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CHAPTER ~ 

Ger:teral. Ir:tt;:rodu.ct;:ior:t 

Mixed- valence compounds play an important role in many 

field. Although the major matter of the subject has been in 

chemistry, its importance has become increasi ngly c lear in 

solid state physics. biology, mat eria l s science. and geology. 

Extensive investigation in the field of molecular me tals has 

demonstrated that mixed valency is a prerequisite for high 

electrical conductivity. The electron- transfer properties of 

certain mixed- valence metalloprotein s are important in 

biological processes. 

'Mixed valency' has been used to describe inorganic or 

metal -or ganic compounds in whi ch a given element is present 

in more than one level of oxidation. In the past. compounds 

in which an element occurs in different valency sta te s has 

gone by various names. the term s 'non - integral oxidation 

state'. oscillating valency'. or 'mixed-oxidation state'. 

A classification scheme presented by Robin and Day~ in a 



landmark review distinguishes three different classes of 

materials: 

Class I 

Class H 

Class HI a 

Class HI b 

Compounds in which the valency states occupy 

different crystallographic sites and are too 

distant from each other to allow electron 

interaction. 

Co mpounds in which electron exch ange amo n g 

i nequivalent sites takes place as a thermally 

activated process. 

Compounds in which itinerant electron s are 

de l ocalized between atoms withi n discrete 

po l y nu c l ea r c l uster io ns. 

Compounds i n wh i ch iti nerant electrons are 

delocalized between atoms on i dentica l 

crysta l lograph ic s i tes. 

Rob i n and Day maintain t hat t h e comp ounds must be 

su ff iciently ionic to e nable the assignment of disc r ete 

oxidat i on states o r to asc r ibe on - goi ng electron 

delocal i z a tion t o a n inte r ac ti on t hat i nvolves p r edomi nant ly 

the ato ms whose vale ncies arc under discuss i on . This p i cture 

excludes materia l s wh ere cova l e n cy or metallic bonding 

e ff ects between the constit u ent atoms arc tho u ght to 

r ender impossible the decision on how many valence shell 

-2-



electrons are to be assigned to eac h atom . On the other 

hand. it is known that in int e rm eta lli c rare ea rth mat erials 

the existence of loca liz ed states leaves the valence concept 

still valid and the Robin - Day classification sc hem e may be 

extended to include these materials . The qu estion whether 

the electronic configuration is seen as static. 

intermed iate. or fluctuating depends largely on the inherent 

time scale of the observation method. It must be admitted 

that the Robin - Days mixed- va l ence concept is valid sti lI 

now. but as described above their classification has its 

limits. In order to create a new concept or a mixed valency. 

we need to investigate the 

boundary region of c lass l - II or II - Ill. 

Cesium gold chlo rid e Cs~AuaC l s is known as a three 

dimensio n a l halogen - bridged mixed - valence system. which is 

considered to be the boundary region of classii -m 

In this case. we may observe transient states from 

c lass n to c l ass m by means of an exte rn al perturbation 

such as an application of pressure. 

This compound was first prepared by Wells in 1922. R It wa s 

descr ibed as astonishingly jet black in color. from which a 

metal - metal interaction was conside r ed to ex i st. So this 

compound was expected to be an Au x- Aum mixed - vale n ce 

compound. though the formal ox idatio n s tate of gold appeared 

to be + II from the empirical formula CsAuCl:1. The crysta l 
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s t r u c t u r c was de t e r m i n c d by E I I i o t t and I, au I i n R :• • " i n the 

1930s (Figur e 1). They investigated it by X ray powder 

photograph and magnetic susceptibility measurements in order 

to obtain information regarding the valence state of the 

go I d . F o u r p o s s i b I e s t r u c t u r e types f o r C sA u C I :• we r e 

cons id ered which are reminiscent of the today's Robin - Day 

mixed- va l e n ce concept. 

Fig.l Th e atomic arrangement in tet r agonal c r ysta l s of 

Cs?.AuAuCio. Large full c ir cles represent cesium utoms. l arge 

open circles c hlorin e atoms. and small c ir c l es gold utoms. 4 

- -1_ -



(1) Each heavy meta l atom may be bivalent and not attached 

by covalent bonds to other heavy metal atoms. 

(2) Both heavy meta l atoms may be bivalent. the two b e ing 

joined by a covalen t bond f o rming the group. 

(3) One heavy metal atom may be univalent and the ot h er 

trivalent. 

(4) Each heavy meta l atoms may r esonat e b e tween a unival ent 

and a trivalent sta t e 

It is surpri s ing that th ey had thi s id e a in 193~. in view of 

th e fa ct that chemists in tho se days had not both a term and 

a concept of "mixed valency". 

Subsequently, mu c h work on CsaAu?.C l o have been done 

(e.g .. high- pressure conductivity, 5 s ingl e crysta l X- ray 

diffract i on , 0 high- pressure neutron diffrac tion, 7 high

pressure si ngl e crystal X- ray diffrac tion, 8 high - pre ssure 

Mo ssbauer, 9 Mo ss bauer~ 0 and X- ray absorption ncar - edg e 

struct ure (XANES). 11 On the other hand, to our knowledge. 

there has b ee n little work on CsaAu20re or CsaAualo. 

Severa l y ea rs ago the author made a target on thi s mixed

valence system from motives of the followings. The author 

has been interested in the similarity of the crysta l 

structure between thi;s system and the mixed- valenc e 

perovskite - typc bismuth(lli .V) oxide OaOiOa whi c h i s u 

parent compound of the superconducting oxid e Ua(l'bUi)Oa . 

In those duys Ua(PbD i )Oa became of interest as un exotic 



superconductor from the phenomena that in spite of a low 

carrier concentration and a low density of states a 

superconducting transition is at high temperature above 10 K. 

and that the origin of a superconductor - semiconductor 

transition wa s not established. 12
'

13 In Da(Pb0i)03 the 

bismuth valence state has been considered as a very important 

factor for a comprehension of its physical properties. The 

insulating state of DaBiOs was expla ined by the charge 

disproportionation of the bismuth cations (+N into +ill and 

+ V) which couples to lattice deformation or the 

stabilization of a commensurate charge - density wave. To our 

interest. a possibility of an usual superconducting state . 

which results from condensation of bipolarons. is postulated 

under a strongly coupled electron- phonon system. 14 These 

bipolarons can be thought of as l ocalized Cooper-pairs that 

are stable as long as the deformation- induced mutual 

attraction exceeds the mutual Coulomb repulsion. 

According to the model. Cooper - pairs formation du e to the 

condensation of bipolaron s occurs und er some electron- phonon 

coupling constant A • while in the large A I imi t bipolarons 

formation occurs (Figure 2). In this model the insulating 

BaBiOs is regarded as an on-site bipolaronic state where 

bipolarons form a three-dimensional lattice and locali ze at 

Bi~ site. We may regard CsAuXs as a bipolaronic insulator 

such as DaBiOs . Is tbe possibility of superconducting 
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state of this type present in CsAux~ ? 
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Fig.2 Phase d i ag r am as a funct i on of e l ectro n - phonon 

coup ! ing strengt h . 1 4 

The author also has been i n terested i n a t hree 

d i me n s i ona l ity. CsRAuHXa i s a r are t hree-dimensio nal 

haloge n- br idged mixed - valence system. 

T h c s c t w c n t y yea r s h a I o g e n - b r i d g e d on c - d i m c n s i o n 11 I 

mixed - va l ence comp l exes ana l ogo u s to Wo lffra m's lted Sn. I t 

have bee n i nvest i gate d i n te n s i ve l y from the v i ewpoi n ts o f 

physics and c h emist r y as a mode l of on e - d i mensio nal e l ectron s 

systcm 16 and rece n tly t h ey become o f i n te r est of t h e 



relaxation process from the photo - excited state from a 

dynamica l behav i or or l attice - relaxed excitations sueh ns n 

soliton or a polaron. 1 o - ul On the other hand. there has 

been little work on the three - dimensional system. Therefore. 

researc h es o n mater i a l and physical - property arc indispensable 

for this system. As described in Chapter 2. there is an 

anisotropy in the three - d i mensional - X- Au - X- Au - networks. 

wh i c h i s expected to cau se an a ni sot r opic charge - transfer 

inte r act i o n . It is inte r est i ng to i nvest i gate the 

re l ations h ip between the a n isotropy o f t h e crystal structure 

and t hat of the e l ectronic structu r e. 

This salt can be characterized by meta l - comp l ex - ion 

assembly. The linear [Au 1 Xal and square - p l anar 

(Aunr X.,) comp l ex io n :s are stacked a l te rnately a nd the 

th r ee - dimensiona l c r y:stal structu r e i s formed. An 

a ppl i cation o f p ress ur e may e ff ect on t h e metal - complex - i o n 

assembl y us an usef u l exte rn a l pertur batio n . 

An app l ica ti o n of pressu r e is an 

approp ri ate tool for prob i ng t h e e l ectron i c struct ur e wi d e l y 

a nd conseque n t l y, whi c h can a l te r phys i ca l p r ope r ties owing 

to t h e conseq u ent changes in the latt i ce pa r a mete r and t h e 

ene r gy o f t h e various i n teractions between e l ectrons or 

betwee n c l cetron 11nd ph ono n . Unde r hi ~ h p r(:ss ur c. 

i nteractions between ~octa l comp l ex io ns [Au'Xa] and 

such as the c ha r ge - transfe r i n te r action i s 

- s -



expected to become large. Therefor e . as the pressure is 

increased. the nature as a condensed matter play more 

important role in the solid - state properties than that of 

each of component complex ions.Th e high -

pressure experiments is of grent interest in rcvenl ing the 

various prop e rties in this system. Interrante ct a/. ~ 0 

measured electrical conductivities of various one 

dimensional halogen- bridged mixed - valence complexes und er 

high pressure. As is s hown in Figure 3. the conductivity is 

enormously enhanced at high pressure with va lues nt- 100 

Kbar pressure as high as 2 Q - • e m • This observation 

was exp l ai n ed with the aid of the sc h ematic energy l eve l 

diagram in Figure -1. which s hows the anticipated ehnng es in 

theM dz~ and halogen pz energy levels as t h eM '' --- X 

distance decreases under high pressure. 
10 10 
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I n pa r t i cula r . a broadening or the energy ha nds due to t h e 

increased M '' -dz~ - hta l ogen pz orbital overlap, alon g wit h 

a gene r a l me r gi n g of t h e two dz ?. bands as the env i ronment 

about t h e metal ion s becomes more ncn rl y equ iva l en t. was 

expec t ed . 
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At the limit of equal metal-halogen distance. this should 

ultimately lead to a transition to a system with half - filled. 

one - dimensional metallic band. However there bas been no 

indication of a change in sign as would be expected for the 

transition to a metallic state (Figure 5). This behavior is 

considered to arise from Peierls instability characteristic 

of the one-dimensional electron-lattice system. However. 

this instability can be suppressed by increasing the 

dimensionality. The three-dimensional system Cs2Au2Xa 

under high pressure is of great interest in seeking the 

metallic - conduction behavior or superconductivity. 

From these interests described above. the author has 

performed a series of investigation on Cs2Au2Xa. 

In the course of the present study . the author has 

concentrated on the systematic investigation for the 

mixed-va l ence states of Cs2Au2Xa system to e l ucidate 

a relationship between the crystal and electronic structures. 

In Chapter 2 the author discusses a n anisotropy of the 

crystal structure. Chapters 3- 5 deal with mixed-valence 

states. anisotropy of the charge-transfer interaction and 

opt i cal properties in this system. Especially as to the 

dimensionality of electronic structure. M6ssbaucr 

spectroscopy and pola 1rized reflectance spectroscopy have 

been done. 

In Chapter 6. the author reports the behavior of the 



electrical conductivity of Cs2Au2Xs under pressure. 

In Chapter 7. X-ray crystal analysis of Cs 2Au2 ls are 

presented. The author discusses the relationship between 

the electrons system and lattice system. 

In Chapter 8 . electrical properties under high pressures 

and low temperatures are described. Several resistance 

anomalies are present ed. 
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CFIAPTER 2 

St;ruct;ural. Discussion 

and 

~ i :x::. e d. - "\.T a 1. e n c e SLat;e 

c sA Uo. aB ra . B 

2 - 1 INTRODUCTION 

of 

t;.b.e 

of 

In this chapter. we will discuss the characteristics of 

the crystal structure of this mixed -va lence system in which 

linear [AuxXa] - and square planar [ Au~X4] - complexes 

are formed alternately. Consequently, there is an 

anisotropic three - dimensional -Au x -X-Au~ -x- networks which 

we need to take into co nsideration in the charge - transfer 

interaction between the Aux and Au~ ions. Secondly, we will 

report on a new non - stoichiometric cesium bromoaurate 

CsAuo.oOra.o. In order to achievn a precise characterization 

of this compound. we have performed a detailed investigation 

by X- ray powder diffraction. ESR . e lect rical co nductivity. 
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XPS, • and M6 ss bauer s pectros copy . 2 

2 - 2 EX PER I Ml~NTAL 

Preparation of Au Compounds - (a)Cs 2Au z Bro.Thc jet black 

mixed- valence compound Cs2Au2Dro was prepared by a Bridgeman 

technique. A powdered mixture of CsBr,Au,and CsAuOr4 in the 

stoichiometric ratio was sealed in an evacuated quartz tube 

with a capillary. The capsule was placed in a furnace 

equipped with a temperature gradient of 5 K/cm (T--~ was 

about 770 K). The me ~ ting point of this compound. as 

measured by differential scanning calorimetry (DSC) . was 

near 725 K. The coo l i ng rat e for g rowth was ca. 0.4 K/h. The 

molar ratio of Cs:Au was determined by using a Jarrel Ash 

AA- 8200 atomic absorption and flam e emission 

spectrophotometer at the Research Center of In s trumental 

Analyses of Kyoto University (Found: Au.31.1:Cs.23.6. Calc. 

for Au z BroCs z :Au.34.6; Cs.23.3%). 

(b)CsAuo . oBr 2. o. Thi s new compound CsAuo . oU r 2. o was 

prepared by a slow addition of Cs0r(0.72 g) dissolved in 

absolute ethanol to KAuBr.- 21 120(1.50 g) dissolved in 

abso lut e ethanol and cool ing. A jet black p r oduct 

precipitated rapidly and almost quantitatively. It wa s 

wash ed with co ld ethanol and dried in vacuo. The molar 

- .l 6 -



ratios of Cs:Au were determined by the method mentioned 

above. Th e molar ratios of Br were determined by energy

dispersive fluorescence X-ray analyses using a Rigaku Ultra

Trace System at the Environment Preservation Center. Kyoto 

University. The variation in x andy for CsAu~Bry betwe en 

baches prepared in this manner is small (0.55<x<0.65. 

2.5<y<2.7). All measurem en t s recorded in this and the 

following chapters were performed for the sample with x=0.6. 

y=2.6 (Found:Au.25.7:Br.44.8:Cs.28.9 . Auo .sB r 2.sCS requires 

Au.25.8:Br.45.2:Cs.29.0%). 

X-Ray Diffraction - The phase identification of each 

compound was made wit h an X- ray diffractometer with 

mono ch romatic CuKa radiation. The latti ce parameters were 

determined by least-squares fits to the measured positions of 

the high- angle reflections. 

ESR Spectroscopy-The ESR measurements were performed on 

powdered samples using a JEOL X-band spectrometer with a 100 

kHz field modulation. Variable temperature from 3.7 K to 300 

K was provided by means of a flowing - gas cryostat system 

(Oxford Instruments ESR-900). The temperature of the sample 

was measured by AuFe - normal si lver thermocouple positioned 

near the sample. Calibration of g-values was based on dpph 

(diphenypicrylhydrazyl)(g=2.0036). 

-1 7-



Electrical Conductivity- The d.c. e le c tri ca l co nductivity 

me asurements were pe r formed on polycryslal line samples with 

a quasi four - probe method. Samples were prepared by pressing 

powdered under pressure of 0.3 GPn into cylindrical pel lets. 

5 mm in diameter and typically 0.6 mm in thickness. 

2- 3 CRYSTAL STRUCTURE ANO ITS ANISOTllOPY of Cs~Au~Xo 

The crystal structure of Cs~Au~Clo is a distorted 

perovskilc with square planar [Au~ct~l and I inear 

[Au 1 Cl zl - complex ions. with space group 11/mmm (tetragonal. 

a =7.195(1). C=10.880(2)A. Z=2). 3 As r eported by Urauer and 

Stealer.~ the powder X- ray diffraction pattern s of 

CszAu~Uro and CszAuzle show these two compound s lo be 

isoslruclural with CszAu2Cle. lienee the compounds 

CsaAuzUro and Cs2Au2le have been indexed lo 11/mmm. 

Our very recent single crystal X- ray analysis of Cs~Au~lo 6 

s hows il lo belong lo the tetragonal space group 11/mmm. 

with a =8.281(1). c=l2.092(2)A. and z - 2. 

The crystal structure of CsaAu~Cio can be characterized 

by distorted corner - sharing AuClo octahedra which 

form chains in the directions of ax+az. a~ - az. and c. 

where the Tetragonal unit cell is (ax.aa.c). as shown in 
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Figure 1. The Au xClo octahedra are contracted in the c 

direction. on the other hand th e Au~Cl o ones are elongated 

in the c direction . Tbe volume of Au xClo octahedron 

0 0 

(27.46 A3
) is large r than that of Au~Clo one (22.18 A3

). 

Hence the breathing- mode - type atomic di sto rtion of AuCl o 

octahedra is present in thi s mixed- valence s ystem. This 

distortion is analogous to that of the mixed- valence bismuth 

(lli - V) oxide BaBiOa which is the parent compound of the 

Cu- free bigh- Te superconducting oxides. (Ba.K)BiOa and 

(Ba.Rb)BiOa (T e ......... 30 K). and Ba(Pb,Bi)Oa (To ......... l3 K). 0 8 

By analogy with these 3- D superconductors. the following 

and x-~02- . 9 The insulating state of BaBiOa wa s explained 

as the result of a commensurate charge- density wave (CCDW) 

involving the ordering of Bi~ and Biv into distinct 

crystallographic s ite S. 10 Therefore. the s tructure of 

CsaAua Xo might be regarded as frozen in a soft mode of 

perovskite structure. resulting in a CCDW and a displacive 

modulation of the halogen positions. In recent years 

halogen - bridged one - dimensional Mxx _Mxv mixed- valence 

complexes of Pt. Pd. a nd Ni analogous to Wolffram' s Red Salt 

have been investigated intensively from the viewpoints of 

physics and chemistry as a model of one - dimensional 

electrons system. 11
" 

12 On the other hand, there bas been 

little work on the three-dimensional halogen - bridged mixed-
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valence complexes [e.g. Rb 2Au2Xo(X=Ur or 1), 13 

K2Au2Io. 14 Ptla, 16 and Ptala. 10
]. Among the three 

dimensional halogen-bridged mixed- valence complcxcs.CsaAuaXo 

is a rare mix ed-valence system in which three - dimensional 

- M- X-M-X - n etwo rk s are orthogonal to each other. 

The three-dimensional networks in Cs a AuaClo arc not 

isotropic but anisotropic. being ··· Cl - Au:r - Cl··· Aum: ··· in the 

c direction and ··· Au:r ... Cl - Aum: - Cl··· in the a:raa plane. In 

many halogen-bridged one - dimensional mixed- valence complexes 

of Pt. Pd. and Au. the bridging halogen ions lie closer to 

the more highly oxidized metal cations. as is realized in the 

a:raa plane of Cs2Au2Clo. It seems strange that the 

bridging halogen anions lie closer to the Au :r cations in the 

networks of c direction. Also that the Au 1 - Cl distance 

(2.281 A) is shorter than the Aum: - Cl (2.295 A). In general. 

as the oxidation state of a metal cation increases. the 

metal - ligand bond length becomes shorter. This implies that 

the covalency of the Cl - Au 1 - Cl bonds is rather high and that 

some d-s mixing 17 is present in the valence orbitals in spite 

of the d 10 complex ion. If the electron pair occupying the 

d,... 2 orbital of the free ion are put into the 

(l/V2 )(5d ... 2 - 6s) orbital. the I igand anion can approximate 

more closely to the Au ion due to the promotion of electron 

density from the d. 2 to the s orbital whi c h causes a 

significant reduction in the magnitude of the repulsion 



b e twee n th e me ta l d %2 and t h e liga nd Pz o rb i t a l s. Th e 

d -s mi xi ng i s impo r t ant for t h e a n a l yses o f ~ 97Au Mo ss b a u e r 

spe c tra and we will di scu ss i t in Chapt e r 4 . 2 

Figur e 2 s hows a par t o f the thr ee - d im e n s i onal n e tworks in 

Cs2Au2Cl o. Fr om a st ruc tur a l point of vi e w in Cs2Au zC l a . 

we con s ider that the charge - tran s f e r int e rac tion be tween Au 1 

and Aum through the bridging halogen s would be s trong e r in 

the networks in the a~a2 plane than those in th e c direction . 

