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Abstract

M,[AUX,[AUX,] (M =K, Rb, Cs; X = Cl, Br, 1) are perovskite-type gold mixed-valence
complexes. In this review, we describe their structural P-T phase diagram, the pressure
induced Au valence transition from the Au"™" state to the Au" one, which is coupled with
a structural phase transition. The metallic cubic phase appearing under high pressure and
high temperature can be obtained as a metastable phase even at ambient pressure and room
temperature. In the pressure region below the Au valence transition, Cs,[AuX,][AuX,]
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(X =Cl, Br, I) show metallic behavior, which is attributed to the Au valence-fluctuation.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Since the discovery of high-Tc superconductors such as La, . Ba ,CuO, [1] and
Ba, _ K BiO; [2], mixed valence systems having perovskite-type structure have
become of great interest. For example, the valence state of Bi has been considered
as an important factor for a comprehension of the physical properties of the
BaPb, _ ,Bi,O; system. The insulating state of the host compound BaBiOj; is
explained by the charge disproportionation of the Bi cations (IV into III and V)
which couples to lattice deformation of the stabilization of the commensurate
charge density wave. According to recent theory [3], an unusual superconductor is
expected due to the Bose condensation of bipolarons under some electron—phonon
coupling constant, 4, while in the large limit of 4, a bipolaronic insulator occurs.
The insulating BaBiO; is regarded as an onsite bipolaron system where the
bipolarons form a three-dimensional lattice and localize at the Bi'™ site.

M,[AuX,[Au™X,] (M =K, Rb, Cs; X=Cl, Br, I) also have a mixed-valence
system having a perovskite-type structure. In this paper, we review their structural
P-T phase diagram, the Au valence state, and the physical properties under high
pressure.

2. Crystal structure

The crystal structures of M,[Au™X,][Au™X,] (hereafter referred to as M,Au,Xy)
are shown in Fig. 1. In the crystal, all the halogens are distorted from the midpoint
between neighboring Au ions in the Au-X chains, and linear [Au'X,]” and
square-planar [Au™X,]~ complexes occur alternately. Consequently, their struc-
tures consist of three-dimensional metal—halogen frame-works formed by elongated
octahedra with Au™ and compressed octahedra with Au' sharing their corners. In
other words, the breathing-mode-type distortion of AuX, octahedra is present in
this system. These characteristic properties of crystal structure and mixed-valency
are quite similar to those of BaBiO; which is the parent compound of the
superconductors Ba; _ (K or Rb), BiO; and BaPb, _  Bi O;. The crystal data and
tolerance factor(¢) are listed in Table 1 [4—6]. In the cases of K,Au,X, (X = Cl, Br)
and Rb,Au,Clg, the synthesis has not yet been reported.

The stability of the perovskite structure (ABX;) depends on the relative sizes of
the A and B elements as well as on the electronic configuration of the B site ions.
The size factor is expressed by a tolerance factor(¢z) obtained by considering the



Table 1
Crystal data and tolerance factor of M,Au,X, (M =K, Rb, Cs; X =CI, Br, I)

Compound Lattice system Space group Unit-cell parameters ¥
a(A) b (A) c (A B

K,Au, I, [4] Monoclinic P2,/n 7.283 (3) 9.259(3) 11.587(5) 93.0(1) 0.842
Rb,Au,Brg [5] Monoclinic 12/m 8.520(1) 7.243(1) 11.210(3) 101.24(5) 0.872
Rb,Au,l, Monoclinic 12/m 8.725 (2) 7.932(1) 11.969(4) 99.53 (2) 0.860
Cs,Au,Cl; [6] Tetragonal 14/mmm 7.495(1) =a 10.880(2) 90 0.920
Cs,Au,Brg Tetragonal 14 /mmm 7.759(1) =a 11.308(1) 90 0.910
Cs,Au,lg Tetragonal 14/mmm 8.284(1) =a 12.092(2) 90 0.895

4 t* denotes a tolerance factor defined by R, + Rx = t\/ 2(Rg+ Rx), where R,, Ry, and R, are the ionic radii of a cation of A-site, another cation of B-site,

and an anion, respectively.
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structure as derived from a close-packed stacking of the A and X ions. It is
generally defined by the relationship R, + Rx = t./2(Rg + Rx), where R,, Ry and
Ry are the ionic radii. In this relation, the ideal close packing corresponds to ¢ = 1.
The perovskite structure is found for ¢ values between 0.8 and 1.1. In the case of
Rb,Au, X, (X =Br, I) and K,Au,X,, because of the small values of ¢, the crystal
structures are distorted into monoclinic and the tilting system of AuXy octahedra
appears.

