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Structural and electronic relaxations around substitutional Cr3*and Fe** ionsin corundum
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The local arrangement of atoms surrounding a substitutionll @nd Fé* ion in a-Al,05: Cr** (ruby)
and in a-Al,O3: (Fe-Ti) (blue sapphirehas been studied experimentally using natural x-ray linear dichroism
absorption at the Cr and Feedge. The isotropic and dichroic signals have been recorded using single crystals
and a reliable method has been applied to remove diffraction peaks. Results given by the analysis of both
signals are compared witib initio density functional calculations. This study reveals that the introduction of
an impurity ion in the structure leads to relaxations that are very local in nature. The oxygen atoms in the
coordination shell relax to an arrangement similar to that for Ge-@r,0; or for Fe ina-Fe,03. Aluminum
or oxygen atoms at a farther distance are weakly affected by the presence of the impurity.
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I. INTRODUCTION [measured value of 8.8 etRef. 7)]. When some transition
metal impurities substitute for aluminum in the structure, it
The color of allochromatic minerals results from minor becomes colored. Ruby is red aadAl,O5: Fe€** is yellow.
impurities and is usually interpreted within the framework of To investigate the local structure around chromium or iron,
ligand field theory. Indeed, the color diversity in minerals we use a powerful experimental technique that not only gives
doped with the same impurity is explained by a modificationprecise metal-oxygen distances in the coordination shell, but
of the crystal field, due to a change of the local environmengives metal-aluminum second neighbors distances. All these
around this impurity. For example, rubyr{Al,03: Cr**)  results, with additional density functional calculations, allow
and emerald (BgAl,SisO15:Cr ") are both doped by chro-  ys to have a complete picture of the local environment of
mium in the same valence state and in s_lmllar octahedr.aéhromium and iron impurities ia-Al,0s.
environments, but_ ruby |s_red and emerald is green. The (_j|f- The crystal structure ofe-Al,O; belongs to the space
ference of color is explained by a smaller ligand field in — 6 N o
emerald than in ruby, which is related to a supposed weakequUp_Riﬂc or Dy, thus mak'”_g ta umax@ birefringent
Cr-O bonding in emerald than in ruby.ikewise, a weaken- material” The rhombohedral unit cell contains two 28l;
ing of the ligand field due to a longer Cr-O bond length in SPECIES. Aluminum lons are linked to six oxygen ions in a
eskolaite @-Cr,05) than in ruby is invoked to interpret the distorted octahedron, with respect to pure octahedral geom-
transition of color from red in ruby to green in eskolaite €try. The ionic radius of the paramagnetic impurities is larger
when increasing the chromium proportion im-Al,Os: than the ionic radius of aluminum atomsc(+=0.615 A,
Cr*.2 To enforce these arguments, a precise description dfre+ =0.645 A, andr 53+ =0.535 A in an octahedral site
the local environment around an impurity is needed. This imposes strong relaxation in the material. Since the
On the other hand, the calculation of the optical propertiedAl-O bond in corundum is known to be ionocovaléfithe
of materials has made great progress recénfljtlhese cal- relaxation is not simply given by the difference between the
culations use a combination of the GW approximation andonic radii of the impurity and the aluminum ion. Many stud-
the Bethe-Salpeter equation to describe accurately the eletss have been undertaken to determine the angular and radial
tronic excitations and the excitonic processes in semicondudelaxations. Single crystal x-ray diffractidh® UV-VIS
tors and insulators. However, these methods were not able &pectroscopy>**and EPR spectroscopy'® have shown the
calculate the optical spectra of a transition metal impurity.existence of such relaxations. However the metal-oxygen
There are two reasons for this failure. First, transition meta(M-O) bond lengths in the coordination shell were not de-
impurities exhibit strong electronic correlations, secondly,termined, merely the averagéd-O distances. This can hide
the crystallographic structure around an impurity in a crystaprobable differences between oxygen atoms in the coordina-
is not known. The theory of strongly correlated systems im+ion shell. For instance, the mean Cr-O distanceri€r,0O;
proves steadily and a realistic modeling of the optical spectrés 1.99 A(Ref. 17 and the mean Fe-O distancedaFe,Osis
of transition metal impurities does not appear out of reach2.02 A8 (the mean Al-O distance in-Al,O4 is 1.92 Al
Therefore, an accurate determination of the atomic positioslthough the two mean bond lengths are quite similar, the
around a transition metal impurity becomes an urgent task.trigonal distortion of the octahedral site inCr,0O5 is very
