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Microscopic origin of the different colors displayed by MgAl,O,: Cr** and emerald
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The difference in color between emerald (Be;SigAl,O,g:Cr®*, green) and the Cr3*-doped spinel MgAl,O,
(red) is striking, considering that in both systems color is due to Crog’ complexes with a close local symmetry
(D5 and the D5, respectively) and that the measured Cr3*-O?" distance is practically the same (1.98 +0.01 and
1.97+0.01 A, respectively). By means of density-functional calculations it is shown that this surprising
difference can reasonably be explained once the electric field, Eg, which all lattice ions lying outside the CrOg~
complex exert on localized electrons, is taken into consideration. The origin of the different shape of Ey in the
two host lattices is analyzed in detail. It is shown that Ej raises (decreases) the 2p(O) levels for
Be;SigAl0,5: Cr’* (MgAl,0,:Cr3*) along the trigonal axis thus favoring a decrease (increase) of 10Dq. The
present work demonstrates the key role played by Eg (not considered in the traditional ligand field theory) for
understanding the differences exhibited by the same complex embedded in host lattices which do not have the
same crystal structure. Some remarks on the color of Cr,0O3 pure compound are also reported.
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I. INTRODUCTION

A great deal of experimental work has been devoted to
look into the properties of gemstones and minerals involving
Cr**-doped oxides.'= Despite these efforts the actual origin
of the color exhibited by the different oxides lattices contain-
ing Cr’* is still being debated.’'°

Historically, the optical properties of gemstones such
as ruby (Cr**-doped corundum, Al,O;) and emerald
(Cr**-doped beryl, Be;SigAl,0,5) have been interpreted in
the framework of the traditional ligand field theory
(LFT)."12 In this domain, it is assumed that the electronic
properties of a transition-metal impurity, M, placed in an
insulating lattice can be understood considering only the
MX), complex formed with the N nearest ions or ligands, X.
The fact that crystal-field spectra of KMF; (M=Ni, Mn)
pure compounds look very similar to those measured for
KMgF;: M** (M=Ni, Mn) support such an assumption.'33
Along this line theoretical calculations on NiF, Man_,
CrE2, or CrOi' complexes in vacuo at the right experi-
mental distance!®? is known to give values of optical tran-
sitions and electron-paramagnetic-resonance (EPR) para-
meters which are not far from experimental data'3-1321:22
for KMgF;:M?** (M=Ni, Mn), K,NaGaF,:Cr**, or
Mg,Si0,: Cr**.

The idea of complex conveys a great simplification for
understanding the electronic properties of transition-metal
impurities in insulators. Thanks to it a problem in the realm
of solid-state physics is reduced to study a relatively small
molecule using properly the quantum mechanics. The valid-
ity of this idea was already discussed in the seminal paper by
Sugano and Shulman®3 and is founded on two central points.
The first key point is the localization of active electrons
(coming from the transition-metal impurity) in the complex
region, a fact well proved by EPR and electron-nuclear-
double-resonance (ENDOR) spectra of transition-metal im-
purities in insulators and reproduced by theoretical
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calculations.'? It is worth noting that the existence of local-
ization in the total wave function is the fingerprint of an
insulating material as it has been emphasized by Kohn.?*
Accordingly, if different atoms are involved in an insulating
material the electronic localization favors the formation of
ions. Therefore, even if electrons are well localized inside
the complex region, the long-range Coulomb potential that
every ion outside the complex exerts on active electrons can-
not be forgotten.?> Despite this fact, Sugano and Shulman®3
already showed that for a cubic perovskite lattice such as
KMgF; the electrostatic potential, Vg(r), due to all lattice
ions lying outside the MF¢~ complex (M=Ni, Mn, Co) is
almost perfectly flat inside the complex and thus it can be
ignored for understanding the associated optical transitions
or EPR parameters. Accordingly, it has widely been assumed
as another central point in the traditional LFT that the influ-
ence of Vg(r) can be discarded for every kind of host lattice.
If this idea is fully right the optical properties of an octahe-
dral MXy complex embedded in a series of different host
lattices would depend only on the actual value of the equi-
librium metal-ligand distance. This statement has been veri-
fied to be right looking at the different optical spectra of
MnF;", NiF;", and CrF;~ complexes located in a series of
distinct but isomorphous host lattices.?®-8

By virtue of these facts the red and green color exhibited
by ruby and emerald, respectively, have often been ascribed
to a different value of the mean equilibrium Cr’*-O%" dis-
tance, R;, in the CrOg_ complex.m'29 Recent extended x-ray
absorption fine structure (EXAFS) measurements carried out
on ruby and emerald prove,>*% however, that the R, value
for both gemstones is the same within =0.01 A.

