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Density-functional study of charge disordering in Cs2Au„I …Au„III …Cl6 under pressure
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We demonstrate that density-functional theory can be used to study the charge-order/disorder transition in
Cs2Au(I)Au(III)Cl 6. The ground-state structure of this mixed-valence compound is reproduced with satisfac-
tory accuracy, and a discontinuous phase transition is calculated to occur at about 6–10 GPa, in agreement with
published experimental values. The precision of the calculations and of previously published experiments is
insufficient to unambiguously determine whether the transition is fromI4/mmm to P4/mmm, or proceeds

directly into a cubic phase with space groupPm3̄m. Irrespective of the symmetry of the phase appearing at
6–10 GPa, the calculations show that the pressure-induced structural changes are accompanied by a charge
disordering, and that all gold atoms are in the single-valence state, Au21, in the high-pressure phase.

DOI: 10.1103/PhysRevB.63.214103 PACS number~s!: 61.50.Ks, 81.30.Hd, 71.30.1h, 71.28.1d
ic

d
re
fu
ra

-
ce

m
a

rd

ic
ni
ib
w
le
s

n
e

id
th
ru
e

sit

t

e

e in
e.
a
oup

ld

e
o-

ms
I. INTRODUCTION

During a ‘‘charge ordering transition’’ the electron
structure of a compound changes so that cations that had
same formal charge acquire different oxidation states an
mixed-valence compound results. Experimental and theo
ical studies of such phase transitions are well suited to
ther our understanding of the relationship between structu
physical, and electronic properties.1 Most studies of charge
ordering transitions are concerned with temperature-indu
changes in the formal oxidation states of 3d-transition-metal
ions, such as the Verwey transition in magnetite,2 or the
transitions in manganese oxides.3 While the driving forces of
charge ordering may differ between compounds, it see
that charge ordering generally leads to a significant decre
in conductivity. For cases involving 3d-transition-metal cat-
ions the structural changes associated with the charge o
ing are apparently small.

As ions with different formal charges have different ion
radii, it is also possible to induce changes in the io
charges by pressure. This can be exploited in compress
compounds, as an applied pressure of only a few GPa
cause structural changes much larger than those availab
a change of temperature. However, experimental studie
pressure-induced changes in mixed-valence compounds
usually problematic, as the identification of concomita
changes of structural and electronic properties is extrem
difficult. Here, quantum-mechanical calculations can prov
insight not made available by experiments. However,
most commonly used models for reasonably complex st
tures are based on density-functional theory, and it has b
claimed that, at least, the conventional local spin den
approximation cannot be used to study charge ordering.4

Here, we investigate pressure-induced changes in
mixed-valence compound Cs2Au(I)Au(III)Cl 6, where sev-
eral experimental results, although differing in detail, sugg
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the occurrence of a phase transition leading to a structur
which all gold atoms have the same formal charg5

Cs2Au(I)Au(III)Cl 6 crystallizes at ambient conditions in
distorted tetragonal perovskite structure with space gr
I4/mmm.6 The structure is shown in Fig. 1.

The coordination of the symmetrically inequivalent go
atoms is peculiar to this structure.7 The Au~I! is 214 coor-
dinated by chlorine, where the two Au~I!-Cl~1! bonds are
2.28 Å long, and the four Cl~2! atoms are 3.01 Å away. Th
Au~III ! is 412 coordinated, where the four bonds to the c

FIG. 1. The tetragonal structure of Cs2Au(I)Au(III)Cl 6, stable
at ambient conditions. The two symmetry-inequivalent gold ato
can be distinguished by their coordination: Au~I! shows a linear
214-coordinated geometry, while the Au~III ! is in a planar 412
coordination.
©2001 The American Physical Society03-1
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ordinating Cl~2! atoms are 2.29 Å long, and the two Cl~1! are
3.15 Å away. The association of the fourfold coordination
Au~III ! can be explained in terms of ligand-field theory,
for a d8 electronic configuration only thedx22y2 orbital is
energetically unfavorable, thereby favoring fourfold coor
nated complex ions such as AuCl4

