ¼� V Qq þ
1
2 KQ

2
q (11)

where the force constant related to the elastic contribution is
K>0. It is important to note that we consider only the elastic,
first-order vibronic terms, neglecting anharmonicity that is,
however, inevitably present in any molecular vibration.[8,13,73]

Under these conditions, the minimum energy configuration is
found for Q0q¼ V=K, which gives a stabilization energy EJT

EJT¼�
V2

2 K
(12)

According to Eq. (12), the stabilization energy is the same
for both elongated and compressed geometries. However, the
anharmonicity, which is present in any real crystal, plays a key
role in favoring the stabilization of the elongated configuration
over the compressed one, when the complex is elastically
decoupled to a good extent from the rest of the lattice.[8,13,65,66]

Interestingly, the energies of elongated and compressed
conformations differ in a small quantity, known as the energy

barrier B (Figure 3), that is usually in the range 0.01–0.1 eV.[8,13,79]

The main factors governing the JT effect have recently been
reviewed.[80,81]

The distortion throughout a tetragonal Qθ mode gives rise
to a lifting of Eg degeneracy characteristic of octahedral
symmetry. Therefore, an energy gap appears between the two
d levels 3z2-r2, x2-y2. In particular, at the minimum Q0q (Figure 3)
this energy gap between the ground and the first excited state
has a value ΔE=4 jEJT j , which will give approximately the
energy of the first d� d transition.[14,79] Considering that typical
values of V and K are about 1 eV/Å, 5 eV/Å2 respectively,[8,13] the
JT stabilization energy, EJT, will be around 0.1 eV, thus we will
find the energy gap between 3z2-r2, x2-y2 close to 0.4 eV. As it
will be discussed in section 3.1, that figure is close to the
estimated value for the transition 3z2-r2!x2-y2 for Cu2+-doped
KZnF3.

2.3. Vibronic Effects in an Orbitally Non-degenerate Ground
State: Structural Instability

In the previous section we have seen that, in first-order
perturbation, Hvib can couple a non-symmetric distortion mode
to the ground state only if it is orbitally degenerate. However, if
the ground state is an orbital singlet, new phenomena appear
when considering the effects of Hvib (Eq. (8)) in second-order
perturbations. In particular, this gives rise to a negative
contribution to the force constant for the electronic ground state.
If Ψ0(r) is the wavefunction of the ground state orbital singlet
and QΓ is a non-symmetric, non-degenerate vibration mode, Hvib
can couple Ψ0(r) with excited states, Ψn(r), belonging to Γn. That
admixture induces a change in the energy of the ground state
given by[17,18]

DE0¼� Q
2
X

n

hY0 rð ÞjVG rð ÞjYn rð Þi
2

En� E0 (13)

Figure 3. Electronic energies of elongated (red curve) and compressed (blue
curve) conformations in the Eg�eg JT effect for a d

9 octahedral complex
depicted versus the tetragonal Qθ deformation. Q

0
q
is the equilibrium

deformation, EJT the JT stabilization energy in equilibrium, B the energy
barrier between both conformations. The red curve shows the results for a
ground state with an unpaired electron in the x2-y2 orbital while the blue
curve corresponds to the unpaired electron in 3z2-r2.
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Thus, the excited states verifying Γ0×Γn�Γ can be coupled
to the ground state modifying the electronic density and giving
rise to a negative contribution to the force constant, -Kν, which
can be written as

K¼K0� Kn (14)

Here K0 stands for the positive contribution associate with
the frozen electronic density of H0 while Kν reflects the density
changes due to Hvib and is given by

[17]

KV¼2
X

n

hY0 rð ÞjV rð ÞjYn rð Þi
2

En� E0 (15)

According to Eq. (15), a structural instability takes place
when the total force constant, K, is negative, thus K0 < Kν. As
fluorides have a strong K0 constant that condition is not fulfilled
for a Cu2+ impurity, but the orthorhombic instability takes place
in the pure compound K2CuF4 where two adjacent CuF6

4� units
share a common F� . This cooperative effect favors K <0 such as
it is discussed in Ref. [18].
For the sake of clarity, on Figure 4 are displayed the effects

of an orthorhombic instability on a CuF6
4� complex which is

initially tetragonally compressed (RX=RY>RZ). If the total force
constant, K, for the orthorhombic distortion is negative then
the final equilibrium geometry for the CuF6

4� unit is no longer
D4h but D2h, thus modifying the distances between F

� ions in
the XY plane and Cu2+ (Figure 4). That switch also involves a
change of the electronic density. Indeed, if under a compressed
D4h geometry, the unpaired electron is in a 3z

2-r2 molecular
orbital, it can be mixed with the x2-y2 under the orthorhombic
distortion, Q. This produces an increase of the 3z2-r2 energy and
a diminution of that for x2-y2 (Figure 4). The different population
of a1g(3z

2-r2), b1g(x
2-y2) orbitals of the CuF6

4� complex gives rise
to a decrement of the electronic energy such as it is shown in
Eq. (13).

It is worth noting now that the orthorhombic instability of
Figure 4 in a tetragonal complex like CuX6

4� (X=halide) is
strongly favored when it is compressed rather than
elongated.[18,82] Indeed, the distance among the central cation
and ligands in the XY plane is higher in a compressed than in
an elongated geometry. This fact makes that K0 is reduced for a
compressed configuration as the anharmonicity lowers the
force constant of a given bond when its length increases.[8,73]

For this reason, the orthorhombic instability is not observed in
tetragonally elongated systems like NaCl :Cu2+ [77], CsCdF3:Cu

2+

[83] or La2CuO4
[84]. By contrast, it is developed in copper Tutton

salts like K2Cu(H2O)6(SO4)2 where the internal electric field forces
the hole to be in a 3z2-r2 molecular orbital.[85] This in turn favors
an initial compressed conformation and a subsequent ortho-
rhombic distortion in the xy plane.
It is important to emphasize that the coupling between

states that are separated by an energy gap can happen
regardless the degeneracy of the ground state, provided the
condition Γ0×Γn�Γ is fulfilled. This stands in contrast to the JT
effect, which requires the existence of a degenerate ground
state. Consequently, it becomes essential to examine each
individual system to determine the predominant coupling
mechanism.
Furthermore, recent research[18,78,85] has shown that the

mixing of two or more states separated by an energy gap is the
driving force behind the structural distortions observed in
numerous low-symmetry systems containing transition metal
ions. Given that this coupling involves states separated by an
energy gap, it is not a first but a second-order perturbation
effect. This second-order vibronic effect is commonly referred
to as the pseudo Jahn-Teller effect (PJT) in the literature.[86]

However, it is noteworthy that this term could be misleading, as
the JT and PJT are distinct phenomena arising from vibronic
interactions. For instance, instabilities caused by the so called
PJT effect necessarily involve a negative force constant while in
a typical JT effect it is positive.

2.4. Internal Electric Fields in Insulating Compounds

As previously indicated, the concept of MXN transition metal
complex is very useful to explain many properties of insulating
materials, an idea based on the fact that active electrons are
essentially confined within the MXN units.

[8–11] This description is
supported by Magnetic Resonance data and theoretical calcu-
lations showing that unpaired electrons are localized within the
MXN complex. For example, calculations carried out on
KMgF3 :Ni

2+ strongly support that valence electrons are essen-
tially localized in the NiF6

4� unit.[87] The results of ENDOR
(Electron Nuclear Double Resonance) on Al2O3 :Cr

3+,
MgAl2O4 :Cr

3+ are also consistent with the electron localization
inside the CrO6

9� complex.[88,89]

Although the idea of an isolated complex is a good starting
point for understanding the properties of insulating compounds
with TM cations, there are relevant features that cannot be
explained on this ground. Indeed, in insulating solids with a
dominant ionic character, complexes are not isolated but

Figure 4. Left: x2-y2 and 3z2-r2 levels of a tetragonally (D4h) compressed
CuF6

4� complex (with RX=RY>RZ). Right: Effect on the levels of the complex
due to the orthorhombic distortion induced by a negative force constant,
K<0.
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embedded in a lattice made of ions. Therefore, electrons inside a
transition metal complex are subject to the internal electric
field, ER, produced by the rest of lattice ions lying outside the
complex. It is worth noting that if such ions display spherical
symmetry, the net electric field created on the complex would
strictly be zero, according to the Gauss theorem in electro-
statics. However, this situation cannot in general take place in a
real crystal where the symmetry is at most cubic.
Therefore, in general, it is necessary to consider the effects

of the internal electric field, ER, for properly explaining the
optical spectrum and the nature of the ground state of TM
complexes in insulating compounds. Only in a few systems, like
normal perovskites,[8,55,87] the electrostatic potential VR (
ERðrÞ ¼ � rVRðrÞ) is quite flat in the complex region, thus it can
be neglected. By contrast, in compounds displaying a layered
structure,[15,18,85,90] the internal field often determines the nature
of the electronic ground state. Along this line, it is shown in
section 3.1 how the electric field due to rest of lattice ions is
instrumental in understanding the different optical transitions
observed when the same complex CuF6

