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The PRMgTeO; double perovskite is cubic at high temperature and becomes incommensurately modulated
with a rhombohedraR3 average structure at lower temperatures. Both the cubic and rhombohedral average
structures are investigated using the local-density approximation within the density-functional theory: We
determine the electronic, structural, dielectric, and zone-center dynamical properties. The computed structural
parameters are in reasonable agreement with the experiment, with differences up to 2% for the lattice con-
stants. There are two unstable zone-center vibration modes in the cubic phase. The first unstaflg,mode
91.19 cm !, has an antiferrodistortive character, while the secdng, 13.92 cm™ !, has a ferrodistortive
character. There is no unstable zone-center mode in the rhombohedral phase. We establish the correspondence
between the zone-center modes in the two phases.
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I. INTRODUCTION averagestructure of the lowF phase Il as a first step in the
analysis of the incommensurate phase.

IncommensuratélC) phases occur when a periodic struc-  We find that PBMgTeG; is an insulator with a large LDA
ture is subject to a spatially periodic modulation whoseelectronic gagabout 3 eV. The electronic band structure is
wavelength is incommensurate with respect to the basic urimade of weakly dispersive bands. The deviations between
derlying lattice. There are more than 130 inorganic |ctheab initio determined structure and the experimental struc-
compounds ® where the modulation has a displacive and/orture are more important for the rhombohedral phage to
occupational character. For most of these compounds thg”0 in lattice constants and up to 8.5% in bond lengthan
mechanisms governing the phase transitions leading to 1¢°" the cubic phaséup to 2% in lattice constants and up to

structures are unknown, except for metals, in which case tha->% in bond lengths However, the deviations in bond
formation of a charge density wave is often invoKed. lengths for the rhombohedral phase are within the range of

Among perovskitelike oxides, the presence of an incom-d's‘tar!Ces allowed by the mOdUI"’.‘t'O”' The calculated Born
ffective charges are not too different from the nominal

mensurate modulation is a very unusual phenomenon. U harges. The rhombohedral phase does not present any insta-

FO now  just at few iUCh_ perovs\l;\lltess hach)a Fgg\i?m%d aBility in the I' point, while in the cubic phase we find two
incommensurate  phase: WG, b O, unstable modegone T,y mode, 91.1B cm™ 1, and oneTy,

PbSq);Tay,05,'° and PhMgTeQs.™™ In all these com- mode, 13.92 cm™1). Both these modes may be responsible

pounds incomm_ensurability was discovered recently. Out of,, phase transitions leading to rhombohedral phases.

all these materials BMgTeQ; presents some remarkable  The paper is organized as follows. Details of the calcula-

properties:(i) the temperature range of existence of the ICtijon methods are presented in Sec. II. Section Il presents the
phase is very large, down to O Kii) it does not have a crystal structures of the two considered polymorphs. Section
lock-in transition(blocking of the modulation wavevector 10 |y describes the electronic properties, and Sec. V presents
a commensurate value, generating a commensurate strugre theoretical determination of the structure. The dielectric
ture); and(iii) the cations are well ordered. properties are discussed in Sec. VI, while the phonons at the

This material is face-centered-cubic at high temperaturg- point are analyzed in Sec. VII. The paper will end with the
(phase ) and it transforms at 194 K to a first IC-modulated ¢gnclusions.

rhombohedral structuréhase 1) and at 142 K to another
IC-modulated rhombohedral structuyghase Il). The rhom-
bohedral structures may be derived from the cubic High-
structure by applying small distortions. All the calculations are based on the LDA of the DF#*

In view of the theoretical understanding of the mecha-We use thexBINIT code, a common project of the Universite
nisms responsible for the incommensurate phase transition€atholique de Louvain, Corning Incorporated and other con-
the structure and the properties of ,RlyTeQy are particu- tributors (ABINITvV2.x, 1999-20007). The ABINIT software is
larly attractive. Moreover, its average structure is highlybased on pseudopotentials and plane waves. It relies on the
symmetric, with just a few atoms in the unit cell. adaptation to a fixed potential of the band-by-band conjugate

In the framework of the local-density approximation gradient methof and on a potential-based conjugate-
(LDA) within the density functional theoryDFT),****we  gradient algorithm for the determination of the self-
determined the electronic, structural and zone-center dyeonsistent potentid. The wave functions describe only the
namical properties of both the cubic high-T phase | and theuter electrons, while the core electrons are taken into ac-