The color of insulating oxides doped with Cr** essentially
depends on the energy of the first spin allowed 4Azg(t§g)
—>4T2g(t§geg) transition">!12% which is just equal to the
cubic-field splitting parameter, 10Dg, and thus independent
on the Racah parameters. Within the traditional LFT it is
assumed that
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10Dg = (10Dgq),, (1)

where (10Dgq), stands for the complex in vacuo. Further-
more, it is assumed that (10Dg), for a given octahedral com-
plex only depends on the metal-ligand distance, R, through
the law

(10Dg), = CR™, (2)

where C is a constant. Optical absorption measurements un-
der hydrostatic pressure carried out for Al,O5:Cr’* have
shown?® that experimental 10Dg values are reproduced by
Egs. (1) and (2) with n=4.5 and R means the mean Cr**-O*~
distance. Similar results have been obtained for other
transition-metal complexes.'>!” It is worth noting that for an
octahedral complex pure crystal-field theory!! gives n=>5 al-
though it leads to 10Dg values which are often one order of
magnitude smaller than experimental ones.'? The actual ori-
gin of the strong dependence of (10Dg), upon R for octahe-
dral complexes has been discussed'>!?31:32 in a realistic
molecular-orbital framework where ligands and the central
cation are thus treated on the same footing. According to this
analysis, since the work by Orgel,? the different color ex-
hibited by ruby and emerald has been widely explained,'*?°
in the realm of the traditional LFT, assuming that R; is about
5 pm higher for emerald than for ruby. This conclusion is,
however, against recent experimental findings.*%?

A solution for understanding this somewhat puzzling situ-
ation has recently been put forward.>”1 It has been argued
that even if active electrons are well localized in the complex
the electric field, Eg=—VVg(r), created by all ions of the
insulating lattice lying outside the complex, on the electrons
in the complex is not necessarily null at every point of the
complex region. This means that all properties (and thus
10Dg) associated with a complex do also depend on the
shape of Ep in the complex region. In particular, emphasis
has been placed on the importance of incorporating Eg(r)
when comparing the properties of the same complex placed
in two host lattices which are not isomorphous.

According to this new standpoint a difference between
ruby and emerald comes out merely considering the local
symmetry around the Cr** impurity. In fact, in Al,O5:Cr**
the local symmetry is C3 and thus there is an electric field at
the chromium site placed at r=0. However, in the case of
emerald the existence of two different symmetry axes in the
local symmetry group (D;) makes that Eg(0) is rigorously
null.

A more subtle problem has recently been raised® in the
comparison of emerald (Be;SigAl,O,¢:Cr**) with the spinel
MgAl,O, doped with Cr**. In both cases the Cr** impurity
enters the AI** site and the symmetry of the Crog_ complex
is relatively close. For MgAl,O,:Cr** the local symmetry is
D5, and thus in this system, as well as in the emerald, the
existence of an electric field at the chromium site is avoided
by symmetry reasons. Recent EXAFS measurements®? have
led to a R;=1.97+0.01 A value for emerald while R,
=1.98+0.01 A for MgAl,O,:Cr**. In spite of these facts
the energy of the first spin allowed 4A2g(t§g)e4T2g(t§geg
transition has been measured'?*¥ to be equal to
18520 cm™' for MgAl,O,:Cr** while it is equal only to
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16130 cm™! for Be;SigAl,O,g:Cr’*. This means that, al-
though emerald and the spinel MgAl,O, doped with Cr**
exhibit a close local symmetry and have practically the same
R, value, the color displayed by MgAl,O,:Cr** is red (iden-
tical to that of ruby for the human eye?) and not green.
The present work is aimed at clarifying this relevant issue
by means of the same procedure previously employed>’ in
the study of ruby, emerald and the two centers (with C; and
C; symmetries) formed in alexandrite (BeAl,O,:Cr**). Ac-
cordingly, 10Dgq is derived by means of density-functional
calculations, considering the CrOg' complex at the right
equilibrium geometry and subject to the internal field, Ex(r),
coming from the MgAl,O, host lattice. For well clearing out
the origin of differences between MgAl,0,:Cr** and emer-
ald, particular attention is paid to look into the shape of
Ex(r) in the two MgAl,0O, and Be;SigAl, 0,5 host lattices.

