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We have successfully calculated the electronic and structural properties of chrop@g) @rthe local spin
density approximation. We predict a transformation from the corundum to th@;RHN) structure around 15
GPa in the antiferromagneti®&FM) phase as well as in the paramagnéB/) insulating state which occurs
above the Nel temperatureTy). 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 acrosgy in the corundum phase and indicates that the AFM and PM insulating states should have
distinct compressive behaviors.

Oxides of the 8 transition metals are a fascinating classat 30 GPa and resemble more closely the transitions pre-
of materials with amazingly diverse physical properties.dicted in the high-pressure RB; (II) phase beyond 30 GPa
They have been the subject of intensive experimental anthan those in the corundum phase. It was then anticipated
theoretical studies for many yedrs' A wide variety of com-  that the cause of this distortion could be a similar phase
putational techniques — density-functional theory with thetransformation at lower pressures:80 GPa) in chromia,
linear augmented plane-wave metHothonperiodic embed- the other end member of the alloy. At the moment there is no
ded cluster approad, and periodic unrestricted Hartree- convincing experimental evidence for a phase transformation
Fock metho8® — have been used to perforab initio cal-  in Cr,Oj in this pressure rang@.However, this may be due
culations of these compounds. In this paper we report &o the fact that the RI©; (1) phase has an x-ray diffraction
successful application of the first-principles pseudopotentiapattern similar to corundum® which makes it difficult to
plane-wave(PPPW approach’ to compute the structural observe.
properties of and predict a pressure-induced structural tran- In this paper we investigate this pressure-induced trans-
sition in chromia (C503), a typical antiferromagnetic formation in chromia. However, another interesting question
(AFM) insulator in this class of materials. There have been arises: at room temperature chromia undergoes a change in
few experimental papers on chroia'* and only oneab  magnetic phase under pressure. ltseNemperature i§
initio calculation® The periodic unrestricted linear combina- =308 K?2! with a pressure dependence ofTy/dP=
tion of atomic orbitals(LCAO) Hartree-Fock method was —16 K/GPa?? The paramagneti¢PM) state aboveTy is
used to calculate crystal parameters and elastic propertiesalso insulating; therefore, the effects of the magnetic transi-
as well as electronic structure of 0. Their results are in a tion on the structural properties are not expected to be dra-
good agreement with experimental data. The advantage ohatic. Nevertheless, structural anomalies around thel Ne
the PPPW approach is in the simplicity of the plane-wavetemperature are well knowh?* and a realistic prediction of
basis set, which makes it easy to calculate ionic forces and possible phase transition above 0.5 GPa should be carried
lattice stresses. This allowed us to optimize dynamically theout in the PM insulating phase with randomly oriented spins.
cell structure of chromia under presstiréor various mag- Here we investigate from first principles this structural tran-
netic states. sition in the AFM and in a hypothetical ferromagnetieM)

Our motivation to study GOjs is related to the high- phase. The structural properties of the PM insulating state
pressure behavior of ruby, i.e., A{_,Cr,,O; (x<0.05). are then explored in relation to those of the AFM and FM
The pressure dependence of the fluorescence lines in ruby fhases using a phenomenological approach based on a
widely used to determine pressutae so-called ruby scgle Landau-like expansion of the magnetostriction energy. The
in diamond-anvil-cell experiments. Alumina (A);) and predicted structural differences of this phase with respect to
chromia exist in the corundum phase and form a completelyhe AFM phase correlate well with the anomalies observed
isomorphous alloy system. Alumina has been shown to unaround the Nel transition and are very different from those
dergo a structural phase transition to the,Bh(ll) phase of the PM metallic phase predicted by a standard local den-
around 80—100 GP¥ '8 A recent theoretical studyof the  sity approximationLDA) calculation.
effect of this structural transition on the optical spectrum of The crystal structure of GD; at ambient conditions is
ruby indicated that the neighborhood of the chromium site, a&orundum like. It can be described as a hexagonal close-
color center might be undergoing a severe distortion aroundpacked array of oxygens with two-thirds of the octahedral
30 GPa. This hypothesis is suggested by the behavior of th&tes filled with chromium atoms. The unit cell is rhombohe-
optical absorption lines which display a small discontinuitydral and contains two formula units. In £; each chro-
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a)| oo, ®) TABLE I. Zero-pressure structural parameters of chromia in the
30} {1F g corundum structuréhombohedral unit celf lattice constanay, (A)
ngMA B Ifsl\fDA and rhombohedral angte (deg, internal atomic coordinatas(Cr)
< andu(O), bulk modulusB, (GP3, and its pressure derivati\&g) .
L 00 N PO | P o
= E; = d Cr-d AFM LSDA FM LSDA PM LDA  Experiment
T
g -3.0 ay 5.366 5.308 5.688 5.3625.350¢
w O-p O- @ 55.17 56.14 4723  55.1085.128¢
p
vy u(Cr)  0.347 0.351 0.337  0.3479.3477°
-6.0 == Min.j4 - u(0) 0.557 0.550 0.583 0.5560.555¢
0 PR o—- s 150 s 16 Bo 2 251+ 6 215+5 3008 238+49222+2f
b f
Density of States (states/eV cell) Bo 261x2 215 2973 23155
By b 2.59 2.73 4.24 281.1

