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P a r t i a l l y  oxidized t e t r acyanop la t ina t e  compounds 
genera l ly  behave a s  exce l l en t  model compounds f o r  t h e  
P e i e r l s  i n s t a b i l i t y .  By varying t h e  chemical c o n s t i t -  
uents ,  t h e  phys ica l  parameters a r e  changed systemati-  
c a l l y .  These a re  the  in t e rcha in  Pt-separat ion d t h e  
fermivector kF t h e  electron-phonon coupl ing cod$tknt 
and t h e  in t e rcha in  coupling constant  q . The va r i a -  
t i o n s  of A a re  q u a n t i t a t i v e l y  descr ibed from f i r s t  
p r i n c i p l e s ,  whereas kF and q a r e  explained by 
simple models. Resul ts  der ived from conduct iv i ty  and 
d i f fuse  X-rays a re  independently confirmed by neutron 
s c a t t e r i n g .  

INTRODUCTION 

Although conducting platinum chain compounds have been 
known f o r  about 150  yea r s ,  it was not u n t i l  t h e  e a r l y  
sevent ies  t h a t  they were widely recognized as i n t e r e s t i n g  
examples o f  one dimensional conductors l .  The prototype is  
t h e  we l l  s tud ied  compound K2 [Pt  ( C N )  4 IBr0.3 3 H20 
v ia t ed  KCP o r  KCP(Br). It i s  a p a r t i a l l y  oxidized 
t e t r acyanop la t ina t e  which may be thought of  as der ived from 
t h e  d iva len t  unoxidized s a l t  K 2  [Pt  ( C N )  ] 4 3 H20 by inc lus ion  
of Br- ions i n  t h e  l a t t i c e .  The degree of p a r t i a l  ox ida-  
t i o n  DPO i s  0.3 as t h e  nominal valence of t h e  Pt-ion i n  
KCP(Br) i s  2.30. Upon oxida t ion  t h e  room temperature  con- 
d u c t i v i t y  i s  r a i s e d  from 5 - 

abbre- 

( Q  * cm)-’ t o  200 (!d cm)-’ . 
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16448821 K. CARNEIRO 

IPt IC N41 - 2 *  DPo 

FIGURE 1 
platinum chain. Ligands are : 
a) tetracyano- (20 compounds prepared) 
b) bisoxalato- (40 compounds prepared) 
c) bissquarato-( 1 compound prepared) 

Perspective view of the partially oxidized 

The columnar structure formed by the square-planar 

[Pt(CN) 1- 2+DPo species is displayed in Figure 1. 
often the squares are turned 45' as indicated, but com- 
pounds have been prepared with eclipsed ligands. 
also shows the two other types of ligands which may be 
partially oxidized namely the bisoxalatoplatinate 

[Pt(C204)21 -2+DPo and the bissquaratoplatinate 

Most 

Figure 1 

-2+DPO 
[ R ( C 4 0 4  ) 2 1 

In this paper we describe the physical behaviour of 13 
partially oxidized tetra-cyano-platinate salts listed in 
Table I. It will be shown that they behave as excellent 
model compounds for theories of the Peierls instability in 
quasi-one-dimensional conductors. 

It is an astonishing fact that the physical behaviour 
of 10 of the compounds is entirely determined by one para- 
meter: The intrachain Pt-Pt separation d . A p r i o r i  
one might not at all expect this to be thk'case since 
chemically and structurally the compounds are quite differ- 
ent. However the roles of commensurability, crystal sym- 
metry, disorder etc. appear only to be of minor importance 
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [8831/165 

Table 1 P a r t i a l l y  Oxidized Tet racyanopla t ina tesa  

Compound Abbreviation Space Group 

RbCP( FHF) 0.4 

RbCP( DSH) 

CSCP( FHF) 0.4 

CsCP( ca )  
KCP(CR) 

CSCP( N 3  ) 

KCP( Br) 

Pb/KCP( C a )  

RbCP( C R )  

GCP(Br) 

ACP( C a )  

