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We determine the local crystallographic and electronic structure around the chromium impurity in emerald
(a chromium doped beryl) by combining ab initio density functional calculations and x-ray absorption experi-
ments in both x-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure
(EXAFS) regions. The isotropic and natural linear dichroic signals at the Cr K edge have been recorded using
single crystals and a reliable method has been applied to remove diffraction peaks. The contributions of both
electric dipolar and electric quadrupolar transitions in the XANES preedge are calculated and analyzed within
group theory. This study reveals that the introduction of chromium in beryl leads to relaxations that are mainly
local. The oxygen atoms in the coordination shell relax to a bond distance similar to that for Cr in ruby
(a-Al,04:Cr3*). Angular relaxations are found to affect essentially the chromium first neighbors.
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I. INTRODUCTION

Beryls are popular gems, partly because they pre-
sent a large panel of magnificent colors. Pure beryl
(Be;SigAl,O15), also called goshenite, is a colorless mineral.
However, beryls are able to store various foreign sub-
stances in their structure, and this gives rise to the various
colors: morganites (Be;SigAl,O,5:Mn) are rose, helio-
dores (Be;SigAl,O,g:Fe,U) are yellow, aquamarines
(Be;SigAl,O,4: Fe) are blue, and emeralds (Be;SigAl,O,4: Cr
or Be;SigAl,0,4: V) are green. The colors of these minerals
are generally interpreted within the ligand field theory. This
model is based on an electrostatic interaction between the
dopant cation and the ligands of its coordination sphere.
Since the color of a doped crystal is linked to the position of
the absorption bands of the doping cation within the host
gap, it depends on the crystal field parameter 10Dg which is
related to the impurity-ligand distance within various theo-
ries such as the point charge model. The color diversity in
minerals doped with the same impurity is then often ex-
plained by a change of the local environment around the
dopant cation. For example, the difference of color between
red ruby (a-Al,O3:Cr**) and green chromic emerald
(Be;SigAl,0,5: Cr**), which are both doped by chromium in
the same valence state and in a similar octahedral environ-
ment made by six oxygen atoms, is attributed to a supposed
weaker and longer Cr-O bonding in emerald than in ruby.'-
To check this argument, a precise description of the local
environment around chromium in green emerald
(Be;SigAl,0,5:Cr**) is needed since the local environment
around chromium in red ruby (a-Al,0;:Cr**) has been
described.*¢

Many techniques have been used to show the existence of
structural relaxations around impurities in minerals: UV-
visible spectroscopy,”® electron paramagnetic resonance
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spectroscopy, single crystal x-ray diffraction. How-
ever, these techniques are inaccurate when it comes to deter-
mine precisely the distances between the impurity and the
neighboring ligands. X-ray absorption spectroscopy (XAS) is
a powerful technique in order to measure these distances
since the selectivity of the XAS allows to probe the environ-
ment of one particular element. In the case of dilute ions in
single crystals, collecting the XAS spectra with a good
signal-to-noise ratio is a difficult task: the diffraction peaks
due to the host crystal strongly distort the absorption
signal,'3 the worst case being met for the lower concentra-
tions of the impurity. Extended x-ray absorption fine struc-
ture (EXAFS) has been successfully applied to determine the
two Cr-O bond lengths of the coordination shell of the chro-
mium impurity in ruby and the two Fe-O bond lengths of the
coordination shell of the iron impurity in doped sapphire.*
Given that x-ray absorption near edge structure (XANES) is
sensitive to small variations in interatomic distances within
the coordination shell of the absorbing atom,’ it is then pos-
sible to check the validity of a structural model for the local
environment around the impurity atom in the sample. In ad-
dition to the experimental difficulties to collect good XAS
spectra, obtaining microscopic information from ab initio
calculations is not trivial: this requires the use of large su-
percells to account for the low concentration of impurity
atoms. All these reasons explain why the local crystallo-
graphic structure around impurities is unknown in most
cases. > 1413

In this paper, we investigate the local crystallographic and
electronic structures around green chromic emeralds
(Be;SigAl0,5: Cr**) for which the color is due to the pres-
ence of Cr’* ions in the beryl structure (Be;SigAl,O;5). To
examine the local environment around chromium, we com-
bine both XAS experiments at the Cr K edge of two samples
(one natural emerald and one synthetic emerald) and theoret-
ical ab initio calculations. Diffraction peaks on the EXAFS
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FIG. 1. Beryl structure projected in a plane perpendicular to the optical axis (left) or parallel to the optical axis (right). The black
tetrahedra contain the beryllium atoms, and the dark gray and light gray tetrahedra contain the silicon atoms. The aluminum atoms are the
gray circles. The white circles around one of the aluminum atom (left) represent the oxygen atoms of its coordination shell (the octahedral
site is shown by the gray dashed line). The unit cell is denoted by a black line. The dashed line in the left part of the figure describes the

plane used to obtain the right part of the figure.