4� is placed in different
lattices.
Another example concerns the different electrostatic poten-

tial observed in the normal (Figure 5, right) and inverted
(Figure 5, left) perovskites doped with TM cations like Ni2+ or
Mn2+. These impurities substitute Mg2+ and Li+ in KMgF3 and
BaLiF3 respectively, that have nearly identical ionic radius.
The potential energy, � eVR, acting on a single electron

along h100i direction in normal and inverted perovskite is
represented in Figure 6. Thus � eVR is essentially flat for the
normal perovskite while it rises the electron energy in the
inverted one. As eg(3z

2-r2, x2-y2) electrons mainly lie along h100i
directions -eVR in BaLiF3 tends to increase the energy of that
orbital and also the 10Dq value.
The distinct behavior of VR in KMgF3 and BaLiF3 can

reasonably be understood just considering the first two shells
surrounding the complex (Figure 5).[55,87] In KMgF3 the first shell
involves a cube of monovalent K+ ions producing an increase of
10Dq, while in the second shell there is an octahedron of
divalent Mg2+ ions yielding a negative contribution to 10Dq

that practically cancels the first shell contribution. By contrast,
in BaLiF3, the changes in 10Dq due to VR essentially arise from
the first shell that in this case is composed by a cube of divalent
Ba2+ ions thus tending to enhance the 10Dq value. A further
discussion on this issue is given in section 4.1.

3. Optical Properties of Insulating Compounds
with dn Ions (n=4, 9): Influence of Instabilities
and Internal Fields

3.1. d� d Transitions due to Cu2+ Ions in KZnF3, K2ZnF4 and
K2CuF4

In this section, our primary focus will be on fluorides, as they
exhibit favorable characteristics as host lattices for exploring
the optical properties of transition metal compounds. Fluorides
are harder than other halides with higher ionic radii and
besides, they show a wider transparency window in the visible-
ultraviolet range, a property intricately linked to the higher
electronegativity of fluorine.[91] Here, we examine the exper-
imental and theoretical results on KZnF3 :Cu

2+, K2ZnF4 :Cu
2+,

K2CuF4 which are rather similar in composition. The structure of
pure lattices is described in Refs. [92–95]. Calculations have
been performed in the framework of Density Functional
Theory.[96] We will first explore the case of a cubic perovskite,
namely KZnF3 (Figure 7, left), with a Cu

2+ impurity replacing a
Zn2+ ion, thus forming a CuF6

4� complex.[19,25,29,78,79] In the high
symmetry parent phase, the CuF6

4� complex exhibits perfect
cubic symmetry, therefore a static JT effect can take place, as
there is a net force acting on ligands due to the unpaired
electron of Cu2+, as explained in section 2.1. When subject to
the constraint of octahedral symmetry, the Zn2+!Cu2+ sub-
stitution has minimal impact on the metal-ligand distance, with
only a slight increase from 2.00 Å in the pure system to 2.03 Å
in the doped system.[25] Upon relaxation of the geometry, the
system attains an equilibrium configuration characterized by an
elongated octahedron (Figure 2). In this configuration, two of

Figure 5. 21 atom clusters used in the calculations of the inverse BaLiF3 (left)
and normal KMgF3 (right) perovskite structures. Unit cells are marked with
dashed lines. The lattice constant a is thus equal to 2R0. Similar clusters were
used for the calculations of the corresponding Ni2+ impurity centers but
replacing the central ion (Li+ in BaLiF3, Mg

2+ in KMgF3) by Ni
2+. Adapted

figure with permission from [A. Trueba, J. M. García-Lastra, M. T. Barriuso,
J. A. Aramburu, M. Moreno, Phys. Rev. B: Condens. Matter Mater. Phys. 2008,
78, 075108] Copyright (2023) by the American Physical Society.

Figure 6. Electrostatic energy, -eVR(r), describing the interaction between an
electron of a NiF6

4� complex of Ni2+-doped the inverted BaLiF3 perovskite
and normal KMgF3 perovskite depicted along <100> type directions with
the electrostatic potential, VR, due to the rest of lattice ions.
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the metal-ligand distances, denoted as Rax, increase to 2.102 Å,
while the remaining four distances, Req, shorten to 1.967 Å. The
local tetragonal distortion opens a gap, Δ, between the B1g (x2-
y2) and A1g (3z

2-r2) states, which is unaffected by the internal
electric field since the rest of lattice ions keeps cubic
symmetry.[25,78,79] According to experimental measurements,[20]

this gap will be below 0.5 eV.
We shall now shift our focus towards lattices with lower

symmetry, such as K2ZnF4 :Cu
2+ (Figure 7, center) and K2CuF4

(Figure 7, right). In general, the energy gap Δ between B1g and
A1g states has been linked to the local tetragonal distortion of
CuF6

4� units, induced by vibronic mechanisms such as the JT
effect.[25] However, the mere consideration of local distortions is
insufficient to elucidate the differences observed in the optical
spectra of the three fluorides. For example, in the tetragonal
host lattice K2ZnF4 doped with Cu

2+, the gap Δ between the B1g
and A1g states is negative (as detailed in Table 1),

[21,22,25] in
contrast to what is found for the cubic host lattice KZnF3.
Accordingly, the ground state of CuF6

4� complex embedded in
the K2ZnF4 lattice is A1g. This change in the electronic
configuration corresponds to a slightly compressed octahedral
geometry.

Table 1 shows the equilibrium metal-ligand distances and
energy gaps Δ for the three copper fluorides obtained by
means of first principles calculations. The gap Δ has been
calculated for isolated CuF6

4� complex, also considering the
electric field created by the rest of lattice ions. The data
collected on distances and gaps are consistent with experimen-
tal observations.
Based on the values gathered in Table 1, the local geometry

of the CuF6
4� complex in the cubic lattice KZnF3 is tetragonally

elongated, whereas it is compressed in the tetragonal lattice
K2ZnF4. Moreover, the electrostatic potential created by the rest
of lattice ions in KZnF3 leads to shifts in Δ practically negligible,
while in the tetragonal system the shift is around 0.3 eV.[25,78]

It is noteworthy that all d� d transition energies, schemati-
cally displayed in Figure 8, show a shift towards higher energies
in K2ZnF4 :Cu

2+ compared to KZnF3 :Cu
2+, a fact that cannot be

entirely explained in terms of the local geometry. The key
difference between these two systems is the internal electric
field (section 2.4), which plays a significant role in layered
compounds such as K2ZnF4.

[15,18,22] In the case of KZnF3, the
internal electric field exhibits cubic symmetry, thus the three
directions of the CuF6

4� complex are equivalent in the initial

Figure 7. Crystal structures of KZnF3 (cubic perovskite),
[92,94] K2ZnF4

[93,94] and K2CuF4
[95] (layered perovskites) materials.

Table 1. Calculated equilibrium axial (Rax), and equatorial short (Req
s) and long (Req

l) metal-ligand distances (in Å) for the CuF6
4� complex embedded in

different fluorine lattices.[25,78] Energy gap, Δ (in eV), between B1g(x2-y2) and A1g(3z2-r2) states for an isolated complex and also considering the internal
potential VR due to the rest of the lattice ions.

[25,78] Positive/negative values of Δ correspond to a dominant B1g/A1g ground state. For comparison, the
experimental value of Δ and Cu� F distances measured in K2CuF4 (second row, in italics) are also collected.[24,95] R0 (in Å) denotes the experimental values of
metal-ligand distances for KZnF3

[92,94] and K2ZnF4
[93,94] pure systems.

System R0 Rax Req
s Req

l Δ (isolated)
calculated

Δ (+VR)
calculated

Δ experim.

