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Origin of the different color of ruby and emerald
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The different color exhibited by ruby and emerald is a fundamental but still unsolved question. According to
recent EXAFS measurements, such a difference can hardly be explained on the basis of a different average

distance between Cr>*

and the six oxygen ligands. The puzzling difference in color between the two gemstones

is shown in this work to arise essentially from the distinct electrostatic potential imposed by the rest of lattice

ions upon the active electrons of the Cr069_
generated in the neighborhood of the Cr**
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The origin of the different color exhibited by ruby
(A1,05:Cr*) and emerald (Be;SigAl,0,5:Cr'*) is a relevant
but still unsolved problem.'~!" This work aims to show that
the electrostatic potential, Vg(r), imposed by the rest of lat-
tice ions on the active electrons of the Cr069_ complex plays
a key role for understanding such a subtle difference. The
influence of Vg(r) on optical properties of gemstones has not
been considered in previous studies.!=37:%!1

The impurity responsible for the color in ruby and emer-
ald is the same, and in both gemstones Cr** is surrounded by
Six oxygen ligands. Nevertheless, the max1mum of the A
— T2 broad absorption band of the CrO6 complexes ap-
pears at 18 070 cm™! and 16 130 cm™! for ruby and emerald,
respectively.>=>7->!1 Therefore, this first spin allowed transi-
tion is responsible for the characteristic red and green color
of ruby and emerald, respectively. Within the framework of
the ligand ﬁeld theory the energy of the center of gravity of
the *A, . T transition is just equal'? to the cubic field

phttlng parameter 10Dgq. For transition metal (TM) impuri-

ties in cubic symmetry the separation, 10Dg, between the
eg(~3zz—r2,x2—y2) and 1,,(~xy,xz,yz) levels is strongly
sensitive to variations in the impurity-ligand distance, R.
Writing 10Dg=KR™, the exponent r is found to lie typically
between 4 and 6 for TM impurities in octahedral
coordination.'3-!5 Microscopically, this strong R dependence
of 10Dg has been shown to arise mainly from the small
s-p hybridization on ligands involved in the e, orbital.!!3
Bearing in mind this sensitivity of 10Dg to R variations, it
was first assumed by Orgel! that the different colors of ruby
and emerald should be associated with different values of the
average distance, R, between the impurity and six oxygen
ligands.

According to Orgel’s view, the small but relevant differ-
ence A10Dg=1940 cm™! between ruby and emerald should
then correspond to R(emerald)—R(ruby)=0.05 A, taking n
=4.5.'% This interpretation thus implies the existence of a
small compression of the oxygen octahedron in ruby in com-
parison to emerald. Although such an explanation has been
considered as reasonable,” recent extended x-ray absorption
fine structure (EXAFS) measurements performed on both
gemstones'®!! cast serious doubts on it. In the case of emer-
ald, the six ligand ions are all found to be at the same dis-
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unit. Main effects are shown to come from the electric field
site in ruby which is absent in the case of emerald due to symmetry.

PACS number(s): 71.55.—i, 71.15.Mb, 61.72.Ji, 91.60.Mk

tance from Cr’*[R(emerald)=1.97 A] although the ligand
octahedron is slightly trigonally distorted involving a D5 lo-
cal symmetry.'! For Al,O5:Cr** the local symmetry is found
to be C3 with three oxygen ions placed at R,=1.92 A while
the three other ligands are at R,=2.02 A 1 i Therefore, the
average distance R(ruby)=1.97 A coincides with that for
emerald within the experimental uncertainty (+0.01 A) in-
volved in the EXAFS measurements.!! It should be remarked
that the energy, E., of the center of gravity of sharp emission
lines in ruby (E.=14420 cm™)%!7 is only about 1.8%
smaller than that for emerald (E.=14 690 cm™').*® The en-
ergy of the sharp *E (t2g3)e Ayt 3) transition depends on
the Racah parameters B and C 2 Wthh increase with the
ionicity of the bonding between Cr** and oxygen ligands.'!?
Thus, the higher 10Dg value of ruby can hardly be ascribed
to a smaller covalency in this gemstone in comparison to
emerald as it has been previously suggested.”!! This situa-
tion is certainly puzzling because available spectroscopic
data and theoretical calculations on  Al,O5:Cr**
indicate'*?%2! that similarly to what is found for TM impu-
rities in insulating materials the active electrons are localized
in the CrO,’~ complex.'>!3

It is worthwhile to recall that electronic properties due to
an impurity, M, in a cubic insulating lattice can essentially be
understood just considering the MX, complex formed with
the N nearest anions. This important idea, put forward in the
pioneering work by Sugano and Shulman,?? has been verified
to be right in subsequent works on TM impurities in insula-
tors. In fact, the d-d and charge transfer transitions associ-
ated with a TM impurity in a cubic lattice have reasonably
been understood considering only the MX, complex at the
experimental equilibrium distance.?>!?