In this paper, we are interested in the local environmentlifferent from that ina-Fe0;. The two M-O distances in
around chromium in ruby¢-Al,03: Cr*") and around iron  the coordination shell are 1.97 and 2.02 AdirCr,0O; while
in a-Al,O;: FE". Corundum @-Al,0;) is a transparent in a-Fe,0Osthe values are 1.94 and 2.11(they are 1.86 and
and highly insulating material with a wide band gap energyl.97 A in a-Al,05). To determine precisely the positions of
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the nearest and next nearest neighbors, x-ray absorption finéray intensities were corrected for dead-time, background,
structure(XAFS) has been performed at the ®redge in  and matrix effects using the Cameca ZAF routine. The stan-
powders® or single crystaf® of a-Al,0;: Cr". The ex- dards used werer-Al,O3, a-Cr,0;, and a-Fe,0;. The
perimental determination of the precise Cr-O distances-in single crystals of ruby were cylindrically shapédiameter
Al,O;: Cr" powders is difficult to obtain from isotropic 15 mm and thickness 3 mmThey were cut so that th€;
EXAFS signals, due to the large amount of parametersixis ([111] direction in the rhombohedral latticevas or-
needed to account for the fit. In addition, the difference bethogonal to the normal of the disk surface. The single crystal
tween two fits performed using either one averaged Cr-Of blue sapphire was cut in a similar way with tlg axis
distance or two Cr-@ and Cr-Q distances leads to little orthogonal to the normal of the surface. We made the XAFS
improvement of the fit. The extended XAREXAFS) re-  experiments on synthetic blue sapphie-Al,O;:Fe,Ti) in-
cording of single crystal spectra is difficult due to the pres-stead of on yellow sapphireanfAl,O5: F€") because syn-
ence of diffraction peaks that strongly distort the experimenthetic yellow sapphiresd¢-Al,05: F€™) with high iron con-
tal information?® No XAFS experiments have been centrations are often strongly inhomogeneous. We assume
performed at the F&-edge in sapphire. At the same time, that the low concentration of titanium compared to that of
relaxation calculations around chromium in ruby have beeriron in blue sapphire does not affect the site relaxation
performed using parametrizEdor first principle$! density  around iron.
functional calculations. The results support the existence of In doing XAFS measurements on single crystals, one is
the trigonal distortion of the octahedral site of the impurity. faced with the problem of very intense diffraction peaks.
No calculation on the structural relaxation around othdr 3 These arise from either diffracted rays striking a fluorescence
impurities in corundum has been reported to date. detector or from the occurrence of diffraction inside the
Our goal is to measure very precisely the distances arouncrystal?® These diffraction rays may drag on and have dev-
paramagnetic impurities in-Al,05. To do that, it is neces- astating effects on the whole absorption spectrum. Without
sary to record XAFS signals on single crystals, despite théhe use of the rotating sample technique described in the
presence of unavoidable diffraction peaks. In this study, dollowing, many diffraction peaks were present on the XAFS
powerful experimental technigtfepresented in Sec. Il is signal, comparable to what was found by Emtaal .’
used to record XAFS spectra of single crystals at the chroThese diffraction peaks forbade any unambiguous EXAFS
mium K edge ofa-Al,O3: Cr’*and at the irork edge ofa-  analysis.
Al,O;: FE". The data treatment gives, simultaneously, the In this study, the chromiurk edge(energy range 5900—
isotropic spectra and the dichroic spectra, without any dif-6700 eV} in rubies and the iroi edge(energy range 7050—
fraction peak. The isotropic signal is then classically ana7500 eV} in sapphire have been measured on the ID12A
lyzed to yield averaged bond lengths in the coordinationbeam line(European Synchrotron Radiation Facility, France
shell. To obtain accurate structural information about the im-dedicated to polarization dependent spectroscdpiésspe-
purity site, it is necessary to analyze the dichroic signalgcial technique called the rotating sample technique, proposed
which is more sensitive to the difference of distances beby Goulon?? is applied to register the absorption spectra. It
tween the two types of oxygen atoms in the coordination's an unusual but powerful method to eliminate diffraction
shell. Such an analysis is not typical, and details are prepeaks and to measure natural linear dichroism on single crys-
sented in Sec. lll. At the same time we have carried out firstals. The monochromatic x-ray beam is obtained through a
principles density functional calculations on-Al,O5: double S{111) crystal monochromator, having a resolution
Crtanda-Al,O;: FE™ (Sec. IV). The calculated-O and ~ AE/E~10“. The photon flux is linearly polarized with the