KZnF3:Cu
2+ 2.03 2.102 1.967 1.967 0.36 0.40 <0.5

K2ZnF4:Cu
2+ 2.02 1.931 2.041 2.041 � 0.33 � 0.61 � � 0.7

K2CuF4 – 1.937
1.939

1.900
1.941

2.223
2.234

� 0.76 � 1.01 � 1.03
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situation, i. e., in the octahedral configuration. Conversely, in
K2ZnF4, the electric field displays notable differences between
the axial and the equatorial directions.
The associated electrostatic potentials are depicted in

Figure 9, clearly demonstrating that the tetragonal electrostatic
potential of K2ZnF4 introduces an energy gap between x

2-y2 and

3z2-r2 orbitals, even when the ligands are at the same
distance.[15,18,22] Consequently, the existence of a JT effect is
excluded. From Figure 9, it can be inferred that the most
energetically favorable state in K2ZnF4 is achieved by placing
the unpaired electron in the 3z2-r2 orbital.
According to Table 2, the energies of d� d transitions in

K2ZnF4 :Cu
2+, corresponding to the excitation of a hole from

3z2-r2 to the other d orbitals, cannot be understood without
considering the influence of the internal electric field.
Finally, if we move forward from doped K2ZnF4 :Cu

2+ to
pure K2CuF4, two key factors govern the local geometry and the
ground state of CuF6

4� complex. Firstly, as previously discussed,
the internal electric field favors the localization of the unpaired
electron in the 3z2-r2 orbital. Secondly, in the pure K2CuF4
compound, an additional orthorhombic distortion appears in the
layer plane, as evidenced by the data compiled in Table 1. This
orthorhombic distortion results in the shortening of two metal-
ligand distances in the layer plane, thus reinforcing these
bonds, while elongating the other two (Figure 7, right). By
contrast, the axial distance is barely affected, as it is practically
the same in K2ZnF4 :Cu

2+ (1.931 Å), in K2CuF4 (1.939 Å). Although
the orthorhombic distortion conveys a hybridization of 3z2-r2

and x2-y2, the unpaired electron retains a dominant 3z2-r2

character (around 80%)[18,80] in agreement with available EPR
data.[23] This instability, observed in several low symmetry pure
compounds, is enhanced by the cooperative in-plane distortion
of the CuF6

4� centers, which share a common ligand such as it
happens in the K2CuF4 lattice.

[18] By contrast, in KAlCuF6, the
CuF6

4� units are well separated and the orthorhombic distortion
is absent.[35,36,39] The lack of this enhancement due to a
cooperative effect is also behind the absence of the ortho-
rhombic distortion in K2ZnF4 :Cu

2+ thus implying a positive
force constant, K, for such a mode.[18,22,25] Nevertheless, if K0 is
reduced, replacing F by Cl as ligands, the orthorhombic
distortion can be observed for a single impurity such as it
happens for (C2H5NH3)2CdCl4 :Cu

2+,[18,43] a matter discussed in
section 3.3.
The underlying mechanism driving the observed ortho-

rhombic distortion is discussed in section 2.3. That instability is
associated with an orthorhombic b1g mode, characterized by a
negative force constant (Eq. (14)). Consequently, the system
evolves to the orthorhombic configuration that minimizes the
overall energy. This distortion contributes to increase the
energy gap Δ when transitioning from the Cu2+-doped K2ZnF4
to K2CuF4 such as it is shown in Table 1, Figure 8.

3.2. Absorption Spectrum of CrF2 and CuF2 Compounds

In this section, our focus will be on two compounds, CrF2
(containing the d4 Cr2+ ion) and CuF2 (involving the d

9 Cu2+

ion), usually considered as textbook examples of distorted
CrF6

4� and CuF6
4� complexes due to a Eg�eg JT effect.

[27–30,33,97]

However, it has recently been shown[31,34] that the distortion
mechanism bears similarities to that observed in K2CuF4. This
discovery allows one to gain insights into the actual origin of

Figure 8. Calculated values of the absolute d� d transition energies (in eV) for
KZnF3 :Cu

2+, K2ZnF4 :Cu
2+ and K2CuF4. Blue lines correspond to the first

transition B1g(x
2-y2)!A1g(3z

2-r2) for KZnF3 :Cu
2+ while A1g(3z

2-r2)!B1g(x
2-y2) for

K2ZnF4 :Cu
2+. The ground state for the CuF6

4� complex in K2CuF4 has a
dominant Ag(3z

2-r2) character.

Figure 9. Electrostatic energy -eVR(r) between an electron in a CuF64�

complex and the rest of lattice ions in Cu2+-doped KZnF3 cubic lattice along
any <100> direction (green curve), compared to the ones for a CuF6

4� -
complex in K2ZnF4 tetragonal lattice displayed along X, Y (red dotted curve)
and Z (blue dotted curve) directions.

Table 2. Calculated and experimental energies (in eV) of d� d transitions
for a CuF6

4� complex at its equilibrium geometry in K2ZnF4 :Cu
2+. Calculated

values for the isolated CuF6
4� complex as well as considering the

electrostatic potential VR of the rest of the lattice ions are included.
[25,78]

Transition Isolated +VR Experimental

A1g (3z
2-r2)!B1g(x

2-y2) 0.33 0.61 ~0.70

A1g (3z
2-r2)!Eg (xz, yz) 1.08 1.19 ~1.15

A1g (3z
2-r2)!B2g (xy) 1.17 1.35 1.33
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experimental d� d optical bands observed in both CrF2 and CuF2
materials.[29,33]

Both compounds exhibit a low symmetry monoclinic
structure which is usually described by the non-standard P21/n
space group (Figure 10, left, Table 3; the standard group is P21/
c). In the usual view, CrF6

4� , CuF6
4� complexes are considered to

have an elongated quasi-D4h local geometry induced by a
Eg�eg JT effect from a high symmetry ZnF2 parent phase (rutile
structure, P42/mnm space group; see Figure 10, right) where the
ZnF6

4� complexes are considered as quasi-octahedral. Following
this usual interpretation, CrF6

4� or CuF6
4� complexes in the P42/

mnm parent phase would have a Eg degenerate ground state
and so they could be subject of a JT effect.[27–30,33,97]

However, an appropriate analysis of the experimental
structures of these compounds casts doubts on this interpreta-
tion. On one hand, the ZnF2 parent phase contains ZnF6

4�

complexes with orthorhombic D2h symmetry, with two different
Zn� F distances, RX=RY=2.040 Å, RZ=2.019 Å, the angle be-
tween X, Y axes significantly deviates from 90° (ϕ=79.7°,
Table 3).[98] On the other hand, the CrF6

4� complexes in the final
monoclinic P21/n structure of CrF2 (similar in CuF2) have a
monoclinic C2h symmetry with RX=2.011 Å, RY=2.478 Å, RZ=

1.978 Å, ϕ=76.1°, a final geometry not compatible with a
Eg�eg JT effect.
Due to the similarity between CrF2 and CuF2 the present

analysis is henceforth mainly focused on CrF2. First principles
calculations carried out on CrF2

[34] have shown the importance
of considering the true symmetry of the complexes in order to

understand the structure and optical d� d spectrum of this
system. Calculations were performed in 4 steps:
(1) Obtaining the parent phase of the monoclinic P21/n

structure of CrF2. In this step, all open-shell Cr
2+ ions were

substituted by closed-shell Zn2+ ones and, optimizing this
ZnF2 lattice fixing the P21/n space group. Interestingly, this
process leads to the experimental tetragonal P42/mnm
structure of ZnF2, with ZnF6

4� complexes of orthorhombic
D2h symmetry with geometry RX=RY=2.043 Å, RZ=2.009 Å,
ϕ=79.5°, in excellent agreement with the experimental
data in Table 3.

(2) Maintaining fixed the P42/mnm group, all Zn2+ ions were
substituted by Cr2+ ones reoptimizing the structure,
obtaining orthorhombic D2h CrF6

4� complexes with RX=RY=
2.170 Å, RZ=1.962 Å, ϕ=79.4°.

(3) A single point calculation was performed on a D2h CrF6
4�

complex at the optimized geometry in the P42/mnm parent
phase. The corresponding ground state involves a hole
placed in an orbital with mainly 3z2-r2 character due to the
compressed geometry of the complex, also the effect of the
electrostatic field of the lattice, which differs along the axial
(Z), equatorial (X, Y) directions, favoring the occupation of
the mainly x2-y2 orbital. As the complex involves a ϕ angle
different of 90°, there is a small hybridization of x2-y2, 3z2-r2

orbitals.
(4) Calculation of harmonic vibration frequencies at the

optimized geometry of the P42/mnm parent phase of CrF2.
That study shows that for a given CrF6

4� complex there is

Figure 10. Left: Monoclinic structure of CrF2
[32], CuF2

[27,30] materials described by the non-standard P21/n space group (the standard group is P21/c). Right:
Tetragonal P42/mnm (rutile ZnF2 type) parent phase of CrF2, CuF2.

Table 3. Experimental lattice parameters a, b, c (in Å), β angle (in degrees) and metal-ligand distances (in Å) of tetragonal P42/mnm ZnF2[98] and monoclinic
standard P21/c CrF2

[32], CuF2.
[27,30] The angle ϕ (in degrees) formed by X and Y local axes is also detailed.

System a b c β RX RY RZ ϕ

ZnF2 4.704 4.704 3.133 90 2.040 2.040 2.019 79.7

CrF2 4.732 4.718 6.200 145.8 2.011 2.427 1.978 76.1

CuF2 3.294 4.568 5.358 121.2 1.932 2.298 1.917 78.1
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an imaginary frequency associated with a symmetry low-
ering where the equatorial distances are no longer
equivalent, with RY > RX in the experimental P21/c phase.
It is worth highlighting that, analogous to K2ZnF4 :Cu

2+, the
tetragonal to monoclinic transition is not observed in diluted
impurities of Cu2+ in the pure ZnF2 material.

