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We address the incommensurate instability in Pb2MgTeO6 from first-principles calculations. For this pur-
pose, we study the phonon dispersion relations for the high-temperature cubic and low-temperature average
rhombohedral polymorphs of Pb2MgTeO6 and we discuss the instabilities in the different phases. We find an
incommensurate instability in the low-temperature rhombohedral phase situated within thes110d plane whose
position disagrees with the published interpretation of experimental data. In order to reduce this disagreement,
we perform a reinterpretation of the experimental electron diffraction pattern, and also compare experimental
and theoretical Raman spectra, with only partial success. We finally determine the interatomic force constants,
and compare them with those of other perovskites.
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I. INTRODUCTION

A large number of materials are known to present incom-
mensurately modulated structures.1–4 Some of them are met-
als, with a charge density wave ground state. For insulating
systems, mechanisms governing the phase transition have
not yet been characterized from first principles. There are a
few perovskite insulators presenting such phases and all are
rock-salt ordered perovskites: Pb2CoWO6,

5 Pb2CdWO6,
6

PbSc1/2Ta1/2O3,
7 Pb2MgNbO6,

8,9 and Pb2MgTeO6 sRefs. 8
and 9d sPMTd. PMT presents properties that make it a suit-
able candidate for a fundamental study of the mechanisms
governing the incommensuratesICd phase transition: a
simple and ordered structure, an incommensurability present
at 0 K and no lock-in transition to a commensurate state.

The experimental studies8,9 of PMT show an ordered
face-centered-cubic structure at high temperature with the

Fm3̄m space groupsphase Id. This phase transforms to a first

incommensurately modulated phase at 194 K with theR3̄m
average structuresphase IId. Under further cooling, this latter
phase transforms at 142 K to a second incommensurate

phase withR3̄ average structuresphase IIId. The structures of
the high-temperature cubic phase and of the low-temperature
incommensurate rhombohedral phase were refined on the ba-
sis of the experimental diffraction data.8,9 The presence of
the satellite spots around the main Bragg reflexions10 is the
proof of the existence of the incommensurability. Their po-
sition was interpreted8–10 as a modulation along the rhombo-
hedrals111d directions, with wave vectorq=sd d dd, with d

close to 0.1066. TheFm3̄m-IC R3̄m phase transition was
observed in calorimetric and dielectric data measurements,

but no further refinement of the ICR3̄m phase was reported.
The theoretical characterization of the ground-state prop-

erties of PMT from first-principles calculations, using the
local density approximationsLDA d of the density functional
theorysDFTd has been done previously11 for the phase I and
the average phase III. PMT is a 3 eV LDA gap insulator. The
agreement between the theoretical and experimental struc-
tures are within the usual LDA precision, with smaller devia-

tions for the cubic than the trigonal phase. The deviations of
the Born effective charges from the nominal charges are less
than 0.5 for Mg, Pb, and O and less than 1.5 for Te. Only the
cubic phase presents instabilities at the Brillouin zone center.
In a subsequent study,12 the lattice dynamical properties of
PMT were briefly presented, with a preliminary discussion
about the position of the wave vector of the incommensurate
modulation.

In the present study we analyze in detail the lattice dy-
namical properties in the whole Brillouin zone for the phase
I and the average phase III. We perform the analysis of the
interatomic force constants, and build the phonon dispersion
relations. We further analyze the instabilities and the corre-
sponding real-space atomic collective displacements. There
are two unstable phonon modes in the cubic structure, the
most important one forming tubelike unstable regions along
the G-X lines. It consists of collective rotations of the TeO6
octahedra. The second unstable mode is restricted to a small
neighborhood around the zone center. Along theG-L direc-
tion, Pb displacements are added to these rotations. We find
by interpolation an instability in the rhombohedral phase that

lies in the vicinity of thes110d plane along both thef1̄10g
and f100g directions, in disagreement with the interpretation
of the experimentalists.8,9 We give a reinterpretation of the
published electron diffraction data that partly supports our
calculations, and perform an analysis of the Raman data. We
discuss the possible origin of the disagreement between
theory and experiment and the different problems raised by

both approaches. We will show that thef1̄10g instability is
confirmed by direct calculations, but disagrees with the Ra-
man data and the diffraction pattern, while thef100g insta-
bility is not confirmed by direct calculation, but agrees well
both with the Raman data and the diffraction pattern.

