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This work is aimed at explaining the different color exhibited by the two Cr3+ centers in the alexandrite
gemstone as well as ruby and emerald. Although the average Cr3+-O2− distance in ruby, emerald, and the Cs

center in alexandrite is known to be practically the same, it is shown that the different values of the ligand field
parameter 10Dq of the four Cr3+ centers mainly come from the electrostatic potential of the rest of lattice ions,
VR�r�, seen by the CrO6

9− complex where active electrons are localized. This VR�r� potential, which strongly
depends on the point symmetry group around the impurity, leads to an additional contribution to 10Dq not
considered in the traditional ligand field theory. While for the Cs center �10Dq=2.19 eV� and ruby �10Dq
=2.24 eV�, VR�r� has a similar shape along any Cr3+-O2− direction this is no longer true for the Ci center in
alexandrite where the highest 10Dq value �equal to 2.53 eV� is measured.
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I. INTRODUCTION

A great deal of work has been focused on ruby
�Al2O3:Cr3+�, emerald �Be3Si6Al2O18:Cr3+�, and alexandrite
�BeAl2O4:Cr3+�.1–3 These doped materials are reference sys-
tems among gemstones and also in the realm of impurities in
insulating materials. Indeed the first operating laser was
made using the ruby emission which is currently used for
measuring the applied pressure in diamond anvil cells.4 Tun-
able lasers employing the luminescence of alexandrite and
emerald have also been built.3,5

From a fundamental standpoint, it is crucial to understand
the origin of the different optical properties exhibited by the
three referred gemstones.1–3,6–9 In Table I, the energy E1 of
the 4A2g�t2g

3�→ 4T2g�t2g
2eg� optical absorption maximum �in

octahedral notation� together with the energy, Eem, of the
sharp 2Eg�t2g

3�→ 4A2g�t2g
3� transition for the three gemstones

are collected. As a salient feature it should be noticed that in
the case of BeAl2O4 there are two nonequivalent Al3+ sites,
thus leading to the existence of two different Cr3+ centers in
alexandrite.7–15 The local symmetry of the dominant center
has only a mirror plane �Cs center� while the second one
exhibits inversion symmetry �Ci center�. For the sake of
completeness the value of the average distance, RH, between
Al3+ and the six nearest O2− ions is also gathered in Table I
for Al2O3, Be3Si6Al2O18, and the two sites in BeAl2O4.6,10,11

Looking at data of Table I, remarkable differences among
the measured values of E1 are found. For instance, E1 for the
Ci center in alexandrite is 27% higher than in the case of
emerald. Similarly, E1 for ruby is found to be 12% higher
when compared to the figure in Be3Si6Al2O18:Cr3+, a fact
which is behind the different color displayed by such gem-
stones. By contrast, the experimental values reported for Eem
corresponding to the four centers �Table I� are coincident
within 2%.

An explanation of the remarkable differences exhibited by
the E1 value of the four centers in Table I has been
attempted16,1–3,6 through the traditional ligand field theory,17

which can be applied provided active electrons are localized
in the MXN complex formed by the impurity, M, and the N

nearest anions. In these cases it has been assumed that elec-
tronic properties associated with an impurity can be well
explained considering only the isolated MXN molecule at the
right equilibrium M-X distance, R. It should be noticed that
this distance reflects the chemical pressure exerted by the
host lattice upon the MXN complex.18

According to this view, the different E1 values reported in
Table I would imply different R values for the involved sys-
tems. More precisely, the energy E1 of the 4A2g→ 4T2g tran-
sition is just equal to 10Dq.17 Within the traditional ligand
field theory, 10Dq is assumed to depend only on the equilib-
rium impurity-ligand distance, R, through the law

10Dq = KR−n, �1�

and the exponent n is found to lie typically between 4 and 6
for transition metal impurities in octahedral coordination.18

