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Magnetostructural effects and phase transition in Cr2O3 under pressure
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We have successfully calculated the electronic and structural properties of chromia (Cr2O3) in the local spin
density approximation. We predict a transformation from the corundum to the Rh2O3 ~II ! structure around 15
GPa in the antiferromagnetic~AFM! phase as well as in the paramagnetic~PM! insulating state which occurs
above the Ne´el temperature (TN). This transition is relevant to interpreting the optical anomalies observed in
the absorption spectrum of ruby under pressure. We have modeled the structural properties of the PM state
using a Landau-like expansion of the magnetostriction energy. This treatment correctly describes the structural
anomalies acrossTN in the corundum phase and indicates that the AFM and PM insulating states should have
distinct compressive behaviors.
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Oxides of the 3d transition metals are a fascinating cla
of materials with amazingly diverse physical propertie
They have been the subject of intensive experimental
theoretical studies for many years.1–4 A wide variety of com-
putational techniques — density-functional theory with t
linear augmented plane-wave method,2,5 nonperiodic embed-
ded cluster approach,6,7 and periodic unrestricted Hartree
Fock method8,9 — have been used to performab initio cal-
culations of these compounds. In this paper we repo
successful application of the first-principles pseudopoten
plane-wave~PPPW! approach10 to compute the structura
properties of and predict a pressure-induced structural t
sition in chromia (Cr2O3), a typical antiferromagnetic
~AFM! insulator in this class of materials. There have bee
few experimental papers on chromia11–14 and only oneab
initio calculation.9 The periodic unrestricted linear combin
tion of atomic orbitals~LCAO! Hartree-Fock method wa
used9 to calculate crystal parameters and elastic propert
as well as electronic structure of Cr2O3. Their results are in a
good agreement with experimental data. The advantag
the PPPW approach is in the simplicity of the plane-wa
basis set, which makes it easy to calculate ionic forces
lattice stresses. This allowed us to optimize dynamically
cell structure of chromia under pressure15 for various mag-
netic states.

Our motivation to study Cr2O3 is related to the high-
pressure behavior of ruby, i.e., Al2(12x)Cr2xO3 (x,0.05).
The pressure dependence of the fluorescence lines in ru
widely used to determine pressure~the so-called ruby scale!
in diamond-anvil-cell experiments. Alumina (Al2O3) and
chromia exist in the corundum phase and form a comple
isomorphous alloy system. Alumina has been shown to
dergo a structural phase transition to the Rh2O3 ~II ! phase
around 80–100 GPa.16–18 A recent theoretical study19 of the
effect of this structural transition on the optical spectrum
ruby indicated that the neighborhood of the chromium site
color center, might be undergoing a severe distortion arou
30 GPa. This hypothesis is suggested by the behavior o
optical absorption lines which display a small discontinu
PRB 620163-1829/2000/62~18!/11997~4!/$15.00
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at 30 GPa and resemble more closely the transitions
dicted in the high-pressure Rh2O3 ~II ! phase beyond 30 GP
than those in the corundum phase. It was then anticipa
that the cause of this distortion could be a similar pha
transformation at lower pressures (,30 GPa) in chromia,
the other end member of the alloy. At the moment there is
convincing experimental evidence for a phase transforma
in Cr2O3 in this pressure range.20 However, this may be due
to the fact that the Rh2O3 ~II ! phase has an x-ray diffractio
pattern similar to corundum’s,16 which makes it difficult to
observe.

In this paper we investigate this pressure-induced tra
formation in chromia. However, another interesting quest
arises: at room temperature chromia undergoes a chang
magnetic phase under pressure. Its Ne´el temperature isTN
5308 K,21 with a pressure dependence of]TN /]P5
216 K/GPa.22 The paramagnetic~PM! state aboveTN is
also insulating; therefore, the effects of the magnetic tran
tion on the structural properties are not expected to be
matic. Nevertheless, structural anomalies around the N´el
temperature are well known23,24 and a realistic prediction o
a possible phase transition above 0.5 GPa should be ca
out in the PM insulating phase with randomly oriented spi
Here we investigate from first principles this structural tra
sition in the AFM and in a hypothetical ferromagnetic~FM!
phase. The structural properties of the PM insulating s
are then explored in relation to those of the AFM and F
phases using a phenomenological approach based o
Landau-like expansion of the magnetostriction energy. T
predicted structural differences of this phase with respec
the AFM phase correlate well with the anomalies observ
around the Ne´el transition and are very different from thos
of the PM metallic phase predicted by a standard local d
sity approximation~LDA ! calculation.

