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Density-functional study of charge disordering in CsAu(l)Au(lll )Clg under pressure
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We demonstrate that density-functional theory can be used to study the charge-order/disorder transition in
Cs,Au(l)Au(ll) Cl . 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 frdfmmmto P4/mmm or proceeds
directly into a cubic phase with space gronn?m. 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 stafé,, Authe high-pressure phase.
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I. INTRODUCTION the occurrence of a phase transition leading to a structure in
which all gold atoms have the same formal charge.
During a “charge ordering transition” the electronic Cs,Au(l)Au(lll)Cl4 crystallizes at ambient conditions in a
structure of a compound changes so that cations that had tigéstorted tetragonal perovskite structure with space group
same formal charge acquire different oxidation states and EA/mmm® The structure is shown in Fig. 1.
mixed-valence compound results. Experimental and theoret- The coordination of the symmetrically inequivalent gold
ical studies of such phase transitions are well suited to furdtoms is peculiar to this structufeThe Aull) is 2+4 coor-
ther our understanding of the relationship between structuraflinated by chlorine, where the two AirCI(1) bonds are
physical, and electronic propertié8dost studies of charge- 2-28 A long, and the four @) atoms are 3.01 A away. The
ordering transitions are concerned with temperature-induce@u(lll) is 4+2 coordinated, where the four bonds to the co-
changes in the formal oxidation states af-Bansition-metal
ions, such as the Verwey transition in magnetiter the

transitions in manganese oxidevhile the driving forces of
charge ordering may differ between compounds, it seems %‘%

that charge ordering generally leads to a significant decrease M
in conductivity. For cases involvingdtransition-metal cat- .3
ions the structural changes associated with the charge order-
ing are apparently small. ;
As ions with different formal charges have different ionic

compounds, as an applied pressure of only a few GPa will

cause structural changes much larger than those available by
a change of temperature. However, experimental studies of
pressure-induced changes in mixed-valence compounds are

usually problematic, as the identification of concomitant 3
changes of structural and electronic properties is extremely M
difficult. Here, quantum-mechanical calculations can provide M >
insight not made available by experiments. However, the

most commonly used models for reasonably complex struc-
tures are based on density-functional theory, and it has been

claimed that, at least, the conventional local spin density gFic. 1. The tetragonal structure of @ai()Au(ll1)Cl ¢, stable
approximation cannot be used to study charge ordéring. 4t ambient conditions. The two symmetry-inequivalent gold atoms

Here, we investigate pressure-induced changes in thgan be distinguished by their coordination: (Nushows a linear
mixed-valence compound &8u(l)Au(lll)Clg, where sev-  2+4-coordinated geometry, while the Ali) is in a planar 42
eral experimental results, although differing in detail, suggestoordination.

radii, it is also possible to induce changes in the ionic T
charges by pressure. This can be exploited in compressible I M
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ordinating C(2) atoms are 2.29 A long, and the two(Dlare  that use a basis set of plane waves to represent the charge
3.15 A away. The association of the fourfold coordination todensity and electronic wave functions. For all calculations
Au(lll) can be explained in terms of ligand-field theory, aswe used academic and commercial versions of the
for a d® electronic configuration only they2_,2 orbital is ~ plane wave pseudopotential codeasTer, which has
energetically unfavorable, thereby favoring fourfold coordi-been  described o el_sewhéﬂe‘f > We used ultrasoft
nated complex ions such as AuyCl or PtH,?~ with occu- pseudopotentia&?* with a maximum cutoff energy of the
pied dy,,d,,d,2, andd,, orbitals. The linear twofold coor- plane waves of 380 eV. In addition to the cutoff energy, only
dination is often encountered in elements with tdn ©N€ further parameter determines the quality of the calcula-

e tions, namely the density of points with which the Brillouin
eIectrpn;, such as Qu, Ag(l)_, Au(l),_or Hg(ll ) J.USt'fymg the zone is sampled. Here, we use a sampling of reciprocal space
description of the electronic configuration in terms of the