M-Al distances are compared to experimental values. Resul{solarization vecto orthogonal to the normal of the sample

are discussed in Sec. V. surface. Single crystals are placed on a rotating holder that
allows for the samples to be rotated around the x-ray beam
Il X-RAY ABSORPTION MEASUREMENTS direction, perpendicular to the face of the sample. [THg]

direction stays perpendicular to the x-ray beam direction

In order to examine the local environment around the im-when the samples are turned. For each engigyf incident
purity ions in ruby and sapphire, it is necessary to measurpghoton, the fluorescence intensity is measured by eight de-
EXAFS signal on single crystals for two independent orien-tectors for 400 angles of the rotating holder from 0 to 2
tations of the linear x-ray polarization. We also use the di-radians. This process is carried out for 700 energy points.
chroic signal, which gives direct evidence of the inequiva-Then, the isotropic spectra and the linear dichroism have to
lence between atoms around the impurity site. be extracted from this amount of data. A filtering algoritAm

Two types of single crystals synthesized by the Verneuilis used to obtain, simultaneously, both the isotropic absorp-
process are studied. They are rubiesAl,0;: Cr*) con-  tion coefficientu;s, and the dichroic signalgicnr. This al-
taining 60 (+10), 800 (-30), 10000 ¢500) wt.ppm of gorithm operates as follow’.The experimental dependence
chromium and a sapphirex(Al,O3:Fe,Ti containing 1500 of the intensity recorded by each detector at each enfesgy
(=50) wt. ppm of iron and 750« 30) wt. ppm of titanium. as a function of angle is fitted to the function
These compositions were analyzed using the Cameca Micro-

beam electron microprobe at the CAMPARIS analytical fa- f(0,hw)=alhw)+b(fw)coso+c(fhw)sing
cility of the Universities of Paris 6/7. A 30 kV acceleration '
with a 15 nA beam current, defocused to Aén, was used. +d(hw)cos 20+ e(hw)sin 26, (D)
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where 6 is the rotation angle. This function takes various
phenomena into account. The dependence ord eosl sind 04|
describes the fact that the x-ray beam is not circular, and that
the rotation axis of the sample holder might not be perfectly &
aligned with the x-ray beam direction. In principle, the spec- § 93}
trum averaged over angles is given afh ), and the an- g
gular dependence is given oA w) ande(f w). It must be & Cr K edge
checked thab(%iw) andc(fw) are small and do not vary § *° Tsotropic epectrum
much withZw. For each detector and each energy, the func- &
tion f(6,hw) is first fitted to all of the datdi.e., intensities § il
as a function of ang)eA root mean square errer, between ©
fit and data is obtained. Then, each data poiig in turn
selected from the experimental data. A fit is calculated skip- ol /
ping pointi and the corresponding root mean square astor P 1
is calculated. The experimental point causing the largest 0.15
error, is determined by choosimgsuch thatrio is the small-
est among ther; . Then,criolcr is calculated. If the ratio is 010
greater than 0.95, it is considered that the fit is not signifi- @
cantly improved by suppressing any point in the data, and § oos |- Cr K edge
therefore the data is taken to be correct. If the ratio is smaller g Dichroic spectrum
than 0.95, then poink, is removed from the experimental & oL
data and the process is started again. Once the filtering pro-§
cedure is finished, the functiors(%w), b(hw), c(fw), 2 o0 L
d(fw), ande(fw) of all of the detectors are then summed 3
over. The experimental signal may be written as ® oo
S(0.hw)=Sy(hw) + Sy(fhw)cosé+ S(hw)sing A e B0 mpe @we  ewo 0 se0 0o
+Sy(fiw)cos 20+ Sy(h w)sin 26. (2 Energy (eV)

FIG. 1. Isotropic(top) and dichroic(bottom) x-ray absorption
Given thata-Al,05 is uniaxial, with an appropriate choice spectra K edge for Cr in ruby.
for the origin of 4, S(%iw) can be reduced almost to null so
that the isotropic part of the signal i§3S,(fw) A. Isotropic signal

_ i i i i =A5
Sy(fiw) /3 and By(%iw) is the dichroic XAFS signat. A standard procedure is used to analyze the isotropic part

of the two absorption spectf&?’ The preedge background is
removed by applying a polynomial fit to the pre-edge data
and extrapolating it into the post-edge region. Data normal-

The measured isotropic and dichroic x-ray absorptiorization and energy shift is performed using an error function
spectra from the 10000 wt.ppm Crand 1500 wt.ppm (step function and a pseudo-Voigt functiogpeak function.
Fe* doped alumina samples are reproduced in Figs. 1 and Zhe energy scale is converted to reciprocal space units using
We have also measured the EXAFS signal of the other tw&=(1/2)2m(E—E,), whereE, is the threshold energy of
a-Al,O5: Cr¥'single crystals with chromium concentration the absorption edge. Then, a cubic spline function is fitted to
equal to 800 and 60 wt. ppm. The Bredge EXAFS signals the k" weighted data by a non linear least square fit of the
of the threea-Al,O5: Cr¥*samples are essentially identical, spline knots. These normalized EXAFS signg() are fur-
except for signal to noise ratio. We also measured théher analyzed as a Fourier series of plane wavelets. Each has
XANES spectra for the three chromium concentrations. Ita scattering amplitude ofA;, a back-scattering function
appears that the chromium site must be largely independeifitj(k) and a total phase functiof;;(k)=267(k)+ 6;(k).
of the chromium concentration in a range between 60 andhe first termés;(k), arises from the potential of the central
10000 wt.ppm. In the following, the EXAFS analysis is atom and#;(k) is the phase function of the neighboring
performed on the 10000 wt. ppm-Al,Oz: Critand the atom&3
1500 wt. ppma-Al,Os: (Fe-Ti) samples.