The crystal structure of Cr2O3 at ambient conditions is
corundum like. It can be described as a hexagonal clo
packed array of oxygens with two-thirds of the octahed
sites filled with chromium atoms. The unit cell is rhomboh
dral and contains two formula units. In Cr2O3 each chro-
11 997 ©2000 The American Physical Society
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mium is left with threed electrons, losing the other three
oxygen atoms. The predominantly octahedral crystal fi
splits thed orbitals into~approximately! a t2g-like triplet and
an eg-like doublet. The lower triplet accommodates thr
electrons. The Cr31 local magnetic moment is 2.76mB ,21

close to the spin-only value of 3mB . The moments alternat
up and down along thec axis. In the insulating phase abov
TN chromia has randomly oriented spins.

To investigate the effect of magnetism on the structu
properties we have performed three distinct calculations:~1!
a standardspin-polarizedlocal spin density approximation
~LSDA! calculation25 in the AFM phase of Cr2O3 in the
corundum structure,~2! the same type of calculation in th
FM phase, with the net magnetic moment of 3mB per Cr
atom, and~3! a standardnon-spin-polarizedLDA calculation
in a PM phase. In all cases the lattice and internal degree
freedom were dynamically relaxed under pressure.15 The
zero-pressure structures obtained correspond to various
minima of the LSD functional.

The ground state atT50 K is the AFM state with a band
gap of'1.5 eV@Fig. 1~a!# and a local magnetic moment o
3mB on chromium atoms~from straight band occupations!.
The overall band structure compares well with photoem
sion data.29,30Namely, the O2p and Cr3d bandwidths of 5 eV
and 1 eV, respectively, and O2p-Cr3d band center separatio
of 4 eV are in a good agreement with experimental valu
However, as expected, the band gap is underestimated
respect to the thermal gap of 3.3 eV.31 Zero-pressure equi
librium structural parameters presented in Table I are als
good agreement with experimental data. The cohesive
ergy of Ecoh56.1 eV/atom compares well withEcoh
55.55 eV/atom from experiments. The FM state is found
be insulating as well with a band gap of'0.9 eV @Fig.
1~b!#. After structural relaxation this state is only 35 me
unit above the AFM ground state. The equilibrium latti
parameters~Table I! are quite different from those in th
AFM state, indicating a substantial influence of the magne
state on the structural properties. The standard paramag
non-spin-polarizedLDA calculation stabilizes Cr2O3 in a
metallic phase@Fig. 1~c!#, as expected, with structural prop
erties considerably different from the observed ones~see
Table I!. This state is 2.25 eV/unit above the AFM groun
state and cannot properly account for the structural transi
under consideration.

Our description of the structural properties of the P

FIG. 1. Calculated density of states~DOS! for various magnetic
phases of Cr2O3 in the corundum structure.
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phase is based on the Landau-like expansion of the cry
deformation energy at a certain fixed pressure,E
5l ik j l uikujl 1b ik j l uikM1 jM2l . Here uik is a strain tensor,
M1 , M2 are the magnetization vectors of the two AFM su
lattices, andl and b are constant tensors. The first ter
represents pure elastic deformation, while the second
scribes the magnetostriction energy, i.e., the coupling of
magnetic and structural degrees of freedom. Deformati
conserving the corundum structure symmetry allow only
U5u33, uniaxial strain, andV5(uii , hydrostatic compres-
sion. We assumeM1 , M2 remain parallel to thez axis. The
above expression then simplifies toE5l1V21l2U2

2l12VU1(b1V1b2U)M1zM2z . The equilibrium configu-
rations are such thatU5u0M1zM2z , V5v0M1zM2z , where
u0 andv0 depend onl andb. For the AFM and FM phases
M1zM2z521 and M1zM2z51, respectively. For the PM
state the average product^M1zM2z&PM50. Therefore, the
equilibrium lattice structural parameters of the PM phase
given by UPM5(UAFM1UFM)/2, VPM5(VAFM1VFM)/2
whereUAFM , UFM , VAFM , andVFM have been determine
from first principles. A similar procedure can be adopted
dealing with the Rh2O3 ~II ! phase. In this case, the deform
tion energy is expressed as E5(lgdugud
1(bgugM1zM2z , whereg,d5xx,yy,zz.

The predicted properties of the AFM and PM insulati
states compare as follows:~a! the differences in zero-
pressure lattice parameters~in the hexagonal cell description!
between them are similar to the anomalies observed aro
TN . Throughout the Ne´el transition~AFM to PM!, the cal-
culatedDaH510.013 Å andDcH520.11 Å agree in sign
and approximately in order of magnitude with the expe
mental values ofDaH510.006 Å andDcH520.018 Å.23

We believe that this is evidence of the satisfactory desc
tion of the PM insulating state.~b! The calculated compres
sive behavior of our PM insulating state compares well w
the experimental behavior under pressure aboveTN ,12 while
our AFM calculation is in better agreement with the expe

TABLE I. Zero-pressure structural parameters of chromia in
corundum structure~rhombohedral unit cell!: lattice constanta0 ~Å!
and rhombohedral anglea ~deg!, internal atomic coordinatesu(Cr)
andu(O), bulk modulusB0 ~GPa!, and its pressure derivativeB08 .