signal are eliminated by the same method as the one de-
scribed before,* and we introduce in this paper a more effi-
cient scheme to treat the XANES spectra. XANES spectra
provide both structural and electronic information up to the
medium range order. Due to the photoelectron multiple scat-
tering in the XANES region, the analysis of the XANES
spectra requires a sophisticated theoretical development. In
many cases, a more empirical fingerprint approach is pre-
ferred in order to determine the site geometry and the va-
lence of the absorbing atom.'%~!8 However, extracting precise
structural and electronic information is only possible through
simulations. An efficient first-principles approach based on
plane-wave pseudopotential formalism has been developed
to calculate K-edge XANES spectra.'® Here, we apply this
method to the Cr K edge in green emeralds. The x-ray-matter
interaction is taken into account with both electric dipole and
electric quadrupole terms. Information about the electronic
structure around the chromium impurity atom is provided by
the fine analysis of the K preedge, which is the sum of con-
tributions from 1s— p electric dipole transitions and ls—d
electric quadrupole transitions.

This paper is organized as follows. Section II is dedicated
to the methods, including the sample description (Sec. IT A),
the x-ray absorption measurements (Sec. II B), and the cal-
culation framework (Sec. I C). Section III is devoted to the
results and discussion. We first present the structural model
imaging the relaxations around chromium in emerald based
on our theoretical and empirical findings (Sec. III A). Then,
the electronic structure of chromium in emerald is probed
through the K-edge and preedge analysis (Sec. III B). Section
IV summarizes the conclusions of this study.

II. MATERIALS, EXPERIMENTS, AND ANALYSIS
METHODS

A. Crystallographic structure of beryl (Be;SigAl,0,5)
and sample description

Beryl belongs to the P6/mcc (DZ;) space group.2-22 The
hexagonal unit cell contains two Be;SigAl,O,5 species (Fig.

1). Beryl is a cyclosilicate, where six SiO, tetrahedra of the
structure are linked together to form a ring.> The SigO;g
rings lie one above the others to build canals parallel to the
optical axis of the sample. The atomic site of aluminum is a
distorted octahedron made by six oxygen atoms with a 3.2
(D3) local point symmetry. The atomic site of beryllium is a
distorted tetrahedral site made by four oxygen atoms, with a
222 (D,) local point symmetry. The unit cell contains two
types of oxygen atoms: 12 of them are shared between SiO4
tetrahedra within the rings and 24 of them link SiO, tetrahe-
dra to BeO, tetrahedra or to AlOg octahedra. The size of the
unit cell varies with the exact chemical composition (impu-
rity concentration) of the analyzed sample. The ¢ parameter
varies from 9.10t0 9.25 A and the a parameter from
9.15 t0 9.52 A. The a parameter is close to the ¢ parameter:
the ratio £ varies from 0.98 to 1.03. The values of a and ¢
parameters for synthetic materials are given by Refs. 24 and
25. For beryl, the cell parameters are a=9.21,+0.00, A and
¢=9.18,+0.00 A. For emerald, the cell parameters are a
=9.21,+0.00; A and ¢=9.194+0.00, A.

Two single crystals of doped beryl have been used for this
study: a synthetic sample, obtained by hydrothermal synthe-
sis, containing only chromium impurities (around 1200
ppm), and a natural sample, containing chromium, vana-
dium, and iron impurities (around 200 ppm for each type of
impurity). These compositions were analyzed using the Cam-
eca microbeam electron microprobe at the CAMPARIS ana-
lytical facility of the Universities of Paris 6/7. A 20 kV ac-
celeration with a 15 nA beam current, defocused to 10 wm,
was used. X-ray intensities were corrected for dead-time,
background, and matrix effects using the Cameca ZAF
(atomic number absorption fluorescence) routine. The stan-
dards used were a-Cr,03, a-Fe,03, and V,0s. The synthetic
sample has an oblong shape (about 15 mm long by 5 mm
large). The longer side is parallel to the optical axis of the
crystal. The natural sample has the characteristic shape of
beryl crystals (a cylinder with a hexagonal basis). The optical
axis is the cylinder axis.
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FIG. 2. Cr K edge in emerald (Be;SigAl,0,5:Cr’*). The
EXAFS spectra are collected with the optical axis of the sample
parallel to the polarization of x ray (it is the average spectra col-
lected with the eight detectors). The XANES spectra (inset) are
collected for 0:—%’, where 6 is the angle between the optical axis of
the sample and the polarization of x ray. The contributions of the

eight detectors are outlined.

B. X-ray absorption measurements and analysis

1. X-ray absorption measurements

The chromium K edges (energy range: 5900—6400 eV) in
both emeralds have been measured on the ID12 beamline of
the European Synchrotron Radiation Facility (ESRF, France)
dedicated to polarization dependent spectroscopies.’®~?® The
monochromatic x-ray beam is obtained through a double
Si(111) crystal monochromator, having a resolution AE/E
~107*. The data were collected by total fluorescence yield
detection. No reabsorption correction was necessary since
the chromium concentration in the samples is low (around
1200 ppm for the synthetic crystal and around 200 ppm for
the natural emerald).