II. COMPUTATIONAL DETAILS

Due to the electronic localization ab initio calculations
have been carried out on the CrOy~ complex in the frame-
work of the density-functional theory (DFT) using the Am-
sterdam density-functional (ADF) code.3® Particular attention
has been paid to perform such calculations at the experimen-
tal equilibrium geometry®® of every studied system.

As color displayed by Cr’* doped oxides essentially
depends on the energy of the *A,(r . —>4T2g(t§geg
transition,!%!!2% efforts have been devoted to calculate 10Dg
for MgAl,0O,:Cr** and emerald. For both systems, 10Dg has
been computed for the complex in vacuo as well as including
the effects of the electrostatic potential, Vg(r), and thus there
is not any fitting parameter in the present study.

The effects of Vg(r) have been included by means of the
same technique described in previous works.>” In a first step,
the electrostatic potential due to all ions of the MgAl,O, or
Be;SigAl,O4g host lattices lying outside the CrOg_ cluster
was calculated in 3071 points inside a sphere centered at the
Cr** site and with a radius of 2.3 A, slightly higher than the
mean Cr’*-O?" distance at equilibrium. The electrostatic po-
tential has been derived using a mixed Ewald-Evjen method
where ion charges have been taken to be equal to the corre-
sponding nominal charges. This assumption has been proved
to be right’’ in the case of Al,O;. In a second step, the
potential inside sphere has been reproduced using a small set
of 196 effective charges lying outside the sphere. These
charges are located at lattice positions although the charge
values themselves are fitted in order to reproduce the right
potential inside the sphere, with a maximum error in the
potential of only 0.01%. Finally, this small set of fictitious
charges was introduced into the ADF calculations.

The same functional and basis set are employed for cal-
culating the emerald and the spinel. The generalized gradient
approximation (GGA) exchange-correlation energy was
computed using the Perdew-Wang functional,® PW91. It
was verified that main results obtained in the present calcu-
lations are almost independent on the used functional. The
Cr** ion has been described through basis sets of TZP
(triple-{ Slater-type orbitals STO plus one polarization func-
tion) quality given in the program database, keeping the core
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TABLE 1. Calculated 10Dg values for the CrOg_ complex in vacuo [at the experimental equilibrium
geometry (Refs. 4, 8, and 9)] and under the internal electric field, Eg, coming from Be;SigAl,O 5, MgAl, Oy
and Al,O3 host lattices. The experimental 10Dg values of these systems (Refs. 1, 4, 34, and 35) are also
enclosed. In the case of MgAl,O,:Cr’*, 10Dg is given for the experimental distance (Ref. 8) (R,
=1.98+0.01 A) and also for R=1.995 A. In the case of ruby, R; and R;; mean the average Cr’*-O?~ and

AIP*-02~ distance, respectively. R and Ry are given in A while 10Dg in cm™".

