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Structural, electronic, and dynamical properties of calaverite AuTe2 under pressure

Razvan Caracas and Xavier Gonze
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We study from first-principles calculations the behavior of the trigonal phase of AuTe2 under pressure, up to
75 GPa. We determine its structural evolution and predict an isosymmetrical phase transition at about 55–60
GPa, associated with a large hysteresis. We analyze the electronic properties: valence-electron-density distri-
bution and electronic band structure. We discuss the transformations induced by the pressure in the Fermi
surface, and finally determine the phonon-dispersion relations for the 50 and 75 GPa theoretical structures.
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I. INTRODUCTION

Gold telluride, AuTe2, calaverite, is incommensurate
modulated at ambient conditions. Its morphology raised
merous problems to the crystallographers for a long time1–4

The face-indexation problem was solved5,6 in 1980s, by de-
scribing the morphology and the crystal symmetry in a fo
dimensional~4D! space, with a monoclinic average structu
An x-ray refinement of the incommensurate calaverite str
ture performed in 4D space7 revealed aC2/m average. This
average phase has a distorted CdI2 structure, each Au atom
being sixfold coordinated with Te atoms, with two long a
four short Au-Te bonds. The AuTe6 octahedra form layers
parallel to the~001! plane. The average phase has a meta
character.8–10

The incommensurate phase is stable up to 2.5 GP11

where it transforms to aP3̄m1 nonmodulated trigonal phase
The trigonal phase has a less distorted CdI2-type structure,
where the six Au-Te bonds are equal. The structural evo
tion under pressure was recorded experimentally up to
GPa.

Interested by this pressure-driven phase transition,
building upon our previous density-functional-theo
analysis,9 we examined the behavior of the high-pressu
nonmodulated trigonal phase of calaverite under pressure
to 75 GPa. We analyzed the structural, electronic, and
namical properties and observed anisosymmetrical phase
transition at about 55–60 GPa.

There are just a few compounds in nature that pres
such isosymmetrical phase transitions: metallic Ce~Ref. 12!
and SmS ~Ref. 13! that present electronic instabilities
KTiOPO4 ~Ref. 14! and PbF2 ~Ref. 15! that present structura
instabilities, and Na3MnF6 ~Ref. 16! that presents both elec
tronic and structural instabilities. The rarity of such tran
tions lead us to analyze in detail the evolution not only of
structure but also of the electronic and dynamical proper
under pressure of AuTe2.

The isosymmetrical phase transition in calaverite ha
first-order character and presents a calculated hysteres
about 25 GPa. The evolution of the structure under pres
is controlled by the balance between the octahedral la
~OL! height and the interlayer~IL ! distance. The driving
force of the transition is the need of the structure to find
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closest possible packing. Calaverite preserves its met
properties at high pressure. The electronic bands bec
more dispersive with pressure, and the Fermi surface m
complex. The structures below and above the transition p
sure are stable against any local or collective atomic d
placement, as revealed by the phonon-dispersion relatio

The paper is organized as follows. In Sec. II we pres
the computational details. The structural evolution with pr
sure is given in Sec. III, the electronic properties are deta
in Sec. IV, and the dynamical properties in Sec. V. The pa
ends with the conclusions.

II. COMPUTATIONAL METHODOLOGY

All the calculations are performed in the framework of t
local-density approximation~LDA ! of the density-functional
theory17,18 as implemented in theABINIT package.19 The
ABINIT software is based on pseudopotentials and pl
waves and relies on the adaptation to a fixed potential of
band-by-band conjugate-gradient method20 and on a
potential-based conjugate-gradient algorithm for the deter
nation of the self-consistent potential.21 The pseudopotentia
approach is free of the spherical shape approximation use
a previous electronic structure study of calaverite.8 We use
Hartwigsen-Goedeker-Hutter pseudopotentials22 for both el-
ements, generated by a fully relativistic treatment~scalar
relativistic as well as spin-orbit effects!, due to the potential
importance of relativistic effects in heavy elements. T
present calculations include these effects and treat explic
the spin-orbit effect by means of spinorial wave function
The core configuration of Au and Te is, respectively,@Xe#
and @Kr#5d10.

The structural relaxation was conducted using
Broyden-Fletcher-Goldfarb-Shanno minimization,23 modi-
fied to take into account the total energy in addition to t
gradients.