[99] The cooperative
distortion arising from adjacent complexes that share a
common ligand results in a negative force constant which leads
to the observed distortion of the system.[18,34] Ab initio
calculations have shown that, even after orthorhombic dis-
tortion, the hole again maintains a strong 3z2-r2 character.[34] It
should be emphasized that the presence of this orthorhombic
distortion is particularly favored when the hole occupies a 3z2-r2

orbital.
Given the findings concerning the structure and ground

state of CrF2, we are now in conditions to explore the
experimental absorption spectrum of this system.[33] Table 4
shows the calculated energies associated with d� d- transitions
in CrF2 for both parent P42/mnm phase and experimental P21/c
phase. Corresponding experimental transitions are also docu-
mented in Table 4.
The results presented in Table 4 indicate that the first d� d

transition experiences the most significant change during the
transformation from the tetragonal P42/mnm to the monoclinic
P21/c phase. Moreover, calculations have shown

[31,34] that the
electric field has a minimal effect on the transition energy,
resulting in a slight increase of only 0.04 eV. This contrasts with
layered compounds like K2CuF4, where the inclusion of the
internal electric field is crucial for understanding the optical
d� d spectrum, as discussed in the previous section. Conversely,
the orthorhombic distortion of the complexes contributes to a
notable increase in energy by 0.63 eV.
The orthorhombic instability also plays a crucial role in

understanding the significantly higher measured value of the
lowest d� d optical transition[33] in CrF2, E=1.23 eV, compared to
a JT system like KZnF3 :Cu

2+, where E=0.4 eV, as discussed in
section 3.1. This high transition energy is also observed in the
analogous copper compound, CuF2, where E=0.93 eV.[29]

It is important to note that, despite the local orthorhombic
D2h symmetry of the CrF6

4� complexes in the P42/mnm parent
phase, they can approximately be considered as quasi-tetrago-
nal D4h, thus the hole is localized in a mainly a1g(3z

2-r2) orbital
with very small hybridization with b1g(x

2-y2). However, after the
monoclinic distortion the local symmetry of the complexes is

reduced from D2h to C2h and orbitals 3z
2-r2 and x2-y2 consid-

erably hybridize, although the hole preserves a dominant 3z2-r2

character.[34] This hybridization tends to increase the electronic
density along the X local direction when RY>RX, and RX
becomes closer to RZ. This led to the mistaken assumption of a
JT effect with elongated tetragonal complexes along Y direction
in CrF2 and CuF2.

[27–30,33,97] However, after careful consideration it
becomes evident that there is not a solely elongation along Y
direction, but rather a more complex interplay between the
axes as consequence of monoclinic distortion.[31,34] The changes
in local symmetry, hybridization of orbitals due to this distortion
lead to significant alterations of electronic states and transition
energies. This highlights the critical role played by the distortion
in understanding the optical properties.

3.3. Optical Excitations in Layered Organic-inorganic
Chloroperovskites with Cu2+

In recent years, there has been a significant surge of interest in
hybrid organic-inorganic compounds. These materials have
attracted attention due to their ability to combine the
electronic properties of the inorganic component with the
structural versatility offered by organic complexes. This combi-
nation of characteristics grants these materials exceptional
functionality, making them highly promising for a wide range of
novel applications. Particularly, their potential in the develop-
ment of advanced optical devices and optoelectronics has
positioned them as compelling candidates for technological
applications in this field.[5–7]

Many hybrid materials exhibit layered structures, where the
inorganic components form distinct slabs that are separated by
organic elements. For instance, organic-inorganic perovskites
such as those found in the (CnH2n+1NH3)CuCl4

[40,100–103] or
[NH3(CH2)nNH3]CuX4 (X=Cl, Br)[42,104] families exemplify this
arrangement. As a salient feature, in these layered materials
containing CuCl6

4� units displaying a local orthorhombic
symmetry, certain optical transitions can undergo a red shift
instead of the blue shift when subject to pressure.[6,41,43] This
situation is, in principle, puzzling in view of optical data for high
symmetry complexes. For instance, in octahedral TM complexes,
the energy gap between eg, t2g electronic levels, known as 10Dq
parameter (Figure 1), depends on the metal-ligand distance, R,
as[8,105]

10Dq¼CR� n (16)

where C is a constant, the exponent n falls in the approximate
range 4–6.
This high sensitivity of 10Dq to R variations is the result of

the different chemical bonding involved in the antibonding eg,
t2g orbitals.

[11,8,105] Thus, in accord with Eq. (16) an increase of
pressure tends to enhance the gap between such orbitals. In
the same vein, the charge transfer transitions of a simple
square-planar CuCl4

2� complex also undergo a blue shift when
the Cu� Cl distance, R, is reduced by a hydrostatic or chemical
pressure.[106–109] This fact mainly reflects the energy increase

Table 4. Calculated d� d transition energies (in eV) in a CrF6
4� complex of

CrF2 at two different geometries:
[34] that corresponding to the P42/mnm

parent phase (RX=RY=2.17 Å, RZ=1.962 Å) and that in the final P21/n
phase (RX=2.011 Å, RY=2.427 Å, RZ=1.978 Å). Experimental values in the
P21/n phase are also included.

[33]

Transition Calculated
P42/mnm

Calculated
P21/n

Experimental

x2-y2!3z2-r2 0.60 1.23 1.22

xz!3z2-r2 1.26 1.35 1.36

yz!3z2-r2 1.26 1.61 1.75

xy!3z2-r2 1.50 1.58 1.75
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experienced by mainly 3d orbitals of copper when the
negatively charged ligands are approached.[8]

As discussed in previous sections, there is a correlation
between optical properties and structure. Hence, the observed
red shift under pressure can be attributed to the non-
equivalence of all the involved ligands related to the local
orthorhombic geometry. As it is discussed below, this fact
emphasizes the influence of structural factors on the resulting
optical behavior. The non-equivalency of ligands has been
confirmed through first principles calculations on
(C2H5NH3)2CdCl4 :Cu

2+.[43]

The optimized structure of (C2H5NH3)2CdCl4 :Cu
2+, which

serves as a model system of these copper-layered hybrid

compounds, is depicted in Figure 11. The metal-ligand dis-
tances at zero pressure for this compound, as well as other
pure, Cu2+-doped compounds of (CnH2n+1NH3)2CuCl4 family, are
detailed in Table 5. These data show that the local geometry of
CuCl6

4� complexes exhibits an orthorhombic arrangement, with
the longest axis lying along the Y local direction.
For understanding the local structure around Cu2+ in

(C2H5NH3)2CdCl4 :Cu
2+, it is necessary to consider what happens

in the pure compound[110] (C2H5NH3)2CdCl4 as Cu
2+ substitutes

Cd2+. As shown on Table 5, the local geometry around Cd2+ in
the pure compound is tetragonally compressed with a main
axis along Z (Figure 11), Cd2+� Cl� distances given by RX=RY=
2.673 Å and RZ=2.522 Å (Table 5). The final geometry derived
for CuCl6

4� in (C2H5NH3)2CdCl4 :Cu
2+ is again the result of an

orthorhombic instability helped by an initial compressed
configuration such as it has been discussed in section 2.3. It is
worth noting that such instability can appear more easily for
Cu2+ impurities in chlorides than in fluorides as K0 is usually
higher in the second case. Supporting this view, that instability
is experimentally observed[18,41,43] for (C2H5NH3)2CdCl4 :Cu

2+ and
(CH3NH3)2CdCl4 :Cu

2+ but not for K2ZnF4 :Cu
2+, such it is shown

in section 3.1. It is worth noting that in cases like
(CH3NH3)2CdCl4 :Cu

2+ the orthorhombic instability implies the
existence of two equivalent situations. A dynamical process
involving incoherent jumps between both situations is well
observed in EPR spectra upon raising the temperature.[18]

Interestingly, the data collected in Table 5 indicate that the
longest RY distance tends to increase as the size of organic
molecules increases. This observation implies that the bond
associated with the longest RY distance is particularly sensitive
to changes in the compound‘s composition, thus suggesting
that such a bond is much softer than those along X or Z
directions.
This central idea is underpinned by results of calculations

on (C2H5NH3)2CdCl4 :Cu
2+ under pressure.[43] For instance, the

calculations yield that under a pressure of only 3 GPa, the RY
distance is reduced in 0.21 Å whereas RX, RZ remain practically
unmodified. Moreover, such calculations reveal that the force
constant associated with the long bond along Y axis is
remarkably small KY=1.1 eV/Å

2. Indeed, in NaCl :Cu2+, where
the CuCl6

4� complex is elongated due to the Jahn-Teller effect,
the calculated force constant for moving the soft axial ligand is
practically three times bigger.[43] These results provide quantita-Figure 11. Optimized structure of (C2H5NH3)2CdCl4 :Cu2+. The Z axis is

perpendicular to the layer plane while X and Y axes are lying in the layer
plane.