Therefore, if this explanation is the right one, E1 values
in Table I would imply16 R�emerald�−R�ruby�=5 pm,
or R�emerald�−R�alexandrite;Ci center�=10 pm, taking
n=4.5.19 However, these conclusions are hard to accept
when considering available data on impurity-ligand
distances.18 Let us consider two host lattices with the same
ligand and coordination number but different RH values. If
�RH denotes such a difference it is found that when the host
cation is replaced by the same substitutional impurity then
�R��RH. Here �R means the difference of R values found
in two lattices. Assuming �R=5 pm as the difference be-
tween emerald and ruby, this figure is certainly higher than
��RH�=1 pm derived under the comparison of Be3Si6Al2O18
and Al2O3 in Table I. A great support to this reasoning has
been provided by recent extended x-ray absorption fine
structure �EXAFS� measurements carried out on ruby and
emerald6,20 demonstrating that the R value for both gem-
stones is the same within the experimental uncertainty
�±1 pm�. Along this line, EXAFS data also reveal that R
increases only 1 pm on going from Al2O3:Cr3+ to Cr2O3.21

A simple explanation on the puzzling difference in color
exhibited by ruby and emerald has recently been proposed.22

It has been argued that although active electrons are
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localized,23 this does not necessarily mean that electronic
properties can be explained considering only the CrO6

9−

complex in vacuo at the right equilibrium distance. Indeed,
such a complex is never isolated but embedded in an ionic
lattice and thus also subject to an internal electric field due to
the rest of lattice ions. It has been shown that this electric
field on the CrO6

9− complex �strongly dependent on the point
symmetry group around the impurity� produces an additional
contribution to 10Dq that is actually responsible for the dif-
ference in color between ruby and emerald.22

If this idea is right, it should also be possible to account
for the 10Dq values corresponding to the two centers ob-
served in alexandrite. In particular the E1=2.53 eV value
measured for the Ci center in the alexandrite is about 10%
higher than the figure reported for the Cs center and also
ruby �Table I�.

The present work is aimed at exploring this relevant issue
following the same procedure recently employed for ruby
and emerald.22 Details on calculations are briefly commented
on in the next section, while main results on Cs and Ci cen-
ters in alexandrite are reported in Sec. III and compared to
those on Al2O3:Cr3+ and Be3Si6Al2O18:Cr3+.

II. THEORETICAL

A main goal of this work is to explore whether the differ-
ent 10Dq values for the four Cr3+ centers �Table I� can be
accounted for by simply considering the CrO6

9− complex
though subject to the corresponding electrostatic potential,
VR�r�, arising from the rest of lattice ions. For investigating
this issue calculations in the framework of the density func-
tional theory �DFT� have been performed by means of the
ADF code.24 For every system, 10Dq has been computed for
the complex in vacuo as well as including the effects of
VR�r�. The same functional and basis set are employed for
calculating the four Cr3+ centers of Table I. The generalized
gradient approximation �GGA� exchange-correlation energy
was computed using the Perdew-Wang functional, PW91.25

It was verified that the obtained results are almost indepen-
dent on the used functional. All atoms except oxygen were
described through basis sets of TZP �triple-� Slater-type or-
bitals �STO� plus one polarization function� quality given in
the program database, and the core electrons �1s-3p for Cr
and 1s for O� were kept frozen. The description for oxygen
ions providing better agreement with experimental findings
for ruby22 and for Fe3+-O2− pairs in KMgF3 �Ref. 26� was

shown to be obtained through the DZP �double-� STO plus
one polarization function� basis set. It should be stressed
here that main differences between ruby and emerald were
always reproduced through other basis set.22 Calculations
have been carried out at the equilibrium geometry of the four
Cr3+ centers in Table I. Available information on the local
symmetry, Al3+-O2− distances in the host lattice as well as
actual Cr3+-O2− distances in the doped material is collected
in Table II. It can be noticed that the R value derived through
EXAFS measurements for ruby and emerald6,20,21 is the same
within the experimental uncertainty �±1 pm�. The positive
R−RH value found for both gemstones is consistent with the
smaller ionic radius of Al3+ when compared to that of Cr3+.
The Cr3+-O2− distances given in Table II for the Cs center in
alexandrite have been calculated by Watanabe and
Ogasawara27 and lead to an R value practically identical to
that for ruby and emerald. As no precise structural informa-
tion on the Ci center in alexandrite is at present available the
Cr3+-O2− distances for this center in Table II have been de-
rived taking into account the results for the other three cen-
ters and assuming 197 pm. 10Dq has always been derived
following the average of configuration procedure given in
Refs. 29 and 30. The center of gravity of small splittings
undergone by the t2g and eg orbitals in low symmetries has
been taken into account when deriving 10Dq.