Rb ( de f )TCP 

K (  def  )TCP 

I4 /mem 

PI 
I4/mcm 

I4/mcm 

P4mm 

P4b2 

P 4 m  

P 4 m  

P 4 m  

I 4 e m  

P 4 m  

- 

pi 
a 

From r e f .  1, except when s p e c i f i c  r e fe rences  are given.  
The incorpora ted  (H30)' i s  not  shown 

as  long as  t h e  b a s i c  chemical environment of  t h e  R - c h a i n  
i s  t h e  same, i n  p a r t i c u l a r  t h e  hydrogen bonding network. 
In t h i s  ca se l  t h e  chain of  Figure 1 behaves very much l i k e  
an accordion'that may be pu l l ed  and pushed, r e s u l t i n g  i n  
i n t e r e s t i n g  changes of t h e  phys ica l  parameters .  Based on 
t h e  concept of t h e  P e i e r l s  i n s t a b i l i t y  of  a f r e e  e l e c t r o n  
gas on t h e  ion ic  cha ins ,  assuming hopping between cha ins ,  
one may give a d e t a i l e d  account of experimental  r e s u l t s  
such as conduct iv i ty ,  d i f f u s e  X-ray s c a t t e r i n g ,  i n f r a r e d  
r e f l e c t i v i t y ,  Raman- and neutron s c a t t e r i n g .  

THE SYSTEMATIC BEHAVIOUR 

The Degree of P a r t i a l  Oxidation, DPO. 

The f i r s t  h i n t  t h a t  t h e  Pt-chain com ounds behave i n  a 
systematic  way w a s  given by W i l l i a m s 3  who poin ted  out  t h a t  
t h e  v a r i a t i o n  o f  t h e  Pt-DPO us.  d followed t h e  empir ica l  
r e l a t i o n  : I I  
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166/[884] K. CARNEIRO 

which was o r i g i n a l l y  der ived by P a ~ l i n g ~ - ~  , based on i n t e -  
g r a l  valence states. I n  Figure 2 t h e  DPD is shown f o r  t h e  
compounds i n  Table I, t oge the r  with Paul ing’s  r e s u l t s .  

Figure 2 gives  a s o l i d  i n d i c a t i o n  t h a t  t h e  i n t r a c h a i n  
bondlength dl I i s  dominated by a m e t a l l i c  bond formed by 
t h e  overlapping dZ2 o r b i t a l s  o f  t h e  Pt- ions,  a f a c t  
which i s  not  obvious from t h e  complicated c rys t a l log raph ic  
s t r u c t u r e s  of t h e  salts .  Since t h e  e l e c t r o n i c  Fermi wave- 
vec tor  i s  r e l a t e d  t o  t h e  DPO i n  t h e  fol lowing way 

(2) 1 (1- 2 DPO) , kF = v/d I I  
Figure 2 demonstrates t h a t  t h e  b a n d f i l l i n g  may be v a r i e d ,  
as t h e  accordion of Figure 1 i s  pushed and pu l l ed .  
of d l I  and kF a r e  given i n  Table 2.  

Values 

I I 1 I 1 1 I 1 
x CHEMICAL ANALYSIS 
0 X-RAY DIFFUSE 

‘\ I \ ’  Q5 

X 
I 
I a h - o  

8 
0 

a3 - - 

3.0 0.2 ‘ 
2.8 2.9 

FIGURE 2 Platinum degree of p a r t i a l  ox ida t ion  US. average 
Pt-Pt i n t r acha in  separa t ion .  Fu l l  l i n e :  Paul ing’s  theory  
f o r  “meta l l ic  resonance”. Dashed l i n e :  Paul ing’s  theory  
f o r  non-metallic resonance. 
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [8851/167 

The DPO may be determined i n  3 ways from experiments. 
F i r s t l y ,  platinum oxidat ion t i t r a t i o n  y i e l d s  t h e  nominal 
ox ida t ion  s t a t e  of t h e  ions  d i r e c t l y ;  bu t  t h i s  technique i s  
not always appl icable .  
ana lys i s  determines t h e  concentrat ion of ox id iz ing  anions 
( o r  t h e  cat ion-deficiency i n  t h e  "defrr s a l t s ) .  
t h a t  only Pt i s  oxidized DPO follows from t h i s  concentra- 
t i o n .  
chemical ana lys i s  gives  poor agreement with t i t r a t i o n ,  a 
problem which f i r s t  arose i n  t h e  ana lys i s  of ACP(CR) . 5 
This compound should s t r i c t l y  speaking be w r i t t e n  
( N H 4 ) 2  (H30)0.17 [Pt(CN)41 CR0.42 2.83 H20 . Simi la r ly  
RbCP(DSH) incorpora tes  H30' , The t h i r d  and most r e l i a b l e  
method t o  determine DPO i s  d i f fuse  X-ray s c a t t e r i n g  at  room 
temperature. Owing t o  t h e  P e i e r l s '  i n s t a b i l i t y  i n  one 
dimensional conductors t h e  l a t t i c e  d i s t o r t s  along t h e  Pt- 
chains with t h e  per iod 2k , giv ing  r ise t o  d i f f u s e  s c a t t e r -  
ing l i n e s .  DPO's from t h i s  technique have always been 
found t o  be i n  accord with t i t r a t i o n  measurements, when t h e  
l a t t e r  were poss ib le .  