1

10Dg
System Ry R in vacuo Under Eg Experimental
Emerald 1.906 1.975 16188 15739 16130
MgAlL,0,: Cr** 1.930 1.980 16336 20627 18520
1.995 15828 19996
Ruby 1.913 1.965 16043 18179 18070

electrons (1s-3p) frozen. In the case of O ions, a DZP
(double-¢ Slater-type orbitals STO plus one polarization
function) basis sets quality has been used, keeping the s
shell frozen. This is the description for oxygen ions which
has provided better agreement with experimental findings in
recent works.>73

In the DFT framework, properties directly depend on the
electronic density, p(r). For this reason DFT allows one to
deal with fractional electronic charges. This possibility has
been shown to be useful in the formulation of the concept of
electronegativity* or for improving our understanding of the
Jahn-Teller effect.'>*142 According to this view there is a
simple way of getting a reasonable value of the energy,
E(a—Db), of the a'b®— a°b' transition involving two differ-
ent one-electron orbitals, a and b, with energies equal to g,
and &, respectively. It was first pointed out by Slater*>** that
E(a—b) is essentially equal to &,—¢&, where both ¢, and g,
are calculated for a a%6% state involving an equal but frac-
tional occupation of the two electronic levels. Following this
Slater’s transition state concept,*** a reasonable approxima-
tion to the value of the 10Dg parameter can be obtained
through the average of configuration procedure described in
Ref. 45. In the case of octahedral CrOp~ complexes the
Kohn-Sham equations are solved for the average tgf eg/ 5 con-
figuration where all mainly d levels are equally populated.
As shown in Refs. 45 and 46, the difference between the
&(e,) and &(ty,) eigenvalues derived for such configuration
with fractional occupation leads to a reasonable 10Dg value.
This procedure can easily be extended if the symmetry of the
complex is lower than O, such as happens in the present
cases.

Let us shortly comment on the relation between the cal-
culated 10Dg value and the peak of the 4A28(tgg)
— Ty,(13,¢,) absorption band. In MgALO,:Cr’* the exis-
tence of inversion symmetry in the Ds; symmetry group
makes that such a transition is parity forbidden for electric-
dipole selection rules assuming nuclei are frozen. However,
this restriction is partially raised due to the vibronic interac-
tion with an odd vibrational mode.!! For this reason the as-
sociated band does not start, at 7=0 K, at the zero-phonon
line, Ezp;, but at the so-called false origin*’*® placed at
E;p +hv, where v, is the frequency of the odd local mode.
For this reason the peak of the 4A2g(t%g) — 4T2g(t§geg) absorp-
tion band measured at a temperature 7 corresponds to

10Dg+hv, tanh(hv,/2KzT), where K is the Boltzmann
constant. However, this shift is usually smaller than
200 cm~!' when bending odd modes are involved.**8

III. RESULTS AND DISCUSSION

Seeking to look into the influence of the internal Eg(r)
field on 10Dq and the color of MgAl,O,:Cr** and emerald
gemstones, calculations have been carried out in two steps.
In the first one, 10Dg has been derived for the D3 or Dsy
Crog_ complex in vacuo at the experimental equilibrium ge-
ometry thus considering the effects of small trigonal distor-
tions. In a second step, the action of the internal electric
field, Ex(r), upon active electrons in the complex is incorpo-
rated into the calculation. Main results are collected in Table
I. In order to show the strong dependence of 10Dg upon R,
calculated values for MgAl,O,:Cr** at a distance R
=1.995 A, very close to the experimental figure® R,
=1.98+0.01 A, have also been included in Table L. For the
sake of completeness in that table, results for ruby are also
reported, while values of the average AI**-O?~ distance in
the perfect host lattices,**4° R, are enclosed for comparison
purposes.

It is worth noting that for emerald and the spinel, the
six Cr’*-O%" distances are equal although O?~-Cr’*-O>"
angles do not correspond to a perfect octahedron.*8249
The departure from octahedral geometry is bigger for emer-
ald than for MgAl,O,:Cr**. For instance, for two 02"
ions in trans position the O>"-Cr**-O%~ angle is equal to
170.5° in the case of emerald while equal to 180° for
spinel a fact which underlines its Ds;, local symmetry.
The existence of this trigonal distortion in the CrO,
complex leads to small differences in the calculated
10Dg values for emerald and MgAl,O,:Cr** when only
the complex in vacuo 1is considered. Let us call
Age=10Dg(MgAlL,O,4: Cr**)—10Dg(emerald). As shown in
Table 1 the calculated value for the complex in vacuo is
Age~300 cm™' and thus it is eight times smaller than the
experimental value Ag=2390 cm™'.