The electrostatic potential VR�r� coming from all ions of
Al2O3, Be3Si6Al2O18, or BeAl2O4 crystals lying outside the
CrO6

9− unit has been obtained through the following two-
step procedure.28 In a first step, this potential has been cal-
culated using Ewald’s method in a great number of points
inside a sphere bigger than the cluster. In this calculation the
nominal ionic charges have been used, due to the high ionic
character of the lattices and the weak dependence of results
on the actual values of charges.22 In a second step, the po-
tential inside the sphere has been reproduced using about 150
effective charges lying outside the sphere. These charges are
located at lattice positions although the value of charges it-
self is fitted in order to reproduce the right potential inside
the sphere. Finally, these effective charges were placed into
the ADF calculations.

III. RESULTS AND DISCUSSION

The 10Dq values for the four centers of Table I calculated
at the equilibrium Cr3+-O2− distances are collected in Table
III and compared to experimental values. In this table, the

TABLE I. Experimental peak energies �in cm−1 units� of the first absorption, E1, and emission, Eem,
transitions corresponding to the four centers analyzed in this work. Experimental values of the averaged
Al3+-O2− distances, RH, �in pm� for each pure lattice are also given.

System
Symmetry of

the center RH

E1=10Dq
4A2g→ 4T2g

Eem
2Eg→ 4A2g References

Ruby C3 191.3 18070 14420 1–3 and 6

Emerald D3 190.6 16130 14690 1, 2, and 6

Alexandrite Cs 193.7 17700 14750 3 and 7–11

Alexandrite Ci 189.0 20410 14450 3 and 7–11
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10Dq values derived for the complex in vacuo and under the
inclusion of VR�r� are both given. Figures for ruby and em-
erald coincide with those previously reported.22 It should be
noticed that under the suppression of VR�r� the calculated
10Dq values for the four centers look rather similar. For
instance, the difference between calculated 10Dq values for
the alexandrite �Ci center� and emerald is only about
700 cm−1. This figure is, however, much smaller than the
experimental figure equal to 4300 cm−1 as shown in Table
III. Results gathered in Table III for complexes in vacuo
underline that the small distortions of the CrO6

9− octahedron
in ruby, emerald, and the two Cr3+ centers in alexandrite
have a small influence on the 10Dq value. Along this line, a
calculation of a perfect CrO6

9− octahedral complex in vacuo
has also been carried out. For this octahedral complex with
all Cr3+-O2− distances equal to 197 pm, it is found 10Dq
=16 320 cm−1.

As a salient feature, results embodied in Table III stress
that all differences in the experimental 10Dq values of the
four Cr3+ centers can reasonably be understood once the ef-

fects of VR�r� upon the localized electrons in the CrO6
9− unit

are taken into account. In this sense the inclusion of VR�r�
produces a supplementary increase of about 2000 cm−1 and
4000 cm−1 on the 10Dq values of Cs and Ci centers in alex-
andrite, respectively. In the case of ruby VR�r� leads to an
increase of 10Dq similar to that for the Cs center in alexan-
drite. As regards emerald 10Dq undergoes however a small
decrease when VR�r� is taken into account.

Some insight into these results can be obtained looking at
the form of the VR�r� potential in the complex region. Re-
sults of VR�r� along the metal-ligand directions are portrayed
in Figs. 1 and 2. Let us denote by x the distance of an elec-
tron to the impurity along one of such directions. It can
firstly be noticed that in the case of emerald VR�x� is practi-
cally flat for �x��1 Å, thus explaining why the effects of

TABLE II. Experimental values of the actual Al3+-O2− distances, RH, and Cr3+-O2− distances, R, for the
four centers studied in this work. The number of bonds of each type is given in parenthesis. Average values
are in italic. All values are given in pm.