Given that the isotropic signal is not very sensitive to the 1
smal[ difference between th_e tvM—O.dlstances in the coor- x(k)=— m 2 A sir[2kr+®;(k)]. ©)
dination shell, structural information determined by its i
analysis only gives an averaged picture. The interesting point
is the analysis of the dichroic spectra, which provides accuThe summation is ovgrshells and the scattering amplitudes
rate results concerning the inequivalence between atoms. A, are related to the electron mean free pat(k), the

[11. EXAFS ANALYSIS
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FIG. 2. Isotropic(top) and dichroic(bottom x-ray absorption N
spectra K edge for Fe in sapphire. k@&

FIG. 3. Fourier back-transformed daty (k) for Cr in ruby.

coordination numbem;, the bond distances;, and the

Debye-Waller factow, and fit procedure is applied to determine structural informa-

tion on both the first shellNl-O bonding and the second
N shell (M-Al bonding). In fact, it is very difficult to separate
A, =—’Fj(k)e‘2"fk2e‘ 2 INj(K) (4)  theM-O contribution from theM-Al because of the displace-
rj2 ment of peak positions due to phase shiftg(k). The EX-
AFS oscillations of particular interest are separated from the
The radial structure function in real spaEgr), is ob-  total experimental signal by a back Fourier transform of the
tained by the Fourier transform of the€k) spectra, using the signals. This gives a signéolid line in Figs. 3 and pthat
equation F(r)=(1/27T)ftméx\/v(k)k”X(k)GZikde where Z;an be fitted by a model functiofotted line in Figs. 3 and

W(k) is a Kaiser window function to minimize truncation
effects in the Fourier transforf.

We are interested in the determination of structural pa- B. Dichroic signal
rameters of both the first shelM-O bonding and the sec-

ond shell M-Al bonding. We carry out the analysis in two . ; ) . .
steps. Fir;\t/lwe select g)nrange inywhich onlyl\/l-é contri- with the formalism developed in the preceding paragraph, it

butions are expected and we separate these EXAFS oscill ﬁece;s%rty to tu_rn thf Ilnieﬁr |d|chr0|c absorption coefficient
tions from the total experimental signal using back FouriertdichrdK) INtO @ xichro(k) Signa
transform. It is well known that inx-Al,0O3, the six Al-O

The analysis of the dichroic signal is novel. In keeping

distances in the first coordination shell are gathered in two A — _

groups to comply with theC; symmetry. In addition, EPR  xgichrd K) = dehri K =M”(k) I':LO(k) —Ml(k) ;LO(k)
measurements suggest that the chromium site-isl,05: Fo(K) Ho(K) #o(K) (5)
cr* is trigonal®® Then, the isotropic signal is analyzed with

one mean metal-oxygen distance for the fit. The fit gives

initial information onN;, r;, o andAE} that can be useful We consider a fully linearly polarized x-ray beamThe

for the second step. For the second stage, the same separatimrmalized dichroic EXAFS signal is then given®By
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1 .
Xaond )=~ 3 2 A] sin(2kr + (k)1 (©)

where

MO TP = (e T)?)]
Y

and e and e, are unit vectors in th¢l111] direction and a
perpendicular direction [(21], for example, ((e-T;)?)

3N,
A =" F (ke 2%
T

PHYSICAL REVIEW B 67, 094108 (2003
=1/Nj2i(2-?})2 with i running over atoms in thgth shell.

Let us introduceN; =3N;[((ej-T))% —((e, -T))®]. Equa-
tion (6) becomes

Xdichrd K) = —

~| =

2 _; (K)e~ 20' K2 e 2rj/)\j(k)sir.{2krj
iy

®ji(k)]. (8

Equation(8) is similar to Eq.(3) in the case of an isotro-
pic signal except thdtlj’ is no longer a positive integer rep-
resenting a number of atoms. The parametfan's fixed by
the geometry and it can be positive or negativeCinsym-
metry, the shell of neighbors are clustered in packs of three
atoms, for which the anglé; between the bond and the
C; axis is constant. For such a shdﬂ’ 3(3 co§0 1).

The dichroic signal gichro K) is further analyzed asa Fourler
series of plane wavelets with the same technique described in
Sec. lll A(see Figs. 3 and)4Because the number of param-
eters used to fit the experimental spectrum is large, the num-
bers of neighbord|; is fixed (3 Oy, 3 O,, 1 Aly, and 3 A}).

The Debye Waller factors;, are fitted, however, we impose
00,= 00, and AL = OAL The mean free paths are also fit-

ted but we constrailo =\, and A =\a,. Finally, the
inner potential shiftAEL is fitted, where we setAEOO1

=AE(?2 and AEQ'leEQ'Z. Final results are shown in
Tables | and II.