Looking at the results gathered in Table I it is also hard to
understand the distinct 10Dg values exhibited by
MgAlL,O,:Cr** and emerald through the complex in vacuo
even if the uncertainty in the experimental R; value
(0.01 A) is considered. In fact, as Ry=1.93 A for the spi-
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FIG. 1. (Color online) CrO?)_ complexes and their surrounding
shells of neighbors in (a) the emerald and (b) in the spinel. The
meaning of the directions d; and d, is explained in the text and in
Fig. 3.

nel while R;=1.906 A for beryl, it can reasonably be ex-
pected that R,(MgAl,O,:Cr’**)=R,(emerald) according to
the general behavior observed when a given complex is in-
serted in different host lattices.'>? In fact, for 3d complexes
placed in a series of cubic insulating lattices it has been
found that R; values are ordered in the same way as Ry.
Bearing in mind these facts, Eq. (1) and the results of Table
I it can be concluded that if we only consider the complex in
vacuo Agg is expected to be smaller than 300 cm™.

As shown in Table I, a significant increase on the calcu-
lated 10Dq value of MgAl,O,: Cr** is obtained once the cor-
responding internal electric field, Eg(r), is incorporated into
the calculation. In agreement with what was previously
reported,>’ Ex(r) is found to reduce but only by ~450 cm™!
the 10Dg value derived for emerald using a complex in
vacuo. Therefore, the variation on 10Dg induced by Eg(r) in
this gemstone has a different sign to that in MgAl,O,:Cr*.
These results just mean that when the complex is inserted in
a lattice there is a supplementary contribution to 10Dg com-
ing from Vg(r), termed as Ag, and thus Eq. (1) has to be
modified as follows'”

10Dg = (10Dg), + Ag. (3)

It has recently been pointed out that Ay plays a relevant role
even if host lattices are cubic.’® The results gathered in Table
I then support that the internal Eg(r) field plays a key role
for understanding why MgAl,0,: Cr** is red despite the local
symmetry around Cr** is D;,, not far from that for the em-
erald. Despite this fact the results embodied in Table I and
those previously obtained>7-" stress that the main contribu-
tion to 10Dg comes from (10Dg),,.

An insight into the origin of such a difference can be
gained looking at Fig. 1, where the arrangement of neighbor
ions to the Crog_ complex can be seen for both MgAl,O,
and Be;SigAl,O g host lattices. In both cases the direction
called d; in Fig. 1 corresponds to the Cj axis in D3 or Dy,
symmetry. Despite both lattices have a close local symmetry
around Cr** the nature and arrangement of first and second
shell of ions looks certainly different. In the case of
MgAl,O, the second shell around the central A13+ ion (which
is replaced by the Cr** impurity) is composed*’ by six AI**
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FIG. 2. (Color online) (a) Electrostatic potential Vg(r) of the
rest of the lattice ions on a Crogf complex for the case of emerald
(above) and spinel (below), depicted along d, d,, and d, directions.
The meaning of the three directions is explained in the text and in
Fig. 3.

ions placed at 2.86 A, while the third shell is formed by two
02 ions lying at 3.33 A. All these ions are shown in Fig. 1.
Next there are six Mg?* located at 3.35 A and six O ions
at 3.56 A while further shells are all lying at a distance
higher than 4 A. Differences between the local geometry in
MgAlL, O, and Be;SicAl,Og are already visible looking at
the second shell. In fact, in Be3SigAl,O4 there are only three
Be** ions lying at 2.66 A from the central A12+ ion involved
in this shell.*° Further differences between two lattices ap-
pear considering the angle, ¢5, formed by an AI*-M3? di-
rection with the principal C; axis. Here M%ﬁ just means a
cation of the second shell. While ¢3=90° for beryl lattice, ¢
is equal only to 35.26° for the spinel. As shown in Fig. 1 six
Si** ions, at 3.28 A from AliJ’, are involved in the third shell
of Be;SigAl,O,g. The fourth shell is composed by six O~
ions at 3.73 A from AL".