Table 5. Experimental values of the equatorial RX, RY and axial RZ distances (in Å) for three pure (CnH2n+1NH3)2CuCl4 compounds and calculated values
(determined through first principles calculations with VASP code) for two Cu2+-doped (CnH2n+1NH3)2CdCl4 systems. The structure of the parent
(C2H5NH3)2CdCl4 compound is included for comparison. All values correspond to zero-pressure.

System RX RY RZ Refs.

(C2H5NH3)2CdCl4 2.673 2.673 2.522 [110]

(CH3NH3)2CdCl4:Cu
2+ 2.441 2.690 2.279 [18]

(C2H5NH3)2CdCl4:Cu
2+ 2.362 2.775 2.269 [43]

(CH3NH3)2CuCl4 2.283 2.907 2.297 [100]

(C2H5NH3)2CuCl4 2.285 2.975 2.277 [40]

(C3H7NH3)2CuCl4 2.29 3.04 2.29 [101]
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tive evidence of the distinct elastic behavior of the bonds and
underscore the sensitivity of RY to hydrostatic pressure.
As previously mentioned, the nature of the complex ground

state is influenced by both the internal electric field, ER, and the
orthorhombic distortion. Calculations have shown[43] that the
HOMO wavefunction predominantly exhibits a 3z2-r2 character,
accounting for approximately 81% of the electron density.
These outcomes are consistent with a tetragonal geometry of
the parent phase. However, if the HOMO wavefunction is
expressed in the j3y2� r2i; jx2� z2i

� �
basis, the unpaired

electron is predominantly localized (99%) in an orbital with x2-
z2 character, highlighting the strong localization of the electron
density within the XZ plane. In the same way the orbital with a
dominant x2-y2 character, lying below the HOMO is essentially
represented by 3y2-r2 in the j3y2� r2i; jx2� z2i

� �
basis.

Once we have clarified the origin of local geometry and
ground state of (C2H5NH3)2CdCl4:Cu

2+ model system, we are
able to explore its optical transitions. The calculated d� d
transition energies at zero pressure, under 3 GPa are gathered
in Figure 12, providing evidence for the remarkable sensitivity
of the first d� d j3y2� r2i! jx2� z2i transition to pressure.[43]

Indeed, under a pressure of only 3 GPa, this transition
experiences an important red shift of 0.34 eV. Conversely, the
three d� d transitions coming from the xz, yz, xy orbitals exhibit
minimal blue shifts. This different behavior displayed by the
d� d transitions can be attributed to the highly anisotropic
response of the lattice to pressure. In fact, as discussed above,
in the 0–3 GPa range the RY local distance is reduced by a
significant quantity of 0.21 Å, while RX and RZ are essentially
unmodified. As a result, the orbital energy of j3y2� r2i is the
most affected by the applied pressure. Accordingly, its energy
strongly increases with pressure thus leading to a red shift of
the j3y2� r2i! jx2� z2i transition energy (Figure 12).
As demonstrated in previous research,[18,43] these results

align with experimental and calculated d� d transitions in other
hybrid layered compounds. For instance, the experimental
energy of the first d� d transition at zero pressure in the pure
(CH3NH3)2CuCl4 compound,

[111] with a RY value of 2.907 Å
(Table 5), increases to 1.34 eV in comparison with the value
(0.93 eV) derived for (C2H5NH3)2CdCl4 :Cu

2+. Similarly, in the case

of (C2H5NH3)2CuCl4 with RY=2.975 Å (Table 5) such a transition
rises up to 1.38 eV.[112]

4. Optical Properties of Insulating d3, d5 and d9

Transition Metal Compounds not Involving
Instabilities: Role of Internal Electric Fields

In this section, we explore the optical properties of d3, d5 and d9

transition metal compounds where the final structure is not a
consequence of vibronic instabilities. We will discuss three
insightful model systems found in nature. By focusing on these
examples, we aim to gain insights into the microscopic origin of
the optical behavior exhibited by such compounds, contribu-
ting to our overall understanding of their optical properties.
Notably, a shared characteristic among these three examples is
that their properties cannot be fully understood without
considering the influence of the internal electric field, ER(r),
created by the rest of lattice ions, on the active electrons
localized in the TM complex.

4.1. Mn2+ in Normal and Inverted Perovskites: Understanding
the Different Absorption Spectra

As mentioned in section 2.4, the normal and inverted
perovskites serve as excellent examples that highlight the
importance of the electrostatic potential, VR(r), when investigat-
ing the optical properties of transition metal compounds
embedded in insulating lattices.[55,87]

An example of the inverted perovskite structure is BaLiF3
(Figure 5, left), which exhibits a primitive cubic lattice (Pm-3 m
space group).[94,113] In this structure, the monovalent Li+ ions are
surrounded by six F� ions, displaying an octahedral config-
uration. In contrast, in normal perovskites such as KMgF3
(Figure 5, right), the divalent Mg2+ ions are those encompassed
by F� anions.
When BaLiF3 is doped with a 3d cation such as Mn

2+or Ni2+,
EPR and ENDOR measurements have confirmed that it occupies
the Li+ site with a remote defect for charge compensation.[53,114]

Additionally, Extended X-ray Absorption Fine Structure (EXAFS)
results obtained from Ni2+-doped BaLiF3 further support these
observations.[115]

Despite the structural differences between normal and
inverted perovskites, their lattice parameters exhibit remarkable
similarity. Indeed, a=3.986 Å and a=3.996 Å for KMgF3 and
LiBaF3, respectively. Besides, in the case of Mn

2+-doped systems,
the local geometry of a MnF6

4� unit remains nearly identical in
the two host lattices, with negligible differences[55] between
metal-ligand distances, as presented in Table 6. However, an
important difference arises in the cubic field splitting, which
shows a variation of 0.17 eV between the normal and the
inverted perovskite lattices.[52,54,55] Similar observations are
derived for Ni2+-doped systems.[87]

In traditional ligand field theory (LFT), the electronic proper-
ties of a cubic insulator upon introducing a 3d impurity M are

Figure 12. Scheme showing the transition energies (eV) calculated at zero
pressure (RX=2.362 Å, RY=2.775 Å, RZ=2.269 Å geometry) and P=3 GPa
(RX=2.353 Å, RY=2.564 Å, RZ=2.264 Å) for the (C2H5NH3)2CdCl4:Cu

2+ model
system.[43] The five involved orbitals are described by the main contribution
to the wavefunction. In the ground state of the d9 complex the unpaired
electron is in jx2� z2i.
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explained based only on the nature of the impurity and ligands,
the coordination number, and the local geometry of the MXN
complexes.[9,10] Consequently, when the same complex is
embedded in two different lattices, the changes in electronic
and optical properties are attributed to variations of metal-
ligand distance, R. This statement is fulfilled in normal
fluoroperovskites doped with Mn2+, Ni2+ and Cr3+

impurities,[105,116,117] where, as stated in Eq. (16), the dependence
of cubic field splitting parameter on the metal-ligand distance,
R, can be expressed as 10Dq<C=CR� n with C a constant and n
in the range 4–6.[8] However, this theory fails to explain the
different 10Dq values for impurities such as Mn2+ and Ni2+

when the host lattice changes from the normal KMgF3 to the
inverted perovskite BaLiF3. In fact, the variation in 10Dq from
1.05 eV[52] in KMgF3:Mn

2+ to 1.22 eV in BaLiF3:Mn
2+ [54,55] cannot

be explained on the basis of different metal-ligand distances as
the calculated R values for both systems are essentially
coincident (Table 6). Additionally, previous studies[55] have
shown that the exponents, n, obtained for KMgF3:Mn

2+ and
LiBaF3:Mn

2+ are very similar, with n=4.62 for the former, 4.46
for the later.
On the other hand, it has been pointed out in the

introduction that LFT falls short in explaining the electronic
properties of the same impurity within two non-isomorphous
lattices, even if the ligands, the coordination number and the
metal-ligand distance are the same. The failure of LFT arises
from considering only the isolated complexes, thus neglecting
the influence of the electric field, ER(r), generated by the
surrounding lattice ions on the electrons within the MXN
complex. This crucial aspect is not considered in classical LFT.