This consideration is due to the following reason s. 

1) The Au 1
··· Aum distance (5.300 A) in the n e two rks in th e 

0 

a~a2 pl a n e i s short e r than that (5 . 440 A)in th e network s in 

the c dir e ction. 

2) The ratio p = ld~ -d2 1/(d~+da ). whe r e d~ and d a ar e 

the Au 1 - X and Aum - x distances. respe c tively. i s an 

indication of the deviation of the bridging halogen ion from 

the midpoint between the Au 1 and Aum sites. As the 

charge - tran s fer interaction becomes stronger. the difference 

of the oxidation states between Au 1 and Aum decreases and 

then the ratio p decrease. The value of p in the networks of 

the a~a 2 plane (0.13) is smaller than that in the networks 

of the c direction (0.16). 

3) The Au 1
· · · Cl distance (3.005 A) in the networks of the 

0 

a~a2 plane is shorter than the Aum ··· Cl distance (3.159 A) 

in the network s of the c direction . 

4) As mentioned above. in many halogen - bridged one -
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dimensional mixed- valence complexes. the bridging halogen 

ions lie to the more highly oxidized metal cations. as in 

the network s in the a1a2 plane. This shows that the more 

highly oxidized metal cations possess unoccupied acceptor 

orbitals. As pointed out by Robin and Oay, 18 the dz 2 orbital 

of the [Au 1 Clz] - ion and the dx2
- y

2 orbital of 

[Au~Cl4] - ion are orthogonal in the network s of the c 

direction. On the other hand. those orbitals in the networks 

of the a1a2 plane have nonzero overlap. They consi d ered that 

the donor and acceptor orbitals were the dz 2 orbital of the 

respectively. However . the overlap between those orbitals is 

considered to be small. and both the dz 2 orbitals of the 

[AuxClz] - and the [Au~Cl4]- ions arc occupied. 

Therefore . we consider that the charge-transfer interaction 

in CszAuzCle is mainly bet wee n the donor dx 2
- y

2 orbital of 

[Au 1 Clz] . ion and the acceptor dx 2
- y

2 orbital of 

[Au~Cl4] - ion in the networks of the aJaz plan e. 

5) The intervalence charge-transfer absorption spec tra 

have been observed for the halogen-bridged one-dimensional 

mixed-va lence gold complexes AuXz(DOS) (X-Cl or Br. DDS= 

dibenzyl sulfidc) 10 which possess networks analogous to 

those in the a1a2 plane of CszAuzClo. Recently, Janiak and 

Hoffmann have carried out band-structure calculations on 

AuX z(DDS) by using the extended-lluckel method. 20 They 



consider that the inLervalence charge - transfer transition 

occurs between the d~2-y2 orbitals of Au' and Au~ . We have 

systematically investigated the anisotropic charge - transfer 

int e raction in Cs2Au:~Xe by changing the bridging halogen X 

from Cl to l as a method for modifying the interaction and 

detai Is on this wi 11 be r eported in Chapt er 3 (XPS study).t 

Chapter 1 (Mossbauer study) 2 and Chapter 5 (polari zed 

reflectance spectroscopy). 

2 - 4 Powder X-ray Diffraction Profiles of Cs - Au- Ur mixed-

valence system 

The powder X- ray diffraction profile was obtained at room 

temperature for the Cs2Au2Dro compound prepar e d by Uridgeman 

technique. It is s imilar to that obtained by other worker s "' 

for the same compound prepared by thermal decomposition of 

CsAuDr ... Their work indicated that the compound crystal I izes 

with a s tructure i somorphous with that of We lls sa lt. 

Cs2Au2Clo, leading to the co nclusion that Oro coordination 

octahedra of Au 1 and Au~ (i.e. Au 1 Dro and Au~Uro ) arc 

crystallographically non -equivalent. In the profile obtained. 

each doublet (e.g.[(002),(110)].[(112).(200)]) is due to the 

difference between the Au· ··· Au~ distances in the a1a2 plane 

(da.ta 2 = 5.44 A> and the z direction (d o - 5.57 X>. The 
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dxz, dyz -==H=H= 1 ~ dxy 

dxy H eft H dxz • dyz 

Au1 Au Ill 

Fig. 3 Schematic energy-level diagram for 5d orbitals of Au1 and Au111 

in Cs 2Au 2Xt. 

presence of weak superstructure reflections (c.g.(l03).(301) 

) indicates that the Br atoms arc shifted from the 

symmetrical position between the Au atoms. The intensities 

of the powder lines of Cs2Au2Bro were calculated by assuming 

tetragonal space group 14/mmm. with a =7.69 A. C=ll.38 A. Z=2. 

using the atomic scattering factors given by ref.21 and the 

positional parameters reported for Cs2Au2Clo 3
• 

No a bsorption co r rectio n was app l ied. A typical observed 

diffraction profile and the calculated profile of the 

tetragona l phase Cs2Au2Bre are shown in Figure 1. All the 

reflections present arc i ndicative of single phase and do 

not contradict the distorted perovskite structure with space 

group 11/mmm. The agreement between observation and 

calculation shows that Cs2Au2Dro possesses the similar 

anisotropic MX networks to those of Cs2Au2Cla. The 

Cs2Au2Dro compounds prepared by the Oridgeman technique is. 

therefore. considered to be a Robin - Day class ll 22 mixed-

-25-
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valence compo und . 

The powder X- ray diffraction profile 

obtained at r oom temperature f o r the compo und CsAuo . oUrR.o 

differs s ignifi cant l y from that of the t e tragonal phase. Th e 

sma ll number of very s har p peaks indicates the high symmetry 

of the st ructu r e. Weak superstructure reflections were no t 

observed. The intensities of th e powd e r lines were 

calcu lat ed by assumi10g cubic latti ce. Pm3m space group, 

0 

a- 5. ~ 6 A. Z= l (the cubic perovskitc structure with the Cs 

atoms on the lattice sites of Sr. the Au atoms on the sites 

of Ti . and the Dr atoms on the s it es of 0 in st rontium 

titanate SrTiOa . ). The same values of atomic sca tt er ing 

fa c tor s a s those in Cs2Au 2B ra we r e used. A typi c al observed 

diffrac tion profil e and the ca l culated profil es of the 

compound CsAuo.oUr2.a are shown in Figur e 5. In Figure 5(b) 

each of the Cs . Au. a nd Ur sites is full occupancy, while in 

Figure 5(c) occupancies of the Cs. Au. and Ur s it es arc 1 .00. 

0.60. and 0 . 87. respectively. As s hown in Figure 5(a) and 

5(c). the observed diffraction profile can be quantitatively 

reproduced. taking into account th e vacancies of t h e Au and 

Br s ite s. Th i s ag r eement is co n s i s t ent with the pr ese n ce of 

Au and Br vacanci es found by atomi c abso r ption analyse s. No 

ex i stence of we ak s u perstructu r e r e fl ec tion s i n the observed 

diffractio n pattern indicates the simp l e cubic p e rov s kit e 

s tru c tur e in which the Au and Dr vacancies di s tribute 
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randomly for 8 and X sites of ABXa. respectively. Therefore 

any larger unit cell than the ABXa perovskite unit cell 

0 

with a =5.46 A can be neglected. From these results. we can 

conclude that the cubic phase compound CsAuo . oBr2 . o is a 

single phase with cubic perovskite structure (Cubic lattice. 

0 
space group Pm3m. a =5•.462(2) A.Z=l.). This means that the 

AuBro octahedra are crystallographically equivalent. In 

connection with the cubic phase compound CsAuo.eBr2.o, the 

following should be mentioned. The Aum compound 

al . . crystallizes in a disordered cubic perovskite structu re 

with a =5.475 A. 23 However. the compositiona l ratio and the 

lattice constant differ from those of CsAuo.oBr2.o-

2-5 ESR SPECTRA OF the CUBIC PHASE 

The Au xx valence state was hitherto unknown for Au 

complexes having infinite chains. Therefore. whether the 

gold ion in the non-stoichiometric compound CsAuo.oBr2.o is 

present in a +ll formal oxidation state or not i s of great 

interest. A Au 11 complex has one unpaired electron due to 

the 5d0 configuration. Since naturally occurring gold 

consists of 100% 197Au. which has a nuclear spin of 3/2. 

solutions of Auxx complexes would be expected to give rise 



(a ) 

250 G 

H 

(b) 

250 G - · II 

(c) 

II 

Fig. 6 Powder ESR spectra ofCsAu0 •11 Brl.l; observed at (a) 3.7, (h) 77 
and (c) 290 K 
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to electron spin resonance spectra consisting of four 

equa lly separated and equa lly intense lines. A solid complex 

would also be expected to display paramagnetic behavior. To 

invest igat e the oxidation state o f Au in CsAuo . oB r 2. o. ESR 

measur e ment s we r e carried out. 

In th e solid state the spectrum consist ing of one broad 

line. The obse rved X- band ESR spectra of th e cubic phase 

compound CsAuo.oBr2.a at 3.7. 77. and 290 K arc shown in 

Figure 6. The observed g value is constant( - 2.12) in this 

t emperature range and is close to the free s pin value (see 

be low) . The br e adth of the ESR absorption line. 6 II (peak

to - peak width). is temperature independe nt (6 II = 315 G). 

The compound CsAuo.oBr2.o has a cubic perovs kit e 

structure, in which a large part of Au ions arc considered 

to be in a cubic field (sixfold coordination). In such a 

· field, the orbital 21D state (5d 9
) splits into an orbital 

d 0 u b 1 e t r 3 ( 
2 E K ) an cl an 0 r b i t a l t r i p 1 e t r G ( 

2 rr 2 IC ) • the 

former being the lower in energy. I n the ground state r 3 

( 2 E 8 ), there is no jfirst-order contribution arising from 

the spin- orbit interaction to the g value . Therefore the 

observed g value is expected to be c lose to the free spin 

value. The s pin - latt i ce relaxation time r 1 i s also expected 

to be long. However the breadth of the ESR absorption line 

is considerably larger than one would expect. and is 

considered to be caused by the non- stoichiometry, an 

-31-
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Fig. 7 The reciprocal of the ESR signal intensity of CsAu 0 .6 Br 1.6 as a 
function of tcm per a Ill r'c 

the magnetic dipoles. As shown in Figure 7. the ESR 

intensity (i.e. spin susceptibility) of CsAuo . aBr 2. o follows 

Curie - Weiss law with 8 = - 34 K. The large negative Weiss 

constant implies antiferromagnetic interaction between the 

Au ions. Despite this. the antifcrromagnetic transition does 

not take place on cooling to 3.7 K. probably due to the 

dilute random spin system. It should be noted that the 

critical concentration of the diluted three - dimensional 

Heisenberg - type antiferromagnet. at the temperature at which 

the magnetic phase transition becomes zero. is 60 %. 24 In 

the case of CsAuo . oBr2.o. the proportion of Au occupancy is 

60 %. 

2 - 6 ELECTRICAL CONDUCTIVITY OF' TilE CUBIC PIIASE 
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For CsAu o . oU r 2.o. a thermally activated semico ndu c ting 

behav i o r was obse rved in the temperature r a ng e 300 - 240 K. 

The e l ec tri ca l conduct ivity at room temperature of 

Cs Auo . oDr2 . o i s ca. 10- 4 Scm 1
• wh e r eas that o f Cs2Au2Uro i s 

ca. 10 R Sc m 1 The activation energy Ea . wh e re 

a - a oexp( - Ea/kaT). is 0 . 36 eY (between 300- 2-10 K) for 

CsAuo.oUr2 . o. whereas that is 0.46 eY (between 373- 270 K) 

for Cs2Au2Bro. 

From the powder X- ray diffraction. the Au sites in the 

crystal s tru c tur e of CsAuo.oUr2.o arc indistinguishable . The 

ESR s pe c tra and the considerable increase of electrica l 

conductiv i ty du e to the partially ox idation were observed 

for CsAuo.oUr2 . o. This behavior is analogous to that of 

K 2P t(CNLdlro . a •n(II20) :~s which is a c l ass W mix e d- va l ence 

system. according to the Robin - Day c lassificat ion . 22 

Accordingly, it can be concluded that the cuhic phase 

CsAu o.oB r 2.o i s also a class m mixed - valence system. 

2-7 CONCLUSIONS 

From a s tructural point o f view. we have discussed the 

anisotropy in the three - dimensional MX - networks of the 

mixed- val e n ce system Cs2Au2Xo. The present structura l study 
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and the results of physical measurements for the cubic phase 

CsAuo.eBr2.e are consistent with 'class- ill mixed-valence 

compounds' according to the classification of Robin and Day. 

From the ESR experimental results. the oxidation state Auxx 

is present in CsAuo.eBr2.e. 
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CHAPTER 3 

X - Ray Photoe~cct.ron 

Spect;roscopic Study o:£ t.he 

Mi:x::ed-Va~en cc St.at.es in 

3- 1 INTRODUCTION 

The technique of X- ray photoelectron spectroscopy (XPS) 

has been suggested to be an appropriate tool for probing the 

electronic structure of mixed- valence compounds.~ Halogen

bridged one - dimensional Mxx _Mxv mixed- valence co mplexe s of 

Pt. Pd. and Ni have been investigated intensively from the 

viewpoints of physics and chemistry as a model of one 

dimensional system. 2
"

3 and XPS has been employed. 4
- o On the 

other hand. to our knowledge. little XPS wo rk on the Aux-Aum: 

mixed- valence com pl exes has been done. 7
"

8 In the preceding 

chaptcr 0 we have mentioned an important feature that there 

arc anisotropic three - dimensional - X- Au 1 - X- Aum: - networks in 
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the structure of Cs - Au- X mixed- val e n c e s yst em and also 

r eported on a new non- stoichiometric c esium bromoaurate. 

CsAuo . eBr2 . e (cubic phase of Cs - Au- Br system). The purposes 

of the present study wer e systematically to investigate the 

mi xed- valence states in Cs2Au2Xo by changing the bridging 

halog e n X from Cl to I as a method for modifying the 

anisotropic charge - transfer interaction between Aux and Au~ 

through the br i dging halogen. to investigate the gold 

valence s t ate in the cubic phase of the Cs - Au- Br system. and 

to investigate the oxidation states in halogeno compl exes of 

Au x and Au~. by mean s of XPS measurement s. 

3-2 EXPERIMENTAL 

Preparation of Au Compounds~(a)Cs2Au2Clo.The mixed

valence compound Cs2Au2Clo wa s prepar ed by the same method 

as described in ref.lO (Found:Au , 44 .9;Cs.30 . 7 . Calc.for 

Au2C loCs2 :Au.45.2 :Cs .30.5%). 

(b)Cs2Au2Br o.The mixed- val e n ce compound Cs2Au2Bro was 

prepared by the same method as d esc ribed in the preceding 

chapter . 9 

(c)CsAuo . oDr2.o.The non-sto i chiometr i c cesium bromoaurate 

CsAuo . oDr2.o wa s prepared by the same me thod a s described 

in the preceding chapter. 9 
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(d)CsaAuale. An aqueous solution of Csl was slowly added 

to an aqueous solution of H[AuC14]·4Ha O at ice - bath 

temperature. The black compound CsaAuals was formed. This 

compound was filtered off. wa shed with a dilute hydroiodic 

acid. and then dried in a vacuum desiccator for several days 

(Found:Au.27.6:Cs.l8.7'.Calc.for AualoCsa:Au.27.7:Cs.l8.7%). 

(e)Cs[AuCl.J. A saturated aqueous solution of CsCl was 

added to a dilute HCl solution of H[AuC1.]·4Ha0 at ice-bath 

temperature. The yellow complex Cs[AuCl.]·nllaO wa s 

immediately formed. This was filtered off. washed with cold 

water. and then dried in a vacuum desiccator for several 

days. In this mann e r. the anhydrous complex Cs[AuC14] wa s 

obtained. 

(f)Cs[AuBr.J. An aqueous solution of CsBr was slowly 

added to a dilute HCl solution of H[AuCl4]•4Ha0 at ice-bath 

temperature. The red-brown complex Cs[AuBr]4 was formed. 

filtered off. washed with cold water. and then dried in a 

vacuum desiccator for several days. 

(g)[Bu~ ][AuX.](X=Cl .Br.or I). These salts were prepared 

by the methods described in the literature 11 " 12 (Found:C. 

32.90:H.6.25:Cl.24.3:N.2.40. Calc.for C1oHaoAuCl4N:C.33.05: 

H.6.25:Cl.21.4:N.2.40%. Found:C.25.55:H . 1.75:Dr.42.1:N.l.75. 

Calc.for C1oHaoAuDr4N:C.25.30;H.1.80;Dr.42.l:N.l.85%. Found: 

C.20.30:H.3.75; I.53.3:N.l.50. Calc. for C1oHaoAui4N:C.20.30; 

H.3.80;I .53.6:N.l.50%). 



(h)[Bu~][AuX2](X=Cl.Br.or I). The bromide and iodide were 

prepared by the methods of Baunst ei n and Clark. 13 For the 

preparation of [Bu~] [AuCl2J. their method was modified. We 

used phenylhydrazinium chloride (PhNHNH2HCI) in an anhydrous 

ethanol solution of hydrogen chloride instead of in 

absolute ethanol (Found:C.37.45:11.7.10:Cl.l3.7:N.2.75. Calc. 

for C1oHaoAuCl 2N:C.37.65:H.7.10:Cl.13.9:N.2.75%. Found:C. 

31.95:H.6.00:Br.26.6:N.2.30. Calc.for C1oHaoAuBr 2N:C.32.05: 

li,6.05:Br,26 .7:N.2.35%. Found:C.27.65:H.5.25: I .36.9:N.l.95. 

Calc.for C1oHaoAui 2N:C.27.70:H.5.25:1.36.6:N.2.00%). 

(i) AuCl.Aul. Gold(I) chloride and iodide were prepared by 

the methods described in the literature. 14 

X- Ray Analysis -- Powder X-ray diffraction profile s were 

obtained at room temperature for all compounds mentioned 

above. Each profile is in good agreement with the calculated 

one from previous X- ray work. 14 ' 10 

X- Ray Photoelectron Spectra --The X- ray photoelectron 

spectra were obtained on DuPont ESCA 6508 electron 

spectrometer (Shimazu Seisakusho). the source vacuum being 

-10- 7 Torr. with a Mg - Ka X- ray source (1253.6 cY) at room 

temperature. Oinding energies were measured relative to the 

C1s peak (285.0 eY) due to hydrocarbon contamination which 

built up slowly on the surface under these operating 



r 

condition s o r to th e Cl s peak (28 5.3 e V) f o r a lky l c a r bon i n 

t e tranbu t hylamm on i um g ol d h a li des . i n agre eme n t wi t h 

prev i ous work .~ 7 . ~a 

3- 3 XPS SPECTRA OF MIXED- VALENCE COMPOUNDS Cs2Au 2Xo 

Th e pbse r ved binding ene r gie s of Au 4f reg i on arc given in 

Table 1 . F i gur e 1 shows the XPS s pec tra of thi s r e gion for 

Cs 2Au2XaCX=Cl.Br.or 1). As can be seen. th e ob s erve d s p ec tra 

for Cs2Au2Cla a nd Cs2Au2Bra can be re s olved i n t o s ignal s for 

Au x and Au~ . t h e l atte r ionizing at the high e r e n ergy . The 

i n tensity of Au~ s i gnal is a l i t tl e s malle r t h a n that o f 

Aux. probably due to the partial decomposition (Au~ is 

partially redu c ed to Aux) caused by the X- ray beam. For 

Cs2Au2 I a the t wo Au sites were not satisfactorily reso l ved . 

though i t i s obv i ous f r om i ts powder~ 0 and our s i ngle 

crystal 20 X-ray analyses that t wo s ites are present . Th is 

doublet i s very broad h aving a half - max i mum (fwhm) of 

approxi mately 2 . 6 cV. Th e doub l ets of [Bu~ ][Aui 2 ].Aul.and 

[Du~ ][Aul 4] arc much nar r ower having widths of about 1 .8 eV. 