Bearing in mind the structural differences between the
spinel and the beryl lattices let us now have a look at the
form of the calculated Ey, field in the two lattices. For seeing
in what places of the complex region there is an electric field
E(r) #0 it is useful to portray the potential Vg(r) generat-
ing Eg. The form of the (—e)[Vg(r)—Vg(0)] function along
several directions is drawn for both lattices in Fig. 2. For
clarifying what are the chosen directions and especially the
nature of involved electronic orbitals it is convenient to work
also with the trigonal basis (x,,y,,z,) defined in Fig. 3. Quan-
tities referred to this basis will be denoted by the subscript 7.

In Fig. 2 the form of (—e)Vg(r) is depicted for directions
called d, d;, and d,. Here d; and d, correspond to (0,0,1),
and (-1,1, 2)=(,3, |2, 1), directions, respectively, while
dy refers to a metal-ligand direction corresponding to
(1,0,0) type directions in the {x,y,z} basis set (Fig. 3).
These directions will be useful in the later discussion.

Although, according to both D; and D;,; symmetries,
E(0)=0 the shape of the (—e)Vg(r) function looks quite
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FIG. 3. (Color online) Main axis of an octahedral basis {x,y,z}
and in_a trigonal basis {x,,y,,z,} related by x,= (1/\2)(—x+y),y,
—(1/\6)(—x y+22), z,= (1/\3)(x+y+z) d, and d; directions co-
incide with z, and x, respectlvely, while d, is written as d,=
—(1 /2)x+(1/2)y+( 1/42)z in the octahedral basis or equivalently
dr= (1/\2)x,+(1/ \3)yt+(1/\6)z, in the trigonal basis.

different at the ligand region for the two considered host
lattices (Fig. 2). For instance, along the d, direction of
Be;SigALO g the (—¢)Vg(r) function shows an increase of
about 1 eV from the origin to the r=(0,0,1), A point, while
for MgAl,Oy, there is a lessening of 3 eV. As regards a metal-
ligand direction, dy, (—e)Vg(r) decreases but slightly for
beryl while it is practically flat for the spinel. The distinct
shape of (—e)Vg(r) along d, is qualitatively consistent with
the quite different value of the ¢; angle for MgAl,O, and
Be;SigAl,O4g4. Considering the spinel lattice, if the electron
moves from the central position along a (0,0, 1), direction it
is attracted toward the closer plane of three AI** ions (Fig.
1). By contrast, in beryl the three Be** ions of the second
shell are lying in a plane perpendicular to the d; direction
(C5 axis) and thus (—e)[ Vg(r)—Vk(0)] should behave in an
opposite way.

The different 10Dg values exhibited by MgAl,O,:Cr**
and emerald can qualitatively be understood just considering
the effects of (—e)Vg(r) upon e (~x?-y?, 3z2-r%) and
tr(~xy, xz, yz) orbitals in first-order perturbation. In fact,
at least ~80% of the 10Dg value is already obtained through
a calculation of the complex in vacuo (Table I).

Let us first consider the antibonding e (~x*-y?, 3z*
—7?) orbitals in cubic symmetry. It should be recalled here
that although such orbitals transform like x*>~y? and 3z%-7°
wave functions of central cation the actual molecular-orbital
wave functions involves an admixture with 2p and 2s wave
functions of oxygen ligands. As the degeneracy in e, is not
removed by a trigonal distortion, we can consider that in the
present cases such orbitals describe in a first approximation
the e orbitals in Dy symmetry. Bearing in mind that e (~x
—y?%, 3z2—r?) orbitals are mainly directed toward hgands (d,
directions) and looking at Fig. 2, it can be expected that E,
has practically no effect for MgAl,O,:Cr** while it would
induce a decrease of the energy of such orbitals in the case of
the emerald thus favoring a lessening of 10Dgq. It should be
remarked that, in order to interpret Fig. 2, such effect de-
pends on the probability of finding an e, electron on ligands
and thus on the covalency of the chemical bonding between
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a) d,_ b T/dz c)

FIG. 4. (Color online) Orbitals belonging to the 1,, triplet in a
D5 symmetry. (a) Singlet orbital a. It is written as (xy+xz+yz) in
the octahedral basis and E}ztz—rt2 in the trigonal basis. (b) First of the
orbitals of the doublet e. It is written as (xz—yz) in the octahedral
basis and (,2x,y,+x,z,) in the trigonal basis. (c) Second of the or-
bitals of the doublet e. It is written as (xz+yz—2xy) in the octahe-

dral basis and (xtz—y,2+ V2 y,z,) in the trigonal basis. The meaning
of the directions d; and d, is explained in the text and in Fig. 3.

chromium and oxygen ligands. Present calculations give a
total charge on ligands equal to 25% (14%) for an electron in
an e, (t,,) orbital.

