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Although the series of Al2O3·xCr2O3 compounds is a model system among mixed crystals the actual origin
of the progressive color change from red to green upon increasing the chromium content is not clarified yet. It
is shown in this work that such a color shift for x�0.2 mainly comes from the reduction in the internal electric
field, experienced by the CrO6

9− complex, due to the progressive replacement of a close Al3+ ion by Cr3+ as a
result of the electroneutrality principle. The proposed model accounts for the color shift along the whole series.
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In the search of materials displaying a particular property
great attention is focused on the series of mixed crystals
where the physico-chemical properties are modified by sim-
ply changing the composition even if the crystal structure is
kept.1–3 As an example, in the case of insulating solid solu-
tions containing transition-metal cations such as
Al2O3·xCr2O3 �0�x�1�, CoAl2O4·xCoCr2O4, or
PbCrO4·xPbMoO4·yPbSO4 the color dependence on the
composition is used for preparing different inorganic
pigments.2,4–6 Although the change in a given property along
a series of insulating mixed crystals is of interest for appli-
cations, the main origin of this fact is often not well estab-
lished. This situation has already been encountered looking
at the series of Al2O3·xCr2O3 mixed crystals which has
widely been investigated5–7 and thus can be considered as a
model system within the realm of insulating solid solutions.
Although 50 years ago it was already established that in that
series there is a progressive color change from red to green
upon increasing the chromium content,5 the actual origin of
this shift is not understood yet. A similar color shift has also
been observed along the series of MgAl2O4·xMgCr2O4 and
YAl2O4·xYCr2O4 mixed crystals5,6 where crystal structure is
also kept.

The present work deals with this unsolved problem. As a
central issue we propose that the color change in the
Al2O3·xCr2O3 series is mainly related to the electroneutrality
principle by Pauling for a transition-metal complex,8 stating
that the total charge of the transition-metal cation in the com-
plex is nearly zero.

The color of Cr3+-based gemstones, as ruby �Al2O3:Cr3+�,
emerald �Be3Si6Al2O18:Cr3+�, or chromium spinel
�MgAl2O4:Cr3+�, is essentially governed by the energy of
the first spin allowed 4A2g�t2g

3�→ 4T2g�t2g
2eg� transition of

the CrO6
9− complex, which is just equal to the cubic field

splitting parameter, 10Dq.9 Therefore, within the widely
used ligand field theory, the color shift in Al2O3·xCr2O3
mixed crystals can be ascribed to an increase in the mean
Cr3+-O2− distance, R, in the complex that it is well known to
produce a reduction in the 10Dq value.10–12 However, recent
extended x-ray absorption fine structure �EXAFS� data on
the series of Al2O3·xCr2O3 crystals13 cast serious doubts on
this traditional interpretation. Indeed such measurements re-
veal that R experiences an increase of only 0.75% on passing

from ruby �R=196.5 pm� to Cr2O3 while, within the experi-
mental uncertainty of �0.5 pm, it is apparently constant in
the 0�x�0.25 range. However, looking at the experimental
10Dq values,6,9,14 they already move from 18 070 cm−1

for ruby �x�0.005� to 17 450 cm−1 for x=0.25, while
10Dq=16 650 cm−1 for x=1. The present work is aimed at
clarifying the actual origin of this surprising phenomenon.

An insight into the electronic properties due to a
transition-metal impurity in an insulating crystal is greatly
helped by the localization of active electrons in the complex
formed with anion ligands. In the case of MgAl2O4:Cr3+

�Ref. 15� and Al2O3:Cr3+ �Ref. 16� the localization is sup-
ported by electron nuclear double resonance �ENDOR� data
on nearest Al nuclei to the CrO6

9− complex which show that
the electronic density of three unpaired electrons on such
nuclei is actually negligible. By virtue of this fact it has often
been assumed that the actual 10Dq value can be explained
considering only the CrO6

9− complex in vacuo. Although the
dominant contribution to 10Dq already appears considering
the isolated complex �termed �10Dq�V� there is, however,
another supplementary contribution �termed �R�, which is
often ignored, thus implying that 10Dq= �10Dq�V+�R.11,17,18