The paper is organized as follows. In Sec. II we give the
technical details of the calculations. The phonon dispersion
relations are discussed in Sec. III. Section IV presents a re-
interpretation of the electron diffraction pattern while a com-
parison of the theoretical and experimental Raman data is
performed in Sec. V. The interatomic force constants analysis
is presented in Sec. VI. The paper ends with a final discus-
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sion about the different theoretical and experimental prob-
lems encountered in our study. In this paper, we adopt the
convention that theoretical unstable phonon mode frequen-
cies, whose numerical values are imaginary, will be repre-
sented by negative values of the same modulus.

II. COMPUTATIONAL METHODOLOGY

All the calculations are based on the LDA of the DFT,13,14

as implemented in theABINIT packagefABINIT v2.x, 1999–
2000 sRef. 15d and ABINIT v3.x 2001–2002sRef. 16dg. The
ABINIT software is based on plane waves and pseudopoten-
tials. We use Troullier-Martins pseudopotentials17 for Mg,
Te, and O and an extended Teter norm-conserving
pseudopotential18 for Pb. The considered valence electrons
for Pb, Mg, Te, and O are 5d106s26p4, 3s2, 5s25p4, and
2s22p4, respectively. The electronic density and the wave
functions used later in the determination of the dynamical
matrices are computed on face-centered 23232 specialk
point grids.19

The dynamical matrices are calculated on a 43434 grid
of special high-symmetryq points. These points are defined
in the same way as the Monkhorst-Pack specialk points.19

The phonon band structures based on interatomic force con-
stants are obtained by Fourier interpolation with specific
treatment of the long-range dipole-dipole interaction.20 For
selected low-symmetryq wave vectors, we have also per-
formed direct calculations of the dynamical matrices and
eigenfrequencies, without interpolation. Technical details on
the computation of responses to atomic displacements and
homogeneous electric fields can be found in Ref. 20, while
Ref. 21 presents the subsequent computation of dynamical
matrices, Born effective charges, dielectric permittivity ten-
sors, and interatomic force constants.

All the calculations are performed using the theoretically

determined structures. The high-temperatureFm3̄m cubic

phase and the low-temperatureR3̄ average structures are

obtained11 starting from the experimentally reported
structures8,9 and allowing the lattice parameters and the in-
ternal coordinates to relax under symmetry constraints.
Primitive vectors of theoretical fcc structure are character-
ized bya0=5.539 Åswith mutual anglesa=60.00°d. The Pb,
Mg, Te, and O atoms occupy thes 1

4 , 1
4 , 1

4
d, s0,0,0d, s 1

2 , 1
2 , 1

2
d,

and s0.2645,0.2645,0.2645d positions, respectively. The the-
oretical average rhombohedral phase hasa0=5.531 Å and
a=60.27°. The Pb, Mg, Te, and O atoms occupy, respec-
tively, the s0.2507,0.2507,0.2507d, s0,0,0d, s 1

2 , 1
2 , 1

2
d, and

s0.2669,0.2354,0.2949d positions. Thus the rhombohedral
distortion of the cubic structure affects mainly thea angle of
the primitive cell and the position of the O atoms, and to a
lesser extent the lattice parameter and the position of the Pb
atoms.

III. PHONON DISPERSION RELATIONS

The phonon dispersion relations for the two analyzed
phases are shown in Figs. 1 and 2. The usual conventions for
labeling the high symmetry points of the FCC and rhombo-
hedral Brillouin zone are quite different from each other. In
Fig. 3, we compare these two notations. As an example, the
L point of the fcc Brillouin zone becomes equivalent, in the
rhombohedral setting, to two inequivalent points, notedZ
salong the trigonal axisd andL. With the fcc Brillouin zone
notation, one might refer to these two inequivalent points as
L andL8.

The interpolated dispersion curves for the two phases
have numerous similarities. We may identify three groups of
phonon bands that are separated by relatively large frequency
gapssabout 50 and 125 cm−1, respectively, for the first and
second gapsd. The differences between the phonon bands
from the second and third groupsin increasing order of en-
ergyd for the two structures are very small. The low-
frequency modes are instead different, mainly due to the
hardening of certain soft modes from the cubic phase during

FIG. 1. Phonon bands in the high-temperature
cubic phase of Pb2MgTeO6.
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the phase transition. The symmetry of the two phases also
change the degeneracies of certain bands. The oxygen dis-
placements dominate the eigendisplacements of the modes
higher than 250 cm−1, that correspond to breathing modes of
the AO6 octahedra. The cation participation is more impor-
tant for the modes with a frequency lower than 200 cm−1. We
now analyze in more detail, separately, the two phonon band
structures.