In doing XAFS measurements on single crystals, one is
faced with the problem of very intense diffraction peaks.
These arise from either diffracted rays striking a fluorescence
detector or from the occurrence of diffraction inside the
crystal.!® These diffraction rays are broad and have devastat-
ing effects on the whole absorption spectrum. In order to
decrease the intensity of diffraction peaks and elastic scatter-
ing, a vanadium filter is used. Despite the fact that the dif-
fracted intensity is greatly reduced, it is still present (see Fig.
2) and it can be fully eliminated by the use of the following
technique. The ID12 beamline is equipped with a rotating
holder, which rotation axis is aligned parallel to the propa-
gation vector of the x ray. Each oriented sample is mounted
on this rotating holder so that its optical axis stays perpen-
dicular to the x-ray propagation vector when the holder is
turned. In doing so, the angle between the optical axis of the
sample and the linear polarization of x ray can be varied
from O to 27 rad. At each energy point of the spectrum, the
cross section is measured for a series of angles between the
optical axis and the polarization vector. This process is car-
ried out for each energy point of the EXAFS or XANES
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FIG. 3. EXAFS isotropic ( 3 ) and dichroic (oy—0 ) spectra
at the Cr K edge in the synthetic emerald (Be;SigAl,0,g: Cr*).

energy range (the energy step is about 0.2 eV for the
XANES region and 2.0 eV for the EXAFS region). Then, the
isotropic and the natural linear dichroism EXAFS and
XANES signals have to be extracted from a large amount of
data. We denote by o the absorption cross section obtained
for the x-ray polarization parallel to the optical axis of the
sample and by o the absorption cross section obtained for
the x-ray polarization perpendicular to the optical axis of the

sample. In the electric dipole approximation, the isotropic
. . . +2
cross section is then given by 7 3%

dichroic signal by oy—0 .

A filtering algorithm detailed in Refs. 4 and 29 is used to
obtain, simultaneously, both the isotropic absorption coeffi-
cient and the natural linear dichroic EXAFS signal (see Fig.
3). This method is used to eliminate diffraction peaks in
EXAFS spectra and requires a huge beam time since EXAFS
spectra have to be recorded for 150 values of the angle 6
between the polarization of x ray and the optical axis of the
sample. Obviously, it would be identical to get the XANES
spectra by using the same method. However, to obtain the
XANES signal at the Cr K edge of the emerald samples, we
applied a faster and more efficient method which required
the registration of the spectra for only about ten values of the
angle 6. This data analysis method which uses the angular
dependence of the EXAFS spectra determined before is de-
scribed in the following.

The procedure to extract the XANES oy and o, cross
sections from the experimental data consists of several
steps. (i) For each angle 6, and each detector € (1<¢=<3),
the main diffraction peaks of the experimental spectra
Y(€, 0,,E;) are eliminated by removing the data points i such
that [Y(¢, 6, E;.)-Y({,6,,E)]/(E;.;—E,) is larger than a
threshold 7. This procedure is used for energies beyond
6032 eV with 7=0.005. (ii) The same procedure was re-
peated with a threshold 7=0.01. (iii) To remove the remain-
ing diffraction peaks for each angle 6, and each detector ¢,
the XANES data Y({, 6,,E;) are first fitted to the EXAFS

and the natural linear
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FIG. 4. (Color online) XANES spectra at the Cr K edge of
emerald (Be;SigAl,0,5:Cr’*). The spectra collected with the syn-
thetic sample and the natural sample are superimposed.

data Y, (6, E;) by the equation
Y (0.E)=aY({,0,E)+bE;+c;

the terms DE;+c were used to normalize the spectra and re-
move possible drifts, but they were found negligible thanks
to the high stability of the ID12 beamline. Let ¢ be the
rms error of the fit and let o/ be the rms error of the fit
when point E; is removed from the data. The difference
|o"™s— ™| is calculated for all E; and takes its maximum
value for a given point E;. If |07~ 0"|/ o™ is larger than
a threshold %’ (here 7]’=0.005i then point E; is removed
from the data. This procedure is repeated until no point is
removed. (iv) For each angle 6, the data points that were not
eliminated by the previous procedure are then averaged over
the eight detectors, giving Y(6,,E;). This gives us experi-
mental spectra without diffraction peaks but with small
“glitches.” (v) The remaining glitches are removed by fitting
o, and o, to the spectra Y(6,,E;) through the equation
Y(6,,E)=0,(E;)+0,(E)cos(26,+ ). In our example, k
=1,...,12. The XANES oy and o, cross sections are then
deduced from o, 0,, and ¢. The result of this procedure is
shown in Fig. 4 for synthetic and natural emeralds. For more

details and pictures of the spectra obtained after each step,
see Ref. 30.