More interesting effects appear precisely in the case of ,,
(~xy, xz, yz) orbitals in cubic symmetry. First of all, the
trigonal distortion splits #,, into a singlet a and a doublet ¢ in
D5 symmetry. Under D;,; symmetry these orbitals should
properly be called a, and e, but this matter will not be taken
into consideration in the following discussion. The wave
function of the a singlet transforms like (xy+xz+yz), that is,
3z7—r7 in the trigonal basis (Fig. 3). This means that the a
orbital is directed along the C5 axis although some density is
also located in the perpendicular plane (Fig. 4). As regards
the e(t,,) doublet the two orbitals forming the basis can be
chosen as (xz—yz) ~(|2xy,+xz,) and (xz+yz—2xy)~ (x

—y*+ /2y,z,). Considering the (xz—yz)~(,2x,y,+x,z,) orbital
of the e(t,,) doublet it involves an admixture of the x,y,
orbital, lying in the perpendicular plane to the C; axis, with
the x,z, lying outside that plane. The (xz—yz) ~ (J2x,y,+x,2,)
orbital possesses four lobes, two placed along (-1,1,2)
=(|3, y2,1), and two along (1,-1, 2)=(-y3, 2, 1), di-
rection. Bearing in mind these considerations it is possible
to understand the different influence of (—e)Vg(r) on
to(~xy, xz, yz) orbitals in the two host lattices. Let us first
consider the a(t,,) orbital. Looking at Figs. 2 and 4 it is clear
that in the case of emerald the electronic density lying
around (0,0,1), increases its energy due to the action of
Vg(r). By contrast, for the spinel the electronic density lo-
cated in the neighborhood of r=(0,0,1.5),A is subject to
(—e)[Vg(r)=Vg(0)]=-3 eV, which tends to decrease the
energy of the a(t,,) orbital. In Fig. 2 is also portrayed the
form of Vg(r) along a d, direction corresponding to one of
the lobes of the (xz—yz) ~ ({2x,y,+x,z,) orbital. It can be no-
ticed that for both MgAl,0,:Cr** and emerald, (—e) Vg(r) is
practically constant for |r|<1.5 A, although it increases
slightly for higher distances. In view of these considerations,
it can be expected that the energy of the ¢,, barycenter of the
emerald is increased with respect to that of the spinel due to
the action of the internal electric field. This fact helps again
to lessen the value of 10Dg in the former case and to en-
hance it in the latter one. The present argument is thus in
qualitative agreement with the calculated values shown in
Table I.
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IV. FINAL REMARKS

The present study shows that the different color of
MgAl,O,:Cr** and emerald can be well explained just con-
sidering the CrOg_ complex subject to the corresponding in-
ternal field Eg. This result is thus consistent with previous
studies carried out on Cr’**-doped oxides.”! Along this line
it has recently been pointed out that the shift undergone by
crystal-field and charge transitions of Cr** and Fe** impuri-
ties on passing from beryl to corundum can also be ascribed
to the different shape of Eg in the two host lattices.!

In principle periodic ab initio calculations performed
on a big supercell would be able to reproduce both the
right R, and 10Dg values for both MgAl,O,:Cr** and
Be;SigAl,O,5: Cr3*. Apart from its high computational cost it
is not simple to understand only by means of those calcula-
tions what is the main physical cause behind the different
color of MgAl,O,:Cr** and Be;SicAl,O,5: Cr’*. Moreover it
is not sure that calculations of this kind would be able to
reproduce the 13% reduction in 10Dg on passing from
MgAl,0,:Cr** to emerald due to the errors in the computed
R, values. In fact, the difference between computed and ex-
perimental R; values is usually at least of = 1%. Nevertheless
this small uncertainty on R; can lead to errors in (10Dgq),
which are already at least of =5% for each system consid-
ering the strong dependence of (10Dg), upon R. This prob-
lem is, however, avoided in the present study where R; val-
ues are taken from experiments.