Il. COMPUTATIONAL DETAILS
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count using pseudopotentials. We use Troullier-Martins _

pseudopotentiatg for Mg, Te, and O and an extended Teter ) |

norm-conserving pseudopotentidl$or Pb. The considered ——

valence electrons for Pb, Mg, Te, and O am'%s26p?, |

3s?, 5s5%5p*, and &%2p*, respectively. All the calculations

are performed at 0 K. Q Q
For the characterization of the electronic properties, a set ()

of convergence tests was performed in order to choose cor-

rectly the grid of speciak point$® and the cutoff for the —

plane-wave kinetic energy. During these testskdpoint grid ) —

density and the plane-wave cutoff kinetic energy were con- [

secutively and independently increased. The variation of the

total energy was monitored. A difference of 1 m Hart{ée . Q

Hartree=27.211 eV between two successive grids or cutoff

energies was considered indicative of sufficient convergence.

A grid of 32 specialk points in the full Brillouin zone = —

(Monkhorst-Pack & 4x 4), folding to six points and to two

points in the irreducible part of the Brillouin zone of the Y .

rhombohedral and cubic structures, respectively, and a plane-

wave kinetic energy cutoff of 26 Hartree were finally FIG. 1. The structure of the high-cubic phase of PiMgTeG;.

adopteql fo_r the calculation of the electronic properties. Therhe spheres represent, in order of decreasing size, Pb, Te, O, and
determination of the crystal structure and the dynamica),

properties needed separate convergence tests of the density’
of the grid ofk points(see below. _ o
The structural relaxation was conducted using the The cubic phase transforms at 192 K to a first incommen-
Broyden-Fletcher-Goldfarb-Shann(BFGS minimization, ~ Surate phase Il with space group of the average structure
modified to take into account the total energy as well as th&3m. The existence of this phase and the transition tempera-
gradients(as in usual BFGS minimizatiof* ture have been determined experimentally using electron mi-
Several increasing-point grids were used in order to en- croscopy, x-ray diffraction, calorimetric, dielectric, and po-
sure the convergence of the structural parameters. The resultgization measurement.The symmetry has been deduced
of eachk-point grid were tested in the next denser gridon the group-subgroup relationships. This rhombohedral
and the residual stresses and the cartesian forces were mogjrycture is incommensurately modulated with a modulation
tored_.s A value of the stresses of less than 5.0yave vector §66). The experimental determination of the
x10 Hartree/bolt and a value of forces of less than |5itice constants and the internal coordinates has not been
1.0 4 Hartree/bohr were considered sufficiently accurateperformed yet.
The same grid ok points (Monkhorst-Pack & 4x4) was This phase transforms to another low-temperature rhom-

enough to attain the desired convergence. bohedral phase Il at 142 K. This latter phase has symmetry
Technical details on the computation of responses to —

atomic displacements and homogeneous electric fields can & and itis also incommensurately modulated with a modu-
found in Ref. 22, while Ref. 23 presents the subsequent corﬂatlgn wave vector £65), whered is close to 0.1066 at 6
putation of dynamical matrices, Born effective charges, dif."* This structure has been experimentally determined by a

electric permittivity tensors, and interatomic force constantsRietveld refinement of neutron powder diffraction data.
The rhombohedral structure of phase Il is obtained from

the cubic one by squeezing the primitive cubic unit cell.
. CRYSTAL STRUCTURE According to the experimental results, the rhombohedral

In Pb,MgTeQ; the high-temperature phase | has a doubleangle changes frora=60.0° for the primitive cubic lattice
ABO; perovskite-type structure, rocksalt-orde?®® (Fig. 10 @=59.9°. The experimental lattice constants are the same
1). It is cubic-face-centered, with ten atoms in the primitiveas for the primitive cubic lattice. Both the O and Pb atoms
unit cell. are displaced from their positions in the cubic structure. The