Figure 13 shows the electrostatic potential VR(r) associated
with the internal field ER(r) along the two h100i and h110i
directions for both KMgF3 and BaLiF3 lattices. Along the h100i
direction, the energy � eVR(r) increases significantly in the LiBaF3
lattice, while remaining relatively constant in KMgF3. This
observation holds particular significance for the eg(3z

2-r2, x2-y2)
orbital, as most of its electronic density is localized along h100i
type directions. Therefore, the electrostatic potential tends to
increase the energy of this level in LiBaF3 in comparison to
KMgF3. In contrast, the impact of VR(r) is much smaller in t2g (xy,
xz, yz) orbitals, which primarily extends along the h110i type
directions. This different behavior provides a qualitative explan-
ation for the higher value of 10Dq observed in LiBaF3 :Mn

2+.
According to the present discussion the cubic field splitting

parameter, 10Dq, has, in general, two contributions[49,55]

10Dq ¼ ð10DqÞint þ ð10DqÞext (17)

The intrinsic (10Dq)int contribution arises from the effects
within the isolated complex, while the extrinsic (10Dq)ext
contribution accounts for the influence exerted by the electro-
static potential, VR(r), due to all ions lying outside the MXN
complex, on the localized electrons. Usually (10Dq)ext !

(10Dq)int, thus the extrinsic contribution can be understood as a
pertubation with respect to the intrinsic one.[48]

For instance, considering the shape of � eVR(r) (Figure 13)
and the calculated 10Dq values collected in Table 6, the intrinsic
contribution for both KMgF3 :Mn

2+ and LiBaF3 :Mn
2+ would be

(10Dq)int=1.05 eV, while the extrinsic contribution for
LiBaF3 :Mn

2+ amounts to (10Dq)ext=0.17 eV.

Table 6. Calculated metal-ligand distances (in Å), R, of Mn2+ and Ni2+-doped KMgF3 and BaLiF3 perovskites,
[55,87] along with calculated and experimental[54,114]

cubic field splitting parameter, 10Dq (in eV).

System R calculated 10Dq calculated 10Dq experim.

KMgF3:Mn
2+ 2.063 1.19 1.05

LiBaF3:Mn
2+ 2.065 1.36 1.22

KMgF3:Ni
2+ 2.026 1.08 0.97

LiBaF3:Ni
2+ 2.011 1.29 1.04

Figure 13. Electrostatic energy -eVR(r) associated with the internal field ER(r) along the two h100i and h110i directions in KMgF3 (normal cubic perovskite, red
curves) and LiBaF3 (inverted perovskite, blue curves).
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Seeking to better visualize the influence of VR(r) upon the
electronic transitions, the excitation spectra of KMgF3 :Mn

2+ and
LiBaF3 :Mn

2+ in the 1.75–3.25 eV range are displayed on Fig-
ure 14. In that figure, the three lowest transitions for a MnF6

4�

unit are observed.[11,52,54] The first two, 6A1g!
4T1g and

6A1g!
4T2g,

are 10Dq dependent, while the third one, 6A1g!
4A1g,

4Eg is 10Dq
independent, thus much sharper.[11] As for MnF6

4� , the value of
10Dq is roughly given by the energy difference of first and third
transitions. Figure 14 clearly shows the increase of 10Dq when
we move from KMgF3 :Mn

2+ to LiBaF3 :Mn
2+. Interestingly, the

position of the sharp 6A1g!
4A1g,

4Eg transition is practically
unmodified along the series of normal perovskites containing
Mn2+ such as KMgF3 :Mn

2+, RbMnF3 or CsCaF3 :Mn
2+ being

found at 3.12 eV.[52,116,118] By contrast, that transition appears at

2.99 eV for LiBaF3 :Mn
2+,[54] thus implying a negative shift of 4%.

This fact underlines that VR(r) also influences the covalency in
the MnF6

4� unit, thus the values of Racah parameters.[119]

4.2. Origin of the Different Color of Ruby, Emerald and Cr2O3

Another relevant example revealing the importance of the
electrostatic potential VR(r) on the optical spectra of transition
metal compounds concerns the origin of the distinct color of
ruby (Al2O3 :Cr

3+) and emerald (Be3Si6Al2O18 :Cr
3+). In both gem-

stones, the characteristic color appears when doping with Cr3+

impurities, which enter the lattices replacing Al3+ ions, forming
CrO6

9� complexes.[44] The structural arrangements of the pure
host lattices[44,46,47,120] are represented in Figure 15. As we will
see later, the effect of VR(r) on the active electrons localized in a
CrO6

9� unit elucidates the underlying reasons for the different
color exhibited by ruby and emerald.
In the case of green emerald, the six oxygen ions are

equidistant from Cr3+ cation, with R=1.97 Å as derived from
EXAFS measurements.[47] The complex exhibits a slightly trigo-
nally distorted geometry, with D3 local symmetry. On the other
hand, the CrO6

9� complex in the red ruby displays a lower C3
local symmetry, where three oxygen ions are placed at a short
distance Rs=1.92 Å, the other three at a longer distance
Rl=2.01 Å, according to EXAFS data.

[46] The calculated metal-
ligand distances for both ruby and emerald (Table 7) coincide
with those determined by EXAFS. Such results imply that the
average metal-ligand distance for ruby is 1.97 Å, thus equal to
that reported for the emerald. This situation is quite reasonable
as the average Al� O distance for Al2O3, Be3Si6Al2O18 is the same
within 0.01 Å.
Regarding the optical absorption spectra in the Visible

region (Figure 16), the distinctive colors of ruby (red) and
emerald (green) are due to the shift of regions with minimum
absorption on going from the first to the second gemstone. As
shown on Figure 16, when the photon energy lies in the
12500 cm� 1–26000 cm� 1 (or equivalently 1.55 eV–3.22 eV)
range, there are two broad absorption bands of the CrO6

9�

complexes, assigned by the LFT to the spin allowed electronic
transitions 4A2g!

4T2g and
4A2g!

4T1g, peaked at 2.24 eV and
3.09 eV for ruby and 2.00 eV and 2.99 eV, for emerald (Fig-
ure 16). In both systems, the second band falls almost
completely in the blue region, so that the main contribution to

Figure 14. Excitation spectra of KMgF3 :Mn
2+ and LiBaF3:Mn

2+ in the 1.75–3.25 eV range.

Figure 15. Structures of the host lattices of ruby (Al2O3 :Cr
3+) and emerald

(Be3Si6Al2O18 :Cr
3+). The space groups of ruby, emerald are R3c, P6/mcc

respectively. di (i=1–4) arrows point out different directions in the CrO6
9�

complexes.
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the difference in color between ruby, emerald comes from the
displacement of the first band, 4A2g!

4T2g. According to the LFT,
the value of this transition is equal to 10Dq[11]. In 1957, Orgel[121]

proposed that the difference in absorption bands must be
related to the different average Cr� O distance, R, between ruby
and emerald. Assuming Eq. (16) with an exponent n=4.5, he
suggested that R(emerald)-R(ruby) should be around 0.05 Å,
indicating a larger compression when the complex is em-
bedded in the corundum structure. However, later EXAFS
measurements[46,47] challenged this assumption, since both ruby
and emerald exhibited the same average Cr3+� O2� distance
(Table 7). This result is consistent with the fact that in both
systems Cr3+ replaces Al3+ and the average Al3+� O2� distance is
practically the same (Table 7). An alternative explanation
suggests that the unpaired electrons within the CrO6

9� complex
are not fully localized, with some electronic density extending
beyond the first coordination sphere.[122] According to this view,
the different value of 10Dq is attributed to a different electron
charge flow beyond the first coordination sphere. Nevertheless,
ENDOR measurements[51,53,88,89] and ab initio simulations[87,123] on
ionic lattices, do not support a significant delocalization of

electronic density over the second and further coordination
spheres.
On the other hand, as we have demonstrated throughout

this review, the internal electric field, ER, generated by the rest
of lattice ions significantly affects the electrons within the MXN
complex. Therefore, it is crucial to consider the effects of this
electric field, especially when dealing with non-cubic (section 3)
or non-isomorphous lattices (section 4.1).
Table 8 presents the values of 10Dq parameter, including

both the contribution from the isolated complex and the
additional effect of the electrostatic potential VR(r). If the effect
of the electrostatic potential is neglected, the difference
between (10Dq)int values (Eq. 17) for ruby and emerald at the
experimental distances is null, highlighting that in both gem-
stones the average metal-ligand distance is the same. However,
when the electrostatic potential is considered, the associated
contribution to 10Dq, denoted as (10Dq)ext (Eq. 17), amounts to
0.25 eV for ruby and � 0.05 eV for emerald.[48] Consequently, the
difference in the calculated value of 10Dq between the two
gemstones increases to 0.30 eV. Notably, calculated and exper-
imental values of 10Dq are remarkably similar, with differences
smaller than 2%.
Figure 17 shows the electrostatic potential of ruby and

emerald along the directions indicated in Figure 15. In 2012,

Table 7. Experimental and calculated Cr3+� O2� distances in CrO6
9� com-

plexes embedded in Al2O3 and Be3Si6Al2O18 pure lattices.

Rs Rl Ref.