The s e r i e s  of compounds i n  Table 1 allows t h e  s tudy of 
s eve ra l  e f f e c t s  on t h e  P e i e r l s  i n s t a b i l i t y  s epa ra t e ly .  
KCP(Br) has an incommensurate band f i l l i n g  a s  w e l l  as 
anion-disorder ,  and s ince  both commensurability and 
d isorder  have been suggested t o  be important f o r  t h e  
physical  behaviour i n  one-dimension it i s  of i n t e r e s t  t h a t  
ACP(CR) i s  commensurate, bu t  with s i m i l a r  d i so rde r .  
Pb/KCP( C L )  has ca t ion  d isorder  , whereas GCP i s  both ordered 
and commensurate. 

I n  order  t o  take  i n t o  account t h e  systematic  dev ia t ion  
between our measured DPQ's and Paul ing ' s  o r i g i n a l  theory  we 
made a leas t - squares  f i t  t o  get  b e t t e r  empir ica l  values  f o r  
d l  I ( 0 )  and 

t h e  chemistr 
compounds.6-f S izes  of ca t ions  and anions as we l l  as  t h e  
amount of H20 seem t o  determine t h e  Pt-Pt s epa ra t ions .  
Exceptions a re  GCP, Rb(def)TCP and K(def)TCP which have 
l a r g e  d desp i t e  t h e  f a c t  t h a t  they  conta in  l i t t l e  water. 
However I s t r u c t u r a l  ana lys i s  c l e a r l y  shows t h a t  t h e  
H-bonding network i n  these  compounds is  d i f f e r e n t  from t h e  
o the r s .  

Secondly, q u a n t i t a t i v e  chemical 

Assuming 

However, i f  H30' i s  present  i n  t h e  l a t t i c e ,  DPO from 

F 

6 . They are 2.56 a and 0.62 a r e spec t ive ly .  

and d l l  i s  w e l l  understood f o r  most of t h e  
F ina l ly ,  it should be noted t h a t  t h e  r e l a t i o n  between 

The Temperature Dependent Conductivity 0 ( T )  I I  
The behaviour of  t h e  conduct ivi ty  i n  t e chain d i r e c t i o n  
a l l  a l s o  exh ib i t s  systematic  behaviour 
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168/[886] K. CARNEIRO 

0.: 

- w w - 
a 0.1 
d 

C 

I / T  I I /K)  
I 100 200 

FIGURE 3 
meters chosen t o  f i t  KCP(Br). The dashed l i n e  shows t h e  
e f f e c t  of including t h e  temperature dependence of t h e  
mobi l i ty  . 

Typical  conduction c h a r a c t e r i s t i c s ,  with para- 

temperatures u 
of t en  with a s l i g h t  maximum a t  Tm around room temperature .  
This i s  a s soc ia t ed  with m e t a l l i c  conduct iv i ty  6, , given i n  
Table 2.  Although urn i s  hard t o  determine accu ra t e ly ,  t h e r e  
is a c l e a r  tendency of decreasing conduct iv i ty  wi th  increas-  
ing  d l I  , as  one would expect .  

an ac t iva t ed  behaviour o f  (3 

temperature P e i e r l s  semiconducting s t a t e  , cha rac t e r i s ed  by 
a gap A(=Eg/2), as shown i n  Figure 3 .  It i s  reasonable  t o  
assume t h a t  t h e  conduction may be descr ibed by a temperature 
dependent gap A(T)  toge ther  wi th  a power low dependence 
from the  mobil i ty:  

i s  r e l a t i v e l y  temperature independent, 

A t  some lower temperature t h e r e  i s  a t r a n s i t i o n  i n t o  
( T ) ,  a s soc ia t ed  with t h e  low I 