3. P-T phase diagram

Fig. 2 shows the P-T phase diagram for Cs,Au,X; (X=Cl, Br, I) [7] and
Rb,Au,l¢ [8]. The mixture of two or three phases in the vicinity of the phase
boundary shown in Fig. 2 is due to the nonequilibrium effect and the distribution
of pressure and/or temperature in the sample. In the case of Cs,Au,X,, two kinds
of tetragonal phases and a cubic phase exist. Both the pressure induced phase
I(tetragonal)—phase Il(tetragonal) transition and the temperature induced phase
II-phase III(cubic) transition are of first order. In the case of Rb,Au,ls, on the
other hand, a monoclinic phase, three kinds of tetragonal phases and a cubic phase
exist. In this complex, the pressure induced phase I(monoclinic)—phase IlI(tetrago-
nal) and phase IIl(tetragonal)—phase IV(tetragonal) transitions and the tempera-
ture induced phase IV(tetragonal)—phase V(cubic) transitions are of first order. For
all the complexes in Fig. 2, the cubic phase appearing at high pressures and high
temperatures could be obtained as a metastable phase even at room temperature
and ambient pressure.

*Cs ®Rb

CsohusXe =Auhd  RbzAuUXg saun  R2Auzle .ﬁi\(ufl)
i C-)AKU(]H) + Au( - Au(m)

Fig. 1. Crystal structures of Cs,Au,X, (X =Cl, Br, I), Rb,Au,X; (X =Br, I) and K,Au,l,.



N. Kojima, N. Matsushita / Coordination Chemistry Reviews 198 (2000) 251-263 255

A I o phase;n
aspp Csehurle » phasem
CszAuzCls o phase(l) a phaseim
00 » phase{II) 300l
300t 3 a phase{IIX
o 250t
22250 ° _
2 o é—’ [
5200 o ¢ s 200} Ve
e o & 5 @ 16q 84 o
& 150 o @ 2 Vs
& e ° g 150} ooboli e s
= 100¢ e e £ L 1o e
Q i & =] T
504 m ol Lo ~00r ““Ma ¢
0 © 0000000, 300 e 6 | tge-_ @
Q i " 4 P s . PR [ — e
¢ 2 4 & & 10 12 14 16 18 20 S0 T + R
Pressure{GPa} 0 oooocmame 98 v
ﬂ‘f L :1 P R R |
0 2 4 & 8 1w 12
Pressure{GPa)
o phase(l)
20 Cs2Au2Bre » phaseill) -
’ﬂmj o asedt]
. s pha 250 RizAuzlg M :hoseu(;
000 ase )
£ [ , @ ool - :ﬂase:m
£ . 200r 2 & phase (v}
) . o N
£ L L1s0r
£100 O 5 L) &
= b B0} e R
50 tn b om 8 ° %
© @ o o ovwmlehess E . R ¢
PR PO e e 2505 v e
0 2 & & & 1w 2 1 o6 10 Coth et sermmD 0O 13 0.8 0%
Pressure{GPa) ol b 2 p h

; 1 ; . \ s
¢ Z & & B 10 12 4 18
Pressure{GPa}

Fig. 2. P-T phase diagrams of Cs,Au,X, (X = Cl, Br, I) and Rb,Au,ls. Phases(l, II) and phase(I1l) in
Cs,Au, X, are tetragonal and cubic, respectively. Phase(I), phases(Il, III, IV) and phase(V) in Rb,Au,l
are monoclinic, tetragonal and cubic, respectively (from Ref. [7,8]).