The b road peak obser v ed f o r Cs2Au 2 I o can be attr i bu t ed to 

the contr i bution s f r om both Aux and Au~sitcs giving rise to 

two overlapping sig nals separated by about 0.9 eV . Ac c o r di ng 

to our very recent work 2 ~ u s i ng a VG ESCA MKll electron 



Table 1 Binding energies (cY) for the 4f region of gold 

4fJ 4f: 
J 

Compound Au 111 Au' Au"' Au' 
Cs 2Au

2
CI6 a.b 90.0 88.2 86.5 84.7 

AuCI"·11 88.5 84.8 
[N Bu" 4 ][AuC1 2] " ·( 88.3 H4.7 
[N Et 4 )[AuCI 2] d 84.8 
[N Bu" 4 ][AuC14] "·( 91.0 87.4 
Cs[AuC1 4 ] "·, 91.4 87.7 
[N Et4][AuCI4] d 87.6 
Cs 2Au 2 Br 6 "·

11 89.4 88.2 85.8 84.6 
CsAu0 . fl Br 2. 6 

<J.h 90.1 86.5 
l N Bu" "][Au Or 2 ] <J.( 88.5 84 .9 
[NEt4 ][AuBr 2]d 84.3 
[N Bu" 4][Au Br 4] a .( 90.8 87.2 
Cs[AuBr4]"·, 90.6 87.0 
[NEt4][AuBr4 ]d 86.7 
Cs Au I "·11 

2 2 6 8H.4 84.8 
Cs Au I "·, 2 2 6 89.1 88.2 85.5 84.6 
Aut"·, 88.3 84.6 
[NOu"4][Aul 2]n.c- 88.6 85.0 
[NEt4][Aul 2 ]d 84.3 
[NBu"4JI[Aul4] "·( 88.5 84.9 
[NEt4][Au14]d 84.3 

"Binding energies arc accurate to ± 0.15 cY. 11 Binding energies 
corrected by comparison with C Is energy set at 285.0 cY for the 
hydrocarbon contamination . ( Binding energies corrected by compari
son with C Is energy set nt 285.3 cV for alkyl carbon in [NBu".s] • . 
d From ref. 18. As. more than one datum is given in ref. 18. the values 
quoted arc averages. Binding energies arc corrected by comparison with 
the C Is energy s'ct at 285.3 cY for alkyl carbon in [NEt,t] •. Binding 
energies of 4fi arc not given in rd. I 8. 
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spectrometer. the XPS spectrum for Cs2Au2I6 could be 

resolved into signals for Aur and Au~. shown in Table 1. 

Thus. it is obvious that two oxidation states of Aur and 

Au~ exist in Cs2Au2Io. Figure 1 also shows that the 

difference in binding energy of the 4f signal between Aur 

and Au~ decreases in the series Cs2Au2Cl6-+ Cs2Au2Br6-+ 

Cs2Au2Ie. This may be explained as follows. As the cova l ency 

of the. -Aur -x-Au~ - X- bonds increases in the order X=CI-+ Br-+ 

I. the charge - transfer interaction between the electronic 

state of Aur and that of Au~ through the bridging halogen 

becomes stronger. 

The binding energies 4f51t. and 4f7tz of Au~ in Cs2Au2Xo 

decrease in the order X=Cl>Br>I. while those of Au 1 signal 

arc constant in going from X=Cl to X=I. This shows that the 

valence 5d orbital population of Aux remains unchanged from 

X=Cl to I. 

In the preceding chapter 0
• we referred to the crystal 

structures of Cs2Au2Xa (X=C l.Br.o r I). in whi ch there arc 

a ni sotropic three-dimensional -X-Aux -X-Au~ - networks. 

Therefore. also in the charge - transfer interaction bet ween Aux 

and Au~ through the bridging hal ogen X. it can be considered 

that there should be some anisotropy. We s uppose that the 

charge-transfer interaction should be strong er in the xy plane 

(...Lc axis) than in th1~ z direction(//c axis). because 

5dx2
-:v

2 orbital of th1:: [AurxxCl~] - ion is unf illed in 
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contrast to 5dz 2 orbital wh ich is filled. The charge - transfer 

interaction is considered to arise mainly from an overlap 

between 5d~2 -y2 orbitals of Aux and Au~ through 

P orbitals of the b r idging halogens. On this basis. the lack 

of a shift in binding energy of the Aux signal of Cs 2Au2Xs 

from X=Cl to X= I can be explained as follows. 

The decrease and the increase of the valence 5dx 2 
y

2 

orbita.l population of Aux occur si multan eou sly in goi ng from 

Cs2Au zC l s to Cs2Au 2 ls. The former and the latter are due 

to the increase of the strength of the charge - transfer 

interaction and to the increase of the strength of the 

ligand-to-metal elect ron ff donation in the xy plane. 

respectively. The expe rimental result that the b i nd ing 

en e r g i e s 4 f stz. and 4 f 7/z o f Au 1 s i g n a 1 a r e con s t an t i n go i n g 

from Cs2Au2Cls to Cs2Auz ls can be explained by assuming 

that the incr ease and the decrease of the valence orbital 

population of Au 1 in going from CszAu2Cls to CszAu2 l o 

are compensated. 

Figure 2 shows the XPS spectra of Au 4f region for 

Cs2Au2Cls and the control complexes. [Bu~][AuC12] a nd 

[ B u ~ ] [ Au C L, ] . The b i n d i n g en e r g i e s 1 f 7IZ and 4 r &tz. o f Au x 

signal in CszAu2Clo arc almost equal to those of the Au 1 

c hlor o complex. On the other hand. there is a significant 

difference between the binding energy of Au~signal of 

Cs2Au2Cls and that of the Au~ ch l oro complex. the former 
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Fig. 2 The XPS spectra in the Au 4f region of (a) Cs 2Au 2CI 6 , (b) 
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Fig. 3 The XPS spect ra in the Au 4f region of (a) Cs2 Au 20r6 , (b) 
[NOun4 ][AuDr2 ] a1nd (c) [NOun4 ][AuDr4 ] 
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being 1.0 eV smaller. These behaviors of Aux and Au~ 

signals are interpreted as follows. When the linear 

[AuxCl2J- and the squ.are planar [Au~Cl4] - are stacked 

alternately and three - dimensional -X-Aux-X-Au~ - networks are 

formed. the charge - transfer from Aux to Au~ through the 

bridging halogen Cl and the ligand- to - metal electron a 

donation from the ligand halogen Cl in [Au~Cl.4] to Aux 

occurs in the xy plane. The lack of a difference in bind ing 

energy of Aux between Cs2Au2Cle and the Aux chloro complex 

s uggests that the quantity of the charge-transfer from Aux 

to Au~ in the xy plane is equal to that of that (ligand- to 

metal electron a donation) in the xy plane from the ligand 

Cl in [Au~Cl"'] - to Aux. On the other hand. the difference 

in binding energy of Au~ between Cs2Au2Cle and the Au~ 

chloro complex suggests that the amount of electronic charge 

flow into Au~ is larger than that of electronic charge flow 

from Au~. The charge flow into Au~ is mainly caused by the 

charge transfer from Aux through the bridging halogen Cl in 

the xy plane and by the ligand-to-metal electron a donation 

in the z direction from the ligand halogen Cl in [AuxC l 2J - to 

Au~. The charge outflow from Au~ i s caused only by the 

increase of Au~ -C L distan ce in [Au~Cl"']- in the xy 

plane.* However. we consider the amount of the charge 

out flow caused by r emoval of halogen from Au~ is s mall . The 

difference in the binding energy of Au~ between Cs2Au2Cle 
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and the Au~ chloro complex supports thi s c on s idera t ion . 

However. Robin and Day22 suggested that the intervalence 

charge - transfer transition from a filled dz 2 - orbital of Aux 

to the unfilled dx 2
- :v

2 -·orbital of Au~ should occur in the 

xy plane. bu t reported that the intervalen ce charge - transfer 

absorption band in Cs zAuzCla was observed with light 

polarized parallel to the c axis. Their result is a puz z le 

for us .. In order to elucidate this problem. t h e detailed 

measurements of polarized reflectance spectra i n CszAu z Xo 

(X=Cl.Br.and I) arc i nd ispe nsable a nd discussed in Chapter 5. 

Also i n the case of CszAuzBro (Figure 3). a difference in 

the binding energy of Au~ signal between Cs z AuzBro a nd t h e 

Au~ bromo compl ex but no difference in the binding e n ergy 

of Au x one between CszAuzBra and the Au~ bromo complex we r e 

observed. Explanati ons for this behav io r are simila r to those 

in CszAuzCla described above . The observed difference in the 

#When [Au xClz] - a nd [Au~Cl ... ] - are stacked alternately. 

the 1 igand Cl in [ Au~CLt. ] - co - o rd i nat es to Aur and then the 

e lectroni c charge in Au r is transferred to Au~ by th e 

charge - transfer interaction. Here the valence of Au in 

[ Au~ Cl .... ] - would change from +3 to +(3-8) (0<8 <1). Hence 

the Au~ -Cl distance for [Au~Cl ... ]- in the mixed-va l e n ce 

compound CszAuzC lo woul d be longer than that in the Au~ 

ch l o r o complex [AuCl ... ] - . 
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fig. 4 The XPS spectra in the Au 4f region of (a) Cs 2Au 216 , (h) 
[NBu".d[Aul 2] and (c) [NUu"4 J[Aul,.] 

binding energy of Au~ is 1.4 eV. The charge - transfer 

interaction in Cs2Au2Xo (X=Cl.Dr.and I) will be evaluated 

below using the XPS results. 

As an indicati on of the strength of the charge-transfer 

interaction. 

We adopted 

r = ~ (M)/Ci' (S). 

~ (M) is the difference in binding energy of Au4f s ignal 

be tween Au x and Au~ in Cs2Au2Xo and ~ ( S) is the d if fe renee 

in binding energy of this signal between [AuX2J - and 

[AuX ... ] - . If we imagine a hypothetical state with r = l. 
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there is no interaction bet ween Aur and Au~ (Robi n- Day class 

I mixed-valence system 22 ). If r - 0. the oxidation states 

of Aux and Au~ arc indistingui shab l e and that i s + ll 

(Robin-Day class ill mixed- valence system22 ). 

From the values in Table 1. we obtain 

r (X=Cl) = 0.64 

and r (X=B r) ... 0.5 :5. 

where the binding energies of Au4f signal used for calculating 

6 (S) are the average value of listed complexes. 

This indicates that the charge-transfer interac tion in 

Cs2Au2Brs is stronger than that in Cs2Au2Cls. In th e case 

of Cs2AU216 (Figure 4). the value r cannot be estimated 

because of no difference in binding energy of Au4f signal 

be tween [Bu~] [Au I 2J a:nd [Bu~] [ Au L,]. 

3- 4 XPS SPECTRA OF Au~ HALOGENO COMPLEXES 

Figure 5 shows the XPS spectra of Au~ halogeno complexes. 

It is immediately noticed that the binding energy of Au4f 

signal in [Au~X4]- is shifted to lower energy in the order 

X-Cl~Dr~ I. This behavior can be explai n ed as follows . A 

decrease in the binding energy or Au1f electrons i s caused 

by an increase of Au 5d population. Considering 5d6s6p2 

hybridization . th e increase in th e covalency of the Au~ -x 
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Fig. 5 The XPS spectra in the Au 4f region of the halogenogold( lll ) 
complexes (a) Cs(AtuCI~J. (h) [NBu"~ JLAuCI"]. (c) Cs[Aul3r4 ]. (d) 
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bond in the order X=Cl ·~sr~ I causes an increase of 5d~2 -y2 

population. As can be seen from Figure 4. the binding energy 

of the Au4f signal in [Bu~] [Aul..,] is almost equal to that 

of [Bu~] [AulzJ. From this. the amount of the charge 

transfer from 1- to 5dx2
- y

2 of Au~ is expected to be 

considerably large. Therefore. the oxidation state of Au in 

[Bu~] [AuLa.] is close to Au 1
. The atomic Au 5d:x: 2

- y
2 

popula,tion of molecular orbitals in [Bu~][AuL.a. ] i s 

considered to be close to 2.0. 

3- 5 XPS SPECTRA OF Au 1 HALOGENO COMPLEXES 

On the other hand. the binding energies of Au 1 halogeno 

complexes are constant despite changing halogen ion X 

in [AuXz]- and AuX (Figure 6). Aux complexes have 

linear two co - ordinate stereochemistry much more commonly than 

complexes of Cux or Agx. Whether 6s6Pz hybridization or 

5dz 2 6s6Pz hybridization in such a linear co-ordination is 

favorable for Aux has been discussed in many papers. 23
-

27 

The electronic charge of halogen would be transferred mainly 

to 6s or 6Pz orbital of Aur. The amount of this charge 

transfer (the ligand-to-metal electron 0' donation) is 

expected to increase in the order Cl~Br~ I for X in 

[AuXz]-. However the 6s or 6p orbital contribution to the 
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Fig. 6 The X PS spectra in the Au 4f region of the halogenogold(1) 
complexes (a) [NBu" .J[AuCI 2], (h) AuCI, (c) [NBu" .d[Au Br2 j , (d) Au I 
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shielding of the 4f electrons from the nucleus is smaller 

than the 5d- orbital one. It is. therefore. difficult to 

estimate the 6s or 6Pz population by XPS measurement of the 

Au 4f region. We suppose 197Au MBssbaucr spectroscopy might 

be a more useful tool for probing the electronic structure 

of 6s or 6Pz level. 

3-6 XPS SPECTRUM OF THE CUBIC PHASE CsAuo . sBrz_s 

Figure 7 shows the spectrum of the cubic phase of Cs - Au- Br 

system CsAuo.sBr2.s. In contrast to the tetragonal phase 

95 90 85 
Binding energy/eV 

Fig. 7 The X rs Spl!Cl rum in l he Au 4f region of the cubic phase 
CsA u0 _6 Br 2 _6 
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CszAuzBrs. only one doublet structure was observed . The 

d i s c e r n i b 1 e s h o u I de r s t o I owe r en e r g y o f each o f 4 f 7/2 and 

4fw signals arc due to the partial decomposition to Aux 

caused by the X- ray beam. since the 4f7tz and 4fstt. binding 

energies of the shoulder are almost equal to those of Aux 

signal for [Bu~ ][AuB r z]. This phenomenon wa s also observed 

for [Bu~][AuX4](X=Cl.Br.or I). From only one doublet 

struct~re of this spectrum having a fwhm approximately equal 

to that of the spectrum in the Aux or Aum: complex. th e 

oxidation state of Au in the cubic phase is expected to be 

almost homogeneous. However. from its compositional ratio 

and binding energies of Au 4f. the oxidation state of Au is 

supposed to be close to Aum: rather than expectative Auxx 

state and a puzzle requiring further research. 

3- 7 CONCLUSIONS 

X-ray photoelectron spectra were recorded to investigate 

the mixed-valence states of CszAuzXo (X=Cl.Br.or I) for 

the first time. The difference between the oxidation states 

of Aux and Aum: decreases in the order X .. Cl-+ Br-+ I. Because 

the charge-transfer interaction in the xy plane becomes 

stronger in this order. In the cubic phase CsAuo.oBrz.o the 

oxidation state of Au is considered to be almost homogeneous. 
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CHAPTER 4 

Spect:roscop:ic SLudy or the 

.M :i ::x::. e d. - V a J... e r:1 c c SLa.Lcs :ir:J. 

Gs.zAu..zXe (X - Gl . B:r. I) 

4- 1 INTRODUCTION 

In this chapter we report Mossbauer data for this system. 

which. taken together with previously published work~ -4 and 

the XPS data discussed in the preceding chapter. 6 afford a 

useful insight into the electronic st ructure of these 

mixed - valence compounds. The 77.31 keV J
07Au Mo ss bauer 

resonance is very sens itive to the valence state and the 

chemical env ironment. and the Au compounds show a wide 

variation in Quadrupole splitting and isomer s hift .o-o 

In this study we employ a method of changing the charge

transfer interaction in Cs2AuxAunxXo whi ch i s the replacement 

of bridging halogen X=Cl>Or>I. The consequent changes in 
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the isomer shift s and t he quadrupole splittings of th e Aux 

and Au~ nuclei will provide some new information about the 

signs of the electric field gradient at these nuclei. the 

hybridization scheme. and the charge - transfer interactions 

between Aux and Au~. ln the preceding chapter (XPS study), 6 

we showed that the charge- transfer interaction should be 

stronger in the xy plane (Lc- axis) than in the z direction 

(//c - axis). The main purpose of this study is to discuss the 

changes in the isomer shifts and quadrupole splittings of 

Cs 2Au2X6 (X=Cl.Br.or I) on this basis. 

4- 2 EXPERIMENTAL 

All the compounds were prepared by the same methods 

described in Chapters 2 10 and 3. 6 

Mossbauer spectroscopic measurements of the 77.34 keY 

transition in 107Au were carried out with both source and 

absorber cooled to 16K by using a constant-acceleration 

spectrometer with a Nal(Tl) scintillation counter. The data 

were stored in a microcomputerized 512 multichannel analyser. 

A 107Pt source was obtained by neutron irradiation of 98% 

enriched platinum due to the nuclear reaction 

106Pt[n. y ] 107Pt in the Kyoto University Reactor (KUR). 

The velocity scale was calibrated by taking spectra of body-
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centred cubic iron against a 67Co source. both at room 

temperature. The observed spectra were analyzed by usc of a 

computer program including folding and least - squares fitting 

with Lorentzian lines. 

4- 3 DIFFERENCE IN RECOIL- FREE FRACTIONS FOR THE Aux AND 

Au:ox SITES IN Cs2Au2Xo (X ... Cl.Br.I) 

The observed 197Au Mossbauer data. isomer shift (IS). 

quadrupole splitting (QS). half - width (r ). and the intensity 

ratio (A 1 /A:ox) for the mixed - valence compounds. Cs2Au2Xo 

(X=Cl.Br.or I). are given in Table 1. All IS values here are 

referenced to metallic go l d foil. I n orde r to refer these 

isomer shifts to gold in plati num. 1.20 ( mm/s) have to be 

subtracted from the tabulated values. The observed 197Au 

Mossbaucr spect r a arc shown in Figure 1. A best fit is 

obtained with two doublets. the outer doublet with lower 

intensity being assigned to Aux. and the inner to Au:ox. 

These assignme n ts are si milar to those previous l y 

reported 1
-

3 for Cs2Au2Clo and not similar to those 6 for 

Cs2Au2Bro. In Ref. 4. the doublet at low velocity was 

assig n ed to the Aux. arud that at high velocity to Au:ox. Th e 

intensity ratio of the two components Ax/A:ox shou l d be 1.0 

because of the Aux/Au:ox compositional ratio in stoichiometric 



Tabl e L 19 7 Au Mossbaue:r data for the mixed-valence compounds Cs2 Au2 X6 

(X=Cl,Br,and I) and the cubic phase of Cs-Au-Br system CsAuo. soBr2 . 63 

Complexes IS (mm/s) 

0.03±0. 05 
1.38±0. 05 

0.21±0.05 
1. 12±0.05 

Csz Auz I 6 ( 160mg Au/cm2
)" 

1.02±0.05 
1. 54±0. 05 

CsAuo. 6oBrz. 63 (100mg Au/cm2
)• 

1. 52±0. 05 

QS (mm/s) 

5.06±0.05 
0.76±0.05 

4.57±0.05 
1.37±0.05 

4.58±0.05 
1. 68±0. 05 

0.95±0.05 

• The absorber thickness of Au in mg/cm2 • 
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r (mm/s) 

2.04±0.08 
2. 14±0.08 

1. 81±0. 08 
2.43±0.08 

2.04±0.08 
1. 89±0. 08 

2.26±0.08 

A (~) 

44.9 
55. 1 

32.3 
67.7 

46.9 
53. 1 

0 . 

0. 

0. 



Cs2Au2Xs. However. the experimental ratios are smaller than 

the expected ones. As is well known. 1
• 

11
"

12 the unequal 

intensities is due to the difference in recoil - free 

fractions e: and fm: for the Aux and Aum: sites in 

Cs2Au2Xs. Since the Aux is in two - fold {linear) ligand 

co - ordination and the Aum: in four - fold (square - planar) 

co - ordination. 13
-

16 the environment of the Aum: in Cs2Au2Xs 

is mor~ rigid than that of the Aux. The mean-squa re 

vibrational amplitude of Aum: is co nsidered. therefore. to 

be smaller than tbat of Aux. The intensity ratio (Ax/Am:) for 

Cs2Au2Cls will be discussed below using the isotropic 

temperature factors B obtained from the X-ray measurement. 18 

From the value of the mean-squared vibrational displacement 

u2 . where 

we obtain 

and for the ratio of the f factor s 

=3. 7 X 

0 

10 3 A- 2 for the 77.34 keY y - rays of 

197Au. In the 1 imi t of high temperatures we obtain 

approximately 

f =e xp ( -6Eu.TI k,8 ;5 )1 T>8o 
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(a) 

(b) 

-8 -4 0 4 8 

Velucity/mm s - 1 

F ig. 1 Gold-197 MCissbauer spectra of the mixed-valence compounds 
(a) Cs1 Au 1CI6 , (b) Cs1 Au1 Br6 a:nd (c) Cs 2Au 216 ; (i) Au1

, (ii) Au11 
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Debyc temperatures 8 o=99 and 8 o =l04 K arc obtained for Aux 

and AuDX. respectively. For this. En- 16.3 X 10 3 eV was 

adopted. Ocbye temperatures obtained by this simple model are 

applicable to the low temperature approximation(T<<8 o) 

[ = eX p { ( - 3 E nl 2 k ~ 8 0) [ 1 + ( 2 Jr 2 I 3 )( T I 8 0 ) 
2 

] } 

rlfDX =Q.81, may be COmpared With 

the experimental value AxiADX=0.82 at 16 K (Table 1). The 

ratio pf the f factors estimated from the X- ray diffraction 

is in excellent agreeme n t with the observed intensity ratio. 

