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First principles calculations of a substitutional chromium impurity in Al2O3 and analysis of its multi-
plet structure reveal that the major effect of the corundum to Rh2O3 (II) phase transformation in ruby’s
optical transitions should be a redshift of the broadU and Y absorption lines across the transforma-
tion. A similar phenomenon is experimentally detected above 30 GPa, which is too low a pressure
to attribute this phenomenon to a phase transition in the host. However, an anomalous relaxation
around the impurity in corundum could explain the observed frequency shifts. The underlying cause
of such abnormal relaxation could be a similar transformation in Cr2O3 taking place below 30 GPa.
The centroids of theR, R0, andB lines are quite insensitive to the transformation. [S0031-9007(98)
07269-X]

PACS numbers: 78.55.Hx, 61.50.Ks, 61.72.Ji, 62.50.+p
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Ruby, or Cr-doped alumina, is a material of centra
importance to high pressure science. The pressure
pendence of its fluorescence lines serves routinely as
pressure gauge in diamond anvil cell (DAC) experiment
The so called “ruby pressure scale” [1] is particularly
popular because of the simplicity and accuracy of optic
measurements through the DAC’s transparent window
and much effort has gone into improving its accuracy [2,3
Although it has been calibrated up to 180 GPa [2], pre
sures as high as 4–5 Mbar have been inferred from o
served line shifts [4]. In the past, the scale calibratio
beyond 180 GPa has been impeded by difficulties in e
citing and measuring the fluorescence. However, dire
excitation of the fluorescence lines has recently be
demonstrated to 250 GPa [5], opening up the possibil
of a scale calibration in the multimegabar range.

Within the last decade, several theoretical predictio
of a phase transformation from corundum to the Rh2O3
(II) phase have been made [6,7], but corundum seem
to remain stable up to 175 GPa at room temperature [
Recently, this phase transformation has been observ
at approximately 100 GPa and 1000 K [9]. Besides,
second high pressure transformation, as yet unobserv
to the Pbnm-perovskite phase is predicted to take plac
at 223 6 10 GPa [7]. This raises new concerns abou
the meaning of the fluorescence spectrum of ruby in t
Mbar regime, especially if ruby is inadvertently heate
in the DAC. In this paper we investigate the effects o
pressure and of the newly found phase transformation
ruby’s optical transitions. We combine a first principle
calculation of the chromium impurity, acolor center,with
an analytical multiplet approach capable of separatin
mean field from many electron effects [10].

The present calculation builds on previous first prin
ciples studies of the alumina host lattices [7,11]. Th
electronic and structural properties of the color cent
are now obtained by performing fully relaxed superce
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calculations containing one chromium impurity per 8
atoms. Table I compares the atomic arrangement aro
chromium with those around aluminum in Al2O3 and
chromium in Cr2O3 at zero pressure. The atomic env
ronment of chromium in ruby is found to be intermedia
between chromium’s in Cr2O3 and aluminum’s in the
host lattice, in agreement with experimental measu
ments [13–15]. Figure 1 displays two important tren
which are valid up to the highest pressures investigat
(1) Lattice relaxation around the impurity decreas
rapidly throughout the coordination shells. The inte
atomic distances between chromium and oxygen in
third coordination shell are essentially the same as th
in the host at all pressures [16]. (2)Cr—O andAl—O
bond compressibilities differ substantially. This implie
that the procedure usually adopted in phenomenolog
crystal field studies of scalingCr—O bond lengths by
fV sPdyV s0dg1y3, where V sPd is the pressure dependen
volume of Al2O3, is unrealistic, as has been previous
noticed [17]. Also, CrO6 octahedra distort more unde
pressure as compared to AlO6 [16].

