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Structural, electronic, and dynamical properties of calaverite AuTe under pressure
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We study from first-principles calculations the behavior of the trigonal phase of Awiger 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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[. INTRODUCTION closest possible packing. Calaverite preserves its metallic

properties at high pressure. The electronic bands become

Gold telluride, AuTe, calaverite, is incommensurately more dispersive with pressure, and the Fermi surface more
modulated at ambient conditions. Its morphology raised nucomplex. The structures below and above the transition pres-
merous problems to the crystallographers for a long finfe. sure are stable against any local or collective atomic dis-
The face-indexation problem was sol¥&dn 1980s, by de- Placement, as revealed by the phonon-dispersion relations.
scribing the morphology and the crystal symmetry in a four- The paper Is orgam;ed as follows. In Sec. Il we present
dimensional4D) space, with a monoclinic average structure. the computational details. The structural evolution with pres-

An x-ray refinement of the incommensurate calaverite strucSUre i given in Sec. lll, the electronic properties are detailed

ture performed in 4D spateevealed a&C2/m average. This in Sec. .IV' and the dynamical properties in Sec. V. The paper
average phase has a distorted Cstructure, each Au atom ends with the conclusions.

being sixfold coordinated with Te atoms, with two long and

four short Au-Te bonds. The Augeoctahedra form layers Il. COMPUTATIONAL METHODOLOGY

parallel to the(001) plane. The average phase has a metallic

charactef~1° : N . .

The incommensurate_ phase is stable up to 2.5 %Pa,ltﬁzzlrgs?ss I:t:éaia%?exr:*nrg?w?gg_ IijnAt)h(;:Btlr,Lel.\Tdepr;s(;}(ya;lg?gct_lrohneal
where it transforms to 83m1 nonmodulated trigonal phase. aginiT software is based on pseudopotentials and plane
The trigonal phase has a less distorted &gpe structure, waves and relies on the adaptation to a fixed potential of the
where the six Au-Te bonds are equal. The structural evoluband-by-band conjugate-gradient metffodand on a
tion under pressure was recorded experimentally up to 5.fotential-based conjugate-gradient algorithm for the determi-
GPa. nation of the self-consistent potentfalThe pseudopotential

Interested by this pressure-driven phase transition, andpproach is free of the spherical shape approximation used in
building upon our previous density-functional-theory a previous electronic structure study of calavetitfe use
analysis’ we examined the behavior of the high-pressureHartwigsen-Goedeker-Hutter pseudopotentfaler both el-
nonmodulated trigonal phase of calaverite under pressure, igments, generated by a fully relativistic treatméscalar
to 75 GPa. We analyzed the structural, electronic, and dyrelativistic as well as spin-orbit effegtdue to the potential
namical properties and observed mwsymmetrical phase importance of relativistic effects in heavy elements. The
transition at about 55—-60 GPa. present calculations include these effects and treat explicitly

There are just a few compounds in nature that preserthe spin-orbit effect by means of spinorial wave functions.
such isosymmetrical phase transitions: metallic(Ref. 12  The core configuration of Au and Te is, respectivéXe]
and SmS(Ref. 13 that present electronic instabilities, and[Kr]5d*.

KTiOPO, (Ref. 14 and Pbk (Ref. 15 that present structural The structural relaxation was conducted using the
instabilities, and NgMnFg (Ref. 16 that presents both elec- Broyden-Fletcher-Goldfarb-Shanno minimizatfdn,modi-
tronic and structural instabilities. The rarity of such transi-fied to take into account the total energy in addition to the
tions lead us to analyze in detail the evolution not only of thegradients.

structure but also of the electronic and dynamical properties As usual with plane-wave basis sets, the numerical accu-
under pressure of Auje racy of the calculation can be systematically improved by

The isosymmetrical phase transition in calaverite has ancreasing the cutoff kinetic energy of the plane waves and
first-order character and presents a calculated hysteresis thfe density of the grid of specidél points* used in the sam-
about 25 GPa. The evolution of the structure under pressungling of the Brillouin zone. The convergence of the total
is controlled by the balance between the octahedral layeznergy(at 1 mHa is obtained for a 30 Ha cutoff kinetic
(OL) height and the interlayefIL) distance. The driving energy of the plane waves. Then, for each value of the pres-
force of the transition is the need of the structure to find itssure we have consecutively increased the density of the grid