The Pb atoms are situated in the middle of the octants o® atoms which lie on the Mg-O-Te-O directions in the cubic
the conventional unit cell, with reduced positiold4 1/4  structure move closer to the diagonal threefold rotation axis.
1/4), while the Mg and Te cations are situated on the corner3he Pb atoms are also slightly displaced from their original
(0 0 0 and on the middle of the cubic edgé2 0 O re-  cubic positions away from the diagonal axis. They may ran-
spectively. The O atoms are situated between the Mg and Téomly occupy one of the three equivalent positions obtained
cations, slightly displaced from the middle of the Mg-Te to- after this displacement. However we approximate the Pb po-
ward the Te atoms in positior(®.26 0 0.}2 Thus there are sitions as(1/4 1/4 1/4 for both the cubic and rhombohedral
alternances of the cations like Mg-O-Te-O-Mg and Mg-Pb-structures because, according to experimental data, the in-
Te-Pb-Mg along the cubilc00] and[111] directions, respec- commensurability affects mainly the O atoms and not the Pb
tively. atoms?®
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FIG. 2. The electronic band structufa and
the corresponding density of statd309) (b) in
phase | of PEMgTeQG;. The bands are weakly
dispersive, with @ contributions in the low-
energy zone of the valence bands armg €@ntri-
e butions in the high-energy zone of the valence
energy bands.
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IV. ELECTRONIC PROPERTIES and Te orbitals. Higher in energy we find other+f@ hy-

We start our study with a determination of the ground—brIdS and @ orbitals.
state properties, to have a basis for treating later the dynami-
cal properties. The analysis of the valence charge density V. AB INITIO STRUCTURAL DETERMINATION
reveals the main features of the chemical bonds and the ion- The theoretical results of the structural relaxation are
geometry. The Pb atoms almost completely lose thgr 6

electrons, while keeping theirdbelectrons. The § electrons — 4 R3 bh liahtl d . 0
participate in the weak covalent bonds with the surrounding M3M and R3 phases are slightly underestimate@%)

O atoms. The Mg atoms are highly ionized, losing all their ith respect to the experimental values. We observe that

valence electrons to the oxygens. The Te atoms preser\)’éjthin the experimental uncertainty, the primitive cubic and
some of their 5 and 5 electrons which participate to cova- rhombohedral lattice constants are equal. Our calculations
lent bonds with the coordinating oxygens. The additional9'V® smaller values than the experiment for both, with a tiny
electrons belonging to the oxygens are localized along thdifference between them, less than 0.2%. &hangle of the
Mg-O-Te bond directions. The electronic band structure andnempohedral structure is slightly overestimated. This over-
the corresponding electronic density of statPOS) are al- estimation stems from a compression, rather than the experi-
most identical for both the cubic, high-phase | and the mental extension, of the initial cubic lattice along a diagonal
rhombohedral, lowF phase IIl. threefold axis.

The valence electronic bands are weakly disperghig. ¢ Al the tthheoret:!cal hvalues of the” mttehratomlc bond_ dls't |
2). Along theI'-X, I'-K, andI'-L lines the bands are more ances In the cubic phase are smaller than the experimenta

dispersive than along lines lik&-W, W-K, or K-L, where values(up to 3.5-3.7 % discrepancyThe underestimation

all the bands are almost flat. Thes@lectrons dominate the of the _volu_me of the Tegloctahedra is larger thgn the un-
lower valence bands and the@@ominate the higher valence derestimation of the Mg@octahedral volume, while for the

bands. Different other electrons from the Pb and Te cationg bloi2 ponh;:-ttjr:a t?]e dgwr?tlgn IIS ﬁxtremf(l)y;r?r?ll. .
participate to the lower valence bands. n case of the rnombohedral phase a , the experimen-

The first peak in the DOSabout -20 eV is assigned to tal structure is incommensurately modulated. Consequently

Os and Te hybrids and the next, double, péakout -18 and there ciistr? large sprleaéd of the eéperi;netrlltal bond dis;cances
-17 eV) to Os and Pb hybrids. They both have a bonding arounc the mean valugsorresponding to the average struc-

character, the corresponding electronic charge density beint _re) .W'th'n SOme contmuous mtervaﬁ.ln the following we
ill first make comparisons with the average values for the

polarized along the bonds. The Pl Brbitals are situated interatomic distances, and then we will see the position of
higher in energy than the Osarbitals. They form flat bands ' P
corresponding to a sharp peak in the D@@O“t -15 ev. TABLE |. Cubic phase:ab initio structural determination and
The rest of the Te electrons, together witlp @nd Gs hy- comparison with the experiment