2. Extended x-ray absorption fine structure analysis

The EXAFS signals at the Cr K edge are analyzed by two
complementary methods. The first method is the shell by
shell analysis: the contributions from neighboring atoms of
chromium in emerald are analyzed by a Fourier series of
plane wavelets. As a second method, we applied a whole
range simulation of k3y(k) using structural models and cal-
culations of the Cr K edge. This simulation technique is de-
scribed below.

For the shell by shell analysis, a standard procedure is
used to analyze the isotropic part of the two absorption
spectra.’!3 The preedge background is removed by applying
a polynomial fit to the preedge data and extrapolating it into
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FIG. 5. Fit of the isotropic EXAFS signal at the Cr K edge in
emerald (Be;SigAl,O,g: Cr**). Four adjustable parameters are fitted
for the chromium coordination shell: rc.o=1.975+0.005 A, o
=0.056+0.01y A, No=4.7£1.0, and AE;=—0.47+1.00 eV (see
text for explanations of the fitting parameters).

the postedge region. Data normalization and energy shift are
performed using an error function (step function) and a
pseudo-Voigt function (peak function). The energy scale is
converted to reciprocal space units. Then, a cubic spline
function is fitted to the k> weighted data by a nonlinear least
squares fit of the spline knots. These normalized EXAFS
signals y(k) are further analyzed as a Fourier series of plane
wavelets.>> The k range used to obtain the radial structure
function in real space is from 2.45 to 9.85 A~!. An appropri-
ate r range is selected to separate the contributions of the
nearest shells from the total experimental signal using back
Fourier transform. Typically, the r range is from 0.98 to
2.95 A. EXAFS fitting was performed using the program
EXAFS*? with theoretical phases, amplitudes, and mean free
paths calculated with a real space multiple scattering ap-
proach for a muffin-tin potential with a screened core hole*
implemented in the FEFF8 code.> The structural model is
obtained by the method described in Sec. II C 1. Four adjust-
able parameters were fitted for the chromium coordination
shell (Fig. 5): they are (i) the Cr-O distance (r¢.q=1.975
+0.005 A), (ii) the Debye-Waller factor (o,=0.056+0.01,
A) that accounts for structural disorder and thermal vibra-
tion, (iii) the number of oxygen neighbors (Ny=4.7+1.0),
and the phenomenological parameter AE (AEqy=-0.47
+1.00 eV) that corrects the phase functions.*®

For the global simulation of the EXAFS spectra, the FEFF8
code is used in order to calculate the k>y(k) signal using the
structural model obtained by ab initio energy minimization
and described in Sec. I C 1. This calculated spectra are then
compared to the experimental one (Fig. 6). The agreement is
fair between the calculated spectra (for both isotropic and
dichroic signals) and the corresponding experimental spectra.
It is to be kept in mind that there is no fitting procedure and
that the calculated spectra are directly connected to the ab
initio relaxation calculation.
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C. Computational methods

1. Structural model construction

The starting point of any calculation allowing a precise
analysis of x-ray absorption spectra is a structural model.
The structural model for emerald (Be;SigAl,O,5: Cr**) is ob-
tained by ab initio energy minimization calculation of the
beryl structure (Be;SigAl,O,g) with one aluminum atom sub-
stituted for one chromium atom. The calculation code used is
the Car-Parrinello molecular dynamics with simulated
annealing®’® as implemented in the CPMD code.*® This code
is based on the density functional theory (DFT) within the
local spin-polarized density approximation (LSDA) with the
parametrization of Ref. 40. The atomic cores are described
by norm-conserving pseudopotentials in the Kleinman-
Bylander form.*42

The starting structure for the energy minimization calcu-

lation is a hexagonal cell built on the vectors ay, by, ¢y. It
contains 58 atoms: 1 chromium atom and 3 aluminum atoms
at the 4c¢ position (Wyckoff notation) of the P6/mcc space
group, 6 beryllium atoms (6 position), 12 silicon atoms (12/
position), and 36 oxygen atoms (12 and 24m positions). The
lattice parameters used are ay=by=9.21 A and cy=9.19 A.
The x, y, z values determining the starting positions of the Si
and O atoms are given by Ref. 25. All atom coordinates are
free to relax, while the lattice constants are fixed: the chro-
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mium concentration is estimated to be low enough
(1.7 at. %) not to modify the mean cell parameter. Since the
starting atomic positions are those of beryl, the symmetry of
the trivalent ion site is D5 at the beginning of the calculation.
During the relaxation process, this symmetry is let free to
relax, but it was found that this D; symmetry is preserved at
the end of the calculation. Similar results concerning the
symmetry conservation were observed in doped a-Al,O3
around trivalent iron, titanium, and chromium ions.>

The chromium impurity is known to be in its high-spin
state,*3 then the spin multiplet S,=3 for the unit cell is im-
posed (the electronic configuration of Cr** is [Ar]4s°3d?).
The parametrization of the norm-conserving Troullier-
Martins pseudopotentials is given in Table I. The wave func-
tions and the charge density are extended in plane waves
with an 80 and a 320 Ry cutoff, respectively. The Brillouin
zone was sampled at the I" point. At the end of the ab initio
energy minimization, it has been checked that the forces be-
tween atoms were less than 26 meV/A (i.e., 107 Ry/a.u.).