4. Phase II in Cs,Au,X; and Au" valence state

At room temperature, Cs,Au,Clg, Cs,Au,Bry and Cs,Au,l; undergo a tetragonal-
to-tetragonal phase transition at 11, 9 and 5.5 GPa, respectively [7], whose values
are beyond the pressure where the activation energy for the electrical resistivity
becomes zero. The pressures where the activation energies become zero are 7.5, 7.2
and 4.4 GPa, for Cs,Au,Cl,, Cs,Au,Brg and Cs,Au,l, respectively [9]. Above the
pressure where the activation energy becomes zero, the difference between the real
oxidation states of Au' and Au' becomes quite small, which is proven by the fact
that the (211) and (103) reflections, caused by the distortion of the bridging
halogens from the midpoint between the Au' and Au™ ions, are hardly detected in
this pressure region. If the valence states of Au' and Au™ finally become Au™ (5d°),
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the lowering in symmetry of AuX, octahedra should be caused by the Jahn-Teller
effect. In the case of Cs,Au,l;, when the pressure is applied at room temperature,
2'2q/c increases from 0.969 to 0.980 with increasing pressure up to about 5.5 GPa.
However, it drops abruptly from 0.980 to 0.970 at about 5.5 GPa. The abrupt drop
in 2'2a/c of Cs,Au,ly is attributed to the band Jahn-Teller transition caused by
realization of the Au" valence state.

Above the transition pressure, 2'%a/c of Cs,Au,ls is smaller than 1.0 and
decreases with increasing pressure, which implies that the Aul, octahedra of
Cs,Au,l, are elongated. Considering the distortion of the Aulg octahedra in
Cs,Au,l;, the HOMO in the second tetragonal phase is the half-filled 5d, ..
Therefore, the phase IT in Cs,Au,l, behaves as a two-dimensional conductor. Fig.
3 shows the electrical resistivities parallel and perpendicular to the c-axis of
Cs,Au,l, at 6.5 and 8.0 Gpa [10]. As shown in Fig. 3, the behavior of the
conductivity is not an activation type but semimetallic. As expected from the
high-pressure X-ray analysis, the behavior of the electrical conductivity in phase IT
of Cs,Au,l; is highly anisotropic and two-dimensional.

In order to prove the Au valence transition, we have investigated the '"Au
Mossbauer spectra of Cs,Au,l; under high pressures up to 12.5 GPa [11] (Fig. 4).
The valence states of Au' and Au™ at ambient pressure are clearly distinguishable.
In connection with peak assignment, a best fit in Fig. 4 is obtained with two
doublets, the outer with lower intensity being assigned to Au!, the inner to Au''l.
The isomer shifts of Au' and Au' sites at 0.0 GPa are — 0.09 and 0.50 mm s,
respectively, and the quadrupole splittings of Au' and Au'™ are 4.63 and 1.71 mm
s~ 1, respectively. This assignment is the same as that in Ref. [12], but different from
that in Ref. [11]. In our present assignment, the two doublets are nested, i.e. the
Au'™ doublet is inside the Au' doublet. However, in Ref. [11], the two doublets are
side by side. In Ref. [11], the quadrupole splittings of Au' and Au™ in Cs,Au,l, are
3.69 and 2.33, which is quite different from those of Au' and Au™ complexes (e.g.
[Buy,N][Aul,] and KAul,), respectively.

o1 (Qem)
Log (o {rem))

L L L L | L L L L | - i i 0
¢ 109 200 304

Temperature(K)}

Fig. 3. Temperature dependence of the electrical resistivity parallel and perpendicular to the c-axis of
Cs,Au,lg at 6.5 GPa and 8.0 GPa (from Ref. [10]).
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Fig. 4. 7 Au Mossbauer spectra of Cs,Au,l, at several pressures (from ref.[11]). T=4.2 K. Isomer shift
is relative to gold in platinum. The spectrum at 12.5 GPa shows one doublet assigned to Au'’.

As shown in Fig. 4, with increasing pressure, a gradual increase in the overlap of
the doublets is observed due to a substantial increase of the isomer shift (IS) of Au!
and a less pronounced decrease of that of Au™ with increasing pressure. Finally,
the '7Au Mdssbauer spectrum at 12.5 GPa shows only one electronic state for Au
in Cs,Au,l,. Therefore, the Au valence state of the tetragonal(Il) phase in Cs,Au,l,
is Au", which is the first direct observation of the Au'' state in a relatively simple,
primarily ionic compound.