In the case of Cs2Au2Bra and Cs2Au2Ia we cannot 

estimate the f values because of no single crystal x-ray data. 

4 - 4 MOSSBAUER SPECTRA OF Cs2Au2Xa (X=Cl.Br.I) 

As can be seen from Figure 1. the valence states of Aux 

and AuDX arc clearly distinguishable for all the compounds. 

In the case of Cs2Au2Ia. we could not distinguish 

satisfactorily between the valence states of Aux and Au~ by 

XPS.G. ~o but ~ 97Au Mossbauer spectrum can be now we ll 

resolved into these components. 

Information obtained from XPS of inner shells is chemical 

s h i f t o n 1 y ( 1 f str. - 1 f 7/2 s c p a r a t i o n o f a s p i n - o r b i t do u b 1 c t i s 

approximately constant-3.6 cV. regardle ss of the variation 

of the oxidation state of Au.). On the other hand. the 
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Mtissbauer spectroscopy provides two major parameters (i.e. 

IS and QS). which can be related to the populations and 

changes in population of the valence shell orbitals. A IS 

relates to the total electron density on the nucleus (i.e. s 

electron density),p (0) and a QS reflects any anisotropy in 

the distribution of the electron density. Therefore. the 

M6 ssbauer spectroscopy may be mor e suitab l e for detailed 

analys_is of oxidation states than XPS of inner shells. 

Figure 2 shows the isomer shifts I Sx and ISm: for the Aux 

and Aum: sites in Cs2Au2XeCX=Cl.Br.or 1). The difference in 

the IS values between Aux and Aum: decreases in the order X= 

Cl>Br>I. which implies that the oxidation states of Aux 

and Aum: in Cs2Au2Xe tend to approach the Auxx state in this 

order. This behavior suggests that the charge - transfer 

interaction between Aux and Aum: becomes stronger in this 

order and is consistent with our XPS study. 6
• ~ 6 This is 

mainly due to the increase in covalency of the -Aux-X-Aum: -X

bonds (the overlap of filled 5dx2- y 2 orbitals of Aux and 

empty 5dx2- y 2 orbitals of Aum: through Px or py orbitals of 

the bridging halogen X) in the order X=Cl<Br<I. Also as 

shown in Figure 2. ISx increases in the order X=Cl <Br< I. 

while the ISm: decreases from X=Cl to X=I3r and increases from 

X=I3r to X=I. As shown in Figure 3. the quadrupole splitting 

QSm: increases in the order X=Cl<I3r<I. on the other hand 

QSx decreases slightly in this order. The chang es of QSx and 
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C~Au2Cis 

I 
I 

Cs2Au2Brs : 
• I • I 

• • 
Cs2Au2Ts 

I 
I 
I 
I 
I 

L---~------~----~----~----~ 
0 1 2 

. I - 1 1.s. mms 

Fig. 2 Changes in thte isomer shifts i.s.1 and i.s.111 for the gold-(1) and 
-(111) sites in Cs2Au 2X6 in going from X = Cl to I 

Cs2Au2CI6 
: 
I 
I 
I 
I 

I . 
C~Au2Br6 

I 
I 
I 
I 
I 

I 

Cs2Au2T6 ! 

-1 
q.s./mm s 

I Au
111 

Fig. 3 Changes in the quadrupole splittings q.s.' and q.s.111 for the gold
(1) and -(111) sites in Cs2Au2X6 in going from X = Cl to I 
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QS~ in Cs a Aua Xo are quite similar to the pressure - induced 

changes of those in CsaAuaClo reported by J.Stanck and 

co - workcrs. 1
• 

1 7 The charge - transfer interaction in CsaAuaClo 

should become stronger with increasing pressure. whi ch is 

consistent with the above similarity. However. their 

assumption that the signs of the electric fie l d gradient 

(EFG) at the Au 1 and Au~ sites arc positive and negative. 

respectively, is in disagreement with ou r s as described in 

the foll owin g paragraphs. As the charge - t r a nsfer interaction 

in CsaAuaXo becomes stronger. the QS~ increases. while the 

QS 1 d ecreases. However. in the work by Katada.ct al . . 3 based 

on their experimental result that the QS~ of CsaAgxAu~Clo 

is smalle r than that of CsaAu 1 Au~C l o. they concluded that 

the int eraction between two metal atoms i n the 4d- 5d mi xed

metal co mpound CsaAg 1 Au~Clo is stron ger than that in 5d- 5d 

mix ed- valence compound CsaAu 1Au~Clo. Their co nclusion is. 

ther e f o r e. in conf lict with our di scussion and. moreo ver. 

Yamada a nd Tsuchida 18 did not r each such a concl usion . 

X- Ray absorption n ea r -edge struct ur e (XANES) s pect ra 19 

sugg es t that the oxidat ion state of Au~ in CsaAg 1Au~ Clo is 

almost eq ual to that in [Du~ ][Au~ C l4 ]. He n ce we arc 

convi n ced that the c ha rge-trans f er interaction in the 4d-5d 

mixed- metal system is weake r than that i n the 5d-5d mixed

valence system. In the preceding chapter (XPS s tudy).G we 

s h owed that the char ge - transfer int e raction between Au x and 
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Au~ shou l d be stronger in the xy plane than in the z 

direction. I n t h e f ollowing parag raph s. t h e changes i n QS a nd 

IS in Cs2Au2Xs (X=Cl.Br.or I) will be discussed on the 

basis of this view. 

When the Mossbauer spectrum is a simple doublet. the 

quadrupole splitting QS is then given by 

QS=(l/2)eQVzz(l+n 2 / 3) 1
/

2 

whe re e i s the charge on the proton (e >0). Q i s the nuclear 

quadrupole moment (+ 0.59 x 10- 28m2 for the ground state of 

197Au). Vzz is th e principal component of the EFG (often 

designated as CQzz). and n is the asymmetry parameter. For 

linear [AuX2J - and square - planar [AuX4 ] - ions we shall 

take n as zero. The concentration of negative charge on the 

xy plane makes the EFG positive. and that on the z axis does 

it n egative. The sign of the EFG at Au x has bee n discussed 

in many papers. 1 ' 20- 28 The sign of the EFG at Aux in 

KAu(CN) 2 was determined by mean s of si ngle - crystal 

absorber. 29 However. in the case of the halogeno complexes 

[AuX2J - (X=Cl.Dr.or I) the sign ha s not y e t been determined 

by experiment. In the case of linear Au x(5d 10 ) complexes. it 

has been considercd20 ' 21 ' 23 ' 20 ' 28 ' 20 that 107Au Mossbauer 



data favor the sp hybridization scheme.* In this scheme the 

sign of the EFG is expected to be negative. From the 

viewpo int of the sp hybridization. with increasing a -dono r 

strength of the 1 igands in the order X=Cl <Br<I . the atomic 

6pz population (negative contribution to the EFG) of the 

molecular orbitals on the Au ion increases. and therefore the 

absolute value of the negative EFG should be expected to 

increase in this order. However the experimenta l fact is the 

opposite. Mossbauer measurements on [Bu~][AuxX2](X-Cl or I) 

reported by Braunstein.et al . . 28 have shown that the QSx 

(5.61 mm/s) when X= I is smaller than that (5.93 mm/s) when 

X=Cl . This anomalous order of IS values has a l so been noted 

for corresponding chloro - and iodo - comp l exes. 32 This 

discrepancy has been a puzzle for us. However. the SCF-MS-Xa 

study in [AuxX2](X=Cl.Br . or I) reported by Bowmaker.et al. 3 ~ 

has showed that the 6pz population increases from [AuC l 2]-

to [Au i 2J- . but that there is a slight expansion in the 6p~ 

orbita l from [AuCl2J - to [Au i 2J - whi ch results in a 

progressive decrease in the normalized EFG for the 6Pz 

orbita l (The main contribution to the EFG comes from the 

elect ron density in the Au 6Pz orbital.). This phenomenon is 

#However. we note that some workers~· 22 . 24 . 2 r.. 27 . 2 o-a~ have 

considered that the partial presence of some d-s mixing 

cannot be excluded. 
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Table 2 Gold-197 Mossbauer data (mm s- 1) 

Compound I.S. q.s. r Ref. 

Cs2 Au 2CI6 " 
Au' 0.13 b 5.06 2.04 

9 Au111 1.31 b 1.00 1.88 

Cs2 Au 2 CI6 
Au1 -1.07(3)' 5.04(6) 

7 
Au'" 0.34(2)' 1.17(4) 

Cs2 Au 2 Br6 
Au1 -1.22' 3.84 1.88 

10 
Au 111 0.54' 1.72 1.90 

Cs2AgAuCI 6 d 1.54 b 0 2.33 9 
Cs2AgCuCI 6 0.32(1)' 0.86(2) 7 
Cs2 AgAuBr6 0.42' 0.99 2.18 10 
Cs1..5(Au8r 4)(Br 3) 0 . 2 Br0 . 3 0.53' 0.94 2.16 10 
[NBu" 4][AuCI 2J 0.31 (7)' 5.93(7) 29 
[NBu"4][Au12] 0.30(7)' 5.61 (7) 29 
K[AuCI4 ] 0.81 c.~ 1.11 f 1.76 1 34 
K[AuBr4 ] 0.60'·1 1.13 f 1.78 d 34 
K[Aul 4 ] 0.43 e.g 1.28 h 1.92 f 34 

a + 0.08 mm s-1• b Relative to gold metal.' Relative to gold in platinum. 
d +0.04 mm s-•.' +0.03 mm s- 1

• 1 +0.06 mm s- 1• g +0.05 mm s- 1• 
11 +0.10 mm s- 1

• 

supposed to relate closely to the nephelauxetic series of 

ligands C 1 < B r <I . 

In the case of the mixed-valence compounds Cs2Au2Xo. 

QSx decreases from X=Cl to Dr and does not change from X=Br 

to I (Figure 3). In the order X=Cl<Dr<I for Cs2Au2Xo. both 

the charge-transfer interaction between 5dx2
-y

2 orbitals of 

Au x and Au nx and the (1 don a t i on o f a t t ached l i g and s i n 



[Au:m: X4] into 5dx 2
- y

2 orbitals of Au 1 arc considered 

to become stronger. 

is found that the valence 5d- orbital population of Aux does 

not change in going from X=Cl to I. Therefore. the decrease 

in the valence 5d- orbital population of Au 1
• which is due to 

the increase in the strength of the charge - transfer 

interaction (X=Cl <Br<I). and the increase in those of Aux. 

which .is due to the increase in the strength of ligand- to 

metal e l ectron a donation (X=Cl <Br<I). compensate each 

other in the xy plane. On the other hand. the charge 

transfer interaction in the z direction should be weak. 

Therefore. the decrease in QSx from X=Cl to Br is mainly due 

to the slight expansion in the 6p~ orbital which causes a 

signifi cant reduction in the magnitude of the EFG at the Aux 

s ite. Compared with theQSx in [Bu~][AuC12J. the va lue in 

Cs2Au2Clo i s small. This may be explained as follows. The 

Aux - Cl distance in Cs2Au2CloC2.281 A) is longer than that 

in [Bu~ ][AuC12] (2.257 A).* An increase of the Au 1 - Cl 

distance causes a slight expansio n in the 6Pz orbital and a 

* The Aux - x distances for [AuX2J - in the Au 1 - Au:m: 

mixed- valence compounds Cs2[AuC12][AuC14], 

Rb2[Au0r2][Au0r4]. and K2[Aui2][Aul4] arc longer than 

those in [Du~ ][AuCl2] [Ou~][Au0r2]. and [Du~ ][Au l 2]. 

respectively. 33 
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decrease of the 6p£ orbital population. Thus. electron 

density of the Au 6Pz orbital in Cs2Au2C l6. whi ch i s the 

main contribution to the EFG at the Aux s it e . is s mal l e r 

than that in [Bu~] [AuC l 2J. The si milar behavior of QSx o f 

Cs2Auzls compared with that of [Bu~ ][Au l 2] can be 

explained in th e same way. The l ack of a shift in QSx fr om 

CszAu2Br6 to CszAu2I6 can be int erp r eted as follow s. From 

C s 2 Au 2.8 r 6 t o C s 2 Au 2 I 6 . the 6 p z pop u 1 a t i on o f Au :r 

increases. whil e the 6Pz orbital of Aux expands s lightly. 

The effect of the expans ion in the 6Pz orbital on the EFG i s 

s upposed to be almost e qual to the effect of the incr ease in 

the 6Pz population from Cs 2Au 2Br6 to Cs 2Auz l6. This is 

consistent with the SC:F- MS- Xa study. 31
, in which atomic 

orbital population s and orbital contributions to the EFG 

for [AuX2J- (X=C l.Br.or I) were estimated. The 6Pz orbital 

of Au plays most important role in determining the magnitude 

and sign of the EFG. Though the atomic 6p. - orbital 

population become s laq~er in the order X=C l(0.328) <B r (0.338) 

<1(0.366). negative contributions of this orbital to the 

EFG decrease from XcCl( - 8.2 a.u.) to X- Br( -7 .8 a.u.) and 

unchange from X=Or to X=I( - 7.8 a.u.). 

4 - 6 QUADRUPOLE SPLITTING OF Au xxx IN Cs 2Au2Xo ( X•C l . Dr. I) 
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Although a QS - IS correlation for Au:m: is similar to that 

for Aux, 34 it is clear that the EFG at Aux must be different 

in sign from that at Au:m:. In a square - planar Au:m: complexes. 

the principal component of the EFG must lie perpendicular to 

the xy plane (5d:x: :: .,... 2 hole. negative contribution to the 

EFG). Increasing (J donation from ligands (into 5dx := .,... 2 -

and 6Px . .,... - orbitals) will induce an increasing positive 

contribution to the E~G. Since the experimental <r - a> values 

have found to be larger for 6p than for the 5d electrons. 

the EFG at Au:m: is expected to be relatively small and 

presumably positive. and this has been con firmed for 

K[Au(CN)4]. 1 0 Mo ssbauer measurements in K[AuX4](X=Cl .Br.or 

I) have shown that the QS:m: increases in the order X=Cl(l.ll) 

~Br(l.l3)~ 1(1.28 mm/s). 34 In this mixed- valence system. 

the QS:m: was found to increase in the order X- CI (0. 76)~ Br 

(1.37)~ 1(1.68 mm/s). 'The QS:m: of each of Cs2Au2Bro and 

Cs2Au2lo is larger than that of K[AuBr4] and K[Aul4]. 

respectively, while QS:m: of Cs2Au2Clo is s maller than that 

of K[AuC14] . These trends can be explained as below. Because 

of a large increase in the unilateral electronic charge 

transfer from Aux to Au:m: in the xy plane (positive 

contribution to the EFG at the Au:m: nuclei) along the series 

of Cs2Au2C lo <Cs2Au2Bro<Cs2Au2Io. the positive QS:m: 

should increase along its series. in spite of an increase of 

the charge tran s fer from halogen Pz to the meta l orbital ( 
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negative contribution to the EFG). The fact that. in spite of 

this negative contribution. the QSnx of each of Cs2Au::-:Bre 

and Cs2Au 2Ie is larger than that of K[AuBr4] and K[ Aul4 ] . 

r espec tively, sugges t s that the charge - transfer interaction 

between Aux and Aunx is stronger in the xy plane than in the 

z direction. In Cs2Au 2Cle the opposite relation may be 

explained as follow s. The charge - transfer interac tion in 

Cs2AuaCle is weaker than that in Cs2Au2Bre or 

( Cs 2Au2Ie. I n the cas e of Cs 2Au 2Cle .therefore. the effect 

of the expansion in 5dx2- y 2 and 6Px.y orbitals on the EFG 

or the charge transfer from the halog en Pz orbital in 

[ AuX 2J- to the Aunx orbital (each i s n egative contributi on 

to the EFG at Aunx .) can not be negligible compared wit h 

transfer of electronic charge from Au 1 to Aunx in th e xy 

plane caused by th e charge-tran s fer interaction (positive 

con tr ibution to the EF'G at Aunx). 

As was noted in the previous section. the c hang es in the 

QSx and QSnx in Cs2AU2:Xa in going from X=Cl to X- I are quite 

s imilar to the pressure - induced chang es for X=C l reported by 

J.Stanek. 1 From this similarity it can be considered that 

with increasing pressure the charge - transfer int eraction in 

X=Cl becomes strong er in the xy plane. However. in the high

pressure MH ssbauer study for Cs2Au2Clo. the charge-transfer 

in teractio n was not taken into account for the pressure 

induced changes. though the charge - transfer interac tion plays 
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a more important role in a mixed- valence system under high 

pressure than under ambient pressure. Moreover. despite the 

similarity of the changes of QSx and QS:m:. his conclusion 

that the signs of the EFC at Aux and Au:m: are positive and 

negative. respectively· is in disagreement with ours. In his 

study, the pressure-induced change in QSx for Cs2Au2Cle was 

discussed on the basis of a ds - hybridization scheme for 

[AuxCl.2J-. The hybridization scheme in complexes of Aux 

having the d~ 0-electron co nfiguration has been the subject 

of considerable discussion (5d6s vs. 6s6p). Recently, however. 

most of Mossbauer investigators favor the sp-hybridization 

scheme. And also. the p ressur e-induced change in QS:m: for 

Cs2Au2Cle was discuss ed only on the basis of a decrease in 

a -donor strength of the attached 1 igands in [Au:m:C l4] - due 

to the incr ease of the Au:m:-Cl distances within the xy plane. 

Since the charge - transfer was not considered in the high

pressure study, Stanek's conclusion as to the signs of the 

E FC a t Au x and Au xn: i s t be o p p o s i t e o f o u r s . 

4-7 ISOMER SHIFTS OF Aux and Auxn: in Cs 2 Au 2 Xo (X=Cl.Br.I) 

The isomer shift (IS) is given by 

IS=C /:!1 <R 2 > /:!1 1J (0) 

where Cis a constant containing nuclear parameters(>O) . 
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r 

~ <R2 > is the change in the square of the nuclear radius 

between the excited and the ground states which has been 

estimated36 as + 8.6 X 10- 3 fm 2 for ~ 9 7Au. and ~ p (0) 

is the difference between the contact densities of the 

source and the absorber. For ~ 9 7Au. therefore. a positive 

shift of IS indicates an increase in the electron density at 

the nucleus.P (0). The valence- electron contribution to p (0) 

is wel.l known to be affected in two ways: 

& Increasing the s-electron population in the valence shell 

directly increases p (0). 

~ Occupation of p or d orbitals decreases p (0) as a 

r esult of screening the valence and cores orbitals from 

the nucleus. 

As is known for the highly cova l ent gold complexes. Aux 

whose gold hybrid orbitals (sp hybr idization) have a larger 

s character than those of Au~ (dsp2 hybridization) yield 

larger isomer shifts (i.e. in terms of&). From Figures 1 

and 2. it wa s found that lSI is. on the contrary. smaller 

than IS~ for each mixed-va len ce co mpound. This behavior 

can be explained in terms of~ (Au 1 :5d~ 0 .Au~: 5dR). The 

increase of l SI from Cs2Au2Clo to Cs2Au2Ie is due to the 

increase of 6s population caused by increasing the ~ -donor 

property of ligand halogens in [AurX2J - groups. The decrease 



of IS~ from CszAuzCla to CszAuzBre would be attribut ed 

mainly to the increase of 5d~2 -y2 population (i. e. in terms 

of !Bl). and the increase of IS~ from CszAu2Bre to 

Cs z Auz le mainly to the increase of 6s population (i.e . in 

terms of&). 

4 - 8 ~OSSBAUER SPECTRUM OF THE CUBIC PHASE CsAuo .oBr z . e 

Figure 4 shows the spectrum of the cubic phase of Cs - Au-Br 

system. CsAuo . oBr2 .e. In contrast to the tetragonal phase 

of Cs2Au2Bre. only a single resonan ce line having a rather 

broad half - width was observed for the cubic phase. 