2. X-ray absorption near edge structure simulations

The analysis of the experimental XANES data is not
straightforward. Ab initio XANES simulations are required
to relate the experimental spectra features to the local struc-
ture around the absorbing atom.

The XANES calculations are performed within an ab ini-
tio total energy code** using the formalism described in Refs.
19 and 45. This code is based on DFT within LSDA and uses
a plane-wave basis set and norm-conserving Troullier-
Martins pseudopotential in the Kleiman-Bylander form.*!#?
The all-electron wave functions are reconstructed within the
projector augmented wave framework.*® In order to allow
the treatment of large systems, the scheme uses a recursion
method to construct a Lanczos basis and then compute the
cross section as a continued fraction,*”*8 in both electric di-
pole and electric quadrupole approximations.

XANES spectra are calculated using the structural model
resulting from ab initio energy minimization. The pseudopo-
tentials are generated using the parametrization given in
Table I. In order to account for the core-hole effects in the
calculation, the Cr pseudopotential is obtained with only one
Ls electron. The spin multiplet degeneracy is set by imposing
the number of up and down states given by the CPMD code
(Szzg). Convergence of the XANES theoretical spectra is
reached for the following set of parameters: an 80 Ry energy
cutoff, one k point for the self-consistent spin-polarized

TABLE 1. Parameters used to generate the norm-conserving pseudopotentials. The core radii of the

valence states are indicated in brackets in A.

Atom Al (0] Cr Be Si
Valence states 3s (1.06) 2s (0.77) 3s (0.53) 2s (1.06) 3s (1.06)
3p (1.06) 2p (0.77) 3p (0.90) 2p (1.06) 3p (1.06)
3d (1.06) 3d (0.90) 3d (1.06)
Electronic configuration 3523p93d° 2522p* 3523p03d3 250220 3523p'3d0
Local part d P d P d
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FIG. 7. Isotropic ((T”+32 ?+) and dichroic (0y—0 ) XANES spectra

collected at the Cr K edge in emerald (Be;SigAl,O,5:Cr**). The
experimental signal (thick line) is compared with the calculations
made from the relaxed structural model (straight line) and from the
nonrelaxed structural model (dotted line). Inset: zoom of the
preedge region.

charge density calculation, and a Monkhorst-Pack grid of 4
X 4 X4 k points in the Brillouin zone* for the absorption
cross-section calculation. An energy-dependent broadening
parameter vy is used in the continued fraction in order to
account for the two main photoelectron damping modes.*"
The energy-dependent parameter y used in this study is the
one described in Ref. 5. Isotropic and dichroic calculated
spectra are shown in Fig. 7.

III. RESULTS AND DISCUSSION

Our main goal is to determine precisely the local structure
around chromium in emerald. To do so, we have analyzed
various sets of experimental data (isotropic and dichroic
EXAFS and XANES spectra) and performed density func-
tional calculations. The comparison of the results given by
all these techniques allows a reliable description of the chro-
mium site in emerald. Before going further in the discussion,
we should notice that both the isotropic and the dichroic
XANES spectra of the natural crystal and of the synthetic
emerald are identical (see Fig. 4). It means that the chro-
mium environment is the same in these two samples. The
presence of the other impurity elements in the natural emer-
ald seems not to modify the local crystallographic and elec-
tronic structures around chromium. This is consistent with
the very low concentration of impurities in the sample: the
impurity atoms do not gather by pairs. This behavior of the
impurity atoms in the natural emerald is then different from
what could occur in blue sapphires (a-Al,O5:Fe-Ti), where
the iron and titanium atoms are expected to lie at two adja-
cent cationic sites.!