IV. COMPUTATIONS

The structure relaxation calculations were performed us-
ing the density functional theory and the local spin density
approximation(LSDA) with the parametrization of Ref. 32.
We described the atomic cores by norm conserving
pseudopotentiafdin the Kleinman-Bylander form* For the
aluminum pseudopotential we consideres] 2s, and % as
core states, ands3 3p, 3d as valence states with the
3s?3p?3d° configuration and with core radii of 2.00 atomic
units. For the oxygen pseudopotential we considere&ad
core state, and®and 2p as valence states with core radii of
1.45 a.u. and with the £2p* configuration. For the chro-
mium pseudopotential we considered, 12s, 2p as core
states and § 3p, and 3 as valence states with core radii of

TABLE I. Distances Cr-O and Cr-AlA) from the analysis of the isotropic and dichroic signals and from
calculation. These distances are compared to Al-O and Al-Al distancesAiizO; and to Cr-O and Cr-Cr in

a-CI’203.
AlL,O, Al,O;: CP* AlL,O;: CP* Al,O,: Cr3* Cr,04
Ref. 17 isotropic dichroic ab initio Ref. 17
data data data
M-O; 1.86 1.97 1.92 1.95 1.97
M-O, 1.97 1.97 2.01 2.00 2.02
M-Al (face 2.65 2.76 2.65 2.64 2.65
M-Al (edge 2.79 2.76 2.85 2.80 2.89
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TABLE Il. Distances Fe-O and Fe-AR) from the analysis of the isotropic and dichroic signals and from
calculation. These distances are compared to Al-O and Al-Al distancesAiib O3 and to Fe-O and Fe-Fe in

a'F%OQ'.
A|203 A|203: Fe% A|203: FéJr A|203: Fe3Jr a-FezO3
Ref. 17 isotropic dichroic ab initio Ref. 18
data data data
M-O, 1.86 2.01 1.90 1.92 1.94
M-O, 1.97 2.01 2.05 2.10 2.11
M-Al (face 2.65 2.85 2.70 2.72 2.90
M-Al (edge 2.79 2.85 3.04 2.83 2.97

1.00 (3) a.u. and 1.70 a.u. (8and 3), and with the tions. The ionic radius for chromiutir ¢+ =0.615 A (Ref.
3s”3p°®3d® configuration. For the iron pseudopotential we 9)] and iron {3+ =0.645 A) are almost similar and much
considered §, 2s, 3s as core states ands33p, 3d as  |arger than the ionic radius for aluminumr s+
valence states with core radii of 0.90 a.usf&nd 1.50 a.u. =535 A). One then expects the averaged bond distance
(3p and &), and with the 33p°3d® configuration. Since petween the paramagnetic ion and oxygen atoms to be
we have treateds3 3p, and 3 as valence states in Fe and greater than the aluminum-oxygen bond distanceain

Cr, we do not need to include nonlinear core corrections. W%zos This effect has been captured successfully by the

expanded the wave functions and the charge density in plaqgotro ; ; ; :
X pic EXAFS. From the conventional analysis of the iso-
waves with a 80 Rydberg cutoff and a 320 Rydberg CUtOff’tropic signal, it has been possible to extract an averaged

respectively. The cell used in the density functional calcula-Cr_O and Fe-O distance in the coordination shell. We found

tions was a supercell built on the vectorag2 2br. 26k the Cr-0 and the Fe-O mean distances to be 1.97 and 2.01 A
(ar, br, Cg are the base vectors of the rhombohedral unitrespectively. This is in good agreement with what is expected
cell) and contained 80 atoms as follows, 1 chromium or ironfrom the simple application of the ionic radii and also from

atom, 31 aluminum atoms, and 48 oxygen atoms. The latticgiher data reported in the literature21937 3% rom EXAFS
constants are those resulting from the calculation of Datan analysis, Emurat al.2% and Kizler et al.X found the aver-

al:** ag=9.66 a.u.(5.11 A) and =55.41°. We start the 4404 Cr-0 distances in ruby to be 2.00 and 1.96 A. From
relaxation with aluminum atoms at (u,u,u;u+3,u+3,u optical measurements interpreted in the framework of the
+3) whereu=0.352, and with oxygen atoms at(u,; ligand field multiplet approach, Landérfound that the av-
—u,%:i—u,%u;,u,i—u) whereu=0.555. The supercell eraged Cr-O distance was about 1.96 A. Density functional
is large enough to minimize interaction between two paracalculations results from this work also yield mean cation-
magnetic ions: the minimal distance between two of them i®xygen distances to be in agreement with our isotropic EX-
10.43 A. The spin multiplet degeneracy imposed on theAFS data.