All the calculations are performed in the framework of the
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of k points in order to obtain the convergence of the strucence between the relaxed structures with monoclinic and
tural parameterglattice constants and atomic positigns trigonal imposed symmetries are much lower than the accu-
Most of the calculations are fully converged in grids of 10 racy of the cutoff kinetic energy and/or grid kfpoints. So,
X 10x 10 specialk points. The deviations between the re- the theoretical structure is similar to the high-pressure trigo-
sidual stresses of the determined structures and the targedl phase of calaverite: the deviations are less than 0.02 in
theoretical hydrostatic pressures are less than 0.05 GPa. Thiee trigonaly angle (60.00° in the ideal trigonal phasand
calculations of the electron density and the density of staterss than 0.0001 in the internal Xgosition(2/3 in the ideal
(DOY) are performed using 2010X 10 grids ofk points.  trigonal phasg A standard LDA calculation performed with
The DOS is calculated using the tetrahedron metfiod. the experimental structure gives a residual pressure of about
The determination of the phonon-dispersion relations i3 GPa. Thus, the LDA induces a pressure shift of at least 3
done by Fourier interpolatidistarting from a body-centered GPa, due to its usual volume underestimation. This gives an
shifted 22X 2 grid of g points in the whole Brillouin zone. estimate of the accuracy of our calculations. We will focus in

The details of the dynamical matrices computation are givemhe following on the study of the trigonal nonmodulated
in Refs. 26 and 27. The calculation of the wave functionsphase of calaverite under pressure.

used further in the determination of the dynamical matrices \We perform first an “upward” run, which consists of re-
are performed on 88X 8 grids ofk points. laxations under increasing pressuvath discrete stepsWe

The structural evolution observed in LDA was checkeduse the theoretical structure obtained at the previous lower
using also the generalized gradient approximafi@©GA).  value of the pressure and make a structural optimization
The GGA calculations confirm the presence of a phase tranunit-cell parameters and internal atomic coordinates under

sitio.n in the same pressure range as the.LDA. This confirpgm1 symmetry constraintsat a new, larger pressure. We
mation allows us to continue our study using LDA. increase the value of the pressure up to 75 GPa. We use the
experimental average structure at ambient pressure to start
IIl. STRUCTURAL EVOLUTION UNDER PRESSURE our calculations. At 55—-60 GPa a discontinuity in the evolu-
) ) ) ) tion of the different structural parametera énd c lattice
To start with, we examine calaverite at ambient pressure.gnstants, Te coordinate, bond lengths, etdndicates the

Experimentally, calaverite has a Gelpe distorted struc- yresence of a phase transition. As the structure preserves its
ture. The primitive unit cell contains one molecular unit. Thesymmetry, the transition is isosymmetrical, first order.

Au atoms are situated #,0,0 and the Te atoms ak(x,z) We perform next a “downward” run, which is the reverse
and (x, x, z) positions. The Te atoms are arranged in sheetsf the previous set of calculations. We start with the 75 GPa
parallel to the(001) plane with ..ABAB... stacking se- theoretical structure and we relax it while decreasing the
quence. One-third of the octahedral voids between the sug@ressure by discrete steps. For each pressure we fully opti-
cessiveAB Te sheets are filled by Au atoms. The resultingmize the structure obtained at the previous higher value of
AuTeg octahedra build layers parallel €601). There are two the pressure. At about 35 to 30 GPa, the high-pressure struc-
apical short and four equatorial long Au-Te bonds withinture reverses to the low-pressure one. The phase transition is
each octahedron. thus associated with a hysteresis. However, our calculations
We optimize(lattice parameters and internal atomic coor-are performed at 0 K, while in an experiment thermal fluc-
dinates the experimental average structure determined atuations can overcome the energetic barrier between the two
ambient pressure. The use of Hartwigsen-Goedeker-Huttgrthases and the hysteresis will be temperature and time de-
pseudopotentials and the spin-orbit coupling improvegendent.
slightly the previously obtained resuffswith Troullier- The evolution of the lattice parameters and thezbeor-
Martins pseudopotentiaf§.We find that the energy differ- dinate in the 0—75 GPa pressure range are shown, respec-
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FIG. 2. Evolution of the Tez internal coordi-
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tively, in Figs. 1 and 2. The two lattice parameters behave irward run the OL increases by 0.0652(4.88% from its 75