In  order  t o  s tudy t h e  temperature v a r i a t i o n  of  A(T) it i s  
of ten  convenient t o  form t h e  func t ion :  
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [8871/169 

= A ( T )  - a A ( T ) / a T - @ T ,  

1 as  p l o t t e d  f o r  
re levant  f o r  KCP(Br). Altgough i n  c e r t a i n  organic  sal ts  a 
combination of a l a r g e  a and a small A may have a pro- 
found e f f e c t  on D ( T ) , 9  i n  our  case D ( T )  i s  c l e a r l y  domi- 
nated by t h e  v a r i a t i o n  i n  A ( T ) .  

t i o n  temperature T ~ D  of  t h i s  P e i e r l s  i n s t a b i l i t y .  
T3D of KCP(Br) ean be independently der ived from t h e  
temperature dependence of  d i f f u s e  X-ray and neutron sca t -  
t e r i n g ,  i n  p e r f e c t  agreement with t h e  maximum of D ( T ) ,  t h i s  
g ives  confidence t o  our ana lys i s  of D ( T ) .  T3D i s  shown i n  
Table 3. 

It i s  i n t e r e s t i n g  t o  analyse t h e  shape of D(T)  around 
T . Within t h e  framework of  c r i t i c a l  phenomena, A ( T )  and 
D?T) must vanish above t h e  c r i t i c a l  temperature ,  i f  A ( T )  
were a t r u e  representa t ion  of  t h e  order  parameter. 
t h e  f i n i t e  value of A ( T )  above T 3 D ,  e . g .  measured by t h e  
width of t h e  peak of D(T),must be a measure of t h e  c r i t i c a l  
f l uc tua t ions .  These, i n  t u r n ,  are a measure of t h e  "one- 
dimensionality" of t h e  compound. I n  f a c t  an inve r se  corre-  
l a t i o n  does e x i s t  between t h e  width o f  D ( T )  and t h e  deduced 
in t e rcha in  coupling. 

A consequence of t h e  f a c t  t h a t  0 (T) is dominated by 
t h e  temperature dependence o f  t h e  gap is of course t h a t  it 
i s  d i f f i c u l t  t o  ge t  i n s i g h t  i n t o  t h e  e l e c t r o n i c  t r a n s p o r t  
from an ana lys i s  of t h e  conduct iv i ty .  

The compounds M(def)TCP show evidence of two t r a n s i -  
t i o n s  i n  l o g  0 V s .  1 / T  plots.lO-ll This  anomalous 
behaviour w i l l  be discussed sepa ra t e ly .  

a = 0 and - i n  Figure 3 ,  with values  

We i d e n t i f y  t h e  maximum of D ( T )  wi th  t h e  a c t u a l  transi- 
Since 

Hence, 

I 1  

I I  

The Free Elec t ron  Band S t ruc tu re  

In  order  t o  analyse f u r t h e r  t h e  conduct iv i ty  d a t a  i n  terms 
of t h e  P e i e r l s  i n s t a b i l i t y ,  knowledge about t h e  e l e c t r o n i c  
band s t r u c t u r e  i s  necessary. Although not a l l  o f  t h e  corn- 
pounds i n  Table 1 have been s tud ied ,  enough i s  known t o  
make it p laus ib l e  t o  assume t h a t  along t h e  chains  e l ec t rons  
move l i k e  f r e e  c a r r i e r s ,  with an e f f e c t i v e  mass very c lose  
t o  t h e  bare  mass of  t h e  e l ec t ron  m . Perpendicular  t o  t h e  
chains we assume hopping which leads  t o  a t i g h t  binding 
band; but t h e  d e t a i l s  of t h e  perpendicular  band do not 
matter as long as t h e  in t e rcha in  coupling q = W /W i s  I I I  
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170/[888] K. CARNEIRO 

FIGURE 4 Elec t ronic  band s t r u c t u r e  E ~ .  F u l l  l i n e  i s  f o r  
KCP(Br). 
f o r  t h e  s e r i e s .  

Dashed and do t t ed  l i n e s  i n d i c a t e  ou te r  extremes 

small. 
Evidence for t h e  f r e e  e l ec t ron  band stems from t h r e e  

e n t i r e l y  d i f f e r e n t  types of  evidence. The most d i r e c t  i s  
probably luminescencel5, which has been seen i n  both 
KCP(Br) and K( def )TCP. 
i n  Figure 4. 
i n t o  the  upper band, they w i l l  decay v i a  luminescence and 
the  energy w i l l  be 

The assumed band s t r u c t u r e  is  shown i n  Figure 4 .  