A. The cubic phase

The cubic phase presents two unstable zone-center pho-
non modes. The first one, at 91i cm−1, hasT2g character and
is triply degenerated inG. Along theG-L direction it unfolds
as 2+1 branches: the twofold degenerated lowest branch sta-
bilizes close tos0.39,0.39,0.39d, while the other branch sta-
bilizes closer toG at abouts0.23,0.23,0.23d. Along theG-X
direction it unfolds also as 2+1 branches. The lowest branch
does not stabilize along this direction, while the other
branches stabilize close tos0.31,0,0d.

The three-dimensional image of the most unstable branch
of this phonon in the whole reciprocal space is represented in
Fig. 4. The instability forms tubelike regions parallel to the

G-X directions. This mode is unstable also inK due to the
lateral extent of these tubes and to their relative 60° rotation
around thef111g directions from the neighboring Brillouin
zones. As001d section through the reciprocal space, where
all the three branches of this unstable phonon mode are seen,
is shown in Fig. 5. The lowest branch stabilizes alongX-W to
become unstable again alongW-K. The other two modes are
imaginary in a region around the zone center, that contains
also thes 1

4 ,0 ,0d point.
The eigendisplacements corresponding to this unstable

zone-center mode are rotations around thex, y, or z Cartesian
axis of the MgO6 and TeO6 octahedra. The rotations of these
two kinds of octahedra occur in opposite senses. The
freezing-in of the rotations corresponding to one of the three
modes yields an energetic decrease of 7.014 meV for a 3.2°
rotation.

The freezing-in of the octahedral rotations corresponding
to all the three modes yields a rhombohedral distortion of the
cubic structure. The scalar product between this distortion
and the cubic-to-rhombohedral distortion shows a 0.98 over-
lap.

The lowest branch of the instability fromG to X in the
reciprocal space corresponds to the formation of planar

FIG. 2. Phonon bands in the low-temperature
average rhombohedral phase of Pb2MgTeO6. The
high-symmetry points are indexed according to
the rhombohedral Brillouin zone, while their cu-
bic equivalent are given between the parentheses
on the second line.

FIG. 3. Brillouin zone for the face-centered-
cubic sleftd and the rhombohedralsrightd lattices.
Several high-symmetry points are indicated. The
a*, b*, and c* cubic directions correspond to the
primitive lattice. In the rhombohedral case, the
G-Z line is along the trigonal axis.
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waves of rotating TeO6 octahedra. The MgO6 octahedra are
distorted as a result of these rotations and serve as weak
coupling links between the TeO6 octahedra. The different
behavior of the TeO6 and MgO6 octahedra may be under-
stood from the analysis of the interatomic force constants
sSec. VId.

The second unstable mode is associated with aT1u mode
that undergoes a LO-TO splitting. The TO component is
weakly unstable, with a 14i cm−1 frequency, while the LO
component is situated at 150 cm−1. This instability is re-
stricted to a very small neighborhood close toG. The vibra-
tional pattern for this mode corresponds to parallel displace-
ments of all the atoms in the structure along thex, y, or z
Cartesian axis, where the Pb atoms vibrate against all the
other atoms of the structure. The differences in the amplitude
of atomic displacements are mainly due to the different
atomic masses. The largest displacements are recorded for
the fh00g vibration of the O and Te atoms belonging to the
sh00d Te+O planes. The Mg and the O atoms situated be-
tween these planes have a smaller amplitude of vibration.
The displacement of the Pb atoms is the smallest. The
freezing-in of the displacements corresponding to only one
of the three branches yield an energetic decrease of
0.083 meV for a maximum amplitude of displacement of
less than 0.1 Å. The freezing-in of the displacements for the
three branches yields a total energetic decrease of
0.105 meV.

B. The average rhombohedral phase

Baldinozzi and co-workers,8,9 interpreting their experi-
mental data, claimed that the IC structure is characterized by
a modulation with a wave vectorq=sd ,d ,dd, along thef111g
rhombohedral direction, equivalent to thef111g cubic direc-
tion. The measuredd is close to 0.1066 and slightly tempera-
ture dependent.