2 or PtH4
22 with occu-

pied dxz ,dyz ,dz2, anddxy orbitals. The linear twofold coor-
dination is often encountered in elements with tend
electrons, such as Cu~I!, Ag~I!, Au~I!, or Hg~II ! justifying the
description of the electronic configuration in terms of t
formal valence states. That gold ions in two different oxid
tion states coexist in Cs2Au(I)Au(III)Cl 6 has been con-
firmed by x-ray photoelectron spectroscopy8 and 197Au
Mössbauer spectroscopy.9,10

The pressure dependence of the structure was first in
tigated using x-ray diffraction by Denneret al.,6 who con-
cluded that there was a transition into a tetragonal hi
pressure structure with symmetryP4/mmm at '5.2 GPa,
where the Au-Cl distances had equal lengths. Kojimaet al.11

found from low-temperature x-ray diffraction measureme
that at 12 GPa a second tetragonal phase appears, and t
low temperatures (,100 K) the cubic phase does not a
pear in the pressure regime investigated, i.e., up to 14 G
At temperatures above 100 K a transition into the cubic
phase occurred around 14 GPa. This is consistent wit
recent room-temperature refinement that was interprete
showing that a cubic phase appears at 12.5 GPa,12 but no
further details with respect to structural changes were giv
In the cubic high-pressure phase all the Au-Cl bonds
symmetrically equivalent and there is only one oxidati
state for the Au-ions, which formally are Au21. Mössbauer
spectroscopy showed two different valence states of g
ions up to 6.8 GPa, the highest pressure studied.9 A study of
the pressure dependence of the resistivity suggeste
semiconductor-to-metal transition at around 6 GPa.13

Using a density-functional-theory-based model, we ha
investigated the pressure dependence of structural param
and correlated them with the changes observed in a Mulli
population analysis. After describing the computational
tails, we will show that the approach used here is capabl
reproducing the ground-state structure of this mixed-vale
compound. We then describe the results of calculations
dressing the influence of pressure and conclude with a
cussion of the results obtained here.

II. COMPUTATIONAL DETAILS

The quantum-mechanical calculations performed here
based on density-functional theory~DFT!. While DFT itself
is exact,14 practical calculations require an approximation f
the treatment of the exchange and correlation energies. H
we use the ‘‘generalized gradient approximation’’~GGA!.15

Results based on GGA calculations are generally in be
agreement with experiment than those obtained with
local-density approximation.16–19

Full-geometry optimizations of structures with seve
structural degrees of freedom are most efficiently perform
if the stress tensor for a given configuration can be evalua
This is most straightforward in the computational approac
21410
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that use a basis set of plane waves to represent the ch
density and electronic wave functions. For all calculatio
we used academic and commercial versions of
plane wave pseudopotential codeCASTEP, which has
been described elsewhere.20–22 We used ultrasoft
pseudopotentials,23,24 with a maximum cutoff energy of the
plane waves of 380 eV. In addition to the cutoff energy, on
one further parameter determines the quality of the calc
tions, namely the density of points with which the Brillou
zone is sampled. Here, we use a sampling of reciprocal sp
such that distances between grid points are less t
0.05 Å21. Two sets of full-geometry optimizations wer
performed, which differed in the initial space-group symm
try (I4/mmmor P4/mmm). Full-geometry optimizations al-
low changes of structural parameters leading to higher sp
group symmetries. After the final self-consistency cycle,
remaining forces on the atoms were less than 0.02 eV/Å,
the remaining stress was less than 0.1 GPa. The presen
culations are restricted to the athermal limit, in which te
perature effects and zero-point motions are neglected.

While a DFT-based plane-wave/ultrasoft pseudopoten
approach is well suited to study complex crystal structur
this efficient computational scheme lacks one appea
property of models based on localized basis sets, namely
possibility to express the computed charge density in te
of atomic orbitals and to compute partial charges and b
populations, as is commonly done in quantum chemis
However, Sanchez-Portalet al.25 showed that it is straight-
forward to describe the plane-wave wave functions we ob
using localized atomic pseudoorbitals. We used a Mullik
population analysis, as implemented for a plane-wave b
set by Segallet al.26 It is generally acknowledged that popu
lation analyses only yield semiquantitative information,
the underlying crystal chemical concepts do not corresp
to quantum-mechanical observables. However, the rela
magnitude of bond populations and changes due to variat
of the structural parameters induced, for example, by incre
ing pressure, can be monitored.