Al2O3 (exp) 1.857 1.969 [44,46]

Al2O3:Cr
3+ (exp) 1.92 2.01 [46]

Al2O3:Cr
3+ (calculated) 1.95 2.00 [46]

Al2O3:Cr
3+ (calculated) 1.942 1.997 [48]

Be3Si6Al2O18 (exp) 1.903 1.903 [47,120]

Be3Si6Al2O18:Cr
3+ (exp) 1.97 1.97 [47]

Be3Si6Al2O18:Cr
3+ (calculated) 1.968 1.968 [48]

Figure 16. Optical absorption spectra of ruby and emerald in the Visible region,[44,45] indicating the electronic transitions corresponding to the two broad
bands. The weak R line observed in the low energy region corresponds to the 4A2g!

2Eg transition.

Table 8. Values of the cubic field splitting 10Dq (in eV) in CrO6
9�

complexes in ruby and emerald calculated at experimental geometries.[48]

Calculations were performed for isolated CrO6
9� units and also including

the electrostatic potential VR(r) originated by the ions located outside the
complex. Experimental values are also included.

isolated +VR(r) exp. [46,47]

Al2O3:Cr
3+ 2.00 2.25 2.24

Be3Si6Al2O18:Cr
3+ 2.00 1.95 2.00
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Aramburu et al. developed a model for an octahedral system
that provides insights into the differences observed between
the two gemstones.[48] Using this model, they concluded that
the variation in 10Dq arises from the distinct nature of VR(r)
along different directions.
As it is shown on Figure 17, a closer examination reveals

that in the case of ruby, the electrostatic potential VR(r) along
the metal-ligand direction, d1 (Figure 15), exhibits greater
symmetry and softness compared to d2, d3 directions. Con-
sequently, the t2g orbital, which predominantly lies along d2 and
d3 directions, experiences a greater decrease in energy
compared to eg orbital, which extends along d1 direction. This
qualitative analysis underscores how the electrostatic potential
induces larger energy decrease in t2g orbitals, thereby favoring
the increase of 10Dq.
On the other hand, the variation of the electrostatic

potential in emerald is generally less pronounced compared to
that of ruby such as it can be seen on Figure 17. Regarding d2,
d3 and d4 directions (Figure 15), the effect of VR(r) is inhomoge-
neous. The electrostatic potential raises the energy along d3
and d4 directions, whereas it tends to decrease it along d2
direction. However, the resulting variation in 10Dq is minimal in
the case of emerald, suggesting a compensation of effects
among the different directions. In the work by Aramburu et al,
it is demonstrated that the small change in 10Dq induced by
VR(r) arises from the practical cancellation of contributions
originating from three Be2+ ions placed at 2.66 Å, six Si4+ ions
at 3.31 Å.[48,49] These results further emphasize the relevance of
internal electric fields[16,50] in understanding optical and many
other properties of transition-metal compounds in insulating
materials.
The spectra of Figure 16 also show the presence of the

sharp R line that corresponds to the spin forbidden transition
4A2g!

2Eg.
[2,44,45] Interestingly, this transition, independent of

10Dq,[11] is little sensitive to the nature of the host lattice as it
appears practically at the same place for ruby (1.79 eV), emerald
(1.82 eV). By contrast, the 6A1g!

4A1g,
4Eg transition for a MnF6

4�

unit, which is also 10Dq independent, is more sensitive to the
change of crystal lattice with different structure[52,54] such as it is
shown on Figure 14. This matter is discussed on Ref. [119].

To conclude this section, we address a noteworthy example
concerning the effect of the internal electric field related to the
progressive color shift from red to green in Al2O3 · xCr2O3 when
increasing the concentration of Cr3+ ions.[124,125] The crystal
structure and the insulating character is kept along the series. It
is worth noting that the metal-ligand distance, R, experiences
an increase of only 0.75% in the transition from Al2O3 :Cr

3+

(R=1.965 Å) to Cr2O3 (R=1.980 Å). Nonetheless, this small change
of metal-ligand distance does not account for the observed
variation in 10Dq parameter on passing from ruby
(10Dq=2.24 eV) to pure Cr2O3 (10Dq=2.06 eV),

[125] responsible
for the color shift. Indeed, a R increase of 0.015 Å would lead to
a decrease of the intrinsic contribution, (10Dq)int, equal only to
0.07 eV. This quantity is thus less than one half the experimental
value Δ(10Dq)=0.18 eV.
Similar color shifts manifest in other insulating crystals, such

as MgAl2O4 · xMgCr2O4
[126] or YAl2O4 · xYCr2O4.

[126] García-Lastra
et al. demonstrated that, for x<0.2, the primary driving force
behind the color shift is rooted in the reduction of the internal
electric field experienced by the CrO6

9� complex when the Al3+

ions are progressively replaced by Cr3+ ions[128] thus increasing
the x value. As discussed below, this effect is a consequence of
Pauling’s electroneutrality principle,[129] which postulates that
the total charge of the transition-metal cation within the
complex is nearly zero.
If Cr3+ impurities in Al2O3 :Cr

3+ are highly diluted, the first
neighbors of a CrO6

9� complex are Al3+ ions, whose actual
charge is close to the nominal charge, +3e. However, as the
concentration of Cr3+ ions increases, some of these ions
progressively occupy lattice positions held by Al3+ ions, located
near another CrO6

9� complex. The core of the issue lies in the
fact that the actual charge of Cr3+ ions within this lattice
significantly deviates from that of Al3+. This deviation arises
from the open-shell nature of Cr3+ ion, so it can accept
additional electron charge from O2� ligands. This key fact is the
basis of Pauling’s electroneutrality principle.[129] In practice, the
calculated value for the Al3+ charge in Al2O3 is qAl=2.6e, while
for Cr3+ in Cr2O3 is qCr=1.3e, half that of the Al

3+.[128] Thus, the
progressive substitution of nominal Al3+ by Cr3+ ions in
Al2O3 · xCr2O3 implies a significant reduction of the actual charge

Figure 17. Electrostatic energy -eVR(r) of ruby and emerald along the di (i=1–4) directions of the respective CrO6
9� complexes indicated in Figure 15.
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associated with the nominal trivalent ion, consequently a
lessening of both the electrostatic potential, VR(r), and the
extrinsic contribution (10Dq)ext. Therefore, the diminution of
(10Dq)ext along the Al

3+!Cr3+ substitution is the main respon-
sible for the color shift observed when comparing ruby and
pure Cr2O3 such as it has been proved.

[128]

4.3. Big Effect of the Internal Electric Field for Explaining the
Color of the Egyptian Blue Pigment

In the world of prehistoric art, the absence of blue hues is a
widely recognized fact.[56,58,130–132] Hence, these cultures did not
have the appropriate pigments to produce this color. In fact,
while the rest of the palette could be obtained through iron
and manganese oxides and coal, prehistoric men were not able
to get stable minerals displaying a deep blue color. The only
known blue pigment in ancient times was the rare gemstone
lapis lazuli, which was mined in far Afghanistan. However,
around 3600 BC, the Egyptian culture was able to synthesize
the first pigment, the so-called Egyptian Blue, which was later
transmitted throughout the Mediterranean cultures.[56–58,130–132]

This section is focused on explaining the microscopic origin of
the distinctive blue color exhibited by this pigment, as can be
observed in paintings in Amarna, Luxor, or Pompeii archeolog-
ical sites, with the crown of the famous bust of Queen Nefertiti,
exhibited in the Neues Museum of Berlin, being the best-known
example where pure Egyptian Blue was used.
The synthesis process of Egyptian Blue involves a combina-

tion of cuprorivaite (CaCuSi4O10), unreacted quartz and varying

amounts of glass.[56,130,131] Cuprorivaite, a layered compound
displaying tetragonal P4/ncc structure[133] (Figure 18, left), serves
as the primary component of the pigment. The square-planar
CuO4

6� complex contained in this material, with Cu� O distance
R=1.928 Å, is the chromophore responsible for the blue color.
Interestingly, this hue is not observed in other lattices such as
CaCuO2 despite containing the same CuO4

6� chromophore
(Figure 18, right) with practically the same metal-ligand dis-
tance, R=1.929 Å,[134] consistent with the fact that the Cu2+

� O2� bond lengths in CuO4
6� complexes are short and so they

are very strong and similar in different lattices. This observation
is in the same vein of what occurs when comparing ruby and
emerald (section 4.2).
As can be inferred from the analysis presented in the

previous sections, the role played by the electrostatic potential
of the rest of lattice ions VR(r), strongly dependent on the crystal
structure, is instrumental in understanding this behavior.[58,132]

As demonstrated below, the large difference displayed by the
shape of VR(r) in axial, equatorial directions of the CuO46� unit
emerges as the underlying cause of the exotic blue color of this
compound.
Materials containing square-planar CuO4

6� units exhibit
three broad d� d transition bands that span a significant region
of the optical spectrum (Figure 19).[135–137] Table 9 shows the
experimental d� d transition energies for CaCuSi4O10 and
CaCuO2. A comparison between these compounds reveals that
the Egyptian blue exhibits a peak corresponding to the highest
3z2-r2!x2-y2 transition at 2.297 eV,[135,136] shifted by 0.353 eV
compared to the corresponding transition peak in CaCuO2.