Indeed as the complexes are never isolated but embedded in
an insulating lattice, they also necessarily feel the electric
field, ER�r�, arising from the rest of the ions involved in the
host lattice which modifies the energy of electronic states of
the complex and thus 10Dq. This supplementary contribution
to 10Dq, �R, has been shown to be the main responsible for
the distinct color exhibited by Cr3+ in oxides with different
crystal structure,17,18 and also the different 10Dq value found
experimentally for Mn2+ in cubic KMgF3 and LiBaF3 lattices
despite the Mn2+-F− distance is found to be practically the
same in both systems.19 In the case of ruby it has been found
that �10Dq�V=16 000 cm−1 and �R=2100 cm−1.11,17,18 As
�R�0 for ruby these ideas, together with the EXAFS data13

on the series of Al2O3·xCr2O3 mixed crystals, strongly sug-
gest that the decrease in 10Dq already observed in the
0�x�0.25 range might be ascribed mainly to a progressive
decrement of �R when the chromium content increases.18

In highly dilute samples of Al2O3:Cr3+ all cations close to
a given CrO6

9− complex are Al3+ ions whose actual charge
has been shown to be not far from +3e.20 However, when the
chromium content in the series of Al2O3·xCr2O3 crystals in-
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creases some of the close sites can be occupied by a Cr3+ ion
substituting Al3+. The central idea of our model is that the
actual charge of chromium cations in CrO6

9− complexes is
much smaller than that corresponding to aluminum in AlO6

9−

complexes because Cr3+ is an open shell ion, and thus it can
receive additional electronic charge from closed shell oxy-
gen ligands �dative bonding�. This idea is essentially behind
Pauling’s electroneutrality principle applied to transition-
metal complexes, stating that the total charge of the
transition-metal cation is nearly zero.8 It is worth noting that
on passing from AlO6

9− to an isolated CrO6
9− complex there

are six O2− ions giving electronic charge to chromium, a fact
which implies a smaller variation in the ligand charge.
Therefore, the replacement of Al3+ ions by Cr3+ ones along
the Al2O3·xCr2O3 series would give rise to a decrease in the
associated electric field on each CrO6

9− complex, ER�r�,
which in turn is expected to reduce the �R contribution to
10Dq, thus favoring the transparency to the green light.

Seeking to explore the reliability of this idea we have first
calculated the actual charge of the cation, qc, for pure Al2O3
and Cr2O3 lattices which exhibit the same crystal structure.
To this end, density functional theory �DFT�-based calcula-
tions have been performed on M27O42

3− superclusters
�M =Al and Cr� formed by a M ion and its first 68 neighbors
in a M2O3 lattice.21 Values of qc have been derived using the
Bader charge analysis as it is implemented in the Amsterdam
density functional �ADF� code.22 The obtained values are
qc=2.6e for Al2O3 and qc=1.3e for Cr2O3, pointing out that
there is a strong reduction in the total charge of the cation
when aluminum is replaced by chromium.

In a second step we have calculated what is the 10Dq
value corresponding to the CrO6

9− complex embedded in
Al2O3 when one or more Al3+ ions are replaced by Cr3+ ions.
The procedure for calculating 10Dq is the same one previ-
ously employed in the study of several gemstones.11,17,18 Ac-
cordingly, 10Dq is derived by means of DFT calculations,
considering the CrO6

9− complex at the right equilibrium ge-
ometry and subject to the internal field, ER�r�, coming from
the host lattice. The electrostatic potential, VR�r�, generating
ER�r� has been derived using a mixed Ewald-Evjen method
described elsewhere.11,17,18

Let us consider an aluminum ion in Al2O3. The nearest
Al3+ ion is at 265 pm and placed along the C3 axis. Only a
little further there are three Al3+ ions at 279 pm but lying in
the perpendicular plane to the principal axis �Fig. 1�. The rest
of the Al3+ ions are located at a distance higher than 320 pm.