trivalent paramagnetic ions was 4 forCand 6 for Fé*. In order to experimentally determine the bond distances
The Brillouin zone was sampled at thepoint. We verified  around the paramagnetic impurities, the analysis of the di-
the convergence of this calculation by making the differencechroic EXAFS signal is essential. This is best seen in Fig. 5
with a 8 k points computation. The difference between thewhere the calculated isotropic and dichroic EXAFS signals
two calculations is very small since the discrepancies in theising rFerrs (Ref. 39 program have been represented for
atomic forces are less than 0.0015 Ry/a.u. Atomic relaxationgyree different chromium environments described in the fol-
were carried out with Car-Parrinello molecular dynamics a”qowing and labeled cluster 1, 2, and 3. The three clusters
simulated annealing. All atoms were allowed to relax. Theggntain seven atoméne chromium atom and six oxygen
calculations were performed with themp program?6 The atoms. The geometry in cluster 1 is given by the density

calculated metal-oxygen and metal-aluminum distances afinctional calculations resultSec. IV). It is built with three

presented in Tables | and II. Our results for the chromium . . .
impurity are similar to those obtained in Ref. 21 using theoxygen neighbors at 1.95 A making an angle of 62.8° with

local density approximation. the C5 axis and a further threg at 2.00 A with an angle of
48.4°. In cluster 2, the chromium-oxygen bond angles are
the same as for the preceding cluster and the bond distances
V. DISCUSSION for the six oxygen are set to the averaged value 1.975 A. In
cluster 3, the chromium atom is at the center of a pure oxy-
gen octahedrof1.975 A for the Cr-O bond lengthsind the
Our ultimate purpose is the determination of the precisalichroic EXAFS signal is zer¢at least in the electric dipole
environment of a paramagnetic impurity present in a crystahpproximation. One sees that dichroic EXAFS signals are
of corundum. To do so, we have analyzed two independenhuch more sensitive to differences between chromium-
sets of experimental datésotropic and dichroic EXAFS oxygen bonds in the coordination shell than the isotropic
spectra and performedab initio density functional calcula- signals. This proves that inequivalences between oxygen at-

A. Experimental analysis
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T T T T atoms group into two distance groups, thus it is realistic to
1 believe that theC; axis of corundum crystal is conserved at
the impurity site. This is in agreement with what was found
from density functional calculations and also from the EPR
measurements ia-Al,0;: Cr*".3% |t should be noted that if
two oxygen shells at the two different distances from the
central chromium atom, as determined by the analysis of the
dichroic EXAFS signal, are introduced in the analysis of the
isotropic EXAFS signal, then the experimental signal can be
fitted with just a few modifications of the apparent Debye
Waller factors. The contribution of the first aluminum neigh-
bors around the paramagnetic impurity can also be deter-
mined by the analysis of the dichroic EXAFS signal. There
are two types of aluminum neighbors. The first aluminum
neighbor is on th&; axis in an octahedron joined by a face
——r with the impurity octahedron. The second shell of aluminum
— cluster 1 neighbors consist of three ions in an octahedron, joined by
-- cluster 2 three edges with the impurity octahedron. This strongly an-
 cluster 3 ] isotropic distribution yields a large contribution to the di-
chroic EXAFS signal, from which it is possible to determine
with a good reliability, the rather large cation-aluminum dis-
tances. It is found that for the chromium site, the Cr-Al dis-
tances are 2.65 A for the aluminum on t8g axis and 2.79
A for the three farther aluminum neighbors. In the same way,
the Fe-Al distances are determined to be 2.75 A for the first
aluminum atom and 2.88 A for the three farther aluminum

— cluster 1
-- cluster 2

1)

05

K

-05

atoms.
. From the point of view of EXAFS measurements, our
e e R VR T TS finding gives the following picture for the relaxation around
k&Y the paramagnetic impurity. The symmetry of the relaxed site

for Cr or Fe is compatible with th€; point group that is the
FIG. 5. Calculated isotropic and dichroic EXAFS signals of site symmetry of aluminum atoms in corundum. The local
CrO; clusters. These clusters are made of seven atoms chro-  environment around the chromium ion in ruby is nearly the
mium atom and six oxygen atomCluster 1 is given by density same as that im-Cr,05. The Cr-O bond lengths in ruby are
functional calculationgthree oxygen atoms at 1.95 A making an ¢|oser to Cr-O bond lengths ia-Cr,05 rather than to Al-O
angle of 62.85° with th&€; axis and three other at 2.00 A with the bond length ina-Al,O, (see Table)l However, Cr-Al(edge
angle 48.36°). In cluster 2, the Cr-O bond angles are the same as mstances are closer to Al-Al bond lengthsapAl ,O5 than to
cluster 1 and the bond distances for the six oxygen atoms are set ®rcr bond lengths in-Cr,O5. The relaxations seem to be
the averaged value 1.975 A. Cluster 3 is a perfect octahedral clust%rery local and do not affect atoms far from the chromium
(1.975 A for the Cr-O bond lengths ion, within an error bar of about 1%. The case of iron in
orundum is not exactly the same as that of chromium. The
e-O bond lengths in blue sapphire are closer to the Fe-O
bond lengths inx-Fe,Ograther than to Al-O bond lengths in
a-Al,O5 and the Fe-Al bond lengths are in between Al-Al
bond lengths ina-Al,O; and Fe-Fe bond lengths in-
Fe,O;. Seen from perspective of the impurity, the relaxation
extends farther im-Al,05: F€" than ina-Al,O5: CrPY.
To have a precise description of the site departure from
—dcr0,=0.09 A andde.o,— dre.q, =0.15 A. From the pre-  pure octahedral geometry, the parametds constructed. It
vious experimental findings, it is clear that the six oxygenis defined asr(M)=20(I(d,\,|_02—d,\,|_ol)/(d,\,|_ozwL dM_ol)].

oms can reliably been addressed only through the EXAF
analysis of the dichroic signal.