In connection with phase II in Cs,Au,Cl,, the single crystal X-ray diffraction
measurement under high pressures was measured by Denner et al. for the first time
[13]. According to them, with increasing pressure the Cl ions shift gradually toward
the midpoint of the Au ions which is attained at 5.2 GPa. Therefore, they described
that the Au sites become indistinguishable and the valence state of Au is Au'' above
5.2 GPa. However, '7Au Mossbauer spectra [14,15] and Raman spectra [16] of
Cs,Au,Clg under high pressures have shown that the Au' and Au'" states are
clearly distinguishable even at 6.8 and 8.0 GPa. Recently, we have performed the
single crystal X-ray diffraction for Cs,Au,Cl, under high pressures up to 18 GPa by
using He gas as a pressure medium [17], and have detected the superstructure
reflections (hkl; [ = odd) due to the shift of the Cl ions from the midpoint of the Au
ions even at 12.0 GPa. These superstructure reflections disappeared at the phase
I-phase II transition (P = 12.5 GPa). As shown in Fig. 5, at about 12.5 GPa, the
lattice parameters a and ¢ approach each other, resulting in the relation 2!%a = c.
The crystal structure changes from tetragonal (I4/mmm) to cubic (Pm3m) at about
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12.5 GPa. This result is not consistent with that of the previous powder X-ray
diffraction measurement [7]. According to the powder X-ray diffraction measure-
ment, Cs,Au,Clg undergoes a tetragonal-to-tetragonal phase transition at about 11
GPa and room temperature, and undergoes a tetragonal-to-cubic phase transition
above 12 GPa and 100°C. The cubic phase exists at room temperature under high
pressures on condition that He gas is used as an ideal hydrostatic pressure medium.
In the case of the previous powder X-ray diffraction measurement, the pressure
medium was kerosene which is not a good hydrostatic medium under high pressure,
and shearing stress might be responsible for the appearance of the second tetrago-
nal phase in Cs,Au,Cl;. The structural pattern of the phase II in Cs,Au, X is
sensitive to the kind of pressure medium.

5. Phase III in Cs,Au,X,

Now, we investigate the relationship between the phase II-phase III transition
and the behavior of the resistivity. According to our resistivity measurement of
Cs,Au,l under high pressures [9], Cs,Au,l, undergoes a pressure-induced semicon-
ductor-to-metal transition at 4.5 GPa and room temperature. Moreover, as shown
in Fig. 6a [9], when the temperature is increased at 6.5 GPa, the resistivity decreases
and a steep drop occurs at about 300 K and then increases linearly above about 400
K. Comparing the behavior of the resistivity with the X-ray diffraction profiles in
the vicinity of the tetragonal-to-cubic phase transition, the drastic resistivity drop at
about 300 K and the linear increase in the resistivity above 400 K are attributed to
the beginning and the end of the phase transition, respectively. In the cooling
process, the resistivity decreases linearly with temperature cooled down to room

R e e L LI 11.0
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o 7.0 - 08 =
3Tetragonal 1
6.8 H9.6
af]ubi(“ ]
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Fig. 5. Pressure dependence of unit cell parameters of Cs,Au,Clg at room temperature (from Ref. [17]).
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Fig. 6. (a) Temperature dependence of the resistivity of Cs,Au,ls at 6.5 GPa (from Ref. [9]). The sample
was first heated up to 470 K, then cooled down to room temperature. (b) Temperature dependence of
the resistivity of Rb,Au,ls at 7.0 GPa (from Ref. [8]). The sample was first heated up to 510 K, then
cooled down to room temperature.

temperature, which implies that the cubic phase can be stable at 6.5 GPa and room
temperature. Moreover, this metallic phase could be obtained as a metastable phase
at ambient pressure and room temperature by decreasing temperature and pressure
after increasing pressure up to 6.5 GPa and temperature up to 470 K [9]. Fig. 7
shows the X-ray powder pattern of the metastable phase of Cs,Au,ls [9], which
implies that the metallic metastable phase is a cubic perovskite structure.