As usual with plane-wave basis sets, the numerical ac
racy of the calculation can be systematically improved
increasing the cutoff kinetic energy of the plane waves a
the density of the grid of specialk points24 used in the sam-
pling of the Brillouin zone. The convergence of the tot
energy ~at 1 mHa! is obtained for a 30 Ha cutoff kinetic
energy of the plane waves. Then, for each value of the p
sure we have consecutively increased the density of the
©2004 The American Physical Society14-1
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of k points in order to obtain the convergence of the str
tural parameters~lattice constants and atomic positions!.
Most of the calculations are fully converged in grids of
310310 specialk points. The deviations between the r
sidual stresses of the determined structures and the ta
theoretical hydrostatic pressures are less than 0.05 GPa
calculations of the electron density and the density of sta
~DOS! are performed using 10310310 grids of k points.
The DOS is calculated using the tetrahedron method.25

The determination of the phonon-dispersion relations
done by Fourier interpolation26 starting from a body-centere
shifted 23232 grid of q points in the whole Brillouin zone
The details of the dynamical matrices computation are gi
in Refs. 26 and 27. The calculation of the wave functio
used further in the determination of the dynamical matri
are performed on 83838 grids ofk points.

The structural evolution observed in LDA was check
using also the generalized gradient approximation~GGA!.
The GGA calculations confirm the presence of a phase t
sition in the same pressure range as the LDA. This con
mation allows us to continue our study using LDA.

III. STRUCTURAL EVOLUTION UNDER PRESSURE

To start with, we examine calaverite at ambient press
Experimentally, calaverite has a CdI2-type distorted struc-
ture. The primitive unit cell contains one molecular unit. T
Au atoms are situated at~0,0,0! and the Te atoms at (x,x,z)
and (x̄, x̄, z̄) positions. The Te atoms are arranged in she
parallel to the~001! plane with ...ABAB... stacking se-
quence. One-third of the octahedral voids between the
cessiveAB Te sheets are filled by Au atoms. The resulti
AuTe6 octahedra build layers parallel to~001!. There are two
apical short and four equatorial long Au-Te bonds with
each octahedron.

We optimize~lattice parameters and internal atomic coo
dinates! the experimental average structure determined
ambient pressure. The use of Hartwigsen-Goedeker-Hu
pseudopotentials and the spin-orbit coupling improv
slightly the previously obtained results10 with Troullier-
Martins pseudopotentials.28 We find that the energy differ
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ence between the relaxed structures with monoclinic
trigonal imposed symmetries are much lower than the ac
racy of the cutoff kinetic energy and/or grid ofk points. So,
the theoretical structure is similar to the high-pressure tri
nal phase of calaverite: the deviations are less than 0.0
the trigonalg angle (60.00° in the ideal trigonal phase! and
less than 0.0001 in the internal Tex position~2/3 in the ideal
trigonal phase!. A standard LDA calculation performed with
the experimental structure gives a residual pressure of a
3 GPa. Thus, the LDA induces a pressure shift of at lea
GPa, due to its usual volume underestimation. This gives
estimate of the accuracy of our calculations. We will focus
the following on the study of the trigonal nonmodulate
phase of calaverite under pressure.

We perform first an ‘‘upward’’ run, which consists of re
laxations under increasing pressure~with discrete steps!. We
use the theoretical structure obtained at the previous lo
value of the pressure and make a structural optimiza
~unit-cell parameters and internal atomic coordinates un
P3̄m1 symmetry constraints! at a new, larger pressure. W
increase the value of the pressure up to 75 GPa. We use
experimental average structure at ambient pressure to
our calculations. At 55–60 GPa a discontinuity in the evo
tion of the different structural parameters (a and c lattice
constants, Tez coordinate, bond lengths, etc.! indicates the
presence of a phase transition. As the structure preserve
symmetry, the transition is isosymmetrical, first order.

We perform next a ‘‘downward’’ run, which is the revers
of the previous set of calculations. We start with the 75 G
theoretical structure and we relax it while decreasing
pressure by discrete steps. For each pressure we fully o
mize the structure obtained at the previous higher value
the pressure. At about 35 to 30 GPa, the high-pressure s
ture reverses to the low-pressure one. The phase transiti
thus associated with a hysteresis. However, our calculat
are performed at 0 K, while in an experiment thermal flu
tuations can overcome the energetic barrier between the
phases and the hysteresis will be temperature and time
pendent.