a highly anisotropic way at low pressure: in the 0-40 GPaGPa valug while the IL by 0.0864 A(7.43% from the 75
rangea decreases by 0.2057 A amdby 0.7516 A. In the GPa valug

40-55 GPa pressure rangéncreases by 0.0265 A, while The anisotropic behavior of the lattice parameters under
decreases by 0.2298 A. After 55 GPa calaverite undergogsressure may be explained from the pronounced two-
the phase transition, more clearly seen in the sudden decreagienensional character of the structure. The compression of
of the ¢ parameter. In the high-pressure phase in the 65—-78he OL's is enhanced along tH801] direction and limited
GPa pressure range, the decrease oftharameter, 0.0486 within the (001 plane. The phase transition takes place at a
A, is more important than the one of togparameter, 0.0058 55-60 GPa pressuf@pward run. It is marked by the sud-

A. During the downward run, in the 75 to 40 GPa pressuraden expansion of the structure in t@01) plane and the
range, the lattice parameters behave more isotropically: sudden decrease of tlieparameter. The structure preserves
decreases by 0.1311 A awmdy 0.1516 A. the space group of the structure, the topology of the OL's in

The evolution of the Te internal coordinates is such as to the (001 planes, and their packing along tf@01] direction,
avoid the compression of the OL's: the Zencreases from the phase transition being isosymmetrical.

0.2885 at ambient pressure to 0.3019 at 55 GPa. At the phase

transition it exhibits a jump to 0.2930 and increases again in

the high-pressure phase. During the downward run it de- IV. ELECTRONIC PROPERTIES

creases from 0.2952 at 75 GPa to 0.2911 at 40 GPa.

The IL distance decreases by 0.4292 A in the 0-55 GPa
pressure rangérepresenting 19.95% of the 0 GPa value Figure 3 shows the valence-electron density at several
while the OL height decreases in the same pressure range lpyessures during the upward run. Its evolution gives an ac-
0.3224 A(10.99% of the 0 GPa valieDuring the down- curate image of the structural evolution. The high electron

A. Electron density

FIG. 3. (Color online The
0.0%/Ha® isodensity surface in
the theoretical structure of cala-
verite, computed at several pres-
sures, during the upward run. The
spheres are the Au atoms, while
the Te atoms are not seen because
of the isodensity surface. The first
row corresponds to the 0, 20, and
30 GPa structures, and the second
one to the 50 and 75 GPa pres-
sure, respectively, from left to
right.
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density within the OL'SRef. 9 limits the compression of the records a jump down to 0.058 /Ha® at 60 GP&63% from
structure in thg001) plane. The interlayer space is relatively the Te maximum In the high-pressure phase its value in-
depleted in electrons and thus the structure may compresgeases much slowly, at 75 GPa being 0.€57Ha® (67%
easily along th¢001] direction. Around 40 GPa, the OL's are from the Te maximum The Te maximum, about 0.08—0.09
closer: the electronic clouds of the Te atoms in the neighbore~/Ha?, is displaced from 0.82 A far from the atomic center
ing layers exert a repulsive effect. This effect is seen in thext 0 GPa to 0.88 A at 50 GPa. In the high-pressure phase its
slight increase of tha lattice parameter, which controls the position is much closer to the atomic center: 0.81 A at 60
extension of the layers in th@021) planes. This repulsion Gpa and 0.84 A at 75 GPa.
effect becomes sufficiently important above 50 GPa to pro- Consequently, the different compression of the OL with
duce the phase transition. respect to the IL space may be directly related to the redis-
The electron-density distribution along the Au-Te bondtripution of the electron density. As the Au-Te bond lies
remains almost constant with pressure. The highest densityithin the OL, the small variations in the electron-density
corresponding to the Te atom, about 0.08—0%Ha’, lies  distribution along this bond are directly related to the weak
at about 0.89 A from the Te atomic center at all pressuressompression of the OL with pressure. The electronic density
The value of the lowest density increases from 0.8656Ha>  varies instead more significantly along the Te-Te bond,
(68% of the Te maximuinat 0 GPa to 0.07& /Ha® (86%  which lies within the IL space. The pressure increases the
of the Te maximum at 50 GPa. After a sudden decreaseTe-Te bond covalencyas observed in the evolution of the
during the phase transitiofat 60 GPa it is 0.06@ /Ha®,  Te-Te minimum during the decrease of the IL distance with
corresponding to 72% of the Te maximyiib continues to  pressure. The maximum values of the density around both
increase with pressure. The highest density corresponding the Te and Au atoms and also their positions do not vary
the Au atom is almost constant in terms of both value andonsiderably with pressure.
position: around 0.44¢~/Ha® at about 0.47—-0.49 A far from
the atomic center. The minimum of the electron density
along the Te-Te bond increases from 0.@81Ha® at 0 GPa
(39% from the Te maximuinto 0.059e /Ha® at 50 GPa Figure 4 shows the electronic band structure and the cor-
(69% from the Te maximujn At the phase transition it responding DOS for the theoretical 0 GPa structure. The