Fig. 6b shows the resistivity of Rb,Au,l, as a function of temperature at 7.0 GPa
[8]. The steep drop in the resistivity at about 420 K is due to the tetragonal(III)-to-
cubic transition. As shown in Fig. 6b, the metallic phase is stable at 7.0 GPa and
room temperature in the cooling process. Moreover, this metallic phase could be
obtained as a metastable phase at ambient pressure and room temperature.

6. Au valence fluctuation and transport phenomenon

Fig. 8 shows the temperature dependence of the electrical resistivity of Cs,Au,Cl,
under the pressure region below the Au valence transition (11-12 GPa) [18]. At 5
GPa, a gradual semiconductor-to-metal transition occurs about 250 K. With
decreasing temperature, the resistivity decreases slowly from 250 to 100 K and then
increases below 100 K. At 6 GPa, the metallic region is spread between 250 and 5
K. Under the pressure region above 7 GPa, the resistivity as a function of
temperature is metallic in the whole measurement temperature region.
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Fig. 7. X-ray powder patterns of Cs,Au,l, at room temperature and ambient pressure (from Ref. [9]).
(a) X-ray pattern before applying pressures. (b) X-ray pattern of the metastable phase obtained by
decreasing temperature and pressure after increasing pressure up to 6.5 GPa and increasing temperature
up to 480 K. (c) X-ray pattern after annealing the metastable phase at 370 K.

According to the '"*7Au M6ssbauer spectra of Cs,Au,Clg [14], which is shown in
Fig. 9, the Au' and Au'™ states are clearly distinguishable even at 6.8 GPa (= 68
kbar). The spectral profile at 4.2 K and 6.8 GPa resembles closely that at 4.2 K and
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Fig. 8. Temperature dependence of the electrical resistivity perpendicular to the c-axis of Cs,Au,Clg

(from Ref. [18]).
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Fig. 9. '7Au Méssbauer spectra of Cs,Au,Clg at ambient pressure and 68 kbar (from Ref. [14]).

0.0 GPa, which strongly proves that the metallic behavior in the phase I of
Cs,Au,Cl; is most likely attributed to the dynamic two-electron exchange between
Au' and Au'™ sites (i.e. highly mobile bipolaron) (Fig. 9).

Fig. 10 shows the temperature dependence of the electrical resistivity of Cs,Au,l,
under the pressure region below the Au valence transition (5.5 GPa) [18]. Several
anomalous peaks and shoulders appear at about 210 and 130 K (Fig. 10). However,

0 100 700 30
Temperature{K)

Fig. 10. Temperature dependence of the electrical resistivity parallel to the c-axis of Cs,Au,l, (from Ref.

[18)).
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Fig. 11. P-T phase diagram of Cs,Au,l, (from Ref. [18]). I and M in the tetragonal(I) phase indicate
the insulating and metallic phases, respectively.

above the Au valence transition, no anomalous resistivity peak is observed at all
[10]. The origin of the resistivity peak at about 210 K in the pressure region
between 3.0 and 4.2 GPa is presumably the same as that of the resistivity peak
about 250 K for Cs,Au,Cl in the pressure region between 5 and 6 GPa. On the
other hand, the resistivity peak at about 130 K appears above 4.5 GPa, and is
strikingly enhanced as the pressure approaches the Au valence transition. Appar-
ently, the resistivity anomalies around 130 and 210 K are successive and comple-
mentary. However, considering that any successive anomalous resistivity peak is
not observed for Cs,Au,Clg, the resistivity anomalies around 130 and 210 K for
Cs,Au,l, are independent of each other. At 4.7 GPa, the value of the resistivity
peak at 130 K is quite similar to that of the second tetragonal phase. Therefore, the
resistivity anomaly at 130 K for Cs,Au,ls is attributed to the re-entrant phe-
nomenon of the metallic phase I.

Consequently, in the case of Cs,Au,l,, the electrical resistivity as a function of
temperature shows a re-entrant phenomenon of the metallic bipolaron phase in the
vicinity of the Au valence transition. Fig. 11 shows the P-T phase diagram of
Cs,Au,l determined from the X-ray diffraction pattern and resistivity under high
pressures.
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