The evolution of the lattice parameters and the Tez coor-
dinate in the 0–75 GPa pressure range are shown, res
er

FIG. 1. Evolution of thea ~circles! and c

~squares! lattice parameters of calaverite und
pressure.
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FIG. 2. Evolution of the Tez internal coordi-
nate under pressure.
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tively, in Figs. 1 and 2. The two lattice parameters behave
a highly anisotropic way at low pressure: in the 0–40 G
rangea decreases by 0.2057 Å andc by 0.7516 Å. In the
40–55 GPa pressure rangea increases by 0.0265 Å, whilec
decreases by 0.2298 Å. After 55 GPa calaverite underg
the phase transition, more clearly seen in the sudden decr
of the c parameter. In the high-pressure phase in the 65
GPa pressure range, the decrease of thea parameter, 0.0486
Å, is more important than the one of thec parameter, 0.0058
Å. During the downward run, in the 75 to 40 GPa press
range, the lattice parameters behave more isotropicalla
decreases by 0.1311 Å andc by 0.1516 Å.

The evolution of the Tez internal coordinates is such as
avoid the compression of the OL’s: the Tez increases from
0.2885 at ambient pressure to 0.3019 at 55 GPa. At the p
transition it exhibits a jump to 0.2930 and increases agai
the high-pressure phase. During the downward run it
creases from 0.2952 at 75 GPa to 0.2911 at 40 GPa.

The IL distance decreases by 0.4292 Å in the 0–55 G
pressure range~representing 19.95% of the 0 GPa valu!,
while the OL height decreases in the same pressure rang
0.3224 Å ~10.99% of the 0 GPa value!. During the down-
14411
in
a

es
ase
5

e

se
in
-

a

by

ward run the OL increases by 0.0652 Å~3.88% from its 75
GPa value!, while the IL by 0.0864 Å~7.43% from the 75
GPa value!.

The anisotropic behavior of the lattice parameters un
pressure may be explained from the pronounced tw
dimensional character of the structure. The compression
the OL’s is enhanced along the@001# direction and limited
within the ~001! plane. The phase transition takes place a
55–60 GPa pressure~upward run!. It is marked by the sud-
den expansion of the structure in the~001! plane and the
sudden decrease of thec parameter. The structure preserv
the space group of the structure, the topology of the OL’s
the ~001! planes, and their packing along the@001# direction,
the phase transition being isosymmetrical.

IV. ELECTRONIC PROPERTIES

A. Electron density

Figure 3 shows the valence-electron density at sev
pressures during the upward run. Its evolution gives an
curate image of the structural evolution. The high electr
-
-

e
e
se
t
d
nd
s-
FIG. 3. ~Color online! The
0.05e2/Ha3 isodensity surface in
the theoretical structure of cala
verite, computed at several pres
sures, during the upward run. Th
spheres are the Au atoms, whil
the Te atoms are not seen becau
of the isodensity surface. The firs
row corresponds to the 0, 20, an
30 GPa structures, and the seco
one to the 50 and 75 GPa pre
sure, respectively, from left to
right.
4-3
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FIG. 4. The electronic band
structure and the correspondin
density of states for the theore
ical structure at ambient pressur
Several groups of electronic
bands may be distinguished. Th
notation of the high-symmetry

points is as follows:X5( 1
2 ,0,0),

Y5(0,1
2 ,0), Z5(0,0,12 ), A

5( 1
2 ,0,12 ), B5(0,1

2 , 1
2 ).
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density within the OL’s~Ref. 9! limits the compression of the
structure in the~001! plane. The interlayer space is relative
depleted in electrons and thus the structure may comp
easily along the@001# direction. Around 40 GPa, the OL’s ar
closer: the electronic clouds of the Te atoms in the neighb
ing layers exert a repulsive effect. This effect is seen in
slight increase of thea lattice parameter, which controls th
extension of the layers in the~001! planes. This repulsion
effect becomes sufficiently important above 50 GPa to p
duce the phase transition.