Figure 2 shows the pressure dependence of the eig
value spectra in both phases. The deep states in both
derive from Cr-3d states and reflect crystal fields with pre
dominantlyOh symmetrysD ¿ dd. In corundum the lo-
cal C3 symmetry further splitst2g states into ane doublet
and ana1 singlet while, in Rh2O3 (II), t2g andeg derived
states are all split (C1 point symmetry). These eigenva
ues and the corresponding eigenvectors were used to
culate the central quantities that enter into the analysis
the multiplet structure according to the method of Fazz
Caldas, and Zunger [10]. This method differs from t
classical phenomenological approach of Sugano, Tan
and Kamimura [18] by formally separatingall one electron
mean field effects from many-electron effects and exp
itly incorporating results from first principles calculation
In this approach, the Hamiltonian matrix element betwe
© 1998 The American Physical Society 3267
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TABLE I. Zero pressure interatomic distances in Al2O3, ruby, and Cr2O3 in the corundum phase. The Al (Cr) site hasC3
symmetry, therefore the nearest O neighbors and Al next nearest neighbors are divided into two sets, O2 and O1 and AlsCrd1 and
Al sCrd2, respectively. u6 is the angle between an AlsCrd-O6 bond and the threefold axis.

Al 2O3 Ruby Cr2O3
This calc Expt [30] This calc Other work [13–15] This calc Expt [31

Al-O2 sÅd 1.839 1.857 — — — —
Al-O1 sÅd 1.951 1.969 — — — —
Al-Al 1 sÅd 2.621 2.654 — — — —
Al-Al 2 sÅd 2.766 2.794 — — — —
Cr-O2 sÅd — — 1.918 1.91 [13], 1.95 [14], 1.88 [15] 1.980 1.962
Cr-O1 sÅd — — 2.018 2.0 [13], 2.04 [14], 1.93 [15] 2.048 2.012
Cr-Al1 sÅd — — 2.627 2.70 [13] — —
Cr-Al2 sÅd — — 2.766 2.82 [13] — —
Cr-Cr1 sÅd — — — — 2.745 2.649
Cr-Cr2 sÅd — — — — 2.946 2.886
u2 (deg) 63.13 63.11 64.07 — 62.93 62.43
u1 (deg) 47.79 46.73 47.89 — 47.94 48.89
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different configurationsi and j (symmetrized combina-
tions of Slater determinants) giving rise to a termG repre-
senting spin plus space symmetries are expressed as

DG
ijsm, n; m0, n0d ­ DEG

ijsm, n; m0, n0d 1 Deffsm, nddij .

Deffsm, nd is the excitation energy of configuration

FIG. 1(color). Pressure dependence of the average radii of
(A) first and (B) second coordination shells around chromiu
in ruby (red) and aluminum in Al2O3 (blue) in the corundum
(solid) and Rh2O3 (II) (dashed) phases. The inset in (A)
shows the pressure dependence of the third power of
average nearest neighbor distancesCr—O (red) andAl—O
(blue) normalized to the zero pressure values.
3268
the
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g obtained from density functional calculations, i.e.
Etotsm, nd 2 Etotsm0, n0d, where sm0, n0d is the ground
state configuration.DEG

ijsm, n; m0, n0d’s are quantities that
cannot be directly obtained from density functional calcu
lations. In the octahedral field approximation, these ma
trix elements depend on ten Coulomb (Slater-Condon) in
tegrals betweent2g andeg orbitals. The matrix elements
are expressed in terms of the atomic Racah parametersB
andC [19] and orbital deformation parametersle andlt

[10,20,21].
Figure 3 shows the pressure dependence of excitati

energies of various terms in both phases and compar

FIG. 2(color). Eigenvalue spectra of Cr-doped Al2O3 in (A)
corundum and (B) Rh2O3 (II) phases. D sdd is the octahedral
(trigonal) field splitting.