However, in ionic materials there are long-range electric
fields acting on the active electrons localized within the M Xy
complex which cannot in general be neglected.?* Let us call
Vg(r) to the electrostatic potential on the complex due to all
ions of the lattice not included in the M Xy unit. This kind of
Madelung potential is usually neglected for explaining the
optical properties of TM impurities in high symmetry lattices
since it is practically constant in the complex region.>!3
However, when the impurity site presents a lower symmetry
the nonflatness exhibited by Vg(r) has been shown to play a

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.113104

BRIEF REPORTS

relevant role.”>=2"-13 In particular, an insight into the differ-
ences exhibited by the same TM complex embedded in two
lattices which are not isomorphous requires one to take into
account the effects of Vi(r).2>?7

Searching to explain the puzzling difference in color dis-
played by ruby and emerald, the effect of the corresponding
Vr(r) potential on the properties of the Cr069_ unit has been
studied in detail through ab initio quantum mechanical cal-
culations (not using parametrized Hamiltonians).”® However,
metal-ligand distances and angles have always been fixed at
the experimental values for both gemstones.'®!! It is worth
noting that a fully ab initio resolution of the present problem
using supercells or big clusters does not appears to be easy.
In fact, the relative errors involved in current ab initio cal-
culated metal-ligand distances in low symmetry lattices are
at least of £1.5% for any system. Due to the strong depen-
dence of 10Dg upon R,'3>-!3 one cannot be sure of reproduc-
ing correctly the absolute value and sign of A10Dgq if dis-
tances are taken directly from ab initio calculations.

Calculations have been performed in the framework of the
density functional theory (DFT) by means of the Amsterdam
density functional (ADF) code.?” The generalized gradient
approximation (GGA) exchange-correlation energy was
computed according to the Perdew-Wang-91 functional.*® All
atoms except oxygen were described through basis sets of
TZP quality (triple-{ STO plus one polarization function)
given in the program data base and the core electrons (1s
-3p for Cr and s for O) were kept frozen. Following previ-
ous works,’! the best description for oxygen ions was ob-
tained through the DZP basis set (double-{ STO plus one
polarization function). To ensure the reliability of main con-
clusions, DFT calculations with other basis sets have also
been performed. As a salient feature the main effect intro-
duced by Vg(r) on A10Dq is always found for every em-
ployed basis set or exchange-correlation functional. It is
worth noting that calculated properties are found to be less
dependent on the basis set?>* using DFT than traditional
methods based in the Hartree-Fock description.

In a first step the 10Dg parameter has been calculated on
an isolated Cr069_ complex. In a further step the same cal-
culations have been carried out for both ruby and emerald
but with the CrO69_ complex subject to the influence of the
corresponding Vi potential. 10Dg has always been calcu-
lated following the average of configuration procedure given
in Ref. 19. The center of gravity of the small splitting under-
gone by the f,, orbital under the trigonal site symmetry has
been taken into account when deriving 10Dgq. In particular,
by means of these calculations an exponent n=4.0 has been
found. This figure is not far from the value n=4.5 experi-
mentally measured from the 10Dgq variation of ruby under
hydrostatic pressure.'*

The electrostatic potential Vg(r) coming from all ions of
Al,O5 or Be;SigAl,O 5 crystals lying outside the Cr069" unit
has been calculated by means of the Ewald method, follow-
ing the procedure described in Ref. 23. The nominal ionic
charges were employed in these calculations since recent ab
initio calculations performed on Al,O5 (Ref. 34) have dem-
onstrated that the total charges on oxygen and aluminium
ions are practically equal to —2e and +3e (e=proton charge),
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FIG. 1. (Color online) Madelung potential, Vg(x), on CrO69_
along metal-ligand directions for ruby and emerald host lattices. For
ruby x> 0(x<0) corresp onds to the long (short) bond with ligands
at R;=2.02 A (R,=1.92 A) from chromium ion (Refs. 10 and 11).

respectively, pointing out that bonding is highly ionic indeed.
The shape of the Madelung potential Vy(x) along a metal-
ligand direction (described by the x coordinate) is depicted in
Fig. 1 for both gemstones.