However, according to our theoretical phonon calcula-
tions sFig. 2d the average rhombohedral phase presents one
unstable phonon branch, with the instability situated away
from G, in the s110d rhombohedral plane, equivalent to the
cubics1̄10d planesFig. 6d. The instability is found along both

f100g andf1̄10g rhombohedral directions, that are equivalent

to thef1̄11g andf1̄10g cubic directions. The minimum of the

instability, less than 21i cm−1, lies along thef1̄10g rhombo-

hedral direction around thesd̄ ,d ,0d point, with d close to
0.095. Along thef100g rhombohedral direction the instability
lies betweens0.0825,0,0d ands0.2125,0,0d, with a frequency
minimum less than 10i cm−1 at s0.1525,0,0d. The phonon

FIG. 4. sColor onlined Reciprocal space isofrequency surfaces
for unstable phonon modes in the high-temperature cubic phase of
Pb2MgTeO6. The isofrequency surfaces are spaced by 10 cm−1. The
one closest toG corresponds to −90 cm−1. There is an inversion
symmetry at the center of the figure, and the isosurfaces closest to it
corresponds to 0 cm−1.

FIG. 5. The isofrequency linessin cm−1d of the three lowest
phonon bandssad, sbd, scd in the high-temperature cubic phase of
Pb2MgTeO6 viewed in as001d section through the Brillouin zone.
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dispersion curves between thef100g andf111g rhombohedral
directions, obtained by Fourier interpolation,20 show a rapid
stabilization of the imaginary mode when leaving thef100g
line that goes up in frequency towards thef111g line.

Despite our efforts, direct calculations at severalq points
along thef100g rhombohedral direction, using different grids
of k points sTable Id, yield only a slight soft-mode behavior
of the lowest phonon that does not confirm the interpolated
image and, moreover, is far from the desired convergence.
We were not able to reproduce the instability alongf100g
even using very large grids ofk points. Instead, direct cal-

culations of the phonon modes at theq=s−0.08,0.08,0d and
q=s−0.1,0.1,0d rhombohedral points confirm the presence
of an unstable mode as obtained by interpolation: the lowest
phonon modes lie at 17i cm−1 and 14i cm−1, respectively.

Let us emphasize that the accuracy and convergence re-
quirements placed on these calculations are inherently diffi-
cult to reach. Indeed, the square of the phonon frequencies
are the eigenvalues of the mass-weighted dynamical matri-
ces. The highest frequencies, around 800 cm−1, are about 100
times larger than the frequencies we are interested in. Taking
into account the squaring of frequencies, the typical matrix
elements of the dynamical matrix are about 10 000 times
larger than the searched eigenvalue.

In any case, our theoretical results disagree with the ex-
perimental ones in terms of the direction of the instability:
the theoretical instability lies in the vicinity of thes110d
rhombohedral plane, which does not contain thef111g rhom-
bohedral direction. We present now a detailed analysis of the
available experimental data that somehow decrease the dis-
agreement: the reinterpretation of the published electron dif-
fraction patternsSec. IVd and the study of the Raman spectra
sSec. Vd.

IV. REINTERPRETATION OF THE ELECTRON
DIFFRACTION PATTERN

The low-T phase of PMT exhibits several sets of satellite
spots in the electron diffraction spectra due to the incommen-
surate modulation. The position of the satellite spots was
interpreted in Ref. 10 assh+d ,k+d , l +dd, with d close to
0.1. The authors used the cubic reference system and pre-
sented two diffraction images recorded along the cubick110l
directionssFig. 7d.

In the incommensurate phase, with rhombohedral symme-

try, the equivalence of thef110g and f1̄10g directionssfrom
the cubic symmetryd is suppresseddue to the breaking of the
symmetry during the transition to the rhombohedral phase.
Consequently, the diffraction patterns recorded alongf110g
and f1̄10g will be different, as clearly seen in Fig. 7. As the
distortion of the lattice during the phase transition is ex-
pressed in the small change of the rhombohedral angle,
which passes from 60.0° to 59.9°, the difference between the
two orientations is visible mainly in the disposition of the
satellite spots.

FIG. 6. The unstable phonon mode of the low-temperature av-
erage rhombohedral phase of Pb2MgTeO6 seen in a rhombohedral
s110d section of the reciprocal space. The continuous and dashed
isofrequency lines, all separated by 5 cm−1, are for positive and
negative frequencies, respectively. The section goes from −0.25 to
0.25 along bothf100g andf010g rhombohedral directions. The cubic
and rhombohedral directions are indicated, respectively, by the “c”
and “r” indices.