; . . . —such that distances between grid points are less than
formal valence states. That gold ions in two different oxida-5 5= A -1 Two sets of full-geometry optimizations were
tion states coexist in GAU(Au(lll)Cle has beerl197con- performed, which differed in the initial space-group symme-
firmed by x-ray photoelectron spectroscbpgnd **’Au try (14/mmmor P4/mmn). Full-geometry optimizations al-
MGssbauer spectroscopy: . low changes of structural parameters leading to higher space-

The pressure dependence of the structure was first inve

. i . ) A ﬁ'roup symmetries. After the final self-consistency cycle, the
tigated using x-ray diffraction by Dennet al.” who con- = 1o aining forces on the atoms were less than 0.02 eV/A, and

cluded that there was a transition into a tetragonal highy,e remaining stress was less than 0.1 GPa. The present cal-
pressure structure with symmetB4/mmmat ~5.2 GPa, ¢ jations are restricted to the athermal limit, in which tem-

where the Au-Cl distances had equal lengths. Kojehal.'* perature effects and zero-point motions are neglected.
found from low-temperature x-ray diffraction measurements \yhile a DFT-based plane-wave/ultrasoft pseudopotential
that at 12 GPa a second tetragonal phase appears, and thakghqach is well suited to study complex crystal structures,
low temperatures €100 K) the cubic phase does not ap- ihis efficient computational scheme lacks one appealing
pear in the pressure regime investigated, i.e., up 0 14 GPar,nerty of models based on localized basis sets, namely the
At temperatures above Q0K a transition into the cubic ,oggipility to express the computed charge density in terms
phase occurred around 14 GPa. This is consistent with 8¢ 4tomic orbitals and to compute partial charges and bond
recent room-temperature refinement that was interpreted &%, iations, as is commonly done in quantum chemistry.
showing that a cubic phase appears at 12.5 BRaIt N0 yowever, Sanchez-Portat al2® showed that it is straight-
further details with respect to structural changes were giveryoyard to describe the plane-wave wave functions we obtain
In the cubic high-pressure phase all the Au-Cl bonds arggjng |ocalized atomic pseudoorbitals. We used a Mulliken
symmetrically equivalent and there is only one oxidation,,, jation analysis, as implemented for a plane-wave basis
state for the Au-ions, which f_ormally are Al. Mossbauer set by Segalet al8 It is generally acknowledged that popu-
spectroscopy showed two different valence states of golghiion analyses only yield semiquantitative information, as
ions up to 6.8 GPa, the highest pressure stutligditudy of e underlying crystal chemical concepts do not correspond
the pressure dependence of the resistivity suggested g qyantum-mechanical observables. However, the relative
semiconductor-to-metal transition at around 6 GPa. magnitude of bond populations and changes due to variations

~ Using a density-functional-theory-based model, we havey the structural parameters induced, for example, by increas-
investigated the pressure dependence of structural parametqfﬁa pressure, can be monitored.

and correlated them with the changes observed in a Mulliken

population analysis. After describing the computational de- IIl. RESULTS
tails, we will show that the approach used here is capable of
reproducing the ground-state structure of this mixed-valence
compound. We then describe the results of calculations ad- The computed lattice parameters at 0 GPa agg,
dressing the influence of pressure and conclude with a dis=7.6037 A, c.,=11.251 A. They are therefore within

A. The structure at ambient pressure

cussion of the results obtained here. +1.5% and +3.4% of the experimental valuesae,
=7.495(1) A andc,,,=10.880(2) A, respectively.This
Il. COMPUTATIONAL DETAILS is within the error typical for DFT-GGA calculations. Of

much greater interest was the observation that the charge

The quantum-mechanical calculations performed here ardisproportionation between the symmetrically inequivalent
based on density-functional theoffFT). While DFT itself ~ Au atoms and the atomic arrangement mentioned above are
is exactt® practical calculations require an approximation for well described. The bond lengths are given in Table I.
the treatment of the exchange and correlation energies. Here As can be seen from this list, the bond distances are sys-
we use the “generalized gradient approximatiof@GA).">  tematically overestimated. This, however, is not problematic
Results based on GGA calculations are generally in betten the current discussion. The bond populations at zero pres-
agreement with experiment than those obtained with theure confirm the conventional crystal chemical point of view
local-density approximatiotf~*° of the coordination, as the bond population for the long