Although the local symmetry around the impurity in
MgAl,O,:Cr** and emerald is close (D5, and D5, respec-
tively), however, the arrangement of near ions and conse-
quently the behavior of Vg(r) is quite different in both lat-
tices as stressed by Figs. 1 and 2. It is worth remarking here
that the importance of Vg(r) in the present problem is en-
hanced due to the directionality of orbitals. By virtue of this
fact, the electronic density in e, and 1,, orbitals is not isotro-
pically distributed in the complex region.

The present calculations gathered in Table I lead to a
10Dg value for MgAl,O,:Cr** which is higher than that for
ruby. Although this is in qualitative agreement with
experiments,' 3343 the observed difference in 10Dg be-
tween both systems, Agg, is only of 450 ¢cm™!, and thus this
difference is overestimated by the present calculations lead-
ing to Aqg=2600 cm™' using R,=1.98 A for MgAl,0,: Cr**
(Table T). Apart from the fact that discrepancies between ex-
perimental and calculated 10Dg values of about 1000 cm™'
are very common, there are two factors that could contribute
to reduce this overestimation. On one hand, if there is an
experimental uncertainty of +0.01 A for each system this
could lead to a decrease of 1000 cm™' in Agg. On the other
hand, the calculated splitting between e,(1,,) and a,(t,,) or-
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bitals for MgAl,O,:Cr** is ~2600 cm™' which is not ob-
served experimentally. We have verified that this splitting is
greatly due to a 25% contamination of 4s orbitals in the
singlet a,(,,) which lies below e,(t,,). If this anomaly is
eliminated this would decrease 10Dg by ~600 cm™.

The present results underline that the difference Agy can
reasonably be understood considering the effects of the cor-
responding V(r) potential in first-order perturbation. In es-
sence, this statement just means that the changes in elec-
tronic density associated with Vg(r) are relatively small. This
idea is confirmed looking at the position of the sharp
2Eg(tg g)—>4A2g(t;g) emission transition, which basically de-
pends on Racah parameters and thus on the electronic
density.>!! This transition is observed at 14690 cm™' for
emerald! while in the case of MgAl,0,: Cr** it is shifted?! by
only 0.2% to lower energies.

Let us now say a few words on the green color displayed
by the Cr,0O; pure compound®*® which has the same
structure as AlL,O;. Compared to AlLO;:Cr’* (10Dg
=18070 cm™'), the value 10Dg=16700 cm™' measured>?
for Cr,05 involves a shift A(10Dg)=—-1370 cm~'. Recent
EXAFS measurements® give a mean distance R,
=1.965+0.01 A for ruby while R;=1.98+0.01 A for
Cr,05. According to Eq. (2), one would expect that on going
from Al,O5:Cr** to Cr,03, the (10Dg), quantity would de-
crease by ~600 cm™!. Nevertheless, this figure is about half
the experimental value A(10Dg)=—1370 cm™'. The
A(10Dg) quantity is likely to be influenced® by the super-
exchange interaction among two close chromium ions in
Cr,05. Apart from this fact, it is worth noting that while in
Al,O5 the charge on aluminum is found®’ to be practically
equal to +3 the charge on chromium in Cr,0j5 is expected to
be smaller as a result of the covalent bonding which is al-
ways present in every transition-metal complex. As shown in
Sec. II, 14% of the electronic charge associated with an elec-
tron in an antibonding #,, orbital is found to be placed on
ligands. The expected reduction on the absolute value of
metal and oxygen charges on passing from Al,O5; to Cr,0O3
would tend to decrease the value of |Vi(r)—Vg(0)| and thus
the Ag contribution. Along this line, it has been shown’ that
if in the Al,Oj lattice the cation charge goes from +3 to +2.7
it induces a Ay lessening of 550 cm™!. Work on this subject
deserves a further investigation which is currently under
way.
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