B. Electronic band structure and density of states
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FIG. 5. The evolution with pressure of the
energy limits of the two energy-lowest groups of

10 20 30 40 50 . .
electronic bands and the gap between them, with
5 hd *® L ® ° respect to the Fermi energy. Squares and dotted
& P . lines are for the first group, and circles and con-
o . g O @ el a tinuous lines for the second one. Full symbols are
r . . for group energy limits and open symbols for the
__________ group energy range.
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electronic bands may be separated in several grodje After the phase transition, the four electronic bands that

first group, the lowest in energy, is constituted of highly dis-intersect the Fermi level generate a very complex Fermi sur-
persive bands, corresponding to the Te éectrons. They face[Fig. 7(d)] with numerous electron and hole pockets.
span a 3.4 eV energy range. The second group is built of less

dispersive bands, corresponding to the Adiélectrons, that

span 3 eV energy range. A 3.3 eV gap separates the first and V. DYNAMICAL PROPERTIES

the second groups. The third group of electronic bands is

formed by highly dispersive bands, corresponding to hybrids F19ures 8a-8(c) show the phonon-dispersion relations
of mainly Au 6s, Au 5d, and Te 5 orbitals. Its top lies 3.9 for the theoretical structures at 50 and 75 GPa. There are no

eV lower than the Eermi level. The first two conduction unstable phonon branches: the structures are stable against

bands may be also contained in this group. There is no ele iny local or collective atomic displacements of weak ampli-

tronic gap between the second and the third group of band gde. It is remarkable that at 50 GPa the two different struc-

. . . . Tures (the low-pressure and the high-pressure ortesve
Th? electronic bands become more dispersive V.V'th In'ﬁteable phonon modes, indicating ttraetastability of both.

energy width of the groups increases and the gap between the The six optical modes il may be decomposed according
first and the sec_ond group decreases almost lin€Brty 5). Esa'trréerggogﬁetgeor)éa%g +A§ﬁ‘;§ ngI(E)udégta?(g gtz Z(tgg' at
At 50 GPa the first group of bands spans a 6.8 eV range, th 30, 215, 235 2::r;d u1’8919c’*rﬁ resp?ectively At 75 GPa the
second one 4.2 eV, while the gap between them is only 0. ’E A a,ndE modes a,lre situated at. 78 186. 130 and
eV. The Fermi-level occupancy does not vary considerabl)éi“‘l’cr‘;f’l19r’espectigvely while at 50 GPéDIovx;nwar,d rur’m
with pressure. " '

In the high-pressure phase the electronic bands cannot ﬁge%/hareAsnuzﬁed at e, 164& 1t27’ %ndt.1936r|n 1
further separatedFig. 6). The bands are highly dispersive. e A modes correspond to vibrations along {0@1]