VOLUME 81, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 12 OCTOBER1998

in
in-

ted
g a
s
pin

ed

ve

um

es
ion
n

in

by
a

and
n-

e
at-
o-

s
ce
n-
he
-
ri-
e
-

at
eri-
-

,
ar

er-
n

F.

k,
FIG. 3(color). Pressure dependence of the calculated opti
transitions in corundum (solid lines) and in Rh2O3 (II) (dashed
lines) phases. Ground state has6A2 symmetry. Experimen-
tal data are extracted from Eggertet al. [3] sdd, Stephens
et al. [32] sjd, Forman et al. [22] smd, and Gotoet al. [23]
shd.

them to the centroids of the experimental optical trans
tions. Several trends can be observed:

(1) The frequency of the luminescent2E ! 4A2 and
2T1 ! 4A2 transitions, and the nonradiative2T2 ! 4A2
transition, are very similar in both phases througho
the entire pressure range investigatedhfull (dashed) lines
correspond to corundum [Rh2O3 (II)] phasej. These
transitions, known as theR, R0, andB lines, respectively,
are spin forbidden and involve changes between sta
with predominantlyt3

2g configurations. Our analysis of
the matrix elements supports the usual interpretati
[18] that the observed pressure induced redshifts
these lines is caused mainly by the increasing degree
delocalization of these states with pressure (dleydP and
dltydP , 0). In theB line there is a small but noticeable
blueshift at low pressures [22]. This is caused by a mixin
of t3

2g and t2
2ge configurations in the2T2 term at these

pressures. As pressure increases the contribution of
t2
2ge configuration decreases due to the rapid increase

crystal field splittingsDd, and the effect of delocalization
on the excitation energy becomes the predominant o
producing a redshift.

(2) The 4A2 ! 4T1 and 4A2 ! 4T2 transitions are spin
allowed and give rise to the intense and broadU andY ab-
sorption lines. The excited states are composed predo
inantly of t2

2ge configurations. The accentuated pressu
induced blueshifts of these lines is caused primarily by th
direct dependence of the excitation energies on the cr
tal field splittings,D. Figure 2 shows the behavior of the
crystal field splittingssDd with pressure. In Rh2O3 (II)
phaseD is considerably smaller than in corundum at a
pressures. Consequently, theU andY lines should suffer
a noticeable redshift across the corundum to Rh2O3 (II)
transformation. A similar but somewhat less sharp effe
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has been noticed experimentally [3,23] and is displayed
Fig. 3. Between 30 and 100 GPa the observed pressure
duced blueshift is considerably smaller than that expec
based on extrapolations of the low pressure data usin
scaled crystal field model [3]. The origin of this effect ha
been addressed phenomenologically and attributed to s
orbit interaction which couples4T2 and 2T2 states [3], or
to a larger pressure induced delocalization ofeg states as
compared tot2g [24].

Our results suggest an alternative origin for the observ
pressure induced blueshift of theU line, meaning a de-
tectable structural relaxation around chromium that abo
30 GPa resembles closely the one expected in the Rh2O3
(II) phase, as opposed to that expected in the corund
form. Assuming that Al2O3 does not transform to the
Rh2O3 (II) phase until 80–100 GPa and, even so, requir
the aid of high temperatures [9], such anomalous relaxat
could originate in an as yet unconfirmed transformatio
between similar phases in Cr2O3. This could produce
an underlying tendency of the chromium neighborhood
corundum to mimic its neighborhood in the Rh2O3 (II)
phase, especially in the presence of light absorption
chromium and nonradiative decay. The existence of
phase transformation in Cr2O3 in this pressure range is
considered inconclusive [25], nevertheless resistance
volume anomalies have been reported [26,27] but not co
firmed by one x-ray diffraction experiment [28]. Thes
phases are expected to have similar x-ray diffraction p
terns [7] and the transformation could have gone unn
ticed. Also, our preliminary first principles calculation
suggest that this transformation could be taking pla
below 30 GPa [29]. Other tests of this hypothesis i
clude (1) a simultaneous frequency displacement in t
Y line. A discontinuity in frequency shifts seems to ex
ist when comparison is made between all of the expe
mental data available [3,23], which is quite limited (se
Fig. 3). (2) Small but noticeable discontinuities or broad
ening in theR, R0, andB lines could point towards a sym-
metry lowering around the chromium site. It appears th
these effects cannot be ruled out even in the latest exp
mental data [3]. (3) Obviously, experimental confirma
tion of a corundum to Rh2O3 (II) phase transformation
in Cr2O3 would give further support to this hypothesis
but (4) ultimately, the confirmation should come from ne
edge absorption experiments in ruby.
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