III. RESULTS

A. The structure at ambient pressure

The computed lattice parameters at 0 GPa areacalc
57.6037 Å, ccalc511.251 Å. They are therefore within
11.5% and 13.4% of the experimental values,aexp
57.495(1) Å andcexp510.880(2) Å, respectively.6 This
is within the error typical for DFT-GGA calculations. O
much greater interest was the observation that the ch
disproportionation between the symmetrically inequivale
Au atoms and the atomic arrangement mentioned above
well described. The bond lengths are given in Table I.

As can be seen from this list, the bond distances are
tematically overestimated. This, however, is not problema
in the current discussion. The bond populations at zero p
sure confirm the conventional crystal chemical point of vie
of the coordination, as the bond population for the lo
Au-Cl distances is very close to zero. Hence, the import
features of the charge-ordered ground-state structure
Cs2Au2Cl6 are correctly reproduced with conventional DF
GGA calculations.
3-2
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The tetragonal~I4/mmm! ground state has a DFT ban
gap of about 0.6 eV. Earlier all-electron augmented pla
wave calculations for the experimentally observed tetrago
structure produced a band gap of about 1 eV in agreem
with the present result.27 The experimental value of 2.04 eV
obtained by Liuet al.7 is larger due to the well-known DFT
band-gap error.

B. High-pressure behavior

In the study of the pressure dependence of the struct
parameters a set of calculations were carried out in which
structures initially had space-group symmetryI4/mmm. This
allows the structure to distort in such a way that, at h
pressures, it can assume space groupP4/mmm or Pm3̄m.
After each geometry optimization at the pressures inve
gated, we analyzed the symmetry of the relaxed struct
This analysis is not unambiguous, as the numerical un
tainty in the computed structural parameters has to be ta
into account. Hence, an additional set of calculations w
performed, with the initial space group chosen to
P4/mmm. Experience shows that energy differences
about 0.05 eV cannot be resolved reliably when compar
two sets of calculations employing different symmetries a
a slightly different sampling ofk space. This limits the pre
cision with which the transition pressure can be predict
Here, the enthalpy difference between the two sets of ca
lations decreases from 0.38 eV at zero pressure to less
0.05 eV at 7 GPa, so the theoretical transition pressur
somewhere between 6–10 GPa.

The transition seems to be discontinuous, as there are
continuities in the pressure dependence of the volume an
individual bond lengths~see below!. However, at 10 GPa the
difference between thea- and c-lattice parameters is only
0.004 Å, and hence it is also possible that in the ather
limit there is only one transition fromI4/mmm to Pm3̄m.
The enthalpy difference between a structure with spa
group symmetryPm3̄m and P4/mmm is so small, and the
structural parameters are so similar, that it is not possibl
distinguish the two phases unambiguously. Thus
quantum-mechanical calculations cannot predict if there
only one transition fromI4/mmm to Pm3̄m, or whether an
intermediate phase with space-group symmetryP4/mmm
exists.

Our quantum-mechanical calculations allow a detai
analysis of the pressure-induced changes in the bond len

TABLE I. Observed@Denneret al. ~Ref. 6!# and calculated in-
teratomic distances of Cs2Au(I)Au(III)Cl 6 at ambient conditions.
At 50 GPa the predicted value is 2.24 Å for all Au-Cl distances

0 GPa
Expt. ~Å! Calc. ~Å! % difference Bond pop. (e)

Au~I!-Cl~1! 2.28 2.314 11.5 0.49
Au~I!-Cl~2! 3.01 3.018 10.2 0.04
Au~III !-Cl~1! 3.15 3.311 15.1 0.03
Au~III !-Cl~2! 2.29 2.359 13.0 0.38
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and the bond population as illustrated by Fig. 2. The stren
of the long, very weak Au~I!-Cl~2! and Au~III !-Cl~1! bonds
increases rapidly on compression. This causes a lengthe
of the short Au-Cl bonds. The creation of a bond to an i
tially distant Au atom pulls the Cl atoms away from the A
atoms to which they were bound in the ground-state str
ture. The bond-population analysis confirms this interpre
tion. The bond population of the initially very weak lon
bonds increases, i.e., their covalent ‘‘character’’ increas
while the short strong bonds get less populated. In agreem
with experiment28 the Au-Cl bond lengths change disco
tinuously at the transition occurring at 6–10 GPa. The c
culations show that this is also the case for the bo
population. In the present case, the bond-population ana
is a very convincing confirmation of the description in term
of a 214 and 412 coordination for Au~I! and Au~III !, re-
spectively.