We observe a splitting of the Audborbitals, possibly due to

a mixing with Te 5 and Au 6s orbitals: at 6.98 eV lower ) ' )
than the Fermi level the DOS value reaches only about >
0.0375e™ /eV/unit cell. This may be explained by the field &

(&

effect induced by the Te atoms in the octahedral coordina , <O
tion. There are four electronic bands crossing the Fermi levela

in the high-pressure phase. -
[110]
C. Fermi surface Q \(%
The Fermi surface of the trigonal phase before the isos->
ymmetrical transition is determined by three electronic bandg
that intersect the Fermi level. Figuréay shows a(110) sec- <

tion passing through' through the Fermi surface in the first \/ D
Brillouin zone, for the 0 GPa theoretical structure. The to-

N
D

AN

B)

/

T

Q) D)

pology of the Fermi surface changes at 30 GPig. 7(b)],

where these zones are connected alond 11id] direction. FIG. 7. (110 sections passing through of the Fermi surface
At 50 GPa pressurgFig. 7(c)], the connecting regions be- for the theoretical structures computeda@t0 GPa,(b) 30 GPa/c)
come larger. 50 GPa(upward run, and(d) 75 GPa pressures.
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both Au and Te while thé&y mode to alternate vibrations of
the Te atoms around the Au atoms.
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VI. CONCLUSIONS

Wird

We use the local-density approximation of the density-
functional theory to study the evolution of the trigonal phase

- of calaverite AuTe with pressure. We determine the struc-
ig: tural and electronic properties of the calaverite in the 0-75
20 ] GPa pressure range and predict an isosymmetrical phase
0 transition at about 55—-60 GPa, characterized by a hysteresis
of about 30 GPa.

Calaverite has a distorted Gellype structure: it is formed
280 - by (00D AuTe; octahedral layers that confers it a pro-
260 nounced two-dimensional character. This character is respon-
;;g} sible for a highly anisotropic behavior under pressure. The
200 compression of the structure along 1] direction is en-

123: hanced, while in thg001) plane it is limited. The phase

7dip ] transition has a pronounced structural character. It appears

120 ] when the electrostatic repulsion between the electronic
clouds of the Te atoms belonging to the neighboring layers is
high enough to compensate for the Au-Te attractive interac-

40 tion within the layers.

The structure has a metallic character at all pressures, but
the transition generates important changes in the electronic
properties. The low-pressure phase has an electronic band
) structure that may be separated into three groups correspond-
240 ing, in increasing order of energy, to the Te, AAu 5d, and
;zg: hybrids of Au 6, Au 5d, and Te P electrons. The first two
i85 groups of bands get wider in energy by increasing pressure.

There are three bands that intersect the Fermi level. The

160

::gt Fermi surface is characterized by ()1duasiplanar zones,
100 which are separated at 0 GPa but connected after 30 GPa.
80 ] The high-pressure phase has an electronic band structure
60 built of highly dispersive bands, where the groups of bands
40 may not be separated anymore.

2‘;’- We also determine the dynamical properties of the struc-

] tures below and above the transition. The phonon-dispersion
relations reveal stable structures both below and above the
isosymmetrical phase transition.

FIG. 8. Phonon-dispersion relations computed for the theoretical
calaverite structures at 50 GPa during the upward(Bin75 GPa
(b), and 50 GPa during the downward r(r). The notation of the
high-symmetryq points is the same as in Fig. =3 % 0. The
phonon frequencies are in crh R.C. acknowledges help from computer scientists B. van

Renterghem and J.-M. Beuken and interesting discussions

direction, while theE modes to vibrations in théd01) plane.  with A. Oganov about the isosymmetrical phase transitions.
The A,, mode corresponds to vibrations of the Au atomsX.G. acknowledges financial support from the National Fund
against the Te atoms, while th%,4 involves only Te dis- for Scientific ResearcliBelgium). Support also came from
placements, the two atoms in the unit cell vibrating onethe FRFC Project No. 2.4556.99 “Simulation niriegie et
against the other. ThE, mode corresponds to vibrations of traitement des dones.”
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