A. Relaxations around chromium in emerald

Given that the local point symmetry of aluminum in beryl
is D5, the six oxygen atoms of the coordination shell of the
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substituting chromium are expected to lie at the same dis-
tance from the chromium atom. Furthermore, the angles be-
tween the optical axis and each of the six Cr-O bonds are
expected to be equal. The analysis of the isotropic EXAFS
signal allows to obtain the distances between the chromium
atom and its neighboring atoms. The fit of the experimental
k*x(k) is shown in Fig. 5. The Cr-O distance found is
1.975+0.005 A. It is in agreement with the Cr-O distance
obtained by energy minimization calculations (1.99
+0.02 A). The slight difference (0.015 A) between the Cr-O
distance from EXAFS analysis and the Cr-O calculated dis-
tance might be explained by the already noticed +1% over-
estimation made by the ab initio calculation in these
syste:ms.4 In addition, this DFT calculation indicates that the
D5 symmetry of aluminum in beryl is preserved when chro-
mium is substituted for aluminum. This is also confirmed by
the fact that the oxygen shell can be well fitted with one
single Cr-O distance. Then, the dichroic signal originates ex-
clusively from the D5 angular deformation from a pure octa-
hedral coordination and from further neighboring shells.
Further analysis regarding information on atoms beyond
the chromium coordination shell is possible with DFT calcu-
lation. The chromium-cation bond lengths obtained by the
energy minimization calculation in emerald are not so differ-
ent from the aluminum-cation distances in beryl: the calcu-
lated Cr-Be distance in emerald is 2.70 A (2.66 A for the
calculated Al-Be distance in beryl) and the calculated Cr-Si
distance in emerald is 3.31 A (3.26 A for the calculated
Al-Si distance in beryl). Although the ionic radius of Cr
(re+=0.615 A) (Ref. 52) is =15% larger than the ionic ra-
dius of Al (rap3+=0.535 A),*2 the Cr-Be and Cr-Si bond
lengths are only less than 2% larger than Al-Be and Al-Si
bonds. It seems then that the whole radial relaxation takes
place in the coordination shell. This conclusion has been
already observed for transition metal impurities and also for
heavier elements such as Ta, Cd, and La.>'*!53 In order to
evaluate the radial and angular relaxations in emerald, a clus-
ter is obtained from the position of atoms in the supercell
given by the DFT calculation, using the method described in
Ref. 4. In the supercell, the shortest Cr-Cr distance is 9.2 A.
It is then reasonable to limit any analysis concerning the size
of the relaxation around the chromium impurity to a sphere
of radius of 4.1 A. By doing so, relaxations imposed by other
impurities are minimized. The norm of the displacement vec-
tor of each atom and the variation 80= 6,,c1ax— Grelax» Where
Orelax (Bunrelax) 18 the angle between the optical axis and the
Cr-atom bond (central Al-atom bond), are shown in Fig. 8.
The radial relaxation takes place essentially in the chromium
coordination shell (with oxygen atom displacement greater
than 0.1 A). The radial relaxation of the nearest Be and Si
cations is not negligible (0.04 A for Be atoms and 0.03 A for
Si atoms). The radial relaxation of further oxygen atoms is
less than 0.03 A. The angular relaxation in the chromium
coordination shell is not negligible since the € angle varies
from 59.5° in beryl to 61.0° in emerald. The ® angles, de-
fined in Fig. 9 as the shift between the two triangles made by
the six oxygen atoms of the chromium coordination shell, are
calculated to be 10.8° in beryl and 11.0° in emerald. Further
from the central cation, the angular relaxation is small (56 is
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FIG. 8. Radial and angular relaxations around the chromium
impurity in emerald. In the upper part, the norms of the displace-
ment vectors of atoms surrounding the central chromium atom are
plotted as a function of distance from the impurity. In the lower
part, the 56 angle (see text for explanation) is plotted as a function
of distance from the impurity.

less than 0.25°). All these calculated data have been summa-
rized in Table II.

The first neighbor distance in emerald (Rg,.0=1.975 A) is
found to be greater than the first neighbor distance in beryl
(Ra.0=1.90; A) (Refs. 24 and 25) as could be expected
from the ionic radius for chromium compared to the ionic
radius for aluminum. When comparing the local structures
around chromium in emerald and in another chromium
doped crystal such as ruby (a-Al,05:Cr**)* or doped spinel
(MgAl,0,:Cr**),>* one notices that the average Cr-O dis-
tances are quite similar: Rg.o=1.965 A in ruby, Rc.o
=1.975 A in emerald, and Rc,0=1.98 A in spinel from

FIG. 9. Projection on the plane II of the positions of the oxygen
atoms lying in the central cation coordination sphere. The II plane
is perpendicular to the optical axis and contains the central atom.
The square is the central cation (Al or Cr). The circles are the
oxygen anions lying above (white) or below (black) the II plane.
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TABLE II. First, second, and third neighbor structural param-
eters in beryl and emerald. For each shell, the distance from the
central cation and the angle @ between the optical axis and the
M—M' bond (where M is the central cation and M’ =0, Be, or Si)
are given. The angle @ defined as the shift between the two tri-
angles made by the six oxygen atoms of the chromium coordination
shell is mentioned. The data result from energy minimization of the
beryl structure (column 1) or the chromium doped beryl structure
(column 2). The experimental Cr-O distance in emerald is added.