Changes in the atomic population have also been ca
lated, but the pressure-induced changes are too small t
analyzed unambiguously. The calculations clearly indic
that in the ground-state structure the charges between
symmetry inequivalent gold atoms differ~by about 0.15 e!
and that they become equal at higher pressures. It seems
the major change in terms of orbital population occurs in

FIG. 2. Pressure-induced changes in interatomic distances~top!
and in the bond population~bottom!. Open symbols represent ca
culations for the structure with space-group symmetryI4/mmm.
Diamonds: Au~I!-Cl~1!, circles: Au~III !-Cl~2!, triangles: Au~I!-
Cl~2!, squares: Au~III !-Cl~1!. At 6–10 GPa a transition into a phas

with space-group symmetryPm3̄m occurs, the corresponding va
ues are represented by filled symbols.
3-3
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Au 6p orbital, which becomes more populated under pr
sure. However, these changes cannot be reliably quant
and hence cannot be used to deepen our understanding o
changes in the bonding between the atoms.

The present calculations show that the band gap close
about 2 GPa, noticeably lower than the value of 6 GPa
tained by Kelleret al.13 from high-pressure resistivity mea
surements. However, due to the DFT band-gap error, a lo
value for the semiconductor-metal transition is expect
Furthermore, it is not even clear whether the experiment
observed changes in transport properties under pressur
of purely electronic nature or involve other excitations in t
system ~e.g., bipolarons5!. The present calculations impl
that the semiconductor-metal transition is not associated w
the structural phase transition into the cubic phase. Thi
consistent with the available experimental data, which a
indicate that the structural phase transition is at higher p
sures than the 6 GPa at which the resistivity becomes p
tically independent of pressure after decreasing by at le
five orders of magnitudes in the pressure interval of 2
GPa.13

IV. SUMMARY AND DISCUSSION

Our calculations have successfully reproduced the st
tural details of the ground state of a mixed-valence co
pound. It had been proposed4 that the spurious self-
interaction in DFT calculations would prevent the study
charge-ordered states. While this may be the case for c
pounds containing 3d-transition metal ions, such as magn
tite, the successful calculation of the ground-state struc
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of Cs2Au2Cl6 shows that this is not generally the case a
that the study of charge ordering does not always requi
theory beyond standard DFT/GGA.

The calculations have also correctly reproduced the
currence of a phase transition at 6–10 GPa. This is consis
with experiment, where values between 5.2 GPa,6 10 GPa,11

and 12.5 GPa~Ref. 12! have been reported. However, th
high-pressure behavior is not well understood and neither
experimental data nor the calculations allow us to determ
unambiguously whether or not a phase with symme
P4/mmmoccurs as an intermediate phase between the
pressure,I4/mmm, and the high pressure,Pm3̄m, polymor-
phs. This is due to the very small difference in the structu
parameters of thePm3̄m andP4/mmmpolymorphs. Hence,
the low-temperature energy dispersive measurements
Kojima et al.11 may be viewed as indicative only. Compar
sons of the theoretical results to data obtained from meas
ments of the phase-transition pressure at ambient temp
ture may be misleading as the sequence of high-pres
phases and transition pressures changes as a function of
perature.

The calculations clearly show that the structural chan
and the electronic changes occur simultaneously. Spe
cally, the major change of the bond population of the Au-
bonds occurs at the 6–10-GPa phase transition and at hi
pressures all gold atoms have a formal charge of12. In
principle, fast hopping of electrons between differen
charged ions may lead to an intermediate formal cha
However, the current calculations represent a static state,
hence they confirm the disappearance of the mixed-vale
state and the presence of Au21 in CsAuCl3 under pressure.
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