The electron-density distribution along the Au-Te bo
remains almost constant with pressure. The highest den
corresponding to the Te atom, about 0.08–0.09e2/Ha3, lies
at about 0.89 Å from the Te atomic center at all pressu
The value of the lowest density increases from 0.056e2/Ha3

~68% of the Te maximum! at 0 GPa to 0.078e2/Ha3 ~86%
of the Te maximum! at 50 GPa. After a sudden decrea
during the phase transition~at 60 GPa it is 0.060e2/Ha3,
corresponding to 72% of the Te maximum! it continues to
increase with pressure. The highest density correspondin
the Au atom is almost constant in terms of both value a
position: around 0.44e2/Ha3 at about 0.47–0.49 Å far from
the atomic center. The minimum of the electron dens
along the Te-Te bond increases from 0.031e2/Ha3 at 0 GPa
~39% from the Te maximum! to 0.059e2/Ha3 at 50 GPa
~69% from the Te maximum!. At the phase transition i
14411
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records a jump down to 0.053e2/Ha3 at 60 GPa~63% from
the Te maximum!. In the high-pressure phase its value i
creases much slowly, at 75 GPa being 0.057e2/Ha3 ~67%
from the Te maximum!. The Te maximum, about 0.08–0.0
e2/Ha3, is displaced from 0.82 Å far from the atomic cent
at 0 GPa to 0.88 Å at 50 GPa. In the high-pressure phas
position is much closer to the atomic center: 0.81 Å at
GPa and 0.84 Å at 75 GPa.

Consequently, the different compression of the OL w
respect to the IL space may be directly related to the re
tribution of the electron density. As the Au-Te bond lie
within the OL, the small variations in the electron-dens
distribution along this bond are directly related to the we
compression of the OL with pressure. The electronic den
varies instead more significantly along the Te-Te bo
which lies within the IL space. The pressure increases
Te-Te bond covalency~as observed in the evolution of th
Te-Te minimum! during the decrease of the IL distance wi
pressure. The maximum values of the density around b
the Te and Au atoms and also their positions do not v
considerably with pressure.

B. Electronic band structure and density of states

Figure 4 shows the electronic band structure and the
responding DOS for the theoretical 0 GPa structure. T
e
of
ith
ted
n-
re
e

FIG. 5. The evolution with pressure of th
energy limits of the two energy-lowest groups
electronic bands and the gap between them, w
respect to the Fermi energy. Squares and dot
lines are for the first group, and circles and co
tinuous lines for the second one. Full symbols a
for group energy limits and open symbols for th
group energy range.
4-4



g
l
e

e

STRUCTURAL, ELECTRONIC, AND DYNAMICAL . . . PHYSICAL REVIEW B 69, 144114 ~2004!
FIG. 6. The electronic band
structure and the correspondin
density of states for the theoretica
structure at 75 GPa pressure. Th
bands are highly dispersive. Th
notation of the high-symmetry
points is same as in Fig. 4.
is

le

a
s
id

n
le
nd
in
. T
n

, t
0
b

t
e.

ou
ld
ina
v

o
nd

t
to

-

hat
ur-

s
e no
ainst
li-

uc-

g

t

nd
electronic bands may be separated in several groups.9 The
first group, the lowest in energy, is constituted of highly d
persive bands, corresponding to the Te 5s electrons. They
span a 3.4 eV energy range. The second group is built of
dispersive bands, corresponding to the Au 5d electrons, that
span 3 eV energy range. A 3.3 eV gap separates the first
the second groups. The third group of electronic band
formed by highly dispersive bands, corresponding to hybr
of mainly Au 6s, Au 5d, and Te 5p orbitals. Its top lies 3.9
eV lower than the Fermi level. The first two conductio
bands may be also contained in this group. There is no e
tronic gap between the second and the third group of ba

The electronic bands become more dispersive with
creasing pressure and the electrons are more delocalized
energy width of the groups increases and the gap betwee
first and the second group decreases almost linearly~Fig. 5!.
At 50 GPa the first group of bands spans a 6.8 eV range
second one 4.2 eV, while the gap between them is only
eV. The Fermi-level occupancy does not vary considera
with pressure.

In the high-pressure phase the electronic bands canno
further separated~Fig. 6!. The bands are highly dispersiv
We observe a splitting of the Au 5d orbitals, possibly due to
a mixing with Te 5p and Au 6s orbitals: at 6.98 eV lower
than the Fermi level the DOS value reaches only ab
0.0375e2/eV/unit cell. This may be explained by the fie
effect induced by the Te atoms in the octahedral coord
tion. There are four electronic bands crossing the Fermi le
in the high-pressure phase.