Be;SicALO;g Be;SigAl,O,5: Cri*

Al-O (A) 1.90
Cr-0 (A) 1.975 (expt.)
1.99
0 (deg) 59.5 61.0
® (deg) 10.8 11.0
Al-Be (A) 2.66
Cr-Be (A) 2.70
0 (deg) 0.0 0.0
Al-Si (A) 3.26
Cr-Si (A) 3.31
0 (deg) 45.4 45.5

EXAFS data analysis. It is not surprising since the mean
Al-O distances in the corresponding host crystals are quite
the same: Ry o=1.915 A in ruby,® R, o=1.90; A in
beryl, 2?5 and R, 0=1.93 A in MgAl,0,.%° This result can
also be related to the findings that the Cr-O average distance
in the coordination shell is almost independent of the Cr
concentration for the solid solution Al,_,Cr,04.° In addition,
given the weak value in ruby (2.6%) and emerald (3.7%) for
the ratio RC’%IZA"O, ions beyond the coordination sphere are
expected to relax slightly in agreement with Ref. 57.

B. Analysis of the Cr K edge

1. Edge features

The isotropic and dichroic EXAFS and XANES spectra
calculated using the structural model resulting from ab initio
energy minimization are in good agreement with the corre-
sponding experimental spectra (Figs. 6 and 7): energy posi-
tions and relative intensities of the various K-edge features
are well reproduced in each case. In the preedge region, both
electric dipole (1s—p) and electric quadrupole (1s—3d)
transitions occur. An interpretation of this region is detailed
in Sec. III B 2. The global shape of the preedge is well re-
produced by the calculation (see inset in Fig. 7) but the cal-
culated preedge features are shifted toward higher energies.
This may be due to the already noticed® limit of the DFT
within LSDA to model the core-hole-electron interaction for
empty d states of 3d transition metals.

We have seen in Sec. III A that the relaxation around the
chromium impurity is mainly local. Therefore, it is interest-
ing to evaluate the sensitivity of XANES to the subtle struc-
tural modifications induced by the introduction of a chro-
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FIG. 10. Left part: XANES preedge spectra collected at the Cr
K edge in emerald (Be;SigAl,0,5: Cr’*) with the x-ray polarization
parallel to the optical axis of the sample (oj). Right part:
XANES preedge spectra collected at the Cr K edge in emerald
(Be;SigAl,0,5: Cr’*) with the x-ray polarization perpendicular to
the optical axis of the sample (o | ). The experimental signal (upper
spectra) is compared with the simulated signal. The contributions of
the dipolar (E1) and the quadrupolar electric (E2) parts are detailed
along with the spin up (dashed line) and spin down (dotted line)
contributions.

mium impurity in beryl. The calculated XANES spectra
using the structural model resulting from ab initio energy
minimization (called relaxed model) are compared with a
calculated XANES spectra using another structural model
(called nonrelaxed model). This nonrelaxed model is ob-
tained by substituting one aluminum atom by one chromium
atom in the beryl structure. The calculated isotropic XANES
spectra are quite similar for both structural models. However,
the features lying at 5998.5 and 6001.3 eV (called a and b in
Fig. 7) are better represented by the simulation using the
relaxed model. In the simulation using the nonrelaxed model,
only one feature (called ¢ in Fig. 7) is noticeable in the
energy range of 5996—-6003 eV, instead of two in the experi-
mental spectra. At higher energy, the relaxation effects are
still present (for example, around 6025 eV, see feature d in
Fig. 7) but less obvious. The same behavior is noticed for the
dichroic spectra. The agreement between the experimental
and the calculated spectra is better when using the relaxed
structural model, especially at low energy, where the simu-
lation of the XANES is more subtle.

2. Preedge features

The preedge features contain useful information on the
electronic structure around the absorbing atom. The preedge
transitions originate from a sum of electric quadrupole 1s
— 3d and of electric dipole 15— p transitions. Since the site
of the absorbing atom is not centrosymmetric, the p orbitals
can hybridize with the 3d level. The electric dipole and elec-
tric quadrupole contributions to the absorbing cross section
in the preedge region are represented in Fig. 10. The contri-
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butions of spin up and spin down are detailed. The interpre-
tation of the features is possible through group theory in the
monoelectronic approach, using the character tables of the
D5 and O), symmetry groups from Ref. 43. The ls initial
state is totally symmetric (I';=a;) so that the irreducible rep-
resentation (called I') associated with the various transitions,
given by I',®@ 'p ®I';, depends on the symmetries I'¢ of the
transition operator O and of the symmetry I'; of the final
state (p or d). A transition is allowed if it has the symmetry
of a scalar, i.e., if it transforms like the totally symmetric
irreducible representation. Before going further in the inter-
pretation of the preedge features, it is useful to know the
symmetry of the p and d orbitals. The p orbitals belong to
the 7,,(0,) irreducible representation within octahedral sym-
metry, and then to the e(D3) and a,(Ds) when the O, sym-
metry is lowered to D3. The d orbitals belong to the #,,(0),)
and e,(0,) irreducible representations within octahedral
symmetry. When lowering the symmetry to D, the 1,,(0))
irreducible representation is split into the e(D3) and a,(D5)
irreducible representations, while e,(0,) becomes e(Ds).