Strangely. the IS (1.52 mm/s) is larger than IS:m:(l.12 mm/s) 

for the tetragonal phase and almost equal to IS:m: Cl. 54 mm/s) 

for Cs2Au2Ie. This suggests that the 6s population in the 

valence - shell molecular orbitals of Au in the cubic phase 

is larger than that in the corresponding orbitals of Aunr in 

the tetragonal phase. The observed half - width r (2.73 mm/s) 

is rather broader than that (2.34 mm/s) for Au foil[l30 mg 

Au/cm 2]. The rather broad line might be due to the Dr 

vacancies. In the system CsAu o.oBr2.o . the Au and Br 

vacancies arc considered to be distributed in the lattice at 

random. Though mo st of Au ions are six-coo rdinate. some are 

supposed to be five - or smaller number - coordinate. In 
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Fig. 4 Gold-197 Mossbauer spectrum of the cubic phase CsAu0 .6Br2.6 

general. the oxidation state of Au ion s with larger 

co - ordinatation number is higher. Therefore the valence 

state of six- coordinat e gold would be +ill . and that of five-

or four - coordinate gold would be +II. Injected electrons 

reducing the Au:m: complex might be trapped at sites of five -

or four-co-ordinate Au. Consequently. this system exhibits 

semico nducting behavior. in spite of moving away from 

half - filling by the non-stoichiometry. From mentioned above. 

the rather broad line - width is considered to be due to the 

varieties of Au sites. and this implies that the oxidation 

state of Au is not completely homogeneous. The randomness of 

the Au and Br vacancies would suppress the lattice 

distortion from cubic. We note that this spectrum 
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res e mbles that (IS =0.53 mm/s relat ive to gold in the ~ 97 Pt 

source. QS =0.94 mm/s. r =2.16.) r epor ted by Gutli ch. 

e t a 1. . 4 for Cs lc • 6 (Au xo: B r 4) ( B r 3) o. 28 r o. 3 • but 

compo sitional ratio is differ ent from that in our cubi c 

phase CsAuo.eBr2.e. 

4- 9 CONCLUSIONS 

~ 9 7Au Mo ssbauer spectra were mea s ured to investigate the 

mixed- valence states of Cs2AuxAu~X6 (X=Cl.Br.or I) . The Aux 

a nd Au~ states were clearly distinguishable for all the 

compounds. In this three - dimensional mixed- valence system. 

as the charge - transfer interaction between Aux and Au~ 

becomes stronger in the order X=Cl <Br< I. the quadrupole 

splitting of Au~ incr eases. while that of Aux decreases 

from X=Cl to X=Br and does not c hange from X=Br to I . This 

behavior suggests that the interaction between Aux a nd Au~ s 

hould be stronger in the xy plane (..l c axis) than in the z 

direction (//c - axis). and therefore two - dimensional 

corre lation may be present in the charge-t ransfer 

interaction between Au ions. For the cubic phase of Cs - Au- Ur 

system CsAuo .6Br 2. 6. only a sing l e resonance line having a 

rather broad half - width was observed. The cubic phase would be 

realized by the random distribution of Or vacan cies. 
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CHAPTER 5 

INTERVALENCE CHARGE - TRANSFER 

ABSORPTION 

5 - l INTRODUCTION 

It is well known that compounds co nta i ning an element in 

two different oxidation states often show unusually intense 

colors. This absorption. labelled intervalence charge

transfer or mixed- valence absorption band. is not observed 

in the spectra of mononuclear parts and is attributed to an 

electron transfer from one metal s it e to the other. 

In this chapter. We will discuss characteristics of 

polarization in the intervalence charge - transfer absorption 

of Cs2Au2Xo, which represents an anisotropy of the 

charge - transfer interaction between Au ions. 



5 - 2 HISTORY OF INTERVALENCE CHARGE- TRANSFER ABSORPTIONS IN 

Cs2Au2Clo AND RELATED COMPOUNDS 

In 1920. Pollard described the preparation of a "new 

purplish- brown triple chloride" to which he assigned the 

formula (NH4)aAgaAu4Cl2a 1 . This complex . which is called 

Pollard salt. had been studied about the mixed- valence 

state from a similar ity with Cs2Au2Clo. Since its 

formula appeared rather complex. a new investigation was 

undertaken by Wells in 1922. 2 He described it as 

(NH4)oAg2AuaC117· Afterward. Yamada a nd Tsuchida also 

investigated Pollard salt which they described as 

(NII4)aAgAuC17. 3 Crysta.l structure determination of 

this complex wa s not performed un ti l the preliminary work 

in 1971 and final work in 1975. by Bowles and Hall. 4 

Though there had been a discrepancy in the empiri ca l 

formul a of its salt for a long time. they concl uded it as 

(NII4)oAg2AuaCl17. whic:h is the same compo s ition as that 

proposed by Well s. The crystal structure is shown in Figure 1. 

In 1922. Wells extended the investigation by using cesium 

ion instead of ammonium ion and isolated five n ew triple 

chloridesG : 

Complexes 

Cs4ZnAu:m: 2Cl1.2 

Color 

yellow 

orange 
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n 

Cs-tCuAu:m: ?.Cit ?. black 

very black 

very black 

(a) 

(d) 

(b) 

o-(f--o 
</1 

{c) ... ~\ · -~-, .. 
/ 

,{,, ... ... 
0 

<>-( "'(!!-<). .. 
/. .. u:. 

Fig. l The crysta l structure o f Pol l ard su i t 

(NI I -t)oAg?.AuaC i t 7 . (a) Unit ce ll (b) The chains purullel to 

b. (c) The chains para ll el to c (d) Doub l e c h nins parn l lc l 

to b. 4 
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Wells compared the intense black co lor of the two salts. 

Cs"'Ag2Aum:2Cl12 and Cs4Aur2Aum:2Cl12. with Setterberg's 

very intense ly co lored salt Cs"'Sbm:SbvCl1 2 6 and notic ed that 

the latter two each contained atoms of a metal in two valence 

states. He pointed out the analogy between KFe 11 Fem: 2Br93H20 

and RbFexxFem:2Br93H20 and Prussian blue KFenFem:(CN)e. 

Well s's exp lanation of the behavior of the chromophor e was 

that "There is a constant exchange of electrons between the 

atoms o f different vale n cy, and that thi s activity of 

electrons affects the passage of light producing co l o r s or 

opacity." In 1938. an X- ray study of crystalli n es 

Cs2AgAum:Cle or Cs2AuxAunxCls indicated that its 

st ructur e was closely related to the pcrovskitc structure. 7 

In 1956. the intervalence charge - tran sfer band in the 

halogen- bridged mixed- vale n ce complexes wer e investigated 

for the first time by Yamada and Tsuchida . 3 

They determi n ed quantitatively the dichroism (Figure 2) of 

[Pdxx(Nlla)2Cl2] [Pdxv(Nlh)2CLa.] and Pt(en)Cla. In 

both comp l exes. the optical measurement demonstrated the 

presence of a strong. broad absorption band at longer 

wavelength s than either of the component complcxs. This 

absorption appeared in the spectral region from the visible 

to ncar - infrared. for the light polarized parallel to the 

ne ed le axis (c - axis). The strong absorption band wa s thought 

to be a charge - transfer transition due to t h e infinite 
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chain as shown in Figure 3: 

c I - Pd I v - c l .. . J>d [ t • .. c I J>d I v c I ... 

Wol ffram' s red sail. together wi lh i l s eorresponding bromine 

a n a l ogue. were also shown lo contain inrinilc ehnin. 

Wn ve· l('ngth, ..!, lll f l 

SOO 700 GOO 500 1~0 3no 

~ ISO
bO 

.S! m -

,;· 
----~· 
·~--

'0 ~ 

l Oll 

10 

/ 
I 

/' 

-~--
-~" 

1/ 
- 10 

., 
/, 

L-.1 I I I 1,---±,---' 
~0 GCI iO M 90 IM 110 120 

Frequenc y, v, Hl11/scc . 

Fig.2 Absorption spect ra of [Pd"(NII:t ) ?. C I ?. ] -

[Pd'v(Ni b)?.C I "](above) and Pl(en)CI,.,(bclow)3 
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( ... .. -

I 

0-ip.,o 
I 

b 

® -·ci-,Br-,I-,etc. 

0 -ci-,Br- ~- 1 NH 3 ,en,etc. 

Fig.3 Chain structure in the one - dimensional halogen - bridged 

mixed- valence complexes 

They also investigated Pollard salt. 3 An absorption band ( 

Figure 4) at much longer wavelength than would be expected 

for the component complexes was observed. The new absorption 

band at about 18000 c m- 1 was found to be polarized along the 

"c - axis".They con s idered that thi s band was a kind of 
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tJ: 
0 

c ha r ge - t r an s fe r l>and a. nd th e sa l t mi gh t c o n tain s ue h an 

i n f i n i te cha in as s hown i n Figure 3 a l ong t h e c ux i s. The 

"c - ax i s" o f t h e sa l t. wh ere t h ey c a ll ed. wa s t h e l ongit ud in u l 

axi s of u s i ngl e c ry s tal. Aceo r d i ng to P ro f e ss or S . Ynmadn. 

th e y did not p e r form th e cry s tal s tructu r e det e rminat i on o f 

th i s c omp l e x. 

llowever, many f urther i nv es t i gutor s a f te r 195 6 ha s be e n 

fai l ed t o under s t and t he Ya muda - Ts u c hi da' s ex peri me nta l 

r es u lt s e xa c tl y . Th e y have t hought th a t Yamada nnd Ts uc h ida 

d ete rm in ed th e c ry s ta l ax i s (i .c. " c - a x i s ") of t h i s s alt l> y 
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determined the crystal axis (i.e."c- axis") of this salt by 

X- ray measurements. 

Yamada and Tsuchida 3 also investigated Cs2AgAuClo sa lt 

as well as Pollard salt. However they could not 

quantitatively determined the dichroism of 

this salt because of too small crysta ls for 

the absorption measurement. So they made an observation with 

some of Cs2AgAuCle crystals under the micros cope. The 

c rystals showing a straight extinction were strongly 

dichroic. They described that "They appear almost black with 

the electric vector along the c - axis, and yellow with the 

e l ectr ic vector normal to the c - axis". 

A large controversial point is there in their description. 

This is th e root of confusion. As well as the ammonium sa lt. 

they never determined the crystal axis of Cs2AgAuClo salt by 

X- ray analysis. I suppose that "the c - axis" they assigned was 

the longitudinal axis. From the analogy to 

[Pdxx(NIIa)2Cl2] [Pdxv(NHa)2Cl_.] and Pt(en)Cl3. they 

considered that absorption (i .e. black colo r) with the 

electric vector along the ··· Au:m: (CI .. )··· Cl-Ag 1 - CI··· Aum: 

chains (i.e."c- axis" they called) lay at much longer 

wave - length than that (i.e. yellow color) with the electric 

vector normal to the chain. Becau se of their confusing 

description. many further workers have thought that 

the st rong intervalence charge - transfer absorption appears 
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crystal axis (Figure 5). But. a s mentioned below. it is 

doubtful that the "c - axis" they called was actually identical 

with the true c - axis. 

C-axos 

i 

) 

~Ag 1 orAu 1 
"d 

e Pt(U) 

ONH) 

Fig. 5 Similarity in the Chain s tructures of the 1-0 syste m 

and the c-axis of Wells salt 
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5- 3 QUESTIONS IN PREVIOUS OPTICAL STUDIES FOR WELLS SALT 

As pointed out by Robin and Day, 8 there are two relative 

groups in the 

crystal. shown as configurations (a) and (b) in Figure 6. 

The configuration (a) is the networks in the c direction. 

while (b) is that in the ab plane. Robin and Day co nsidered 

the fallowing; In CszAuAuC l a.t h e donor and acceptor orbitals 

were the axially symmetrica l dz 2 orbital of the [Au~Clz] -

ion and terminating in the dx 2 - y 2 orbital of the [Aunx:Cl .... ] 

ion. respectively. In the case of the configuration (a). the 

donor dz 2 and acceptor dx 2 - y 2 orbitals should be diagonal. 

But in the case of the configuration (b). they must have a 

nonzero overlap. So they assumed that it was configuration 

(b) whi ch was responsible for the mixed - valence absorption in 

CszAuAuCla. and that this absorption would be polarized in 

the ab plane. 

In 1962. Robin 9 determined the dichroism of CszAgAuCla and 

CszAuAuCla quantitatively. To the author's knowledge, this 

work has not been published. According to the Robin - Day 

"Mixed Valence Chemistry" review. 8 the absorption spectra of 

both salts s howed t h e intervalence charge - transfer transition 

as a rather weak but distinct feature at 15500 em- ~ followed 

by a stronger absorption cente r ed at 23500 em - ~. having the 

opposite polarization. They thought that the l atter band wa s 
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Fig.6 Two types of chains in CsAuXa 

(b) 

due to the ligand- to - metal charge - transfer transition which 

was also observed at 2:3500 cm- 1 for [Aum::Cl""J - ion. 

Therefore. they thought that the 23500 cm- 1 band mu s t be 

polarized in [Aum::CL,] ·- plane (i.e. ab- plane). and that the 

15500 cm- 1 band should be the intervalence charge - transfer 

band polarized along the c - axis. 

There was a discrepancy between their assumption and Robin's 

result. The author have several que s tions about the 

Yamada- Tsuchida's and Robim-Oay's experimental results and 
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discussions about the absorption spectra in thi s mi xed - valence 

system: 

1) Is the dz 2 orbital of [Au 1 Cla] - . just as they thought. 

the donor orbital? Is the possibility of the dx 2 - y 2 orbital 

of [Au 1 Cla] - pre sent as the donor orbital? If so. the donor 

and acceptor dx 2 - y 2 orbi tals of [ Au 1 Cla] - and 

[Au~Cl4] - should have a larger overlap than those in the 

case o.f Robin- Day's assumption. And the intervalenc e charge 

transfer absorption band should be polarized in the ab-p lane. 

2) Is the 23500 cm- 1 band (i .e. yellow color) observed for 

CsaAgAuClo and CsaAuAuC lo no t a LMCT band in [Au~C l4] but 

a LMCT band in [Ag 1 Cl a]- and [Au 1 Cla] - ? The LMCT (pK -

6s) band is situated im the ultraviolet region in the case of 

AgCl. CsAgCla. AuCl, and [n- Bu4N][AuCla). However. in the 

case that the Ag 1 (or Au 1
) ion is located in the Cl 

coordination octahedral site. the LMCT band might shi ft to the 

near-visible region. Om the other hand. because of th e higher 

energy level of ligand p - orbital. th e LMCT band of AgBr. 

[n-Bu4N][Aul a]. Agi, and Aul i s in fact s ituated in the 

near - visible region and the colors of the salts arc yellow. 

From the viewpoints of these problems and questions 

mentioned above, the author have investigated the absorption 

spect ra of CsaAuaXo (X=Cl.Or. I) and the polarized 

reflectance spectra of the single c rystal CsaAualo 
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quantitatively for the first time. 

5 - 4 EXPERIMENTAL 

For absorption spectra. the powdered CsaAuaXa (X• Cl .nr.l) 

were diluted with CsCl. KOr. and Csl. respectively, and then 

the mixtures were processed into pel l ets under pressure. 

The absorption spect ra were measured at 4.2 K with a Jasco 

CT- 100 spect rom ete r usi .ng a tungsten lamp for the light source. 

A lock-in amplifier system working with IITV R376 and Il316 

photomultiplliers and a PbS photoconductive cell was used for 

det ect ion. The sample was placed in glass Dewar' s vessel and 

immersed in 1 iquid helium to cool. 

The absorption spec tra of solutions we r e measured at room 

temperature with a Hitachi model 356 Double Oeam 

Spectrophotometer. 

The single - crystal polarized refl ectance spec tr a at room 

temperature were measured for the (I 10) and (001) f aces of 

CsaAuala , with the CT-100 spectrometer. the tungsten lamp 

for the light source and a Glan - Thompson prism for 

polarizing the light. The electric vector (E) wa s aligned 

paral lei to the ab- plane and th e c - axis. Only as - grown 

surfaces were measured and typical samp le dimensions were 

3 X 2 X l mm. Samp l es were irradiated with the 
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monochromatic I ight and a lock- in amplifier system working 

with IITV R376 and H.316 photomultipl icrs and a PbS 

photoconductive cell was used for detection. Data were 

collected with a Ngc 9801VXO computer 1 inked to the lock- in 

amplifier. Detail of this system were described e l sewhere.'<> 

5 - 5 I NTERVALENCI~ CIIARGE-TRANSI~Eit ABSORPTION SPECTitA OF 

Figure 7 s hows the so lid-state absorption spectra of 

Cs2Au2Cla. Cs2Au2Uro. and Cs2Au2lo at ~.2 K. Each of 

these mixed-va lence complexes showed two strong absorption 

spectra in the region from visible to near - infrared. which 

arc not observed in the spectra of the corresponding 

component complex ions. These two bands can be assigned to the 

intervalence charge - transfer transition (IVCT) from Au• to 

Au~. which is a common feature of the one-dimensional 

halogen-bridged mixed- valence metal complexes. namely the 

c lass - ll mixed - valence compounds. In the order of Cs2Au2Clo~ 

Cs2Au2Bro~Cs2Au2lo, the IVCT band at smaller wavenumber 

(IVCT-1) shifts to the lower energy, as well as the IVCT band 

at larger wavenumber (IVCT-2). This means that th e energy 

difference between the electronic s tates of Au 1 and Au~ 
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Fig.7 Absorption spectra of CsAula (4.2 K) 

with the results of XPS and ~ 9 7Au M6ssbauer spectroscopy 

studies (Chapter 3 andl 4). As the covalency of - Aux - X- Au:m:-

net works becomes higher in the order of X=Cl<Br<I. the 

transfer e n ergy between the 5d orbitals of Aux and Au:m: 

through the hybrid orbitals with p orbitals of the bridging 

halogen becomes larger. The absorptio n band at larger 

wavenumber than t h e two IVCT bands can be assigned to the 

ligand- to - metal charge - transfer transition (LMCT) from 

halogen pn orbital to Au 5d orbital. The peak positions of 

IVCT- 1. IVCT- 2 and LMCT are listed in Table 1. together with 

the data~~ of related compound s . 

- ee-



Table.! The energies of charge - transfer bands (em 1
) at 4.2 K 

-

. Complexes TVCT-1 IVCT-2 LMCT 
-

Cs2Au2Cls 1 6 50 0 2 1 5 0 0 2 8 0 0 0 
Cs2Au2Br6 1 3 0 0 0 1 9 5 0 0 2 3 5 0 0 

--
Rb2Au2Br6 1 8 0 0 0 2 1 0 0 0 2 50 0 0 

- --
Cs2Au2Is 1 0 50 0 1 6 3 0 0 1 9 50 0 
Rb2Au2Is 1 2 50 0 1 6 5 0 0 2 0 3 0 0 
K2Au2Is 11400 1 6 0 0 0 . 19100 

1 2 9 0 0 

-100-



In Cs2Au2Cls. the energies of the IVCT- 1. I VCT- 2 and LMCT 

bands are 16500 c m- 1
• 21500 cm- 1 and 28000 cm - 1

• The spect rum 

obtained i s not consistent with the preliminary one mea s ur e d 

by Robin in 1962. whi ch was described in the Robin - Day review. 

Ac co rding to it. only one IVCT band was observed and its 

e nergy was 15500 cm - 1
. On the other band. th e energy of LMCT 

was 23500 cm - 1 and differs too greatly from the author's. 

Qualitative 5d- orbital energy-level diagrams for Au 1 and Au~ 

in Cs2Au2Xs arc shown in Figure 8. The order of 5d orbital 

of Au 1 is dz 2 > dx 2 - y 2 > dxz.dyz > dxy. All these 5d orbitals 

are doubly occupied in the ground s tate. In the case of Au~. 

that is dx2- y 2 > dz 2 > dxy > dxz.dyz . Of these orbitals. all 

but dx 2 - y 2 are doubly occupied. In general. the lowest energy 

transition in the e l ect ronic spectrum of Cs2Au2Xs is 

expected to be dz 2 of Au 1 ---+ dx 2 - y 2 of Au~. As pointed out 

·-H-/n 
·-H- -1-t-

dXl • dyl -'=H=H= q dxy 

d .... y H -=H=l~ dxz' dyz 

Au1 Au111 

Fig.8 The 5d energy diagram of Cs2Au2Xo 



by Robin and Day. 8 the dz 2 orbital o f Au• and the dx~-y~ 

o rbit al o f Auiii are o rthogonal in th e c di r ee l ion. whil e those 

orl>i tals in the a plane(..l c) have a nonzero over lap . However. 

th e overlap is cons ider ed to be ve ry s mall. Therefore. the 

author c on si d ers that th e charg e - transfer int eraction in 

is mainly attributed to the large r overlap between 

the donor dx 2 - y~ orbital of Au' and the acceptor dx ~ -y~ 

orbita l of Auiii t hrough the p o rbital s of bridging halogen X. 

Compared with Cs a Au aXf3. the 1 YCT bands o I Rb ~Au ~xo ( X=B r . 

J) and K2Au a l o is situated in the higher -energy si de. whi ch 

may be due to a s mall e r overlap integral between t h e dx 2 - y 2 

orbitals caused by their latti ce distortions. 

6- 6 SINGLE - CH.YSTAL POLARI ZED REFLECTANCE SPECTRA OF 

It i s necessary and indispensable to examine whether t h e 

IYCT band at lowe r e n e rgy (lYCT- 1) is allowed for the light 

polarized parallel to the c - axis or perpendicular to it . 

The former case means the following: As considered so far by 

not a few investigators. the absorption band appeared in the 

r eg ion from visib l e to near - infrared is the lYCT band from 

the dz 2 orbital of Au• to the dx 2 - y 2 orbital of Au~ . 