The luminescence process i s  sketched 
By e x c i t i n g  e l ec t rons  from t h e  Fermi l e v e l  

A = ( f i d  I1 * ) ' /  2 m -  ( l - k F  d l l / n } ,  ( 3 )  

where dl I*  = 2n/d, I . Calculated and measured values  
f o r  A agree wi th in  a f e w  percent .  

of s eve ra l  compounds agree wi th  t h e  f ree  e l ec t ron  p i c t u r e .  
Analysis o f  t h e  plasma edge i n  t h e  p a r a l l e l  r e f l e c t i v i t y  
y i e l d s  t h e  plasma frequency w which is  r e l a t e d  t o  t h e  
e f f e c t i v e  mass v i a :  

Independently, Drude f i t s  t o  t h e  i n f r a r e d  r e f l e c t i v i t y  

P 

w ' = 4 7 ~  ne2/m* , 
P 

(4) 
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [889]/171 

where n is t h e  e l ec t ron  dens i ty .  The d e r i  ed m* f o r  
KCP(Br) and K(def)TCP i s  very  c lose  t o  m , 18 

Fina l ly  it i s  worth mentioning t h a t  thermopower s t u d i e s  
from seve ra l  s a l t s  a l s o  i n d i c a t e  t h e  presence of f ree  car- 
r i e r s .  Although d i f f i c u l t  t o  i n t e r p r e t  r i go rous ly ,  metal- 
l i c  thermopower gives  a measure of t h e  bandwidth s i n c e  it 
has t h e  form: 

S(T) a (kg/e)(kgT/EF). ( 5 )  

Hence, t h e  empir ica l  s t r u c t u r e  of t h e  dZ2 band i s  very  c lose  
t o  t h a t  of f r e e  e l ec t rons .  It i s  worth mentioning t h a t  t h i s  
i s  unexpected from t h e o r e t i c a l  ca l cu la t ions .  The d i f f e r e n t  
fermi energies  from t h e  r e l a t i o n :  

tzF = f i2  kF2 /2m 

a r e  given i n  Table 2.  

The "Universal" Phonons 

Like t h e  me ta l l i c  e l ec t ron ic  s t r u c t u r e  i s  simple, so i s  
the  empir ica l  unperturbed l a t t i c e  dyn&cs w g  ( q i i  ) of  
conducting P t - sa l t s .  A s  t h e  l a t t i c e  i s  d i s t o r t e  when 

91 I = 2kF d i s i n t e g r a t i o n ,  phonons a r e  inf luenced by t h e  so-cal led 
even a t  t h e  h ighes t  temperatures before  c r y s t a l  

Kohn anomaly and wo(2kp) 
However, neutron s c a t t e r i n g  
anomaly on seve ra l  compounds 
expression f o r  t h e  un ive r sa l  phonons f o r  t h e  whole s e r i e s  of 
compounds: 

which by in t e rpo la t ion  may be used t o  deduce 
Debye frequency l iw  = 18 meV , so  t h a t  t h e  phonon s t ruc -  
t u r e  looks as  displayed i n  Figure 5 .  
kF 
p rec i ab le  reg ion ,  which t o  a l a r g e  degree expla ins  t h e  
v a r i a t i o n  i n  phys ica l  parameters. 

t h a t  t he  whole [Pt  ( CN)I,] - moiety takes  p a r t  i n  t h e  P e i e r l s  
d i s t o r t i o n . l 7  Hence t h e  e f f e c t i v e  i o n i c  mass i n  t h e s e  
compounds should be taken as M = 299 elementary masses. 

w o (  2kF).  The 

D Note t h a t  although 
w,, ( 2kF) spans an ap- does not vary much i n  Table 2 ,  

Another import ant  r e s u l t  f r o m  neutron s c a t t e r i n g  is  
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172/[890] K. CARNEIRO 

FIGURE 5 Universal phonons w,(ql  I ) .  Hatched region ind i -  
ca t e s  the region re levant  f o r  t h e  series.  

THE PEIERLS INSTABILITY 

Based on t h e  knowledge of t he  parameters kF , a and T3D 
as w e l l  as 
give a d e t a i l e d  account of how the P e i e r l s  i n s t a b i l i t y  
manifests i t s e l f  i n  t h e  platinum chain conductors. 