As shown in Table I, the calculated 10Dq value for ruby is
17 917 cm−1 using qc=2.6e for Al3+ ions. However, a sig-
nificant decrease of 406 cm−1 is already obtained when only
one of the three close Al3+ ions lying in the perpendicular
plane to the C3 axis is replaced by Cr3+ �qc=1.3e� keeping
the same R value. This variation thus means a 20% reduction
in �R. The lessening in 10Dq is found to amount only to
40 cm−1 when Cr3+ substitutes the Al3+ ion placed along the
C3 axis. When any Al3+ ion lying at a distance higher than
320 pm is replaced by Cr3+, we have verified that the change
in 10Dq is always smaller than 40 cm−1 and usually does
not exceed 20 cm−1.

Bearing in mind these facts we have tried to understand
the experimental dependence of 10Dq on x under the follow-

ing assumptions: �i� only the complexes having at least one
of the four nearest Al3+ ions replaced by Cr3+ have a 10Dq
value different from that corresponding to ruby. �ii� The in-
corporation of Cr3+ ions into the lattice sites obeys a statis-
tical criterion, an assumption strongly supported by EXAFS
data on the Al2O3·xCr2O3 series.13 Such experimental results
show that for any x value the EXAFS spectra cannot be
understood as a weighted superposition of those correspond-
ing to ruby and Cr2O3 but through a progressive incorpora-
tion of Cr3+ into the lattice when its content increases.

According to these reasonable but simplifying assump-
tions, for calculating the actual 10Dq value for a given Cr3+

concentration it is only necessary to perform the statistical
average of the eight centers shown in Fig. 1. In other words,

10Dq = �
j=0

7

pj�10Dq�Rj��j . �1�

Here pj means the probability for the occurrence of the j
center �where j=0 actually corresponds to ruby� for a given
x value, while Rj denotes the associated mean Cr3+-O2− dis-
tance. The equilibrium distance for the j center has been
derived through an interpolation between the values
R=196.5 pm and R=198.0 pm measured for ruby and
Cr2O3, respectively.23 The difference between �10Dq�Rj��j
and the corresponding 10Dq calculated for R0=196.5 pm
has been taken from the R dependence of 10Dq for ruby,
d�10Dq� /dR=−366 cm−1 /pm.10,11 Results of �10Dq�Rj��j
are also collected in Table I, while the dependence of the pj
probabilities on the chromium content is portrayed in Fig. 2.

For a chromium concentration in the 0.1�x�0.25 range
the dominant centers are, as expected �Fig. 2�, those corre-
sponding to j=0 and j=1. It is worth noting that, comparing
these two centers �Table I�, the diminution in 10Dq for the
j=1 center mainly comes from the decrease in �R �equal to

FIG. 1. �Color online� Case 0: CrO6
9− complex in Al2O3 and its

first four Al3+ neighbor ions. One of the Al3+ ions is placed at the
C3 axis of the complex �blue arrow�, whereas the other three ones
are placed at equivalent positions in the perpendicular plane to that
axis which contains the Cr ion of the complex �red plane�. Cases 1,
2, 3, 4, 5, 6, and 7 correspond to the different possible arrangements
when one �cases 1 and 2�, two �cases 3 and 4�, three �cases 5 and 6�,
or four �case 7� Al3+ neighbor ions are replaced by Cr3+ ions in
Al2O3·xCr2O3 mixed crystals.
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406 cm−1� induced by the replacement of a close Al3+ ion by
a nearly silent Cr3+ ion. A similar situation also holds for all
j�2 centers, as shown in Table I.

The calculated 10Dq value for every chromium concen-
tration by means of Eq. �1� and the �10Dq�Rj��j and pj quan-
tities gathered in Table I and Fig. 2, respectively, is depicted
in Fig. 3 and compared to experimental results. It can be
noticed that the 10Dq values calculated in this work �where
no fitting parameters are employed� follow the experimental
ones rather well.