bridized orbitals, form an isolated band in the intermediate i

the rhombohedral phase. The lattice constants for both the

range of energyabout -10 eV. The Qp electrons are respon- o meter Theory ExptRef. 12 Diff.
sible for the other valence bands. They are more dispersive
than the low-energy valence bands, and the correspondiray (A) 7.833 7.984 -1.89 %
electronic orbitals are highly hybridized. They have first aOx 0.2645 0.2600 0.0045
bonding character, while increasing in energy the antibondMmg-O bond(A) 2.072 2.081 -0.43 %
ing character is accentuated. Te-O bond(A) 1.844 1.911 -3.50 %
Pb,MgTeO; presents a large LDA electronic gap of about pb-O bond(A) 2.608 2.709 -3.78 %
2.6 eV, direct inX. The first conduction bands have an anti- 0-0 bond(A) 2.930 2.935 017 %

bonding character. Their electronic charge stems from O
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TABLE Il. Rhombohedral phaseb initio structural determination and comparison with the experiment.
We present first the theoretical results, then the range of values obtained in the real incommensurate structure
and their average. Next we compare our theoretical results with the average values. The last column gives the
spread in the IC structure relative to the average.

Parameter Theory Expt. I(Ref. 12 Expt. averagéRef. 12 Diff. Spread

ag (A) 5.531 5.645 -2.01 %

a(®) 60.27 59.9 0.37°

Ox 0.2669 0.1965-0.3050 0.2408 0.0261 0.1085
Oy 0.7646 0.6828-0.7726 0.7384 0.0262 0.0898
Oz 0.7051 0.7356-0.7788 0.7559 -0.0508 0.0432
Phx 0.2507 0.2320-0.2680 0.2500 0.0007 0.036
Mg-O bond(A) 2.084 1.910-2.172 2.029 2.71 % 1291 %
Te-O bond(A) 1.848 1.833-2.106 1.983 -6.80 % 13.77 %
Pb-O bond(A) 2.776 2.409-3.236 2.831 -1.93 % 29.21 %
0-0 bond(A) @ 2.968 2.452-3.262 2.783 6.64 % 29.11 %
0-0 bond(A) @ 2.928 2.924 0.13 % 27.70 %
0-0 bond(A) ¢ 2.614 2.855 -8.44 % 28.37 %
0-0 bond(A) ¢ 2.612 2.724 -4.11 % 29.74 %

3n MgOg octahedra.
®Global spreading for all O-O bonds.
‘In TeQ; octahedra.

our results within the continous intervals. VI. DIELECTRIC PROPERTIES
In the rhombohedral phase I, the deviations between the The determination of the dielectric properties plavs an
calculated and the average experimental bond lengths are prop play

greater than in the cubic phase I. Thus the calculated Mg_dnportant role in the calgulatlon of the ang—range Inter-
bond lengths are slightly largér-2.71% than the average atomic forces. For the cubic phase we obtained an electronic

: : ielectric constané™ of 5.44, which corresponds to a refrac-
experimental values, while the calculated Te-O bond length . ' .
artlao much smallet-6.8%) than the experimental average vgl— Ive index of 2'33' The rhognbohedral phafe presents slightly
ues. The Pb-O bond lengths are just slightly smaH&93% smaIIdgr Valueselfl: 5.36, 6(212: 5'36' a2nd63%= 5'32h’ corre-
than the experimental ones. The two O-O unequivalent bongPonding to a refractive index ¢2.31 2.31 2.30 The com-

distances for the oxygens belonging to the Mg-centered 0d_)uted static dielectric constagg for the rhombohedral phase

tahedra are largef+0.1% and+6.6% in our calculations S [80-1 80.1 226.8 The anisotropy in the static dielectric
than the mean experimental values. Furthermore the two uff€NSOr is due to the different LO-TO splitting betweenfqe
equivalent bonds between the oxygens belonging to the TéNd E, soft modes. We are not aware of published experi-
centered octahedra are smalle4.1% and 8.4%than the Mental data. , ,
experimental data. Thus our calculations tend to increase the YWe further computed the Born effective charges, defined
volume of the MgQ octahedra while decreasing the volume @S the change in polarlzatlor? due to an atomic displacement
of the TeQ octahedra, if we take the mean values as referﬁcgegh;?m e_xt(;r_nzal eler::tnc fr|]eld, see T?blﬁ Hil. Th? ngﬁsc'
ence. ge is higher than the nominal charge of thé*P
However, the spread in the experimental bond distances _
accounts for variation of up to 15% from the average value. TABLE Illl. Computed Born effective charges for the phases |
Consequently, we see that the deviations of the theoreticand Il of the PMT. The eigenvalues of the charge tensors and the
results with respect to the mean bond length values are aominal charges are presented. The considered reference system for

smaller than the spread of the bond lengths in the IC strudhe charge tensors is the Cartesian one, parallel to the primitive
ture and that all our results fall close to the middle of thecubic cell, for both phases. The rhombohedral phase cell is oriented
continous intervals of existence of the real bonds such as the rhombohedrdl11] direction is the same as the cubic