AFM LSDA FM LSDA PM LDA Experiment

a0 5.366 5.308 5.688 5.362c 5.350d

a 55.17 56.14 47.23 55.108c 55.128d

u(Cr) 0.347 0.351 0.337 0.3475c 0.3477d

u(O) 0.557 0.550 0.583 0.556c 0.555d

B0
a 25166 21565 30068 23864 d 22262 f

B0
b 26162 21165 29763 23165 f

B08
b 2.59 2.73 4.24 2.061.1f

aSecond-order finite strain equation of state~FSEOS! (B08[4). We
used our data up to 15 GPa for this fitting.

bThird-order FSEOS was used withB08 as a free parameter. W
include pressures up to 140 GPa to get a correct value ofB08 , while
in Ref. 12 the pressure range was not sufficient for a confid
determination ofB08 .

cReference 11.
dReference 13.
eReference 12.
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ment of Lewis and Drickamer,11 which we suspect may hav
been carried out in the AFM phase.

A summary of experimental data and our results is p
sented in Fig. 2. In Ref. 11 a substantial decrease of
rhombohedral angle with pressure was found~hexagonalc
axis less compressive than thea-b axes!. In contrast, in Ref.
12 a slight increase in this angle was observed (c axis more
compressive than thea-b axes!. This discrepancy has bee
attributed to nonhydrostatic stresses in Ref. 11. Our res
suggest that this discrepancy could be real if somehow
Ref. 11 chromia was kept in the AFM state. We predict h
that the magnetic state affects noticeably the compres
behavior of chromia despite the insulating nature of b
phases. Compression experiments well below and well ab
TN could help to clarify this situation.

Now we deal with the structural transition. The hig
pressure Rh2O3 ~II ! phase has thePbnaspace group with an
orthorhombic unit cell containing 20 atoms~four Cr2O3
units!. This phase is structurally similar to the corundu
structure and may be described as having a different stac
of similar octahedral layers with a periodicity which is twic
that of the corundum along thec direction.32 In the corun-
dum structure the CrO6 octahedra share three edges while
the Rh2O3 ~II ! structure they share only two. The relativ
stability of these structures in both magnetic states is sh
in Fig. 3~a!. We predict the corundum to Rh2O3 ~II ! trans-
formation in chromia to take place at 14 GPa and 16 GP
the AFM and in the PM insulating phases, respectively, w

FIG. 2. Pressure dependence of the Cr2O3 rhombohedral cell
constanta and anglea, calculated for the AFM, FM, and PM
phases compared to experimental measurements from Ref
~Lewis 66! and Ref. 12~Sato 79!.
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fractional volume changes at the transition of'22%. This
transition would also take place in the FM phase if it we
somehow stabilized.

Figure 3~b! displays the average radius of the first coo
dination shell around chromium in AFM chromia and in rub
~from Ref. 19!. The average Cr-O bond length in chrom
increases across the corundum to Rh2O3 ~II ! transition by an
amount similar to that required to explain the optical anom
lies in ruby under pressure, which can be explained b
decrease in crystal field splitting. This verifies that this p
sumable rearrangement could arise from a preference
chromia for the Rh2O3 ~II ! phase above'15 GPa. The
structural constraint imposed by the alumina host struct
should naturally hinder the atomic rearrangement around
color centers until higher pressures, for instance, 30 GPa

These results should stimulate further experimental
theoretical work. The prediction of distinct compressive b
haviors in chromia above and belowTN and the structural
phase transformation near 15 GPa await experimental co
mations. The latter, if verified, makes ruby an interesti
study case: an isomorphous alloy in which both end me
bers undergo the same structural transition but at very dif
ent pressures. Intermediate compositions should unde
similar transitions at intermediate pressures. However, be
the transformation manifests macroscopically it could
nucleating around one of the components, even in the im
rity limit. The possibility of investigating this phenomeno
in ruby by extended x-ray absorption fine structure~EXAFS!
or anomalous x-ray scattering is fascinating.

We thank Phil Allen and Stefano Baroni for helpful com
ments on the manuscript. This work was supported by
University of Minnesota MRSEC~A.Yu.D.! and NSF Grant
No. EAR-9973130~R.M.W. and W.D.!.
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FIG. 3. ~a! Pressure dependence of the enthalpy for Rh2O3 ~II !
structure, relative to the corundum in the AFM and PM phases;~b!
average radii of the first coordination shell around chromium
chromia and ruby~Ref. 19!, and aluminum in alumina~Ref. 19!.
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