Lattice
Symmetry

of the center RH Reference R Reference

Al2O3 C3 185.6 �3� 192.0 �3�
196.9 �3� 6 201.0 �3� 6, 20, and 21

191.3 196.5

Be3Si6Al2O18 D3 190.6 �6� 6 197.5 �6� 6

BeAl2O4 Cs 186.1 �1� 192 �1�
189.3 �2� 195 �2�
194.1 �1� 10 and 11 198 �1� 27

201.6 �2� 204 �2�
193.7 198

BeAl2O4 Ci 186.2 �2� 194 �2�
189.2 �2� 10 and 11 197 �2�
191.7 �2� 200 �2�

189.0 197

TABLE III. Calculated values of the ligand field parameter
10Dq for CrO6

9− clusters in vacuo and considering the electrostatic
potential from the rest of the lattice, VR. Calculations have been
performed to the experimental metal-ligand distance of each center.
Experimental 10Dq values are given for comparison. All values are
given in cm−1.

System
Cluster in
vacuo Including VR Experimental Refs.

Ruby 16043 18179 18070 1–3 and 6

Emerald 16188 15739 16130 1, 2, and 6

Alexandrite Cs 15682 17738 17700 3 and 7–9

Alexandrite Ci 16905 20864 20410 3 and 7–9

FIG. 1. �Color online� Electrostatic potential, VR�r�, of the rest
of lattice ions on CrO6

9− along metal-ligand directions for ruby,
emerald, and Cs center of alexandrite.
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VR�r� upon 10Dq are found to be small in comparison with
what is calculated for the other three centers in Table III. In
these cases �Figs. 1 and 2� the plot of VR�x� exhibits a quite
different behavior from that for Be3Si6Al2O18. It is worth
noting that VR�x� for Al2O3 and the Cs center in BeAl2O4

look rather similar. This allows one to understand why the
increase on 10Dq due to the influence of VR�r� in ruby and
the Cs center in alexandrite are rather comparable. It has
been pointed out that the electric field created around Cr3+ in
these two centers polarizes the CrO6

9− unit.22 This implies an
energy increase of the � antibonding eg level higher than that
for the corresponding � antibonding t2g level, leading to a
supplementary increase of 10Dq.

Huge differences are however found when comparing
VR�r� for both the Cs center in alexandrite and ruby �Fig. 1�
with that for the Ci center in alexandrite. In this case, al-
though VR�x�=VR�−x� for every metal-ligand direction �con-
sistently with the existence of inversion symmetry�, the form
of VR�x� is quite sensitive to the considered direction. This
special situation is not found in the other centers of Table I.

The non-flatness of VR�r� in the complex region induces
different variations on the energy of antibonding eg and t2g
orbitals. For this reason the influence of VR�r� on the optical
spectrum is expected to appear mainly in transitions involv-
ing an excited state with a configuration different from t2g

3

corresponding to the ground state. This happens for the
4A2g�t2g

3�→ 4T2g�t2g
2eg� transition indeed but not in the case

of 2Eg→ 4A2g�t2g
3� transition responsible for the sharp emis-

sion line of Cr3+ in the four centers of Table I. In fact, the 2Eg
state is mainly built from the t2g

3 configuration.17 This
simple argument thus explains why the emission energy Eem

is found to be the same �within 2%� for ruby, emerald, and
the two centers in alexandrite �Table I�.

IV. FINAL REMARKS

It has been shown that the actual value of the 10Dq pa-
rameter for the two centers in alexandrite as well as for ruby
and emerald can be well understood just considering the in-
fluence of the electrostatic potential, VR�r�, from the rest of
lattice ions upon the CrO6

9− unit. It is worth noting that
although VR�r� has not usually been taken into account in the
traditional ligand field theory, the present results demonstrate
that it plays a key role for explaining the differences dis-
played by the same complex but embedded in different host
lattices.

A part of the contribution of VR�r� upon the final separa-
tion between eg and t2g orbitals can arise from the polariza-
tion of the CrO6

9− complex due to internal electric fields. It
should be remarked that this mechanism would also lead to
changes on total charges and the covalency. First results in-
dicate that for the two centers in alexandrite and ruby there is
a slight increase in covalency when the effects of VR�r� are
switched on. Further research along this line is now under-
way.
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