- .l 0 2-



The c h arge - transfer inte raction in the Au - X networks o f the c 

direction wou ld be dominant. In the latter case . t hi s 

absorption band can be assigned to the lVCT band from the 

d xz- yz o rbital of Au• to that of Au~. Fo rtunat ely, the 

author co ul d synthesized single c r ystals of CszAu z lo . whi ch 

wa s the s i ze s uitable for the spectroscop i c measu rem ent . Fo r 

CszAuzClo and CszAuzOro. th e author ha s not obtained the 

suitable size ones. Oecause of the j e t black color. the 

single c rystal of CszAuzlo is not s uited for transmission 

spectroscopic meas urement. So the author ha s performed the 

s ingle - c rystal polari zed refl ec tance spectra measurement for 

CszAu z lo at room tempe rature . 

The r e fl ectan ce s pe c tra of CszAuzlo nrc s hown in 

Figure 9. The r e flect a nce for E~ c i s larger than that for 

E//c in the lower - energy region. This shows the abso rption 

for E~ c is stronger than that for E//c in this r eg ion. As 

the lowest - energy E~ c reflectance peak at 1.3 eV(J0500 

cm- 1
) docs not appeared i n t h e E//c reflectance spectrum and 

it's reflectance is large, it can be concluded that thi s peak 

i s due to the IVCT from the dx 2 - yz orbital of Au• to that of 

Au~ within the Au- X networks of the nb- plane. Th e r e fore. the 

absorption band IVCT- 1 . which observed at 1 . 3 cV for 

CszAuzlo. can be assigned to the s ame . From the qualitative 

d-orbital energy- level diagram. it may be co ncluded that the 

r e fle c t a nce peaks observed at 1.8 eV (1~500 em 1
) for the 



40 
(\ IVCT-1 

~ l \ IVCT-2b 0 -- f ~ C1) 
0 c \ ..LC ca 
~ 

0 
C1) - 20 \ 'to-
C1) 
a: 1/C 
~VCT-2a ~.-.'"""" ~.:.-:<>,.."'~w· · 

• ··""'t-; 

0 
1 2 3 

Photon Energy/eV 

Fig.9 Reflectance spectra of CszAuz lo 

from the dxz and dyz orbitals of Aux to the dx 2 -y 2 orbital 

of Aum. The reflection of this band is weak. which is 

consistent with the small overlap between tho se orbitals. 

It may be a l so concluded that the reflectance peaks observed 

at 2.0 cV (16000 cm- 1
) for the light polar i zed perpe nd i c u lar 
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to the c-axis is due lo the IVCT from the dxy orbital of Au 1 

to the dx 2 - y 2 orbital of Au~. Therefore. the rather broader 

absorption band IVCT- 2 consists of the two IVCT bands. One is 

the rather weak absorption (IVCT- 2a) at lower energy (dxz. 

dyz of Au 1 ~ dx 2- y 2 of Au~) and the other is the stronger 

absorption (IVCT- 2b) at higher energy (dxy of Au' ~ dx 2- y 2 

of Au~). 

Very recently N. Kojima12 determined the selection rules of 

the intervalence charge-transfer transitions fr om group 

theory. For a treatment of this mixed-valence system . he 

considered an i so lated unit co nsisti ng of seven complexes: 

a square - planar [Auxo:X"] - ion with six linear [Au'X2] -

ions being adjacement to the sq uare - planar ion in the 

directions of+ x. :!: y, + z axes. Table 1 shows the 

the se l ection rul es of the int e rval ence charge - transfer 

transitions. Considering 5d- orbitals' splittings of Au' and 

Auxo: ions and overlapping integral between these orbitals. 

I VCT- 1. I VCT- 2a and I VCT-2b bands have been ass i gncd to the 

followings. 

IVCT- 1 : Au 1 (dx 2 - y2 ) - Auxo: (dx 2 - y2 ) 

IVCT- 2a: Au 1 (dyz,zx) - Auxo: (dx 2 - y2 ) 

IVCT-2b; 

According to the fact that the lowest - energy intcrvalencc 

charge- transfer absorption (IVCT- 1) i s the transition of 

Au 1 (dx 2 - y 2
) - Au:mo: (dx 2 -y2 ). we can conclude that 
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these orbitals play a most major role on the charge - transfer 

interaction. This is consistent with the results of XPS and 

Mossbauer spect ros copy (chapters 3 and 4). 

Table 1. The selection rules of the intcrvalencc charge -

r IVCT along the c-axis 

E // c E J... c 

Aui(dx2-y2)~Auiii(dx2-y2) Aui(dyz,zx)-+Auiii(dx2-y2) 

IVCT in the ab-plane 

E 1/ c E..Lc 

Au I (dyz, zx) -.Auiii (dx2-y2) Aul (dz2) --.Au III (dx2-y2) 

Aui(dx2~y2)-+Auiii(dx2-y2) 

Au1 (dxy) --+ Auiii (dx2-y2) 

5-7 RETURN TO THE PROBLEMS 

Now. we wil l return to the problems of t h e previous works 

for Cs2Au2C io or Cs2AgAuCio by Robin. and Yamada and 

Tsuchida. The present results arc in conflict with their 
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ones. It is doubtful that Robin examined the crystal axis by 

X-ray analysis. while it is sure that Yamada and Tsuchida 

did not. He might investigated only the dichroism of small 

crystals CsaAuzClo under microscope as well as Yamada and 

Tsuchida did for CszAgAuCle. As mentioned by them. the 

crystals appeared almost black (due to IYCT absorption) with 

the electric vector along a certain direction. and yellow 

(due t o LMCT absorption) with the e l ectric vector normal its 

direction. They considered that yel low co lor was due to the 

LMCT absorption within [Au~Cl4] complex ion. However. 

though the [AuxClal - compl ex ion is color l ess. four 

additional ligand Cl - ions to [AuxClaJ - markedly lower its 

absorption to the visible region and this is attributed to 

formation of AuxClo in CsaAuzClo. Harris and Reecel 3 found 

the similar phenomenon for the LMCT absorption in [Au~Br4]

complex ion. Also the si milar phenomenon is observed the 

LMCT bands in solid CsaAuzClo and CsaAuzBro. compa r ed 

with the correspo nding solution spectrum. This is mainly due 

to the change of the crystal field splitting going from the 

tetrahedral to octahedral site. The present results suggests 

that Robin. and Yamada and Tsuchida took the LMCT band from 

the ligand pz orbital to 5dz 2 or 6s one of Au 1 for the LMCT 

band from ligand PX.Y orbitals to 5dx 2 -y 2 one of Au~. 

The f o rm er band must be polarized parallel to the c-axis. 

whil e the latter must be polarized perpendicular to it. 



Consequently he thought the IVCT band to be polarized 

parallel to the c - axis by mistake. 

Recently, Tanino. et al. 14 measured the reflectance spectra 

of polycrystalline CsaAuaCls under pressure at room 

temperature (Figure 10). They observed strong IVCT bands in 

the visible spectral range. They also considered the IVCT 

band near at 2 eV. whi ch the author abbreviates as IVCT- 1. 

as an absorption presumably polarized parallel to the c - axis 

by mistake. as well as Robin. and Yamada and Tsuchida. 

According to their work. the low- energy reflectivity edge 

near 2 eV decreases continuous l y in energy at the extremely 

large rate under high pressure. So they suggested that tbe 

·' . 
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U- .·: / 
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> . / •"' ,._. ,' : 
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Fig.lO Reflectance spectra of polyc r ystalline CsaAuaClo 

unde r high pressure~ 4 
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electronic properties of Cs2Au2Cle above 6.5 GPa are strongly 

anisotropic with metallic character along the c-axis only. 

However. from the ab polarization of IVCT- 1 band observed 

actually by the polarized reflectance measurements. we 

s u ppose that this properties i s anisotropic with metallic 

character in the ab plane(~ c). As the pressure is increased. 

the bridging halogen iis expected to shifts to the midpoint 

of Au .ions. Accompanied by the movement of the halogen ions. 

the occupied dx2-y2 orbital of Aux and unoccupied one of 

Au~ gradually degenerate and the difference in energy 

between the orbitals becomes smaller. 

5-8 CONCLUSIONS 

We have succeeded in solving the problem about the 

polarization of IVCT bands in CszAuzXo. Three IVCT bands 

were observed for each of Cs2AuzXo salts. From the polarized 

refl ectance spectra of Cs2Auzle. the strong absorption 

band at lowest energy can be assigned to be the intervalence 

charge-transfer transition from the dx 2 -y2 orbital of Aux to 

that of Au~ within the Au-X networks of the ab-plane. This 

indicates that a two-dimensional cor relation between Au ions 

is present in the charge-transfer interaction regardless of 

a three-dimensional pcrovskite structure. 
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CHAPTER 6 

Beba""V'"ior of t;he El.ect-r.ical. 

Cor:tduct;i""V'".it-::v of the 

Three - D.imer:tsional. Mi::x:: ed - Val.encc 

Compou.r:tds 

Under High Pressure 

6- 1 INTRODUCTION 

The crystal structure and mixed - valence state of CszAuzXe 

are similar to those of BaBiOa whi ch is the host lattic e of 

superconducting oxides BaPbxBi~ -xOa and Ba~ -xKxBiOa. It 

can be correspondence: Cs~ ~ Ba2~ . Au ~ .Au3 ~ ~ Bi 3 - .Bi 6 ~. 

x- ~ 0 2-. So. the compounds Cs2AU2Xo are interesti ng from 

the viewpoints of the researches on superconducting material s. 

In the case of Cs2Au2Clo. R.Kcller et al.~ reported a 

strong continual increase in the electrical conduct ivity by 

nearly nine orders of magnitud e from ambient pressure to 12 

CPa and a gradual semiconductor - to - metal transition at about 



6 GPa has been interpreted as evidence for the overlap of the 

filled 5dz 2 band of Aux and the empty 5dx2
-y

2 band of Auru. 

Being sti mulated by killer et al. 's work. several studies on 

CszAuzCls under high pressure have been done. In 1979. W. 

Denner et al. measured 2 its crystal structure under high 

pressures. According to them. with increasing pressure the 

Cl atom shifts gradually toward the midpoint of the Au atoms 

that i.s attained at 5.2 GPa. Therefore. they have described 

that the Au sites become indistinguishable and the valence 

state of Au is Aurx above 5.2 GPa. However. ~ 97Au Mossbauer 

spectra3 and Raman spectra4 of CszAuzCle under high pressures 

have shown that the Aux and Au:m:sites are still clearly 

distingui shab le even above 5.2 GPa. As mentioned above. the 

elucidation of the Au valence state of CszAuzCle under high 

pressures has not yet been achieved. Turning to CszAuzBre and 

CszAuz ls. little work has been reported on physical 

properties under high pressure. 

Being stimulated by these problems. we have intended to 

elucidate the Au mixed-valence state of CszAuzXe. In this 

chapter. we report the behavior of the electrical 

resistivities of CszAuzXo (X=Cl.l3r. I) under high pressures 

and discuss the Au valence state. 

6-2 EXPERIMENTAL 

-112-



Bi I -II (255Kbl 
I 

1.5 _/ c: 
Q) 
u 
c 
ro 

-+-
(/) 

1.0 (/) 
1 

Biill-V 
Q) 

0::: Ba I-II (553 Kbl (76.7 Kbl 

f 

0.5 
Bi n-m 

200 400 600 

Gauge ·pressure ( kg/cm2
) 

Fig.l Calibrations of pressure 

- 113-



High pressures were generated by a 1200 ton cubic anvil 

having an edge of 10 rom using pyrophyllite and talc as a 

pressure medium. Sharp changes in the electrical resistivity 

of Bix - xx (2.55 CPa). Tlxx - rn (3.67 CPa). Ba:r u (5.53 CPa). 

and Bi:rxx - v (7.67 CPa) were used to calibrate the pressure of 

the sample cell. One of the calibrations is shown in Figure 

1. The d.c. electrical resistivity measurements were 

perfor~ed on polycrystalline samples with quasi - four -

probe method whi ch was applied at the sample or the ends of 

the upper and lower anvils. The sample was covered with Pt 

plates to guarantee a good contact. The sample was heated by 

an internal manganine resistance heater and its temperature 

was measured by Alumel-Chromel ther mocoup l e. Two types of 

the samp l e assembly used for resistivity measurements under 

high pressure are shown in Figure 2. The detailed high

pressure apparatus is described elsewhere. 6 

6-3 BEHAVIOR OF ELECTRICAL RESISTIVITY UNDER IIICII PRESSURE 

Figure 3 shows the behavior of the electrical 

resistivities of the compounds Cs2Au2Xo under quasi 

hydro static pressures at room temperature (r.t.). Wh e n the 

pressure is applied up to 7.0 CPa. the resistivities o f 

Cs2Au 2Clo and Cs2Au2Bro decrease rapidly by nearly ten 
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orders of magnitud e down to the semimeta l region of 4.8X 10- 2 

Q em and 7 .2X 10- aQ em. respectively. In the case of 

Cs2Au2ls. it decrease s rapid l y from 2.2X l0 7 Q em down to 6.9 

X 10- aQ em between ambient pressure (a.p.) and 5.1 CPa. then 

increases above 5.4 CPa. The resistivity minimum was not 

region of 0 - 7 CPa wher e our pressure vessel can generate. In 

the pressure region of 2-5.5 CPa. the electrical conductivity 

increases in th e order of X=Cl<Or<I. This behavior can be 

explained by an increa se of the transfer energy between Au 

5d orbitals through halogen p orbita l s in this order . 
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6- 4 BEHAVIOR OF ENERGY GAP UNDER HIGH PRESSURE 

Figure 4 shows the e rnergy gap Eg of CsaAu aX<s at th e 

temperatures above r .t. as a function of pressure. The 

energy gap was obtained by a least - squa r es fit 

to the usual equat ion lT =a oexp( - Eg/2kT). The energy 

gaps of CsaAuaC l<s. CsaAuaBr<s. and CsaAual<s de crease 

linear.ly with increasing pressure . The decrease of the energy 

gap can be explained mainly by the d ec rease of the difference 

between the s it e energies of Au x and Au::o.x. whi c h is due to 

the halogen anions' shifting to the midpoint of Au cation s . 

and secondarily by the broadening of the bands ncar th e Fermi 

ene rgy. Average pressure coefficients ~ Egl~ P arc found to 

b e - 1.6X 10- 6
• - 1.3X 10- 6

• and - 3.5X 10- 6 for Cs a AuaC lo, 

CsaAu a Br<s. and CsaAu a lu. respectively. The absolute 

coefficient decr e ases in the order of CsaAuale > Cs a AuaCle 

> CsaAuaBr<s . whi ch impllies that the bridging Br - anion is 

th e hardest to shift to the midpoints of Au cations with 

increasing pressure. 

The energy gaps arc estimated by extrapo l ation a s zero at 

7.5 GPa. 7.2 GPa. and 1.5 GPa. respectively. From these 

results. CsaAualo wa s fou nd to undergo a pressure - induced 

s emiconductor - to - metal transition at 1.5 GPa. and CsaAu2Clo 

and Cs2Au 2Bro arc expe c ted to underg o a pressure - induced 

semiconduc t or-to-metal transition at 7.5 GPa and 7.2 GPa. 
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In connection with these results. the following should be 

mentioned. In the case of Cs 2Au 2Cls. there arc two 

differences between our results and those of Keller et 81.: 

(1) our energy gap observed is ten times as large as 

theirs 

(2) our critical pressure (7.5 GPa) where the energy gap 

becomes zero is higher than theirs (-6 GPa). 

A c co r d .i n g t o K e 1 1 e r e t 81 . the 1 o g .0 v c r sus 1 I T p 1 o t s a r e 

~ not linear over any large temperature range. They estimated 

the energy gap of Cs2Au2Cls at the low temperatures while 

we did it above room temperature. which arc respo nsible for 

the above mentioned differences. Recently. Tanino. et 81. 4 

have reported optical reflectance spectra of Cs2Au2Clo under 

high pressure. The optica l gap energy EoP observed at r.t. 

is compatible with twice the energy gap Eg ( =2Een) which we 

measu r ed for the activation energy of co nduction. I n general 

withi n t h e fo l lo win g si mp l e relation has been derived withi n 

the high- temperatu r e lim i t. 

Ee n ::::: EoP/4 

A qualita ti ve agreement was f ound bet wee n t h e val u es o f Een 

dedu ced fro m optical measurements a nd the observed activation 

ene r gy of conduct i on . Een. Moreover the optical energy gup 

at r.t. of Cs2Au2C l o belo w 4 GPa extrapo l ates to a ze r o 

gap energy at 6.5 GPa. wh ich is cons i stent with ou r res ul t 

(6.6 GPa) of electrical conduct i vity measu r ements. F r om 
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good agreements b e twee n our and Tanino e t 81's r esult s . 

the difference in energy gap between our and Keller e t 81 ' s 

measurements result from the difference in the temperature 

range where the energy gap was estimated. 

Keller et 81 . reported that the energy gap of Cs 2Au2Cls 

became zero near at 6 GPa and observe d the resistance 

minimum for it at 11 GPa. Recently. Tanino et 81. have 

observed4 two resonant Raman modes peaks for Cs 2Au2Cls under 

pressures up to at least 8 GPa (Figure 5). which arc assigned 

to stretching vibrations of the bridging chlorincs about the 

Aux and Au~ atoms. Tbis shows that two different Au species 

are still present well above 5 GPa. in accordan ce with 

Mossbaue r studies . but at variance with X- ray diffraction 

results. They also have observed a disco ntinuou s increase of 

the reflectivity at 0.6 eV for Cs2Au2Cls near at 11 GPa. 

Tanino et 81. attribute it to a struct ural phase transition. 

We note that a resistance curves for Cs2Au2Clo r eported by 

Keller et 81. showed a slight resistance minimum at about 11 

GPa. We guess fr om otber workers' results tbe followings. 

Even at 7 GPa in the case of Cs2Au2Cls. the Cl - ions are 

still in a nonsymmctric positions between Au ions a nd the Aux 

and Au~ sta te s arc distinguishable. These result in 

non-degenerate d - band s near the Fermi energy. However the 

disappearance of the band gap of Cs2Au2Clo derives from 

the smal l overlap of Lhc Aux valence band with the Au~ 
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Fig.5 Raman spectra and lin e frequencies of Cs ?. AU ?.Clo under 

hi gh pressure. 4 

cond uct ion band . This case i s cons idered to be semimetal 

state wher e th e ca rri er concentration i s s mall . At the 

pressure of 11 GPa where the reflectivity at 0.6 GPa 

increases discontinuously. the ct - ions come to be situated 

at the midpoints of Au ions and the va l ence state of Au is 

+ ll . The d - bands ncar Fermi energy mu st be complete l y 

degenerate and half - filled. Therefore the carrier 

concentration is expected to increase considerab l y. 

which is consistent with the increase of the reflectivity. 
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But strange to say, the resi s tivity curves of Cs2Au 2Cl 6 show 

a resistance minimum at the same pressure of 11 GPa. This 

behavior is puzzel for us. The fact that the resistanc e 

minimum was observed at 5.5 GPa for Cs 2Au2I6 indicate s that 

the valence state of Au would come to be +IT at this pressur e. 

In the case of Cs2Au 2 I 6. a gradual semiconductor-to -

metal transition occurs at about 4.5 GPa in the sense of 

dd/dT. In the pressure r egio n wh ere the activation ene r gy 

become ze r o . the halogen ions presumab l y shift towa r d the 

midpoint of the Au x a n d Aum sites and then the fi ll ed 

overlap each othe r . which is responsible for the gradual 

semi co nducto r - to-metal transition. As s hown in Figure 6. t h e 

r esistivity becomes to be meta llic above 4.5 GPa. 

P=4.8GPa P=5.2GPa 

r 

Fig .6 1.0 

280 300 320 280 300 320 

Temperature ( K) 
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6-5 METAL-TO-METAL TRANSITION OF CsaAu a l o 

However in the case of CsaAua lo. as shown in Figure 7 . 

when th e tempe ratur e i s increased at 6.5 GPa. the 

resistivity decreases and a steep drop occurs at about 330 K 

and then it increases linearly above 420 K. which implies 

that Cs a Aua ls bas two metallic phsaes and a metal- to - meta l 

t ran s i t i on o c c u r s a t P '= 6 . 5 G P a and T- 3 3 0 K . I n the co o 1 i n g 

P= 6.5 GPo 

16 " 

E 
~8 

N 
IO 
-6 

4 

• 

300 350 400 450 
Temperature ( K) 

Fig.7 Temperature dependence of the electrical 
resistivity of cs2Au2r 6 at P=6.5 GPa. The 
sample is first. heated up to 480 K, then cooled 
down to room temperature. 
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process. the electrical resistivity decreases linearly with 

temperature cooled down to r.t. This fact implies that the 

second metallic phase appeared at P=6.5 GPa and T>330 K can 

be stable at P=6.5 GPa and T=r.t. in the coo ling process. 