C. Fermi surface

The Fermi surface of the trigonal phase before the is
ymmetrical transition is determined by three electronic ba
that intersect the Fermi level. Figure 7~a! shows a~110! sec-
tion passing throughG through the Fermi surface in the firs
Brillouin zone, for the 0 GPa theoretical structure. The
pology of the Fermi surface changes at 30 GPa@Fig. 7~b!#,
where these zones are connected along the@111̄# direction.
At 50 GPa pressure@Fig. 7~c!#, the connecting regions be
come larger.
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After the phase transition, the four electronic bands t
intersect the Fermi level generate a very complex Fermi s
face @Fig. 7~d!# with numerous electron and hole pockets.

V. DYNAMICAL PROPERTIES

Figures 8~a!–8~c! show the phonon-dispersion relation
for the theoretical structures at 50 and 75 GPa. There ar
unstable phonon branches: the structures are stable ag
any local or collective atomic displacements of weak amp
tude. It is remarkable that at 50 GPa the two different str
tures ~the low-pressure and the high-pressure ones! have
stable phonon modes, indicating the~meta!stability of both.

The six optical modes inG may be decomposed accordin
to the group theory asA1g1A2u1Eg1Eu . At 50 GPa~up-
ward run! the A2u ,Eu ,A1g , and Eg modes are situated a
180, 215, 235, and 189 cm21, respectively. At 75 GPa the
A2u ,Eu ,A1g , andEg modes are situated at 78, 186, 130, a
214 cm21, respectively, while at 50 GPa~downward run!
they are situated at 76, 164, 127, and 193 cm21.

The A modes correspond to vibrations along the@001#

FIG. 7. ~110! sections passing throughG of the Fermi surface
for the theoretical structures computed at~a! 0 GPa,~b! 30 GPa,~c!
50 GPa~upward run!, and~d! 75 GPa pressures.
4-5
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RAZVAN CARACAS AND XAVIER GONZE PHYSICAL REVIEW B 69, 144114 ~2004!
direction, while theE modes to vibrations in the~001! plane.
The A2u mode corresponds to vibrations of the Au atom
against the Te atoms, while theA1g involves only Te dis-
placements, the two atoms in the unit cell vibrating o
against the other. TheEu mode corresponds to vibrations o

FIG. 8. Phonon-dispersion relations computed for the theore
calaverite structures at 50 GPa during the upward run~a!, 75 GPa
~b!, and 50 GPa during the downward run~c!. The notation of the
high-symmetryq points is the same as in Fig. 4.L5

1
2

1
2 0. The

phonon frequencies are in cm21.
i

14411
e

both Au and Te while theEg mode to alternate vibrations o
the Te atoms around the Au atoms.

VI. CONCLUSIONS

We use the local-density approximation of the densi
functional theory to study the evolution of the trigonal pha
of calaverite AuTe2 with pressure. We determine the stru
tural and electronic properties of the calaverite in the 0–
GPa pressure range and predict an isosymmetrical p
transition at about 55–60 GPa, characterized by a hyster
of about 30 GPa.

Calaverite has a distorted CdI2-type structure: it is formed
by ~001! AuTe6 octahedral layers that confers it a pr
nounced two-dimensional character. This character is resp
sible for a highly anisotropic behavior under pressure. T
compression of the structure along the@001# direction is en-
hanced, while in the~001! plane it is limited. The phase
transition has a pronounced structural character. It app
when the electrostatic repulsion between the electro
clouds of the Te atoms belonging to the neighboring layer
high enough to compensate for the Au-Te attractive inter
tion within the layers.

The structure has a metallic character at all pressures
the transition generates important changes in the electr
properties. The low-pressure phase has an electronic b
structure that may be separated into three groups corresp
ing, in increasing order of energy, to the Te 5s, Au 5d, and
hybrids of Au 6s, Au 5d, and Te 5p electrons. The first two
groups of bands get wider in energy by increasing press
There are three bands that intersect the Fermi level.
Fermi surface is characterized by (111)̄ quasiplanar zones
which are separated at 0 GPa but connected after 30 G
The high-pressure phase has an electronic band struc
built of highly dispersive bands, where the groups of ban
may not be separated anymore.

We also determine the dynamical properties of the str
tures below and above the transition. The phonon-disper
relations reveal stable structures both below and above
isosymmetrical phase transition.
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