[137]

Considering that the blue region is around 2.7 eV, CaCuSi4O10

Figure 18. Structures of cuprorivaite (CaCuSi4O10), a layered compound displaying tetragonal P4/ncc space group and CaCuO2. Both materials contain square-
planar CuO4

6� complexes.
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does not absorb the blue light, giving rise to its characteristic
blue color. A similar behavior is observed in the Han Blue
pigment BaCuSi4O10, developed during the Han dynasty
(208 B.C.–220 A.D.) in China,[56,58] where the transition peak is
found at 2.331 eV.[138]

Considering that the Cu� O distances in both CaCuSi4O10
and CaCuO2 compounds are practically identical, differing by
only 0.05%, it becomes challenging to explain the significant
reduction of 0.353 eV in the energy of the highest d� d
transition by means of LFT. According to LFT, such a reduction

would need a smaller Cu� O distance in the CaCuO2, which
contradicts experimental R values in both compounds that are
essentially identical. Hence, the optical properties of Egyptian
blue pigments cannot be understood by considering only the
changes within the CuO6

4� chromophore.
As shown in Table 9, the expected value for the 3z2-r2!x2-y2

transition in the isolated CuO6
4� complex is approximately

3.311 eV, significantly higher than those measured for
CaCuSi4O10 or CaCuO2. However, calculations incorporating the
electrostatic potential of the rest of lattice ions demonstrate a
considerable energy reduction of 0.561 eV and 0.880 eV for
CaCuO2 and CaCuSi4O10, respectively. This fact reveals a strong
correlation between d� d transitions and the form of the VR(r)
potential. The observed energy shifts can be qualitatively
understood by examining the shape of the electrostatic
potential in the two lattices, represented in Figure 20. The
electrostatic potential VR(r) is depicted along both the Cu� O
and the axial directions of the CuO4

6� unit, since the orbitals
involved in the highest d� d transition, 3z2-r2 and x2-y2, primarily
extend along such directions. The electrostatic potential in both
CaCuSi4O10 and CaCuO2, displayed in Figure 20, has the
tendency to increase the energy of 3z2-r2 and decrease that of
x2-y2, thereby qualitatively explaining the energy reduction
observed when including VR(r) in the calculations. However,
there are notable quantitative differences between the two
systems. The effect of VR(r) is more pronounced in CaCuSi4O10,
reflecting the greater difference between the axial and
equatorial directions in this compound, which exhibits higher
anisotropy. As a result of this anisotropy, CaCuSi4O10 exhibits its
distinctive blue color.[58]

Figure 19. Absorption spectra in the Visible range of Egyptian Blue
(CaCuSi4O10) and CaCuO2. Marks underline the position of three d� d
transitions in both compounds.

Table 9. Calculated energies (in eV) of d� d optical transitions i) for an isolated CuO4
6� complex at R=1.928 Å and ii) adding the effects of the electrostatic

potential VR(r) corresponding to CaCuSi4O10 and CaCuO2. The experimental transition energies for CaCuSi4O10
[135,136] and CaCuO2

[137] are also given for
comparison.

Transition CuO4
6� isolated CaCuSi4O10 calculated CaCuSi4O10 experim. CaCuO2 calculated CaCuO2 experim.

xy!x2-y2 1.749 1.489 1.580 1.538 1.639

xz, yz!x2-y2 2.331 1.980 2.000 1.935 1.949

3z2-r2!x2-y2 3.311 2.431 2.297 2.750 2.650

Figure 20. Electrostatic energies -eVR(r) of CaCuSi4O10 and CaCuO2 along Cu� O in-plane and axial directions.
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Significant research on Egypt, Chinese blue pigments is
currently being carried out.[139–143]

5. Summary and Outlook

Although in insulating TM compounds active electrons are
essentially localized in the MXN complex, their optical properties
cannot, in general, be explained considering only that isolated
unit such as it has been emphasized in this review work. Indeed,
as the rest of the lattice is composed of ions they give rise to an
internal field, ER(r), that is sensitive to the crystal structure and
modifies the energy levels of the MXN complex. For this reason,
the effects of ER(r), usually not considered in books,[2,9,10,44] are
specially well seen when comparing the optical response of the
same complex placed in two lattices with different crystal
structure. As it has been shown in section 4.2, ER(r), plays a
central role for understanding the actual origin of the different
color due to a Cr3+ impurity in oxides like Al2O3 or Be3Si6Al2O18,
as well as in BeAl2O4,

[144] MgAl2O4
[145] or MgO.[49]

The internal electric field also plays a relevant role for d9

ions placed in tetragonal lattices like K2MgF4 or K2ZnF4, where
the octahedron surrounding the divalent cation is nearly
perfect. In such cases, the shape of VR(r) has a great influence
on the nature of the ground state. We have seen in section 3.1
that for Cu2+ doped K2ZnF4 VR(r) helps to locate the hole in an
a1g(3z

2-r2) orbital, a fact which in turn tends to reduce the axial
Cu2+� F� distance producing a kind of compressed geometry
not due to the Jahn-Teller effect. On the contrary, in the case of
La2CuO4, VR(r) tends to stabilize b1g(3z2-r2) as the hole level in
the ground state, thus favoring an elongated geometry.[82]

It is worth noting now that VR(r) plays a minor role
concerning the nature of ground state in cases like K2ZnF4:Ni

2+

or K2NiF4 involving NiF6
4� units. Indeed, its wavefunction for S=

1, M=1 is always ja1g", b1g" j independently of the electron
level with lowest energy and consequently the local geometry
around Ni2+ can be nearly octahedral.
Another relevant conclusion of the present work concerns

the origin of local distortions in insulating compounds contain-
ing d9 or d4 ions. Indeed, it has been shown that, in most cases,
they do not arise from a Jahn-Teller effect despite it is widely
believed.[12,28,29,94,146,147] In particular, in systems containing
initially tetragonal CuX6

4� units (X=halide) with a compressed
geometry, the system can become unstable until reaching a
final orthorhombic geometry.
Interestingly, this change of equilibrium geometry also

involves a parallel change of the electronic density which,
according to Eq. (15), requires the existence of excited states
that can be mixed with the ground state through the operator
VΓ(r), reflecting the electron-vibration interaction. It should be
emphasized now that as that operator is purely orbital, the
excited states must have the same spin as the ground state.
This condition is well fulfilled for tetragonal CuX6

4� units
(X=halide) where a 2A1g state can be mixed with

2B1g if VΓ(r)
belongs to B1g. However, in a MnX6

4� unit with a S=5/2 ground
state, none of the rest of 246 states emerging from the d5

configuration has a S=5/2.[11] This spin barrier is thus against the

existence of an orthorhombic distortion in K2MnF4 which is
however well observed for K2CuF4 or Cs2AgF4.

[148] Along this line,
it has recently been proved[149] that the local orthorhombic
geometry in those compounds is the source of their surprising
ferromagnetic behavior in contrast to the antiferromagnetism
exhibited by K2MnF4, K2NiF4 or KNiF3.

[150]

In the present work the instability driven by vibronic
interactions has been focused on the orthorhombic distortion
taking place in systems like K2CuF4 or (C2H5NH3)2CdCl4 :Cu

2+.
Nevertheless, there are cases where the structural instability can
lead to a huge displacement of ions an even a change of
coordination number.[8] That situation is found for SrCl2 :Cu

2+

where copper ion moves off-center 1.3 Å along a <100> type
direction from the Sr2+ site, thus changing the coordination
number from 8 to 4.[151,152]

As the right interpretation of experimental data is crucial in
science, one should avoid the use of speculations or assump-
tions not fully supported. Accordingly, explanations based on
parametrized models with fitting parameters or the idea that
any distortion associated with d9 or d4 complexes necessarily
comes from the Jahn-Teller effect are, in general, meaningless.
Indeed, for having a Jahn-Teller effect, the initial geometry of a
MX6

4� unit (M=Cu2+, Ag2+) should be cubic or even
trigonal[14,67,83,153] but not tetragonal or monoclinic. When this
symmetry rule is not fulfilled, first-principles calculations can be
of great help for revealing the actual origin of the local
structure, such as it has been shown in this work.
In particular, they can be very useful for understanding the

effects of high pressures on optical properties of insulating TM
compounds. Indeed, they provide a key information on the
variation of metal-ligand distances with pressure that it is not
always easy to obtain from X-ray data.
Further work along this line is now underway.
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