Full-geometry optimizations of structures with several Au-Cl distances is very close to zero. Hence, the important
structural degrees of freedom are most efficiently performedeatures of the charge-ordered ground-state structure of
if the stress tensor for a given configuration can be evaluate@s,Au,Clg are correctly reproduced with conventional DFT/
This is most straightforward in the computational approache§&GA calculations.
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TABLE I. Observed Denneret al. (Ref. 6] and calculated in-
teratomic distances of GAu(l)Au(lll)Clg at ambient conditions. 3.25
At 50 GPa the predicted value is 2.24 A for all Au-Cl distances. g
s 30
0 GPa eo
Expt. (A) Calc.(A) % difference Bond pop.€) 5 2.75
Au(h-Cl(1) 228 2314  +15 0.49 § 25
Au(1)-ClI(2) 3.01 3.018 +0.2 0.04
Au(ll-Cl(1)  3.15 3.311 +5.1 0.03 2.25
Au(lll)-CI(2) 2.29 2.359 +3.0 0.38 0 10 20 30 40 50
Pressure [GPa]
The tetragonall4/mmn) ground state has a DFT band @)
gap of about 0.6 eV. Earlier all-electron augmented plane 05
wave calculations for the experimentally observed tetragonal —
structure produced a band gap of about 1 eV in agreement 2 04
with the present resuff. The experimental value of 2.04 eV .5 M
obtained by Liuet al.” is larger due to the well-known DFT = 03
band-gap error. 2
g 02
. . o
B. High-pressure behavior g o1
In the study of the pressure dependence of the structural =
parameters a set of calculations were carried out in which the 0.0
. 0 10 20 30 40 50
structures initially had space-group symmdiymmm This
allows the structure to distort in such a way that, at high Pressure [GPa]
pressures, it can assume space gredgmmmor Pm3m. (b)

After each geometry optimization at the pressures investi- FIG. 2. Pressure-induced changes in interatomic distatops
gated, we analyzed the symmetry of the relaxed structureand in the bond populatiotbottom). Open symbols represent cal-
This analysis is not unambiguous, as the numerical unceculations for the structure with space-group symme#ymmm
tainty in the computed structural parameters has to be takebiamonds: Adl)-CI(1), circles: Aulll)-CI(2), triangles: Aul)-
into account. Hence, an additional set of calculations wer€l(2), squares: AdII)-CI(1). At 6—10 GPa a transition into a phase
performed, with the initial space group chosen to bewith space-group symmetdfym3m occurs, the corresponding val-
P4/mmm Experience shows that energy differences ofues are represented by filled symbols.

about 0.05 eV cannot be resolved reliably when comparing ) . .
two sets of calculations employing different symmetries andnd the bond population as illustrated by Fig. 2. The strength

a slightly different sampling ok space. This limits the pre- ©f the long, very weak AU)-CI(2) and Aulll)-CI(1) bonds
cision with which the transition pressure can be predictedincréases rapidly on compression. This causes a lengthening

Here, the enthalpy difference between the two sets of calcf the short Au-Cl bonds. The creation of a bond to an ini-

lations decreases from 0.38 eV at zero pressure to less thdg!ly distant Au atom pulls the Cl atoms away from the Au
0.05 eV at 7 GPa, so the theoretical transition pressure {&l0MSs to which they were bound in the ground-state struc-
somewhere between 6—10 GPa. ture. The bond-population analysis confirms this interpreta-