From the dichroic EXAFS signal, it has been found that
despite similar meaiM-O distances ! =Cr, Fe, the chro-
mium and the iron site ik-Al,O5 are very different. If
d,\,|_02—d,\,,.ol is the difference between the loniy1€O,) and

the short M-O;) metal-oxygen distances, thedCr_o2

TABLE lIl. Departure from pure octahedral geometry. The and ther _ distances are th#-O, and
M-O, distances, respectively.

Al,O, Al,O;: CrP* Cr,0, AlL,O;: Fe¥t a-Fe,0,
Ref. 17 dichro. calc. Ref. 17 dichro. calc. Ref. 18
2(r+fr_)100 5.74 4.58 2.53 2.51 7.59 8.96 8.40

ro+r_
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It is clear from Table Ill thatr(Cr")<r(AI*")<7(Fe™) with EXAFS measurements but can be undertaken success-
in a-A|203_ In facL the Spectroscopic term of the ground fU”y with a DFT calculation. Fro.m the pQSItlon of atoms |n.
state of Ct* is “A,, and it is 6A;, (essentially frombs  the supercell given by the density functional calculations, it
spherical spectroscopic teyrfor Fe~. The crystal field is 1S possible to generate all p0_35|ble positions of atoms in a
then expected to have less impact on ff_, term than on crystal by using lattice translation vectors. This collection of
the #A,, term. The F&" ground state energ%/ is almost inde- &tomMs is then sorted by increasing distances from the central
29 . = . . .
pendent of the crystal field, so that large lowering of sym-atom' At the end, a cluster is obtained by keeping atoms

trv h | t 1o infl the*Edon. On th inside a spheré of radius 5.2 A. In our computation, the
metry as4a most no Influénce on aon. ©n the con- super-cell is such that the shortest impurity-impurity distance
trary, the “A,, term is affected by the crystal field and

N . i "%is 10.43 A. It is then reasonable to limit any analysis con-
T(Cf3+)<T(A|%+). The determination of the impurity site ! ! imi. any y!

d f hedral : hwhil cerning the size of the relaxation around a specific impurity
eparture from pure octahedra symmitry Is worthwhile conyg, 4 spheres of radius 5.2 A around this impurity. In doing
cerning the color. Ruby ow-Al,O5: F€* presents two dis-

. ) S S0, relaxations imposed by other impurities are minimized.
tinct colors depending on the angle of the polarization VECtor - 5q needs to compare the relaxed coordinates of atoms in
of light with the C3 axis. This property of dichroism goes o gpheresto coordinates that equivalent atoms have in the
directly with the two kinds of metal-oxygen distances in the e ‘corundum structure. This pure corundum structure was
coordination shell. Their precise determination is essential}i-ineq by a convergent density functional calculation
for n(;:]xt optical spectra calculations. . starting from the positions given by Duahal.?* The differ-
When considering distances extracted from EXAFS datagnces hetween the converged positions and the initial posi-
all the distances around the impurity are centered around the, o \\are always less than 0.01 A. Given that the supercell
impurity site. This can hide the actual size of the perturbationyy he translated and rotated by the DFT calculation, it is
imposed by the impurity. This is what has been examined i o cessary to align the relaxed and the pure corundum struc-

the following section. ture. This is done in a number of steps. First, the atoms of the
. . o . two clusters are rotated so that tGig axis of the two clusters
B. Size of the relaxation around the paramagnetic impurity are parallel to the same axisalled z axis). The azimuthal

We would like to use the density functional calculations@ngle is determined so as to minimize the quar@ywhere
results for further analysis regarding information on atomsQ is the sum over all the atont3; inside S of the norms of
far from the absorbing atom. Such analysis is unobtainabléhe displacement vectohs :

Q= EI |\7|| = Z \/[Xlrelax_ Xlunrela>;|2+ [Y:'elax_ Ylunrela>;|2+ [erelax_ Zlunrelax]z'