FIG. 1. Calculated density of statd30S) for various magnetic

phases of GIO; in the corundum structure. @Second-order finite strain equation of StééSEOS (By=4). We
used our data up to 15 GPa for this fitting.

mium is left with threed electrons, losing the other three to PThird-order FSEOS was used wi, as a free parameter. We
oxygen atoms. The predominantly octahedral crystal fieldinclude pressures up to 140 GPa to get a correct val@ ofvhile
splits thed orbitals into(approximately at,4-like triplet and in Ref. 12 the pressure range was not sufficient for a confident
an e4-like doublet. The lower triplet accommodates three determination oBy, .
electrons. The Gf local magnetic moment is 2.76 .,  °Reference 11.
close to the spin-only value ofig;. The moments alternate “Reference 13.
up and down along the axis. In the insulating phase above °Reference 12.
Ty chromia has randomly oriented spins.

To investigate the effect of magnetism on the structuraPphase is based on the Landau-like expansion of the crystal
properties we have performed three distinct calculatiéhs: deformation energy at a certain fixed pressurg,
a standardspin-polarizedlocal spin density approximation = XikjiUikUji+ BikjiuixkM ;M5 . Here u; is a strain tensor,
(LSDA) calculatio® in the AFM phase of GiO; in the  Mj, M, are the magnetization vectors of the two AFM sub-
corundum structure(2) the same type of calculation in the lattices, and\ and B are constant tensors. The first term
FM phase, with the net magnetic moment ofg3per Cr  represents pure elastic deformation, while the second de-
atom, and?3) a standarahon-spin-polarized.DA calculation ~ scribes the magnetostriction energy, i.e., the coupling of the
in a PM phase. In all cases the lattice and internal degrees #fagnetic and structural degrees of freedom. Deformations
freedom were dynamically relaxed under presstr@he  conserving the corundum structure symmetry allow only for
zero-pressure structures obtained correspond to various locdl= Uss, uniaxial strain, and/=ZXu;; , hydrostatic compres-
minima of the LSD functional. sion. We assum#l,, M, remain parallel to the axis. The

The ground state &=0 K is the AFM state with a band above expression then simplifies t&=\;V2+\,U?
gap of~1.5 eV[Fig. 1(a)] and a local magnetic moment of —A12VU+(B81V+B,U)M,M,,. The equilibrium configu-
3ug Oon chromium atomgfrom straight band occupations — rations are such thal =uyM,M,,, V=v,M,M,,, where
The overall band structure compares well with photoemisuy andv, depend or\ and 8. For the AFM and FM phases
sion datet>** Namely, the @, and Cgy bandwidths of 5V M1,Mp,=—1 and M;,My,=1, respectively. For the PM
and 1 eV, respectively, and,Crzq band center separation state the average produ¢M ;,M,,)py=0. Therefore, the
of 4 eV are in a good agreement with experimental valuesequilibrium lattice structural parameters of the PM phase are
However, as expected, the band gap is underestimated witiven by Upy=(Uarm+Uem)/2, Vem=(Varm+ Vem)/2
respect to the thermal gap of 3.3 éV/Zero-pressure equi- WhereUagm, Ugm, Vagm, andVey have been determined
librium structural parameters presented in Table | are also ifrom first principles. A similar procedure can be adopted for
good agreement with experimental data. The cohesive ertlealing with the RpO; (1) phase. In this case, the deforma-
ergy of E;,n=6.1 eV/atom compares well withE., tion energy is expressed as E=3\ ;U,Us
=5.55 eV/atom from experiments. The FM state is found to+=8,u,M,M,,, wherey, 6=xx,yy,zz
be insulating as well with a band gap ef0.9 eV [Fig. The predicted properties of the AFM and PM insulating
1(b)]. After structural relaxation this state is only 35 meV/ states compare as followsa) the differences in zero-
unit above the AFM ground state. The equilibrium lattice pressure lattice parameténs the hexagonal cell descriptipn
parametergTable |) are quite different from those in the between them are similar to the anomalies observed around
AFM state, indicating a substantial influence of the magneticTy . Throughout the Nel transition(AFM to PM), the cal-
state on the structural properties. The standard paramagnetiglatedAa,=+0.013 A andAcy=—0.11 A agree in sign
non-spin-polarizedLDA calculation stabilizes GO; in a  and approximately in order of magnitude with the experi-
metallic phase[Fig. 1(c)], as expected, with structural prop- mental values ofa,=+0.006 A andAcy=-0.018 A3
erties considerably different from the observed oiese We believe that this is evidence of the satisfactory descrip-
Table ). This state is 2.25 eV/unit above the AFM ground tion of the PM insulating statéb) The calculated compres-
state and cannot properly account for the structural transitiosive behavior of our PM insulating state compares well with
under consideration. the experimental behavior under pressure abyg? while