TABLE I. Comparison between the Fourier interpolated values and directly obtained values of the fre-
quency of the lowest phonon mode in different points along the rhombohedralf100g direction. The interpo-
lated valuesssecond columnd are obtained by Fourier interpolation from a grid of 43434 q points. The
dynamical matrices are computed using face-centered shifted 23232 grids of special Monkhorst-Packk
points. The direct calculations with face-centered shifted 23232 sdenoted by 2323234d, primitive 4
3434, primitive 83434, and primitive 163434 grids ofk points are shown in the third, fourth, fifth,
and sixth columns, respectively. The vibrational frequencies are expressed in cm−1.

q point Interpolated value 2323234 43434 83434 163434

s0.0625 0 0d 3 −3 4 18

s0.1250 0 0d −9 5 5 21

s0.1875 0 0d −8 10 24

s0.2500 0 0d 12 12 18 28
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The published interpretation of the spectra claims the po-
sition of these satellite spots to besd ,d ,dd. However, accord-
ing to the rhombohedral symmetry this will generate two

equivalentsd ,d ,dd andsd̄ , d̄ , d̄d spots. These spots should be

visible only in thef1̄10g recorded spectra, while thef110g
recorded spectra should present no satellite spots. Obviously,
this is in disagreement with Fig. 7.

The theoretical results concerning the phonon dispersion
spectra in the average rhombohedral structure of Pb2MgTeO6
indicates an incommensurate instability situated in thes110d
rhombohedral plane, along both the rhombohedralf100g and

f1̄10g directions, corresponding to the family of cubicf1̄11g
and f1̄10g directions.

Let us examine the possibility of an incommensurate
wave vector along the rhombohedralf100g direction first.
Such an incommensurate instability, once frozen in the struc-
ture, may be expressed in a diffraction pattern as satellite
spots at general positionssd ,0 ,0d. The rhombohedral sym-
metry ensures a multiplicity of 6 for these spots. The electron

diffraction spectra recorded along thef1̄10g direction sac-
cording to the cubic reference systemd will detect the pres-
ence of two satellite spots around the main Bragg spots, with
a geometry similar to the one described in Fig. 7sad. The
spectra recorded along the perpendicularf110g directionsac-
cording to the cubic reference systemd will detect the pres-
ence of four satellite peaks around the main Bragg spots,
with a geometry similar to the one described in Fig. 7sbd.

Thus, the theoretical instability situated along thef100g
rhombohedral direction is in better agreement with the ex-
perimental electron diffraction pattern than the one postu-
lated in Refs. 8 and 9. An independent reindexation of the
published experimental electron diffraction pattern con-
firmed our criticism of the previous interpretation.22

The other possibility, an incommensurate instability along

the f1̄10g rhombohedral direction, will generate satellite

spots at generalsd̄ ,d ,0d positions. These spots will have also
a multiplicity of 6, due to the symmetry, and should be all
observed in both diffraction patternsfFigs. 7sad and 7sbdg.
These satellite spots are absent in the image recorded along

the f1̄10g cubic direction fFig. 7sadg. The second image
shows certain satellite spots that may be assigned to this
modulation wave vectorfdenoted by the thin horizontal ar-
rows in Fig. 7sbdg. However, these spots are not seen around

all the main Bragg reflections. Such satellite spots might be
second-order satellites due to af100g rhombohedral incom-
mensurate modulation, or the result of a twinning or some
other planar defects of the structure. Thus, although favored

in the theoretical phonon band structure analysis, thef1̄10g
rhombohedral wave vector is not consistent with experi-
ments.

V. RAMAN PEAK POSITION

The analysis of the Raman spectra constitutes the second
argument in favor of a modulation wave vector along the
rhombohedralf100g direction.

A. Cubic phase

There are five Raman active modes in the cubic phase of
PMT: 2T2g+1T1g+1Eg+1A1g. In the experimental spectra8

the T1g mode, stabilized by the temperature, is superposed
with one T2g mode, while in the theoretical calculationsat
0 Kd the T1g is an imaginary mode, all the other theoretical
modes being positive. The experimentalstheoreticald T2g,
T2g, Eg, A1g modes are situated at 58s56d, 357 s390d, 568
s641d, 759 s826d cm−1. The deviation of the theoretical re-
sults with respect to the experimental ones increase from
−2 cm−1 for the low-frequencyT2g mode to +67 cm−1 for the
high-frequencyA1g mode. The theoretical modes overesti-
mate the experimental data in the high-frequency region by a
roughly constant scaling factors1.1089d. Both the theoretical
and the experimental data agree on the interpretation of the
vibrational pattern and the character assignment of the Ra-
man peaks.