Moreover. this metallic phase could be obtained as a 

metastable phase at r.t. and a.p. by decreasing temperature 

and pressure after increasing pressure up to 6.5 GPa and 

temperature up to 480 K. However the resistivity gradually 

0 increases from - 5X ltQ - 2 Q em to - l0 7 Q em in an hour at a.p. 

r 

Figure 8(b) shows the X-ray powder pattern of this 

metastable phase of Cs2Au2Ie. which implies that the 

crystal structure of the second metallic phase appeared at 

P=6.5 GPa and T>330 K is a cub i c perovskite structure 

(Pm3m). In this phase. it is considered that the Au valence 

state is Auxx and the degene rat e 5dx2
-y

2 and 5dz2 bands are 

three - quarters filled. The DSC measurement for this 

metastable phase shows an exothermic anomaly at about 350 K 

on heating between r.t. and 370 K. whil e it dose not show 

any anomaly on cooling between r.t. and 370 K. As shown in 

Figure 8(c). the X- ray pattern after annealing the 

metastable phase of Cs2Au2Io at 370 K is assigned to the 

tetragonal perovski te structure. From these results. it is 

concluded that the metastable cubic phase of Cs2Au2Io 

changes it self into normal tetragonal pcrovskitc phase at 

about 350 K. 
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Fig.8 X-ray powder patterns of Cs2Au2I6 at r. t . 
and a.p. (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. 
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6- 6 CONCLUSIONS 

Electrical r es i stivity of the three - dimen siona l Au 

mixed-val e n ce compound s Cs.AuaXa (X- CI .B r.I) wa s 

investigated under quasihydrostatic pressures up to 7.0 GPa 

and temperatures betwe e n ro om temperature and 480 K. In the 

case of Cs.Auala. a semicondu c tor - to - metal transition 

(P=4.5. GPa. T= room temperature) and a metal - to-metal 

~ transition (P=6. 5 GPa. T- 330 K) we r e observed. The latt e r 

metall i c phase could be obtain ed at room temp e ratur e and 

ambient pr essure as a metastable phase. who se structure wa s 

found to be a cubic perovskite s tructure from the X- ray 

diffraction pattern. The Au vale n ce state of the metallic 

phases is expected to be +IT 

r 
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CHAPTER 7 

Co r:1 s e c u t; :i '\T e Phase Trar::ls:it:ior::ls 

of the 

C<>mp e:x:: C s z A l...lz I 6 

ur:1der H:igh Pressure 

7-1 INTRODUCTION 

Since the discovery of superconductivity in the perovskites 

Laz-~Ba~Cu04 1 and YBaCu307 2 there have been a large 

number of materials res ea rches for high-temperature 

superconductors. A large number of new perovskite - type 

oxides have been synt hesized and some of them exhibit 

superconductivity. It is well known that the breakthrough of 

Bednorz and Muller in discovering superconductivity in the 

Laz -xDaxCu04 1 system was inspired in part by their knowledge 

of the superconducting properties of DaPb1 - xBix03 3 . In the 

BaPb1-~Bi ~03 system. the bismuth valence state has been 

considered very important factor for the comprehension of 
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its physical properties. The insulating s tate of its parent 

compound BaBiOa was exp l ained by the charge 

disproportionation of the bismuth cations ( +N into +ill and 

+ V ) which couples to lattice deformatio n or the 

stab i lization of a commensurate charge - density wave (CCDW) 4
. 

On the othe r band. a large number of perovskite - type halides 

ABXa and AzBX4 (A=alkali meta l; B=metal: X• F . Cl .Br.I) have 

bee n kn own . However . among the p erovsk it e - type h a lides. only 

0 a few compound s exh ibit mixed valency. 

CsAuXa (X=Cl .Br. I ) i s known as a r a r e thr ee - d im e nsiona l 

halogen - b r idged mixed- valence system in which the three -

di me n sional MX- networks are orthogo nal to each o ther. This 

system exhibits the Au )~ (5d 10 ) -Au~ (5d 8
) mixed valency. As 

shown i n Figure 1. the crystal st ruct ur e of CszAuzClo is a 

distorted perov s kit e st ructure with tetragonal space group 

14/mmm 6
"

6
• It can be characterized by a breathing- mode - type 

atomic di s tortion of AuClo octahedra . The AuxClo octahedra 

arc contr acted i n the c dir ec tion. while Au~ C lo ones arc 

elongated in this direction. This di sto rti on i s analogous to 

the mixed- val ence bi smuth oxide BaBiOa whi ch i s the parent 

compound o f Cu - free superconductors Oa1 - xC K or Rb)xBi0a 7 

and BaPb1 -xBi~Oa 3 • Our very recent si ngl e crystal X- ray 

a nal ysis of CszAuzlo8 s hows tha t this co mpl ex belongs to 

" 14 / mmm with a =8.284(1). C=l2.092(2)A. and Z• 2 and is 

isostructural with CszAuzClo. Th e mixed - valence st ate of 
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CszAuzXa may b e regarded as the result of a CCDW or an 

on- site bipolaronic (insulator) s tate as well as that of 

BaBi03 . 

From another structural point of view. an anisotropy is 

present in the three - dimensional - Au x- X- Au•- x - networks. In 

the c - dir ect ion i s ··· X-Aux-x··· Aum: ··· and in the a1a2 

plane ··· Aux ... X- Au--X···. This ani sotropy reflects the 

co - ordination form s and the valence states of Au. We have 

systemati ca lly st udi ed the anisotropic charge-transfer 

interaction in the three - dimens ional MX- networks of Cs2Au2Xa 

by X- ray photoelectron spectroscopy (Chapter 3) 9 and ~ 97Au 

Mossbau e r spectroscopy (Chapter 4). 10 

@ Cs o Au1 . • Aun 0 C l 

Fig. I. Crystal structure of Cs2 Au2 Cl6 [5, 6]. The 
crystal structure of Cs2 Au2 16 is isostructural with 
Cs2 Au2 16 [8]. 

-131-



Now. high- pressure experiments have proved to be of 

great interest in revealing the properties of various 

materials. The application of pressure is a useful tool 

which can alter physical properties owing to the consequent 

changes in the lattice parameters. energy- band structure and 

the e n ergy of the various interactions between e l ectrons or 

between electron and phonon. 

We have r ecently s hown AA that Cs2Au 2 Ie exhib its a 

pre ssur e - i nduced semiconductor - to - metal (phase I - to - phase IT) 

tran s i tion at 4.5 GPa and room temperature (r.t.) whi ch ha s 

not been f ound for one - dimensional halogen - bridged mixed

valence metal complexes. It wa s also found that Cs2Au2Ia 

u nd ergoes a metal-to-metal (phase n - to - phase m) t r ansition 

at 6.5 GPa and T~330 K. The resistivity of Cs2Au2Ie at r.t. 

decreases rapidly by nine orders of mag nitude down to the 

region of semim e tal from ambient pressure (a.p.) to 5.5 GPa. 

and then increases from 5.5 GPa to 7.1 GPa. Many complexes of 

gold. whose empirical formulae suggest the presence of the 

Aun s t a te. have been s hown to be Au 1 - Aummixed- valence 

s pe c ie s and little is known as a true Aun polynuclear 

comp l ex. Th ere f o r e it is int eresti ng whet h er the va l e n ce 

state of Au in the high-p ressure metallic phases is + ll or 

no t . 

From the f o ll owing interests. we have performed the 

struc tur e a nalysis of Cs2Au2Ie under high pressure: 



(1) the mechanism of the metallization. 

(2) the relationship between the electron system and the 

lattice system under high pressure. 

(3) the origin of the minimum in the pressure - resistance 

curve near 5.5 GPa. and 

(4) the valence states of Au in the high- pressure 

metallic states. 

7 - 2 EXPERIMENTAL 

Cs2Au 2Ia was prepared by the same method as described 

inthe paper 9 and r ecrystallized from concentrated Hl so lution . 

The sing l e crystals obtained in this manner we re crushed and 

pulverized for powder X-ray diffraction measurements. 

The structure analysis of Cs2Au2Ia wa s performed by 

energy-dispersive X- ray diffraction using the high

temperature and high - pressure apparatus. cal led MAX80 ~ 2 . 

with synchrotron radiation(SR). SR wa s supplied by the 

accumulation ring (6.5 GeV.30 rnA) for the TRISTAN main ring 

in the National Laboratory for High Energy Physics (KEK). 

The pressure vessel is a cubic anvil type whi ch compresses 

a boron-epoxy c ube with a teflon or a boron nitride samp le 

capsule. It can generate a pressure of 7 GPa and a 

temperature of 1800 K. The a nvi Is used were made of tungsten 
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carbides having 6 mm on edge of square face. As a fluid 

pressure - transmitting medium in the teflon capsule. ethanol 

or fluorinert (No.FC70 ) was used. Diffracted X- ray was 

detected by a handy solid- state detector (pure Ge) mounted 

on the arm of the goniometer. The mean measuring time was 

about 17 min. The pressure was determined by the lattice 

constants of NaCl. The position and intensity of each 

diffra~tion peak were obtained by least - squares Gaussian 

fitting to its profile. The lattice parameters wer e 

determined by least - squares fits to the measured positions 

of reflections wh ere 2l9 = 2.9""4.3°. 

7 - 3 PRESSURE DEPENDENCE OF THE LATTICE CONSTANTS 

The diffraction patterns of Cs2Au2Is were measured at 

various pressures up to 6.8 GPa. The crystal system at the 

pressure range of 0-6.8 GPa and at r.t. wa s tetragonal. 

Figure 2 sho ws the observed latti ce constant s of a and c. 

Figure 3 shows the observed relative volume with respect to 

that at a.p.(Vo = 829.81 ~3 ). As seen in Figure 2. a gradual 

contraction of the c axis wa s observed with increasing 

p r essure up to 5.5 GPa. At the pressure o f about 5.5 GPa. 

the lattice constant of c increases discontinuously. This 

indicates the Au - Au distance elongates along the c-axis. 
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Above this transition pressure. rather slower gradual 

contraction of c axis was observed. Also seen in Figure 2 is 

a gradual contraction of the a axis with increasing pressure. 

Above 5.5 CPa. however. rather faster contraction was 

observed. In the case of the relative volume shown in 

Figure 3. an appreciable discontinuous jump was not observed 

near the transition point. However. as described below. the 

transition at 5.5 CPa was found to be a first - order 

transition. This transit ion takes place wh en VIVo becomes 

0.82. 

7-4 PRESSURE-INDUCED .JAHN-TELLER TRANSFORMATION AT 5.5 CPa 

Figure 4 displays the key reflections 004 and 220 of the 

tetragonality i n the region of the high-pressure metallic 

state (phase rr ) observed at several pressures in .a process 

of compression around the transition pressure. where 28 = 

3.56°. The n e w diffraction peak marked with the triangle ~ 

indicating the appearance of the high-pressure phase 

(phase IT b) wa s observed at 5.7 CPa and the 004 ref le ction in 

the low-pressure phase (phase IT a) diminished at 6.5 CPa. The 

reflection index of phase IT b can be based on the tetragonal 

lattice. as wei I as that of phase ll a. The coexistence of two 

phases see n at 5.7 CPa and 6.2 CPa is due to the nature of 
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the first-order phase transition. as well as the pressure 

distribution in the sample. which is expected to be small 

for the pressure-transmitting medium ethanol. For energy

dispersive X- ray diffraction method. Bragg ' s law is 

Ed = hc/2sin8 = constant. 

Hear E is the peak energy, d is the interplanar spacing, h 

is P l ank ' s constant. c is the velocity of light and 8 is 

the Bragg angle. Therefo r e. the fact that the n ew 004 peak 

appears in the lower-energy side of the 004 reflection of 

l ow- pressure phase shows t hat the Au-Au distance along the 

c - axis elongates discontinuously at the press u re of about 

5.5 GPa . Consequently, Cs2Au2 I e undergoes a pressure 

indu ced first- o r d er tetragona l -to-tetragonal phase 

trans i tion at abou t 5.5 GPa and r.t. This transition wou l d 

r e l ate to the resistance mi n i mum obse r ved at about 5.5 GPa~~

The r esistance m i n imum~ 3 a nd t h e discontinuous increase o f 

the r e f lectivity at 0.6 eV~ 4 observed f or Cs2Au2Cle at about 

10--11 GPa might be due to t h e sim il ar phase trans i tion. 

7-5 REALIZATION of A RARE GOLD-II VALENCE STATE UNDER 

HIGH PRESSURE 

Figure 5 shows the axial ratio V2a/c obse rved in t he whole 

press u re regio n as a f unction of pressure. Th e ratio V2 a/c 
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Fig. 5. Pressure dependence of the axial ratio .J2afc of 
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indicates the distortio n of the tetragonal lattice. The cubic 

lattice is realized at V2a/c ... 1. The axial ratio V2a/c 

increases from 0.969 up to 0.980 between a.p. and 5.1 GPa. 

whil e it decreases rapidly from 0.970 down to 0.964 between 

5.7 GPa and 6.5 GPa. This chang e implies that the structural 
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anisotropy decreases from a.p. to about 5.5 CPa and increases 

inversely from about 5.5 CPa to 6.5 CPa. In other words. as 

pressure is increased. the 3- D correlation between the Au 

ions becomes stronger below about 5.5 CPa and the 2- 0 

correlation becomes stronger above about 5.5 CPa. With 

increasing pressure. the charge - transfer interaction between 

Aux and Aum through the bridging iodine is expected to become 

stronger (i.e. the intersite transfer energy of electron 

becomes stronger) and therefore the difference in the 

oxidation states between Aux and Aum would become smaller. 

Consequently. the structural anisotropy in this mixed-

valence system is expected to decrease. However. if the 

valence state of Au becomes +II (5d 9
). the lowering in 

symmetry of Aulo octahedra can be caused by the Jahn - Teller 

transformation. Hen ce. with increasing pressure both the 

valence states of Aux and Aum approach the Aun state that is co 

nsidered to be attained at 5.5 CPa. We note the pressure 

dependence of the ratio V2a/c in CszAuzlo is very 

different from that in CszAuzClo~G. 1.o. 

The X- ray powder diffraction of CszAuzlo at a.p. shows the 

crystal structure ( 11/mmm) having a V2 aX V2 aX 2c supercell. 

The geometrical difference between Auxlo and Aum Io 

octahedra produces weak superlattice reflections [e.g.(103). 

(211)] in the diffraction profile. When the bridging iodine 

is situated at the miclpoint between Au ions. V2ax V2ax 2c sup 



ercell reflections diminish. In this case. it belongs to the 

space group P4/mmm of a perovskite structure having an 

a X a x c u n i t c e l I . The ( 1 0 3 ) and ( 21 1 ) sup e r 1 at t i c e 

reflections wer e observed to some appreciable extent up to 

the transition point of 5.5 GPa. But with increasing 

pressure up to this point. the intensities of (103) and 

(211) tended to decrease. This implies the bridging iodine 

shifts to the symmetrical position between the Aux and the 

Aum sites with increasing pressure. However in the present 

work. it could not be concluded whether the diffraction 

pattern of the high- pressure metallic state (phase llb) is 

the body-centered tetragonal Bravais lattice (14/mmm) or the 

primitive tetragonal B1rava is lattice (P4/mmm) . because of 

the partial decomposition due to the partial dissolution of 

Cs2Au2Ia into the transmitting medium ethanol: 

- 2Csl + 2Au + 212. 

In the case of using BN powder as a solid pressure 

transmitting medium for the ana l ysis of the phase m 

described be l ow. the decomposition did not take p lace. Above 

5.5 GPa. the reflection peak (111) of so lid iodine was 

located at the energy positionk 7 where. if exists. the 

superlattice peak (103) of Cs2Au2Io lies. However the 

appreciable peak (211) was not observed above 5.5 GPa. In 

order to obtaining more detailed structure of phase n b. 

further X- ray studies arc indispensable. 

-142-



7- 6 CUBIC PHASE AND METASTABLE PHASE 

The diffraction pattern of the high - pressure and high-

temperature metallic state (phase ill) at 6.8 CPa and 440 K 

is satisfactorily explained by the space group Pm3m with 

0 

a =5.370(5)A. Figure 6 shows the diffraction patterns 

observed at 6.8 CPa and at several temperatures in a process 

of heating. As temperature is increased. the intensities of 

the (002) . (112). and (004) reflections decrease without the 

change in their energy positions. At 440 K these reflections 

diminish completely. The reflections due to the interplanar 

spacing in the a~a2 plane (~c-axis) remain unchanged in 

this process. This sho ws the Au-Au distance along the c - axis 

contracts discontinuously and becomes equa l to that in the 

a~a2 plane at the transition temperature. From mentioned 

above. CsaAu2Iu undergoes a temperature - induced first-

order tetragonal - to - cubic phase transition at 6.8 CPa and 

T~ 350 K. This phase transition can be interpreted as 

follows. In the high temperature. due to the entropy te rm 

the free energy of the cubic phase is lower than that of 

the distorted one. Therefore . as the temperature is raised. 

the Jahn - Tel ler distorted phase undergoes a transformation 

of crystal lattice into the cubic phase. In this phase ill. 
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it is concluded that the oxidation state of Aun is realized. 

The crystal structure after decreasing temperature down 

to r.t. at 6.8 CPa is assigned to the same space group Pm3m 

0 

with a =5.373(3)A [Figure 7(a)J. and moreover. the structure 

after the release of pressure at r.t. i s also assigned to 

0 

Pm3m with a=5.871(12)A [Figure 7(b)] which is close to the 

value (5.858 A) of a/v~ in the tetragonal phase of Cs2Au2Ie 

at a.p. and r.t. After increasing temperature up to 380 Kat 

a.p. and decreasing it down to r.t .. the structure of this 

sample wa s the original tetragonal space group 14/mmm 

[Figure 7(c)]. Consequently, the metastable cubic phase 

converts into the stable tetragonal phase by heating. In 

fact . the metastable cubic phase showed a broad exothermic 

peak in the differential-scanning-analysis (OSC) 

curve near 335 K (Figure 8). From the above mentioned 

resu l ts. it is concluded that the phase rr b- to - phase m 

transition is a first - order tetragonal - to - cubic ·phase 

transition and the phase ill can be obtained as a metastable 

phase. 

Figure 9 shows the schematic variation in the crystal 

field splitting of e~ orbital accompanied by the shift of 

bridging iodine to the midpoint between the Au~ and Aum 

sites and by the tetragonal-to-cubic phase transition. At 

the pressure of 4.5 Gf>a where the energy gap becomes zero. 

the occupied 5dx 2-y2 band of Aur (valence band) and the 
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unoccupied 5dx2- y 2 band of Aum (conduction band) overlap a 

little each other. which is responsibl e for the 

semiconductor - to-metal transition. In the pressure region of 

4.5- 5.2 GPa the bridging iodi n e is not located yet at the 

midpoint of the distance bet ween the t wo golds. because of 

t h e existence of the discern ible supcrlatt i ce reflections. 

Th is i mp l ies that Cs2Au2 I e is still a mixed- valence a n d 

semimeta l s t ate. At the p r essur e of 5.5 GPa. the bridging 

iodine becomes situated at the midpoint and then 

5dx 2- y 2 bands of Aux and Aum dege nerate and the 

conductio n band is half-filled. It is interesting from the 

viewpoint of the two - dimensio nality. the Aul 2 sheets of the 

a1a2 plane i n which boles exist a r e analogous to the 

s u pcrconductively active Cu02 sheets. In this case. on 

accoun t of the va l ence state of Au i s + IT (d 9
). Cs2Au 2le 

1 
u 

E 
'
QJ 

..c. 
+-
0 
X 

UJ 

320 340 360 
Temperature I K 

Fig. 8. Differentiall-scanning-analysis (DSC) curve for 
Cs2 Au2 I6 after the release of pressure at r.t. 
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undergoes 'band Jahn-Teller' transition. This transition 

would be electronically driven by a high density of states 

at the Fermi energy. in which case a lowering of the lattice 

symmetry could open a gap at the Fermi energy. thereby 

lowering the free energy of the system. This transition 

might cause the increase of the resistivity in Cs2Au2I6 

observed above 5.5 GPa11
. In the phase ill. it is considered 

that the conduction band is a three quarters - filled 

degenerate Cg band. Such successive transitions as 

mentioned above can be seen in Figures lO(a) - (d). which show 

the schematic projections of networks of Aui6 octahedra. 

7- 7 INCONSISTENCIES BETWEEN HIGH- PRESSURE STUDIES OF 

In con nection with above mentioned resu l ts. we will refer 

to the inconsistencies between the studies about the mixed

valence state of Cs2Au2Clo under h igh pressures. According 

to the high-pressure X-ray analysis 16 for CsaAu2Clo. the 

bridging chlorine becomes located at the midpoint of the 

distance between the two golds at the pressure of 5.2 GPa 

and thereby the valence state of Aun is realized at this 

pressure. Out this conclus ion appears doubtful. The 

resistance minimum is observed at about 11 GPa for 
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Fig. 9. Schematic variation in the crystal field splitting 
of eg orbital accompanied by the shift of the bridging 
iodine to the midpoint of distance between the two 
golds and by the tetragonal-to-cubic phase transition. 