Our description of the structural properties of the PMour AFM calculation is in better agreement with the experi-
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fractional volume changes at the transition=ef-2%. This
constanta and anglea, calculated for the AFM, FM, and PM transition would also take place in the FM phase if it were

phases compared to experimental measurements from Ref. m_ehOW stabil_ized. ) .
(Lewis 66 and Ref. 12(Sato 79. Figure 3b) displays the average radius of the first coor-

dination shell around chromium in AFM chromia and in ruby
ment of Lewis and Drickaméf which we suspect may have _(from Ref. 19. The average Cr-O bond Iength_ln chromia
increases across the corundum tg,@h(lIl) transition by an

been carried out in the AFM phase. > . . ;

A summary of experimental data and our results is pre_amount similar to that required to explain the optical anoma-
sented in Fig. 2. In Ref. 11 a substantial decrease of th es in ruby under pressure, .Wh'Ch can t."? explameq by a
thombohedral angle with pressure was fouheéxagonalc ecrease in crystal field splitting. This verifies that this pre-
axis less compressive than theéb axes. In contrast, in Ref. sumab_le rearrangement could arise from a preference of
12 a slight increase in this angle was observeaxis more chromia for the REO3 (1) phase abovew_15 AL

structural constraint imposed by the alumina host structure

compressive than tha-b axes. This discrepancy has been hould naturally hinder the atomic rearrangement around the
attributed to nonhydrostatic stresses in Ref. 11. Our result y hinc ng
olor centers until higher pressures, for instance, 30 GPa.

suggest that this discrepancy could be real if somehow | These results should stimulate further experimental and

Ref. 11 chromia was kept in the AFM state. We predict here ; - L .
that the magnetic state affects noticeably the compressivtge‘?renc.al work. T he prediction of distinct compressive be-
behavior of chromia despite the insulating nature of bothhawors In chrom|a_\ above and below, ?‘”d the_ structural i
phases. Compression experiments well below and well abo»%ha_se transformatlon_near .1.5 GPa await experlm_ental co_nflr-
T, could help to clarify this situation. mations. The latter, if verified, makes ruby an interesting

Now we deal with the structural transition. The high- study case: an isomorphous alloy in which both end mem-
pressure RJO; (II) phase has thBbnaspace gro.up with an bers undergo the same structural transition but at very differ-
3

orthorhomc it cel conaing 20 somiour C,O; S PIESSUS: itermediate compostons s undergo
units. This phase is structurally similar to the corundum P ' ’

: . : . the transformation manifests macroscopically it could be
structure and may be described as having a different stackmr% : . )

o . S o . cleating around one of the components, even in the impu-
of similar octahedral layers with a periodicity which is twice ity limit. The possibility of investioating this phenomenon
that of the corundum along thedirection®? In the corun- in%ub b exteaded X-I}i; absor tign finge strugt(Ee(AFS)
dum structure the Crfoctahedra share three edges while in y by Y P

the RhO; (I) structure they share only two. The relative or anomalous x-ray scattering is fascinating.

stability of these structures in both magnetic states is shown We thank Phil Allen and Stefano Baroni for helpful com-
in Fig. 3(@. We predict the corundum to BB, (Il) trans-  ments on the manuscript. This work was supported by the
formation in chromia to take place at 14 GPa and 16 GPa itUniversity of Minnesota MRSECA.Yu.D.) and NSF Grant
the AFM and in the PM insulating phases, respectively, withNo. EAR-9973130R.M.W. and W.D).

FIG. 2. Pressure dependence of the@yrrhombohedral cell
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