The transition seems to be discontinuous, as there are diion- The bond population of the initially very weak long

continuities in the pressure dependence of the volume and &ONds increases, i.e., their covalent “character” increases,
individual bond lengthgésee below. However, at 10 GPa the w_hlle the s_hort strong bonds get less populated. In ag.reement
difference between the- and c-lattice parameters is only With experimerft® the Au-Cl bond lengths change discon-
0.004 A, and hence it is also possible that in the athermdinuously at the transition occurring at 6—-10 GPa. The cal-

limit there is only one transition fronh4/mmmto PmM3m culation_s show that this is also the case for _the bondj
The enthalpy difference between a structure with Sbacepopulatmn. In_the present case, the bond-pop_ulanon analysis
= ] Is a very convincing confirmation of the description in terms

group symmetryPm3m and P4/mmmis so small, and the  of 53 2+ 4 and 4+2 coordination for Ad) and Aulll), re-
structural parameters are so similar, that it is not possible fQpectively.
distinguish the two phases unambiguously. Thus the cpanges in the atomic population have also been calcu-
guantum-mechanical calculations cannot predict if there igated, but the pressure-induced changes are too small to be
only one transition from4/mmmto Pm3m, or whether an  analyzed unambiguously. The calculations clearly indicate
intermediate phase with space-group symmeé®/mmm that in the ground-state structure the charges between the
exists. symmetry inequivalent gold atoms difféby about 0.15

Our quantum-mechanical calculations allow a detailedand that they become equal at higher pressures. It seems that

analysis of the pressure-induced changes in the bond lengtlise major change in terms of orbital population occurs in the
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Au 6p orbital, which becomes more populated under presof Cs,Au,Cls shows that this is not generally the case and
sure. However, these changes cannot be reliably quantifieghat the study of charge ordering does not always require a
and hence cannot be used to deepen our understanding of ttheeory beyond standard DFT/GGA.
changes in the bonding between the atoms. The calculations have also correctly reproduced the oc-
The present calculations show that the band gap closes aurrence of a phase transition at 6—10 GPa. This is consistent
about 2 GPa, noticeably lower than the value of 6 GPa obwith experiment, where values between 5.2 R4, GPa}'
tained by Kelleret al!® from high-pressure resistivity mea- and 12.5 GPdRef. 12 have been reported. However, the
surements. However, due to the DFT band-gap error, a lowdtigh-pressure behavior is not well understood and neither the
value for the semiconductor-metal transition is expectede€Xperimental data nor the calculations allow us to determine
Furthermore, it is not even clear whether the experimentalljinambiguously whether or not a phase with symmetry
observed changes in transport properties under pressure dr¢/mmmoccurs as an intermediate phase between the low
of purely electronic nature or involve other excitations in thepressure] 4/mmm and the high pressur®m3m, polymor-
system (e.g., bipolaromy. The present calculations imply Phs. This is due to the very small difference in the structural
that the semiconductor-metal transition is not associated witparameters of th® m3m and P4/mmmpolymorphs. Hence,
the structural phase transition into the cubic phase. This ithe low-temperature energy dispersive measurements of
consistent with the available experimental data, which alsdojima et al** may be viewed as indicative only. Compari-
indicate that the structural phase transition is at higher pressons of the theoretical results to data obtained from measure-
sures than the 6 GPa at which the resistivity becomes pragnents of the phase-transition pressure at ambient tempera-
tically independent of pressure after decreasing by at leagére may be misleading as the sequence of high-pressure
five orders of magnitudes in the pressure interval of 2—e?hases and transition pressures changes as a function of tem-
GPald perature.
The calculations clearly show that the structural changes
IV. SUMMARY AND DISCUSSION and the electronic changes occur simultaneously. Specifi-
cally, the major change of the bond population of the Au-Cl
Our calculations have successfully reproduced the strudsonds occurs at the 6—10-GPa phase transition and at higher
tural details of the ground state of a mixed-valence comypressures all gold atoms have a formal charget+@ In
pound. It had been proposedhat the spurious self- principle, fast hopping of electrons between differently
interaction in DFT calculations would prevent the study ofcharged ions may lead to an intermediate formal charge.
charge-ordered states. While this may be the case for conHowever, the current calculations represent a static state, and
pounds containing &-transition metal ions, such as magne- hence they confirm the disappearance of the mixed-valence
tite, the successful calculation of the ground-state structurstate and the presence of Zuin CsAuCk under pressure.
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