B. Rhombohedral phase

The rhombohedral phase presents a much more complex
Raman spectrum, characterized by the existence of large
broad peaks with numerous shoulders. The number of peaks
increases in the low-frequency region of the diagram. The
complexity of the Raman diagram is a consequence of the
incommensurate character of the modulation that projects the
q, 2q, etc., points of the Brillouin zone of the average struc-
ture to the new zone-centerG point of the incommensurate
phase. Due to the dispersion of the phonon frequencies, the
position of the projected modes fromq, 2q, etc., is shifted
with respect to the one of the corresponding modes inG.
This leads to the apparition of the “shoulder” peakssfrom
n ·qd around the “central” onessfrom Gd.

Consequently, we may add to the Raman-activeg modes
in G their correspondents from the modulation wave vectorq
point, and obtain Raman lines whose position are compa-
rable to the measured ones. The different choices of the

modulation wave vector, namely,q=sd 0 0d, q=sd̄ d 0d, or
q=sd d dd show similar Raman spectra above 50 cm−1. Fig-
ure 8 shows the theoretical Raman lines obtained from the
folding of the modes insd ,0 ,0d ands2d ,0 ,0d on the modes
in G. The trend of shifting upwards the theoretical modes at
high frequencies is observed also in the rhombohedral phase,
and the linear correction obtained from the cubic phase may

FIG. 7. Schematic representations of the electron diffraction pat-

tern recorded along thef110g sad andf1̄10g sbd cubic directions for
the low-temperature cubic phase of Pb2MgTeO6 safter Ref. 10d. The
thin horizontal arrows show the position of the satellite peaks cor-

responding to thef1̄10g direction. All the other satellites correspond

to thef1̄11g cubic directionsequivalent tof100g rhombohedrald. See
text for details.
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be applied. There is a good correspondence between the ex-
perimental Raman and the theoreticalg modes based on the
value of the frequency. The only exception is the experimen-
tal mode recorded at 152.3 cm−1 which is very low in inten-
sity. It may correspond to au mode in q, that could be
activated as a result of the folding.

The main difference between the modulation wave vector
in q=s0.1066,0,0d, according to the theoretical instability
obtained by interpolation or by the reinterpretation of the
electron diffraction pattern, instead ofq=s0.1066,
0.1066,0.1066d, according to the experimental data, orq
=s−0.1066,0.1066,0d, according to the lowest unstable
mode obtained theoretically, consists of the behavior at low
frequency. Figure 9 shows the correspondents of the Raman
modes fromG in the different possibleq and 2q points. The
whole theoretical spectrum for the three choices of the
modulation wave vector is then obtained from the folding of
the corresponding points toG.

Theoretically, if we consider the modulation along the
f111g direction, due to the high symmetry of all the points
along this line, the degeneracy of the phonon modes is large
and the number of “shoulder” peaks is quite small: we can-
not assign several experimental peaks in the 10–100 cm−1

frequency rangesFig. 9d. Moreover, the asymmetry of the
experimental peaksssuch as the 19–21 cm−1 oned cannot be

obtained. If we consider the modulation along thef1̄10g di-

rection, then the experimental peaks at 19 and 21 cm−1 are
shifted at 24 and 27 cm−1, the experimental peak at 30 cm−1

does not have a theoretical correspondent. At last, if we con-
sider the modulation along thef100g direction, then we ob-
tain a reasonable agreement between the experimental and
the theoretical modes at 19 and 21 cm−1. The different ex-
perimental peaks situated at the 30–60 cm−1 have theoretical
correspondents within a 5 cm−1 range. The large number of
theoretical lines comes from the different possible 2q points.
Their varying intensity may contribute mainly to the broad-
ening seen for the experimental peaks. Consequently the best
fit between experiment and theory is obtained by considering
the modulation along thef100g direction. This choice ensures
a reasonable agreement between the experimental and theo-
retical modes in terms of both position and mode degeneracy.
Due to the low symmetry of the points along this direction,
there are no degenerate phonon modes and this may account
for the asymmetry of the experimental peaks.