All the calculated cation-oxygen bond distances are IargePOO] direction, and the rhombohedrdl00] direction is contained

in the rhombohedral phase Il than in the cubic phase I. With" the (010 cubic plane.

the exception of the Mg-O bond distance the same trend is

. . . Nominal
observed when comparing the experimental data. The digzqent Phase | Phase IlI charges
tances between the oxygens behave rather differently. All the
experimental values for the rhombohedral structure aréb 3.938 [3.873 3.873 3.84p 2
smaller than those for the cubic one. According to our cal-Mg 2.436 [2.462 2.462 2.41p 2
culations there is one exception for one of the two O-O dis-Te 4.486 [4.503 4.503 4.57p 6
tances between the oxygens belonging to the jig@ahe- © [-2.462 -2.462 -2.461 [-2.324 -2.440 -2.560 -2

dra.
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TABLE IV. Calculated and experimental phonon frequencies at TABLE V. Calculated phonons at thE point in the average
the I' point in the cubic phase | in BMgTeQ;. (Raman active  structure of the rhombohedral phase 11l in,RlyTeG;.
modes only. Other computed mode frequencies are given in the

text, Mode symmetry Calc. phonon (crh)
Mode Calc. phonon  Experimental Diff. Ag 61.13
symmetry (cm™b) value (cm'1) @ (%) 125.82
384.29
A 826.39 759 8.8 % 811.58
Eq 641.21 568 128% g 37.75
Tig 91.19 79.25
Tag 56.20 58 -3.1% 396.68
389.65 357 9.1% 627.84
*Reference 26. Mode symmmetry Calc. phongfO ; LO) (cm™1)
A, 37.96 ; 151.17
ion. The Mg effective charge is somewhat larger than the 292.22 : 310.36
nominal charge of the I\/?g“ ion. The Te effective charge is 316.74 ; 363.15
smaller than the nominal charge of the’Teon. The effec- 385.19 : 482.39
tive charge of the oxygens is expected to be anisotropic, due 734.54 : 776.53
to the anisotropy of the environment around the oxygensg 63.78 : 153.82
But the difference between the three computed diagonal val- 283.62 : 285.62

ues is extremely smaft2.462, -2.462, and -2.463and close
to the nominal charge of the?0 ions (-2).

For the rhombohedral structure the deviations of the ef-
fective charge with respect to the nominal charges are
slightly increased. The anisotropy of the oxygen effective
charge is accentuated. . o . .

These Born effective charges do not follow the trends thaPOSitive mode is slightly underestimated. There is an un-
have been observed for other ferroelectric perovskites. Watableg mode, with symmetrii;q, situated at 91.19cm- =,
remark the absence of large anomalies of the O effectivd his mode correspond to a rotation of Mg@nd TeQ oc-
chargesicommon in perovskites like BaTiQ PbTiO;,22 tahedrg. T_hese rotations are performed arour@0] direc-
or even WQ (Ref. 29]. If in ABO; perovskites the anoma- tions, in different sense for MgQoctahedra and fpr TeO
lous effective charge of O is due to a coupling between the @ctahedra. In each octahedron, the four equatorial oxygens
2p orbitals and thed orbital of the transition-metaB paruupate_to th|s_ rotation while _the remaining two apical
atom®-32in Ph,MgTeO;, the B atoms(namely Mg and Tg ~ 9XYgens v_|brate inversely and diagonally _ﬁmOO) planes.
are not transition-metals, sughd coupling does not occur '€ coupling of the thred,, components inl’ generates
and the effective charge of the O atoms is not anomalougOtations of the octahedra around tfie1] family of axes,
Similarly, the nontransition metal Mg has an effective chargghat may lead to the phase transition to R average struc-
close to the nominal valu&, and the deviations are more ture, which has an antiferrodistortive character.
important for the Te and Pb. There are sixu modes in the cubic phase I: fourmodes
with T, symmetry (TO: 13.92, LO: 150.06 cm?®; TO:
304.19, LO: 372.0 cm?; TO: 390.88, LO: 484.17 cmt; and
TO: 752.32, LO: 792.56 cm'), oneu mode withT,, sym-