In the case of pure electric dipole transitions (1s— p), the
irreducible representation of the transition operator O de-
pends on the angle between the polarization of x ray and the
optical axis of the sample. When the preedge is collected
with the polarization of x ray parallel to the optical axis of
the sample, O belongs to the a,(Ds) irreducible representa-
tion. Allowed transitions occur toward final states with the
a,(D;) symmetry. Therefore, only the p. state could be
probed (the z direction is the ¢ axis of the cell and corre-
sponds to the optical axis of the sample). However, hybrid-
ization between the p_ state and 3d states are forbidden by
symmetry considerations for the D5 point group. No transi-
tion is then expected on the electric dipole transitions when
the polarization of x ray is parallel to the optical axis of the
sample. It is in agreement with the simulation of the preedge,
which does not exhibit any feature for the dipole contribution
(called E1) on the left side of Fig. 10. When the preedge is
collected with the polarization of x ray perpendicular to the
optical axis of the sample, O belongs to the e(D5) irreducible
representation. Allowed transitions occur toward states with
the e(D;) symmetry. On the right side of Fig. 10, the inten-
sities of the features corresponding to the electric dipole tran-
sitions (called El) are very weak. It seems then that the
hybridization between the p and d states of chromium in
emerald is small. It is quite different from what happens in
ruby,’® where the intensity of the calculated electric dipole
transitions are stronger. In fact, the distortion of the chro-
mium site in ruby is larger than in emerald. The symmetry of
the chromium site in ruby is C3 and favors p-d hybridization.

In the case of pure electric quadrupole transitions (1s
—3d), the transition operator O transforms like the e(D;)
irreducible representation, whatever the angle between the
polarization of x ray and the optical axis of the sample if the
propagation vector of x ray stays perpendicular to the optical
axis of the sample. The probed final states have to belong
then to the e(D;) irreducible representation. The simulation
of the preedge (Fig. 10) determines the contributions from
spin up (1) and spin down (]) final states. Since the e!(D;)
states coming from the tgg(Oh) states are occupied, the 1s
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transitions toward 3d' states affect only the e!(D;) states
coming from the e;(Oh) states. Only one feature is noticeable
for the electric quadrupole contributions on the calculated
spectra. Concerning the 15 transitions toward 3d" states, tran-
sitions toward e! coming from both tﬁg(Oh) and ei,(Oh) states
are allowed. Two features are then noticeable for the electric
quadrupolar contributions on the calculated spectra. The en-
ergy difference (1.3 eV) between these two features gives an
idea of the tﬁg(Oh)—eé(Oh) splitting due to the crystal field.
This can be compared to optical measurements of the crystal
field, which is 2.00 eV, though one should keep in mind
that in the monoelectronic picture, the crystal field band at
2.00 eV is associated with spin up levels.

IV. CONCLUSIONS

The crystallographic and electronic structures around
chromium in emerald has been determined by XAS. The
Cr-O distance (1.975 A) of the coordination shell of chro-
mium in emerald is larger than the Al-O distance (1.90 A) of
the coordination shell of aluminum in beryl. However, it is
very similar to the mean Cr-O distance of the coordination
shell of chromium in ruby (1.965 A) and also in eskolaite
Cr,05 (1.98 A).*3 As a consequence, the slight difference in
the Cr-O distance between ruby and emerald (less than 0.3%)
cannot by itself explain the difference of color between the
two minerals. For ruby, the crystal field 10Dgq is 2.23 eV and
the Racah B parameter is 0.080 eV; for emerald, the crystal
field 10Dg is 2.00 eV and the Racah B parameter is
0.097 eV. The variation of the crystal field between ruby and
emerald is then less than 11%.%7°°-93 The general formula
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10Dg=KR" where K accounts for the electronic charge on
the ligands and the radial integral of d orbitals and where
n=35 within the point charge model scheme of the crystal
field theory cannot make the connection between the ob-
served 10Dg value and the difference of mean Cr-O
distance 364

In a previous work® dealing with the solid solution
Al,_,Cr, O3, we showed that the color of the crystals could
not be easily related to the mean Cr-O distance. We invoked
the presence of Cr-Cr coupling that were likely to complicate
the picture of an isolated Cr paramagnetic impurity. In a
recent series of papers, Moreno et al.’’° have attributed the
10Dg variation to the tensor properties associated with the
point group symmetry of the chromium site. This argument
was mentioned to explain the difference between
red ruby (Al,0;:Cr**) and green chromic emerald
(Be;SigAl0,5:Cr’*). To separate the influence of Cr-Cr in-
teraction from symmetry consideration, one should study
highly symmetric crystals with variable chromium concen-
tration.
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