VI. INTERATOMIC FORCE CONSTANTS

The analysis of the interatomic force constants in the two
structures can shed some light on the chemical bonding in
PMT and the similarities and differences with other perov-
skite crystals. We analyze first the self-force constants
sSFC’sd, listed in Table II, and then the interatomic force
constantssIFC’sd between nearest-neighbor atoms, listed in
Table III. The SFC is the force acting on an isolated atom
during its displacement along a Cartesian direction, all the
other atoms in the lattice being fixed.

In the cubic phase, all the SFC are positive, showing that
the structure is stable against isolated atomic displacements.
The biggest SFC is on the Te atoms, due to the strong bonds
with the neighboring O atoms. The only possible way to
reduce the energy of the structure is the collective displace-

FIG. 8. sColor onlined Comparison between the theoretical Ra-
man lines and the experimental spectra, above 50 cm−1. The theo-
retical lines are obtained from the Raman modes inG shighest ver-
tical linesd and the folding of their correspondents insd ,0 ,0d
smidhigh vertical linesd ands2d ,0 ,0d, sd ,d ,0d, andsd , d̄ ,0d slowest
vertical linesd.

FIG. 9. Comparison between experimentalsleft columnd and
theoretical low-frequency Raman lines position for the low-
temperature phase of Pb2MgTeO6 below 60 cm−1. G and differentq
points are represented first independently, then regrouped as a func-

tion of the modulation wave vector position: alongf100g, f1̄10g, and
f111g rhombohedral directions. Many theoretical lines might have
weak intensities, so that they would not appear in the experimental
spectrum. By contrast, the peaks seen experimentally should be
attributed to some existing nearby theoretical line.
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ment of atoms, corresponding to phonon modes. In the rhom-
bohedral phase the SFC are positive for the cations, with
values very close to those of the cubic structure. The O at-
oms have SFC with diagonal positive values and off-
diagonal positive and negative values. The eigenvalues are
all positive f0.3040 0.0669 0.0595g, with one large compo-
nent and two smaller ones, corresponding to longitudinal or
transverse displacements with respect to the direction of the
nearest neighbor.

The IFC in the two structures are similar, with differences
less than 10%. The IFC for the rhombohedral structure are
smaller than those for the cubic one. The Te-O IFC are the
strongest, much stronger than the Mg-O IFC’s. In the cubic
structure, the longitudinal component of the Te-O IFCspar-
allel with the bond directiond is about six times larger
s−0.1733 Ha/bohr2d than the Mg-O correspondent one
s−0.0324 Ha/bohr2d. This difference is responsible for the
different behaviors of the TeO6 and MgO6 octahedra. The
Mg-O weaker bonds act as couplings between the more rigid
TeO6 octahedra. The longitudinal Pb-O IFC’s
s−0.0108 Ha/bohr2d are even smaller than Mg-O ones. Con-
sequently, the Pb only weakly influences the phase transition
energetics. In the average rhombohedral structure, the same
relationships between the IFC’s are preserved as for the cu-
bic structure.

The comparison between the cubic structure of PMT with
other, simple cubic perovskites23 sBaTiO3, PbTiO3, and
PbZrO3d, reveals SFC in PMT stronger than those in PbTiO3
and smaller than those in BaTiO3. The SFC on Mg are
smaller than those on Tis0.139 Ha/bohr2d in PbTiO3, while
those on Te are much stronger. The image of the cation-anion
IFC’s is different with respect to the other perovskites. Ex-
cept for the Pb-O longitudinal IFC, all the others are nega-
tive in PMT, while positive and negative in the other cases.
The Te-O IFC’s are the strongest ones, while the Mg-O
IFC’s are comparable, in absolute value, with theB-O IFC’s
in the otherABO3 perovskites.

VII. CONCLUSIONS

We study from first principles the dynamical properties of
the cubic high-temperature and the average rhombohedral
low-temperature phases of Pb2MgTeO6, a rock-salt ordered
perovskite that presents an incommensurate displacive
modulation at low temperatures. We analyze the phonon dis-
persion bands and discuss the instabilities in both phases
sSec. IIId. We perform a reinterpretation of the electron dif-
fraction patternsSec. IVd and compare the experimental and
theoretical Raman spectrasSec. Vd. We finally discuss the
interatomic force constantssSec. VId.