Results of calculations are compiled in Table I. Let us call
A;10Dgq the 10Dgq difference between ruby and emerald cal-
culated for the isolated complex at the corresponding equi-
librium geometry. By contrast the Agx10Dg quantity reflects
the influence of the corresponding electrostatic potential
Vg(r) upon both gemstones. When the influence of Vi(r) is
discarded the calculated 10Dg at the experimental distances
is found to be practically the same for both systems, A;10Dg
being equal to —145 cm™! in Table I. However, significant
changes appear when the electrostatic potential of the rest of
lattice ions upon the active electrons is taken into account:
10Dg is found to increase by 2136 cm™! in the case of ruby
while in emerald it decreases but only by 449 cm™'. There-
fore, Ag10Dq is found to be equal to 2440 cm™'. This figure
is thus certainly not far from the experimental value
1940 cm™!. It is worth noting now that when another basis
set is used a remarkable difference between A;10Dg and
Ar10Dg quantities is always obtained. For instance, if the
polarization function is suppressed from the oxygen basis
set, then A;10Dg=—-207 cm™' while Az10Dg=2280 cm™'.
On the other hand, when a TZP oxygen basis set is em-
ployed, it is found A;10Dg=-780 cm™' while Az10Dg
=4700 cm™'. Furthermore the present results have been veri-
fied not to depend strongly on the actual values of charges of
aluminium and oxygen ions in the host lattice. Although re-
cent ab initio calculations® stress that Al,O; is a highly
ionic material (also reflected in a gap of ~9 eV) the effect of

TABLE I. Calculated values of the 10D¢g parameter in ruby and
emerald. Calculations have been performed for the Cr069_ complex
in vacuo at experimental distances (Refs. 10 and 11) as well as
including the effects of the electrostatic Madelung potential Vj on
the complex. Experimental values (Refs. 7, 9, and 11) are given for
comparison. Values are in cm™! units.

In vacuo Madelung Experimental
Ruby 16043 18179 18070
Emerald 16188 15739 16130
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Vi(r) on 10D¢q assuming total charges on oxygen and alu-
minium ions equal to —1.8e and +2.7e respectively has also
been explored. In this case it has been found that the inclu-
sion of Vg(r) leads to an important increase of 10Dg equal to
1600 cm™'. All these considerations thus support that there is
a real physical effect associated with Vi(r) especially in the
case of ruby.

The quite different effects induced by Vg(r) on ruby and
emerald can be explained by looking at Vg(x) as portrayed in
Fig. 1. Although the D5 local symmetry in emerald*!! avoids
the existence of an electric field on the electrons at the chro-
mium site (x=0), the quantity (—e)Vg(x) (e=proton charge)
is not perfectly flat but decreases when |x|=1 A. This attrac-
tive potential thus decreases the energy of the #,, and e,
orbitals. As o bonding is present only in e,, this energy less-
ening is found to be more pronounced for this orbital than for
b thus leading to a reduction in 10Dgq. In the case of ruby,
Vr(x) looks quite different (Fig. 1) as there is an important
electric field in the region |x|<1.5 A compatible with the
lower Cj local symmetry."" The polarization of the CrO,’~
complex induced by this field results from the admixture of
the antibonding e, and t,, orbitals with mainly 2p oxygen
levels which are found to lie about 35 000 cm™! below. This
result is in agreement with the onset of charge transfer spec-
tra of Cr069" units.? The electric field associated with Vg(x)
in the ruby should lead to an energy decrease of mainly 2p
oxygen levels and also to the corresponding rise of the anti-
bonding e, and 1,, levels. Therefore, this fact concurs with
the result of the present DFT calculations. Such an effect
produces a higher energy increase on the e, level with
o-bonding (12370 cm™) than on the 7 type 1, level
(10 520 cm™!). Thus, this important increase in 10Dg, which
is not due to bonding in the isolated CrO,’ " unit but to the
action of the Vj potential on it, is the cause of the red color
of ruby in comparison to emerald. We have verified that the
electric field in ruby comes essentially from two AI** ions
placed along the C; axis in the host lattice!' but located
asymmetrically at 2.65 A and 3.85 A from the Cr>* position
(Fig. 2).

Bearing in mind recent results on Cr**-O?~ distances!®!!
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FIG. 2. (Color online) View of the first 32 neighbors around a
Cr3* impurity in Al,O5: Cr**. Tons of the Cr069_ complex as well
as the two AI’* ions placed asymmetrically on the C; axis are
depicted by big balls while small balls are used for the rest of ions.
The three ligands at R,;=1.92 A and the AI** ion at 3.85 A are
placed to the right of Cr3*.

the present arguments evidence that the difference in color
between ruby and emerald is a manifestation of the electro-
static potential imposed by each lattice upon the Cr069_
complex. It should be emphasized that this potential, Vj, has
much less importance for the emission in such gemstones
since the involved states both arise from the same t2g3
configuration.!?> This simple reasoning thus explain why the
emission line of emerald is practically coincident with that of
ruby (within 1.8%) while there is a 12% difference in the
energy of the 4Azg—>4T2g absorption transition.

From the present conclusions Vg(r) can play a key role
for explaining the subtle changes of color displayed by dif-
ferent oxides containing the same impurity.>”° In particular,
the subtle changes of color obtained on passing from emerald
(Be;SigAl0,5: Cr**) to alexandrite (BeAl,O,:Cr**) or ruby
spinel (MgAl,O4:Cr**) gemstones’’ require investigation
into the influence of Vg(r) on them. Work along this line is
now under way.
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