where X reiax Y'unrelae @Nd Z' el @r€ the coordinates of local. The oxygen coordination shell absorbs almost all the
the vector joining the central aluminum atom to the neigh-relaxation. Atoms further than 2.5 A are displaced by less
boring oxygen or aluminum atomsof the corundum struc- than 0.035 A. Relaxation around iron can be described as
ture andX' ., Y' .o, andZ' ., are the respective counter- follows. Iron is repelled by the nearest aluminum neighbor
parts joining the impurity to the neighboring atoms of thealong theCz axis. The oxygen coordination shell is strongly
relaxed structure. In doing so, one finds that relaxation-in relaxed by 0.08 and 0.11 A, and further neighbors remain
Al,Oz: Cr¥* is small although not negligibléaluminum  almost nondisplaced. That is in line with some previous EPR
neighbors at 4.2 A are moved by 0.04 vhile in «-Al,O;:  measurements where Fe is said to be moved by 0.04 A
Fe*, the relaxation is larger as aluminum and oxygen+0.02 A on theC; axis farther from the first aluminum
neighbors at 4.2 A are displaced by more than 0.1 A. Such aeighbors:® Around chromium, the picture is slightly differ-
middle range relaxation is simply due to the displacement oknt. The chromium atom is almost at the aluminum site and
the impurity itself. To eliminate the influence of the impurity oxygen atoms of the coordination shell move to accommo-
displacement all atoms in the relaxed and unrelaxed clustegate for the larger ionic radius. Again, the relaxation is very
are translated so as to superimpose the cer(t]ar(s(ﬁ)l local. The literature is controversial concerning the direction
=3,0P; wherei runs over all atom®; inside the sphers  of the displacement of the chromium atom along the
except the central atonof the two clusters. The norm of the axis**#1%%"%In all cases the displacement is said to be
displacement vector is evaluated again for each atom igmall. In addition, we have analyzed the angular relaxations.
sphereS and results are reported in Figs. 6 and 7. With thisT0 this end, we evaluat@d= 6 ,nrejax— 6 relax, Whered is the
method, one considers the relaxation as a whole and namngle between th€P; direction and theC; axis. In both
merely as seen by the impurity. This is especially importantases, angular relaxation is weak.

when the impurity is not precisely located at the aluminum Thanks to all of these results, it is now possible to picture
site. One sees that the relaxations around Cr or Fe are vetjie relaxation(see Fig. . Chromium as an impurity ir-
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Al,Ogztends to impose the large site it hasarCr,03. This
mismatch between Al-Obond distances i-Al,05 and Cr-

0, bond distances in GB; is +0.11 A and between Al-©
and Cr-Q itis +0.05 A. In the actuak-Al,O3: Cr* crystal

the mismatch is compensated by a displacement ofype
atoms by 0.09 A nearly in the Cr,(bond direction. The @
oxygen atoms are displaced by 0.05 A in the Gri@nd
direction. The same considerations apply to FexiAl,0s.

The mismatch between Al-Qdistances inx-Al,0O3 and Fe-

O, distances ina-Fe,O3is +0.08 A, while between Al-Q
and Fe-Q it is +0.14 A. The three @type oxygen atoms
determine the shared face between Fe and its nearest Al
neighbor. A displacement as large as 0.14 A would consider-
ably shorten Al-Q bond lengths and perturb the crystal. For
iron to accommodate its relaxed site, it moves away by 0.09
A along theCs, axis farther from its nearest Al neighbors
with a concomitant displacement of 0.09 A fop, &pe at-
oms and 0.11 A for Qatoms. As ina-Al,0;: Cr™", atoms
farther than the coordination shell do not move much.

VI. CONCLUSION

Iron and chromium are known to be at the origin of the
color of many minerals. In this paper, we have shown that
the analysis of the isotropic and dichroic x-ray absorption
spectra vyields significant information about relaxations
around impurities in single crystal#\b initio calculations
confirm results given by the experimental analysis and pro-
vide an overall view of the relaxation. These structural de-
terminations are an essential first step towaldnitio cal-

FIG. 6. Environment around the paramagnetic impurity. Al at- culations of optical spectra. Concerning ruby, this study

oms are projected on a plane containing @gaxis. The circles

contributes to the understanding of the change of color from

represent the oxygen atoms, the diamonds the aluminum atoms, tiigd to green when increasing the chromium cl:oncentljéﬂon.
square the impurity atom. Empty signs represent the positions dft is usually believed that the mean metal-ligand distance

atoms ina-Al,O3, full signs represent the positions of atomsain
AlL,O;: CP" orin a-Al,03: FE™. As seen from the upper picture,
the iron atom ina-Al,0;: FE' does not take exactly the same
place as the aluminum ion ia-Al,0;.

0.1+ T
@ = atoms in AIZOS:Fe3+
' =-8 O atoms in AIZOS:Clr3+
I, +-1 Al atoms in AIZOS:Fe3+
é\\ -+ Al atoms in AIZOS:Clr3+
005 -

Norm of the displacement vector (A)

L | L I L |
2 2.5 3 35 4 45 5
Distance from central atom (A)

FIG. 7. Relaxations ina-Al,0;: Crtand a-Al,03: Fet.

plays a considerable role in the color process. Contrary to
what can be found in textbookg,we have shown that the
difference of the Cr-O distances in ruby anddrCr,0O5 is

not at the origin of the modification of the color. Other pa-
rameters such as electron and magnetic pairing between
chromium neighbors certainly play a role in the color pro-
cess. These parameters could for instance be investigated by
spectroscopic measurements at chromlwg edges.
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