The phonon dispersion bands show two unstable modes in
the cubic phase in the zone center. The first one stabilizes
very fast out ofG and the second one persists away fromG,
forming tubelike unstable regions parallel to theG-X direc-
tions. The instability is found again inK. The atomic dis-
placement pattern corresponding to this instability consists of
planes of rotating TeO6 octahedra.

The phonon bands corresponding to the average rhombo-
hedral structure of the incommensurately modulated phase
show the existence of one unstable phonon mode situated in
the s110d plane. The instability is found along both thef100g
and thef1̄10g directions, the minimum lying along the latter
one. This disposition of the instability disagrees with the
previously published experimental interpretation which, on
the basis of an electron diffraction pattern, claimed a modu-
lation wave vector along thef111g direction, in the q
=sd ,d ,dd point, with d close to 0.1066.

TABLE II. Self-force constants in the cubicsFm3̄md and aver-

age rhombohedralsR3̄d phases of Pb2MgTeO6. The values listed for
the atoms in the cubic phase and for the Pb, Mg, and Te atoms in
the average rhombohedral phase are the diagonal values of the 3
33 tensorssthe off-diagonal values vanish for symmetry reasonsd.
For the O atoms in the rhombohedral phase, the 333 matrix rep-
resents self-force constants along the Cartesian directions. All the
values are expressed in Ha/bohr2.

Atom

Fm3̄m

Pb 0.0464 0.0464 0.0464

Mg 0.1094 0.1094 0.1094

Te 0.5278 0.5278 0.5278

Oa 0.3172 0.0600 0.0600

R3̄

Pb 0.0552 0.0552 0.0492

Mg 0.1049 0.1049 0.1022

Te 0.5186 0.5186 0.5213

Obx s 0.2216 −0.0091 −0.1152

−0.0091 0.0674 0.0063

−0.1152 0.0063 0.1414dy

z

aThe values correspond to the O atom situated along thex Cartesian
axis.
bThe values correspond to the O atom situated ats0.2667, 0.7646
0.7052d.

TABLE III. Interatomic force constantssIFC’sd in the cubic

sFm3̄md and average rhombohedralsR3̄d phases of Pb2MgTeO6.
The listed values correspond to the eigenvalues of the interatomic
force constant tensors, for the nearest-neighbor pairs. The largest
eigenvaluessfirst columnd are associated with mostly longitudinal
IFC’s, the others are mostly associated with transverse IFC’s. All
the values are expressed in Ha/bohr2.

Atom pair

Fm3̄m

Pb-O −0.0108 −0.0065 0.0091

Mg-O −0.0324 −0.0039 −0.0039

Te-O −0.1733 −0.0371 −0.0371

R3̄

Pb-O −0.0116 −0.0066 −0.0003

Mg-O −0.0290 −0.0042 −0.0042

Te-O −0.1673 −0.0372 −0.0372
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In order to argue in favor of the theoretical image ob-
tained after the determination of the phonon dispersion, we
performed a careful analysis of the published experimental
positions of the satellite peaks that are due to the modulation:
the wave vector must be positioned along thef100g rhombo-
hedral direction instead.

The interpretation of the numerous shoulder peaks ob-
served in the Raman diagram recorded for the incommensu-
rate phase shows also a better agreement in folding to the
new zone center of the incommensurate phase the corre-
spondingg modes in thesd ,0 ,0d rather than thesd ,d ,dd or

sd̄ ,d ,0d q points swith d=0.1066d.
However, it appears that both the experimental and theo-

retical results are still questionable at least with respect to the
position of the modulation wave vector: the position of the
interpolated instability along thef100g direction, which of-
fers a better agreement with the experimental diffraction, and
the Raman data are not confirmed by first-principles direct
calculations. The minimum along thef1̄10g direction that
was predicted by calculations is not compatible with the dis-
position and the symmetry of the satellite peaks as shown on
the experimental diffraction patterns.

We do not have enough evidence to clearly confirm a
condensation of a soft mode as the mechanism of the incom-
mensurate phase transition. An alternate model involving
planar defects has been proposed recently for Pb2ScNbO6 in
Ref. 24, but the presence of solid solutions in this latter
material makes a comparison between the two compounds
rather useless. The absence of theoretical calculations for
other incommensurate perovskites renders our task even
more difficult. It is obvious today that further investigations
are needed in order to clarify the physics of the incommen-
surate transitions in rock-salt ordered perovskites.
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