The model developed in this work is based on the idea of
a complex perturbed by close Al3+ ions replaced by Cr3+

ions. Though this model is, in principle, reasonable for a
relatively low chromium content �x�0.20�, it also repro-
duces the experimental findings for higher x values. This
situation is however not surprising when looking at experi-
mental 10Dq values measured for 3d ions in normal cubic
perovskites where VR�r� is practically flat in the complex
region and thus the �R contribution to 10Dq is negligible.19

It turns out that the 10Dq values measured for
AMnF3 �A :K,Rb� pure compounds and also for Mn2+

doped cubic perovskites �such as KMgF3 or RbCdF3� all
follow the same law 10Dq=KR−n with n=4.7 and thus
RbCdF3:Mn2+ �R=213�1 pm; 10Dq=7150 cm−1� and
RbMnF3 �R=212 pm; 10Dq=7500 cm−1� do exhibit close
10Dq values.24

The present work thus supports that a main cause behind
the color shift in the Al2O3·xCr2O3 solid solutions comes
from the reduction in the internal electric field, ER�r�, due to
the progressive replacement of close Al3+ ions by Cr3+

whose actual charge is much smaller. Therefore, although for
ruby �R / �10Dq�V=0.13, the secondary contribution to
10Dq, due to ER�r� and not considered in the ligand field

theory, plays a key role for understanding the color shift
from ruby to the series of Al2O3·xCr2O3 mixed crystals. As
shown in Fig. 3 these changes have already been observed
for Cr3+ concentrations down to 5%.5,6 The results of this
work thus support that the same cause is responsible for the
color shift in the Al2O3·xCr2O3 series and also the distinct
color displayed by ruby, emerald, or the chromium spinel. In
the case of Cr3+-based gemstones the different shape of
ER�r� reflects that the Al2O3, Be3Si6Al2O18, and MgAl2O4
host lattices are not isomorphous.17,18

The variation in the optical absorption spectrum along the
Al2O3·yCr2O3 series has been conjectured by other authors
to arise from a change in bonding due to the second coordi-
nation sphere.25 The present study supports that when
x�0.20 the main effect due to the Al3+→Cr3+ substitution
in the second coordination sphere is the reduction in the
electrostatic field ER�r� seen by the CrO6

9− complex rather
than changes in the covalency of that unit. Along this line it
is worth noting that upon passing from KMgF3:Mn2+ to
LiBaF3:Mn2+ 10Dq increases19 by 16% while the charge on
manganese varies only by about 4%.

Finally, it is worthwhile to remark that for
MgAl2O4·xMgCr2O4 or YAl2O4·xYCr2O4 mixed crystals
the evolution of the optical absorption spectrum and 10Dq
with the chromium content is similar to that found for
Al2O3·yCr2O3.6,26,27 For instance, 10Dq=18 500 cm−1 for
MgAl2O4:Cr3+ while 10Dq=17 180 cm−1 for pure
MgCr2O4.9,27 Although no EXAFS measurements have been
carried out for the whole MgAl2−xCrxO4 series, however re-

TABLE I. 10Dq values �in cm−1� calculated for the eight centers depicted in Fig. 1. �10Dq�R0��j are the
values corresponding to keep the mean Cr3+-O2− distance at R=196.5 pm, whereas �10Dq�Rj��j are the
values in which the corrections due to the small increase in distance on passing from ruby to pure Cr2O3 have
been taken into account �see the main text�.

j 0 1 2 3 4 5 6 7

�10Dq�R0��j 17917 17511 17877 17292 17389 17190 17175 17183

�10Dq�Rj��j 17917 17374 17739 17017 17114 16777 16763 16633

FIG. 2. �Color online� Probability of occurrence of the different
cases represented in Fig. 1 as a function of Cr3+ ion concentration,
x, in Al2O3·xCr2O3 mixed crystals.

FIG. 3. �Color online� Experimental �red diamonds� and theo-
retical �white squares� values of 10Dq parameter as a function of
Cr3+ ion concentration, x, in Al2O3·xCr2O3. The experimental val-
ues have been taken from Ref. 5, and the theoretical ones have been
derived using Eq. �1� of the main text.
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cent EXAFS data on MgAl2O4:Cr3+ give R=198.0 pm,26,27

which is again only 1.5 pm smaller than the corresponding
value for pure MgCr2O4. These results thus suggest that the
cause behind the 10Dq change in the MgAl2O4·xMgCr2O4
series for relatively low chromium content is the same as that

found in the present study on Al2O3·xCr2O3. Further work
on this matter is now in progress.
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