We further computed the vibration modes at fh@oint  metry (277.48 cm''), and three acoustic modes. In the un-
for both structures. The complete list of the calculatedstableu mode all the atoms are displaced along [?60]
phonons and the experimental Raman and IR modes for thdirections, the Pb atoms are displaced in the positive direc-
cubic phase | are listed in Table IV and of the calculatedtion, and all other atoms are displaced in the negative direc-
phonons for the rhombohedral phase Ill in Table V. For thetion. This mode has been also found in, e.g., BaTitand it
cubic phase |, on the basis of group theory, we obtain amay produce a tetragonal distortion or a rhombohedral dis-
decomposition of vibration modes asAf;+1E,+1T,, tortion.
+2Tyq+4T1,+1T,, modes, while for the rhombohedral In the rhombohedral phase all the computed vibration
phase Ill we obtain Aj+4E4+6A,+5E, modes. In the modes at thd’ point are positive, indicating the absence of
following we will make the analysis of thg andu modes an instability in the center of the Brillouin zone. There are
first in the cubic phase I, and then in the rhombohedral phasenly Raman experimental measurements of phonon frequen-
Il cies in the IC phase, obtained from a powder material. The

In the cubic phase I, the deviations between the calculatedharacter of the samples as well as the presence of the in-
positiveg modes and the experimental Raman modes rangeommensurate modulatigwhich projects in the zone-center
between -3.1% and 12.8%able 1V). All the positive high-  contributions from then-q points are responsible for the
frequency modes are overestimated, while the low-frequencgbserved broad peakseveral smaller peaks are superposed

308.37 ; 365.65
389.97 ; 493.38
738.27 ; 779.58

VIl. DYNAMICAL PROPERTIES
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onto one central pegklf we compare our results with the and O atoms form relatively strong covalent bonds. The the-
values of the main central experimental peaks, the sameretical structural determination provided results in reason-
trend as for the cubic phase is conserved. A detailed analysigble agreement with the experiment for the cubic phase. In
of the Raman spectra of the rhombohedral IC phase will béhe case of the rhombohedral phase the experimental data
the subject of a further paper. present continuous intervals of values of interatomic lengths
We now link the high-frequency modes of the cubic struc-around those corresponding to the average structure. The ex-
ture and the rhombohedral one using symmetry and numeristence of these intervals is due to the incommensurate
cal considerations. In the symmetry lowering fréim3mto  modulation. The deviations of our results with respect to the
R3, the u/g character of the modes is preserved, while theexperimental average values are all much smaller than the
threefold-degenerafE modes are split inté\+ E rhombohe- spread due to the modulation. We observe the absence of
dral modes. The 1 or 2 character is lost. The cubig mode anomalies of the O effective charges, which might be due to
(826.39 cm?) transforms to the rhombohedral, mode the fact that the chains Mg-O-Te-O-Mg do not allow the flow
(811.58 cml). The Ey cubic mode(641.21 cm?) trans-  of a polarization current. Such a feature usually dominates
forms to the rhombohedrdE, mode (627.84 cm?). The the physics of Born effective charges for ferroelectric per-
cubic T,4 mode(389.65 cmi?) splits into the rhombohedral Ovskites. The analysis of the phonons in fheoint reveals
E, mode (396.68 cm?) and theAy, mode (384.29 cm?). the presence of two instabilities in the cubic phase. The first
For theu modes the assignment of the splitting of the cubicunstable mode, with symmety,,,, corresponds to a ferro-
T,, andT,, to the rhombohedral modé&,+ A, can be done  €lectric transition, and the second unstable mode, with sym-
on the basis of the numerical values. The unstdhlemode  Mmetry T;4, corresponds to an antiferrodistortive transition.
in the cubic phaséTO, 13.92 cm™%; LO, 150.06 cm') Both of them may be responsible for phase transitions lead-
splits intoE,, (TO, 63.78 cm*; LO, 153.82 cm') andA, ing to rhombohedral phases, but tig, mode actually
(TO, 37.96 cm?!; LO, 151.17 cm') modes. TheT,, and  freeze-in theFm3m-to-R3 transition. The average rhombo-
T,, modes have nearly the same energy, and mix somehowedral phase does not present any zone-center instability.
The third (fourth, respectively T, mode in the cubic phase
corresponds to the fourttand fifth, respectivelyA, andE,
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