Cs2Au2CloL 3
, wh ich is a na l ogous to that observed at about 

und ergoes t h e same phase t ransitio n a t about 11 GPa as docs 

Cs2Au2Io at 5.5 GPa. I n fac t. disco n ti nuous j ump i n the 

optical ref l ectivity of Cs2Au 2C lo i s obse r ved at a bout 
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(a) Phase I (b) Phase II a 

(c) Phase lib (d) Phase ill 

Fig. 10. Schematic projections of networks of Aul6 

octahedra (a) at a.p. in the phase I 
(0 < P < 4.5 G1Pa) , (b) just below 5.5 GPa in the 
phase Ila (4.5 < P < 5.5 GPa), (c) just above 
5.5 GPa in the phase lib (P 5.5 GPa), and (d) in the 
phase III (P == 6.8 GPa, T > 350 K). 
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this pressure. which is considered to be du e to s ome phase 

transition~ 4 . From these experimental results for CszAuzCls 

and our present work for CszAuzi6. the valence state of 

Aux in Cs z Au zC 16 would be achieved at the pressure of about 

11 GPa. In order to promote a better understanding of the 

correlations between the mixed-valenc e state and the crystal 

structure. Raman. ~ 97Au Mossbauer. electrical conductivity 

at l ow temperatures using a single crystal~ 8 • and band

structure calculation~ 9 for CszAuzXo (X- Cl .Gr. I) under 

high pressure are indispensable and in progress. 

7-8 CONCLUSIONS 

We have shown that insulating mixed - valence 

complex CszAuzlo transforms gradually to a metallic state 

between ambient pressure and 4.5 GPa at room temperature. 

Also shown that CszAuzlo undergoes a metal - to - metal 

transition in a process of increasing temperature at 6.5 GPa . 

The present energy- dispersive X-ray diffraction study has 

revealed that CszAuzlo undergoes a pressure - induced first 

order LeLragonal-Lo-LeLragonal phase transition at about 

5.5 GPa and room temperature. AL the transition pressure. 

the Au- Au distance elongates along the c - axis. which is due 

to the 'band Jahn - Teller' transition. The Aux valence state 



is considered to be realized at this pressure. This phase 

transition would relate to the minimum in the pressure

resistance curve near 5.5 GPa. previously reported. It was 

also found that Cs2Au~!ls undergoes a first - order tetragonal 

to - cubic phase transition at 6.8 GPa and T--50 K. 
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CHAPTER 8 

EJ..ect.r:i.ca.J.. Conduct;:i.""V":i.t.:v and 

It.s An:i.sot;rop:v or S:i.ngJ..e 

Cryst;aJ.. 

Under H:i.gh Pressures 

and Lo w Tem perature 

8-1 INTRODUCTION 

I n 1974 R. Ke l ler. et al. measured 1 the res i stivity of the 

mixed- valence compound Cs2Au2Clo at quasihydrostatic 

pressures up to about 12 GPa and temperatures down to about 

10 K. They found a resistivity drop of about 9 decades and a 

semiconductor - to - metal transition at about 6 GPa. The 

semiconductor - to - metal transition was confirmed by a 

disappearance of energy gap. They estimated the energy gap at 

low temperatures below 150 K. However. even at 11 GPa a 

positive temperature coefficient dCT/dT was observed in the 

region above 150 K. They explained this effect by the 
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additional contributions from therma lly excited charge 

carriers. From this effect they suggested that the overlap 

of the Au x valence band with the Aum: conduction band was 

still very small even at 11 GPa (i.e. semimetalli c state) . 

They considered that this overlapping bands were 

corresponding to the dz 2 band of Au 1 and the dx2- y 2 band 

of Aum: . 

In the Chapter 6 we have shown, from the measurement of 

electrica l conductivity of polycrystalline Cs 2Au 2 lo pellet. 

that Cs2Au2le exhibits a pressure- induced semiconductor - to 

metal transition at 4.5 GPa and room temperature. Considering 

the anisotropy of the crystal structure in Cs2Au2 Io, we 

need mea su r e the electrical conductivity using si ngl e 

c rystals. 

In the preceding chapter we will show that Cs2Au2 lo 

undergoes a pressure - induced first - order phase transition at 

5.5 GPa and room temperature. As the p r essur e is increased 

up to the transition pressure the geometries o f Au 1 Io and 

Aum: Ia octahedra become more equivalent. and wh en those are 

equiva lent and the electronic structure of Au approaches a 

d 9 valence state. the lowering in symmetry of Aula octahedra 

is caused by the Jahn - Teller effect. Just below the transition 

pressure. the valence of Au atoms is co nsidered to be 

vigorously fluctuating. Above the transition pressure 

electron-phonon interaction in this system. wh ich should be 
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strong. can occur owing to the Jahn- Teller effect. while those 

owing to the mixed-valence effect below the transition 

pressure. Above the transition pressure. moreover. there is 

a possible effects of magnetism (S =l/2) in the CsAul3 system. 

It is interesting to explore the possible interactions 

between itinerant electron s and the effects mentioned above. 

and to explore the possibility of superconductivity in this 

system under high pressures. 

From these reasons we have performed e l ect ri cal 

conductivity experiments on si ngl e crystals Cs2Au2ls under 

hydrostatic high pressures and low temperatures. 

8-2 EXPERIMENTAL 

Figure 1 s h ows a schematic cross-sectional view of the 

high- pres sure cryostat which has a Be windows for X- ray 

examination. The cubic-anvil dies were placed between th e 

end of a pair of pressure transmitting col umns. The anvils 

used were made of tungsten carbides having 1 mm on edge of 

square face. The backup block and the retaining die were 

hardened steels. Teflon sheets acting as lubricants and as 

electrical insulators were in place bet ween anvil and die. 

In Figure 2 the internal configura tion of a gasket with a 

Teflon eel I is sho wn . We used a fluid p r essure medium. a 
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mixture of Fluorinert No.FC70 and No.FC77 (Sumitomo 3M Ltd.). 

The electrical resistivity was measured by the standard de 

four probe technique. As electrical leads. 20~ m in diam. 

gold wir es (Mitsubishi Metal Corporation. Type MGM. 99.99%Au 

) were used with gold paint (Tokuriki Kagaku No.8560) 

contact on the surface of tbe specimen and con nected to thin 

gold ribbons attached to backup blocks. We obtained a 

pressure calibration curve by the phase transitions of 

bismuth 1- 11(2.55 GPa). 11 - 111(2.7 GPa). and III' - V(7.7 GPa). 

For experiments below room temperature. the force applied to 

the anvil was controlled not to change during the 

measurements upon cooli ng and beating runs after it wa s 

changed at room temperature. Judging from the differences of 

the resistivity or the dielectric constant of samples at 

room temperature between before a nd after the cooling run. 

the pressure below room t emperatures wa s estimated to be 

kept constant within 3%. The temperature wa s measured with a 

calibrated Pt(Co) resistance thermometer placed n car the 

sample. The heating rate wa s about 0.3 K/min. Typical s iz e 

of si ngle crystals used was 0.4 X 0.1 x 0.8 mm. ln this 

way. the high - pressure apparatus works at pressures up to 8 

GPa and at low- temperatures down to 4.2 K under reasonably 

hydrostatic condition s and without any damages in the single 

crystals. Oetai I of this system were described elscwh cre. 2 
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8- 3 PRESSURE DEPENDENCE OF THE RESISTIVITY AT ROOM 

TEMPERATURE 

Figure 3 sho ws the pressure dependence of the resistivity 

parallel and perpendicular to the c - axis at room 

temperature. As the pressure is increased . the insulating 

mixed-valence complex CszAuzlo transforms gradually to a 

metallic state. The resistivity at room temperature 

decreases by ten orders of magnitude down to the region 

of metal from ambient pressure to 5.0 GPa. On the other 

hand. just above 5.0 GPa. each of //c and L c resistivities 

increases rap idly by four orders of magnitude up to 3Q·cm. 

Also in the process upon decreasing pressure (Figure 4). the 

drastic change o f resistivity(L c) wer e reproduced 

completely. This reproducibility indicates highly 

hydrostatic conditions and no damages in the single crystal. 

In the region of 0 - 2 GPa the resistivity (Lc) i s s mall er 

than that //c. However above 2 GPa. an appar ent anisotropy 

in the resistivity was not observed at room temperature. 

The drastic resistance jump around 5 GPa can be related 

to the structural phase transition observed at 5.5 GPa. 

The ene rgy-dispersive X-ray diffraction study (Chapter 7) 

has revealed that CszAuzlo undergoes a pressure - induced 

first-order tetrago na l -to-tetragonal phase transition at 

about 5.5 GPa and room temperature. At the transition 
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Fig.4 Pressure dependence of the resistivity perpendicular to 

the c-axis on decreasing pressu r e at room temperature 

pressure. the Au- Au distance elo ngates along the c - axis. 

There is a small difference in the transitio n point of 

pressu r e betwee n the measurements of electrical conductivity 

and X- r ay analysis. which is due to the error in the 

pressure calibrations. Th e fol !owings arc considered to be 

re s ponsible f o r the drastic r esistan ce jump around 5 GPa. 

One is a "band Jahn - T'el l cr" tran s ition. Th i s t r an s ition 

i s elect ronically driven by a high density of stat es 

at the Fermi energy. in which case a lowering of the lattice 
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symmetry could open a gap at the Fermi energy, th e reby 

lowering the free ene ~ gy of the system. Such a band 

Jahn-Teller transition occurs in the Chevrel - phase 

superconductors. 3 giving rise to a transitio n from a metallic 

superconducting state to a semimetallic or semiconducting 

state which has been observed by varying pressure or 

composition. Another is a COW transition. According to the 

very recent band- structur e calculation using the APW method 

by M.Shirai. 4 the Ferooi s urf ace of the hypothetical primitive 

tetragona l Bravais lattice (P4/mmm) has a strong nesting 

feature for q =(x .x .n ). 

8 - 4 TEMPERATURE DEPENDENCE OF ELECTRICAL RESISTIVITY BELOW 

5.5 GPa 

Figure 5 shows the temperature dependence of electrical 

resistivity perpendicular to the c - axis for CszAuzlo at 

various pressures. The r esistivity a nomalies were observed. 

Under the pressure of 3.8 GPa. the r esistivity peak and 

shoulder lie at 200 K and 235 K. respectively. The 

resistivity decreases monotoni cally with temperature down 

to 20 K and increases in reverse below 20 K. The resistivity 

under the temperature range of 100- 200 K is proportional to 

T2
• The broad peak and the shoulder in ~ ncar 200 K is 
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Fig .5 Tempera t u r e depende n ce o f electricul r es i sti vit y 

p erpendicular to the c-axis for CsaAu2Io 
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reduced with increasing pressure up to 5.0 GPa. However 

the peak and shoulder temperatures do not change with 

increasing pressure. On the other hand near 100 K. a new 

resistivity anomaly was observed at 4.3 GPa. This anomaly 

is rapidly and strongly induced with increasing pressure 

up to 5.0 GPa. This behavior implies the linkage to the 

resistance jump and the phase transition just above 5.0 GPa. 

This peak temperature also do not change with increasing 

0 pressure. In the low temperature region below 50 K. the 

resistivities at 4.5 and 5.0 GPa are not proportional to T 6 

but to TL 7 and r.L · 4
, respectively. This shows that the 

temperature dependence of e l ectrica l resistance at very low 

temperature can not be exp lained by a s imple e le ctron - phonon 

i nteraction in homogeneous three - dimensional solids. 

Electron-electron int e ractions and the Umk lapp process in 

elect ron-phonon interaction may be conside r ed i n addition 

to the anisotropical lattice dynamics. The deviations from 

the T6 law in polyvalent metals and transition metals have 

been explained in consideration of these e ff ects. 

The observed peak of resistivity does not s how any sharp 

structure whi ch might be an indication of a phase transition. 

If the peaks of the resistivity is associated with COW 

transition the slugg i sh c hang e of the resistivity must 

reflect fluctuations. which arc not compatible with metallic 

behavior of resistivity below the peak temperature. In a low-
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dimensional material most parts of the Fermi surface vanish 

at the COW transition a nd it becomes non - metallic behavior 

below the peak temperat ure. I n a three - dimensional system. 

however. the Fermi surface can not vanish completely at the 

COW transition. At the t r ansition where the Fermi surface 

is partially vanishing, the anisotropy of resistivity is 

expected to decrease below the transition temperature because 

the mor e anisotropic parts of the Fermi sur fa ce vanish. 

The s urviv ing Fermi surface is less anisotropic and 

transport properties are more isotropic c ompar ed wi th those 

of the normal s tate . In order to examin e th e anisotropy of 

the r esistivity, the electrical resistivity para ll el to 

the c - axis wa s also measured. 

Th e r esist iv i ty anomalies illustrated in Figures 6 and 7 

were observed parallel to the c-axis as we ll as p e rpendicular 

to it. The behavior of thes e anomalie s against th e pressure 

is similar to those perpendicular to the c - axis. Under the 

pre ssure of 3.0 CPa. metal l i c behavior of the resistivity 

was observed i n t h e temperatur e range of 100- 200 K. The 

resistivity anomalY. which wa s observed for the re s istivity 

o f ~ c under 3.8- 1.1 GPa. wa s observed a l so for that of 1/c 

under this pressure. Oclow 100 K the resistivity increases 

s l owly . Also under 3.5 CPa the anomaly ncar 200 K was 

observed. At this pressure the temperature r eg ion. wher e 

Cs?.Au?.fo indicates mc tall ic behavior. extend s to lower 



temperature. The resistivity increases below 40 K but 

decreases below 7.5 K. The origin of this decreasing is not 

c lear. At 4.0 CPa Cs2Au 2 I e indicated me talli c behavior to 

the low temperature of 4.2 K. A sma ll resistivity sho ulder 

lie at the higher - temperature side of the anomaly of 200 K. 

Under 4.1 CPa a new anomaly was observed at 220 K whil e the 

anomaly at 200 K diminished. The coexist ence of the anomaly 

at 200 K and the shoulder at 220 K und er 4.0 CPa implies the 

nature of the first - order transit ion . A new anomaly was 

induced near 100 K at 4.2 CPa. Above 4.4 CPa the anomaly 

at 220 K dimini she d and that around 100 K wa s e nhan ced. 

A new giant anomaly, •whi ch li ed as a shou lder near 120 Kat 

4.4 CPa. was obse rved at 130 K under 4.5 CPa . The 

temperature d epe ndence of the resistivity at 4.7 CPa is 

shown in Figure 8. The la c k of the upper side in the 

resistivity curve around 130 K is due to a mi stake under the 

measurement that the voltagemeter was set at the lower 

voltage range than the suitable one. This anomaly wa s rapidly 

and strongly enhanced by one hundred times up to the 

transition poi nt of 5.5 CPa. which implies the linkage to the 

resistance Jump and the phase tran sit ion of 5.5 CPa. 

In the low temperature region below 50 K. each of the 

resistivities at 1.5 and 5.0 CPa i s proportional t o T J.·". 
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8-5 TEMPERATURE DEPENDENCE OF ELECTRICAL RESISTIVITY ABOVE 

THE TRANSITION OF 5.5 GPa 

Figure 9 shows the temperature dependence of the 

electrical resistivity parallel and perpendicular to the 

c - ax i s at the pressure above 5.5 GPa. At the pressure of 5.5 

GPa where the first - order structural phase transition occurs. 

the resist ivi ty at room temperature become l arger by four 

orders of magnitude than that below the trans it ion pressu r e 

an d the resistivity increases with decreasing temperature. 

However. as can be seen in Figure 9. the behavior of the 

conduct ion is not activation type. From the coefficient 

d ( 1 o g d ) / d ( 1 /T) . we e s t i m a t e t h c t c m p e r a t u r e d c pend en c c o f 

an apparent energy gap Eg. as shown in Figure 10. The 

appa r ent energy gap is not co nstant throughout th e 

experimental temperature. And the Eg(J...c) i s almost 

equal to 0 below 120 K. These might mean that this high 

pressure phase is u nusual semimetal where the ca rrier 

co n centrati on is depe ndent on the temperat ur e. 

We have not yet determined the source of the a nomalous 

peaks observed i n e l ectrical r esistivity of Cs2Au2 l o under 

high pressure and low temperatur e. The variety of the 

measurements under high pressure (>3 GPa) and low temperature 

wa s very s mall and the method i s limited to special one. 

However. in order to reveal the origin of th e resistivity 
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anomalies. the followings are possible. It is well known that 

an anomaly associated with COW is easily suppressed by doping 

impurities. as observed in NbSe3 and in many dichalcogenides. 

It is necessary to investigate the effect of impurity on 

the resistivity anoma ~ y. It is also well known that in a COW 

system depinned COW under high electric fields can contribute 

to conductivity. We n eed to measure the electric field and 

frequency dependences of conductivity associated with 

re sistivity anomalies in Cs2Au2I2 in order to reveal 

wh ether the anomalies are due to the dynamical response of a 

collective mode or not. Mo reover the X- ray diffuse 

scattering measurement using a diamond anvil cell. will 

reveal whether the resistivity anomalies are associated wit h 

the COW formation or not. The X-ray sing l e crystal analysis 

will reveal wh ether the resistivity anomalies arc associated 

with some structural phase transition or not . The resonance 

Raman spec tro sco py will afford the information about the phonon 

energies and the soft modes associated with the phase 

transition. The ~ 97Au M6 ssbau er spectroscopy will provide 

the visual information about the mixed- valence state and the 

magnetic order. If the magnetic fluctuation is present u nder 

high pressure a nd low temperature. the line - width of 

M6ssbauer spectra might reflect it . The r eflectan ce spectra 

can afford an informa tion about charge carriers. Recent APW 

band st ructure calculations for the hypothetical high-
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pressure phases will useful some informations. 

8 - 6 CONCLUSIONS. 

We have observed strongly pressure - dependent resistivity 

anomalies of Cs2Au2I2 under hydrostatic pressure 

condition. We have also observed drastic resistance jump 

around 5 GPa which may be associated with the "band Jahn

Teller" transition or the COW transition. Further s tudies 

are required in Cs2AuaX2 (X=Cl.Dr.l) to establish the 

nature of the probable phase transitions at low temperature 

and high pressure. 
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C:I~AP'.rEJl 9 

Genera . .l Cone 1 us i o..r-.s 

The mixed - valence states in Cs :;-. t\u:;-.Xo (X ... C l .Br.or I) hnve 

been systematica lly stutlietl. Each co n c lu sio n of the present 

studies is tlcscribclll in th e end or each e hnpt e r . 

According to the present studies. the mixed valence state. 

2 - 1) c hnrge - transfer interaction. electronic and erystal 

st ru c tures. e l ect ri ca l co nductiv ity. anti phnse trunsitions 

untler high pressure in this system hav e been clnr i fi ed. 

However not a f e w properties untler high pre ssu r e remain 

un exp lain ed anti unexplored. In order to reveal the origin of 

the resistivity jump at 5.5 GPa. th e giant nnomnly at l:JO K. 

anti other anomalies. the scattering mechanism. concentration. 

an tl s i g n o C c o n d u c t i o n c a r r i e r . m n g n e t i s m . lUI d ph o 11 o 11 

structure under high pressure. we need to measure the 

electric field and frequen c y dependences of co nduct ivit y . 

the X- ray diffuse scattering, the X- ray sing l e c r ysta l 

diffraction. the resonance !taman spectra. the refleetanee 

spectra. anti 197 t\u Mo ssbaue r spectrn untler high pressure. 

On the other hunt! the superconductivity was not observed 
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for Cs~Au2la under up to 8 GPa and down to 1.2 K. Very 

recently Valma~ proposed a theoretical model with negative 

U effect. which gives insulating behavior ncar half-filling 

and superconductivity farther fr om it in agreement with the 

properties of Da(PbBi)Oa and (UaK)UiOa. as shown in Figure 

1. From this model the replacement orCs or Au with Ua or llg 

is considered to be significant chemica l decoration for 

the modifying the band filling . 
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FIG. I. (a) Sch«::matic picture of the ground state of the an
isotropic anitferronnagnetic Heisenberg model at fixed magne
tization for low magnetization. A down spin corresponds to a 
doubly occupied site, an up sign to a vacant site, and a tilted 
spin to a linear combination of the two in the original model. 
(b) Schematic phase diagram. 
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Recently Cs~Ag 1 AgmCna was synthesized~. which is 

isomorphous with Cs2Au2Xa. We strongly desire the 

materials researches based on these mixed-valence systems. 

The author sha ll be happy to have a lot of r esea r c h es 

(especially theorist) wh o become inte re sted i n this system 

and have lots of suggestions and discussions. 
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