E~ , derived as descr ibed above, one may 

The Electron-Phonon Coupling Constant, A 

Our p i c t u r e  of t h e  P e i e r l s  i n s t a b i l i t y  i n  quasi-one- 
dimensional conductors i s  shown i n  Figure 6.  The s c a l e  
temperature Tp i s  set  by the  mean f i e l d  theory19- 

¶ (8 )  l - k F d I  l / n  ~e -'/A 
F T = 4.52 P 

l + k F d I  , / T  

where A i s  t h e  dimensionless electron-phonon coupling con- 
s t a n t .  However, as no phase t r a n s i t i o n  can take p lace  when 
T > 0 
coupling tha t  a t r a n s i t i o n  takes p lace  a t  f i n i t e  

i n  one dimension, it i s  v i a  a f i n i t e  i n t e rcha in  
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [8911/173 

I 
Electrons : Metallic 

Lattice : No distortion 
TP _ _ - _ _ _ _ - _ - _ _ _ - - - - _ _  1 

temperatures .  When t h i s  coupling i s  small nothing d r a s t i c  
happens a t  T p ,  
t o  de r ive  d i r e c t l y  from experiments.  However, s i n c e  T and P A a r e  r e l a t e d  v i a  t h e  BCS-relation ( i . e .  A=1.76  k T ) B P  knowledge about A y i e l d s  T , a s  shown i n  Table 2. 

Although t h e  mean f i e r d  theory  p r e d i c t s  m e t a l l i c  
behaviour above T f l u c t u a t i o n s  which depress  t h e  phase 
t r a n s i t i o n  temperature  a l s o  show up at  temperatures  above 
T . This expla ins  why t h e  l a t t i c e  d i s t o r t i o n  wi th  per iod  
2 4  i s  always seen by X-rays at  room temperature  even i n  
compounds with low T ' s  as w e l l  as t h e  f a c t  t h a t  r e s i s t i v e  
f l u c t u a t i o n s  show up we l l  above 

t h e  b a s i c  phys i ca l  parameter 1 may be obtained from ( 8 ) .  
Figure 6 and Table 2 show 1 f o r  a l l  t h e  compounds. 

w e  have ca l cu la t ed  fol lowing t h e  same procedure as 

We express  1 i n  terms of t h e  t r u e  electron-phonon coupl ing 
g , t h e  dens i ty  of s t a t e s  N(E ) ,  and t h e  bare  phonon 

and t h i s  temperature  i s  t h e r e f o r e  impossible  

P '  

P 
TP ' When T is derived from A ,  an experimental  va lue  f o r  P 

Assuming t h e  band s t r u c t u r e  t o  be f r e e  e l e c t r o n  l i k e ,  

adopted i n  t h e  t i g h t  b inding  approximation f o r  TTF-TCNQ. 20 

F 
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174/[892] K. CARNEIRO 

Table 2 One Dimensional Parameters" 

C TpC Xc 

K 
6," kp hb E F I b  Compound 

Units W (Rcm)-' n / d , ,  meV eV 

Pt  2.775 9.4.20' - - - - 

RbCP(FHF)o.Q 2.800 2 lo3 0.80 -18 3.07 118 0.20 

RbCP(DSH)14 2.826 4 l o 2  0.85 43 3.40 283 0.25 

CSCP(FHF)~.I+ 2.833 2. l o 3  0.80 27 3.00 178 0.22 

CsCP(CR) 2.859 2. l o 2  0.85 30 3.32 198 0.23 
KCP( C!?) 2.874 2. l o 2  0.84 70 3.21 461 0.29 
CsCP(N3) l 3  

KCP( Br ) 
Pb/KCP( C!?) l 2  

RbCP( C!?) 
GCP( B r  ) 

ACP( C!?) 

Rb ( def )TCPd 

K (  def )TCPd 

2.877 
2.88% 
2.899 

2.910 
2.900 

2.920 
2.940 

( I' 

2.963 
( 

1 .5 -102 0.875 
2. l o 2  0.85 

l o 2  0.885 
10 0.845 
11 0.875 
0.4 0.875 
0.3 0.875 
1 11 

0.1 0.875 
l o 2  0.875 

41 3.48 
72 3.25 
27 3.50 
75 3.20 
45 3.40 
125 3.37 
60 3.33 
? 

55 3.09 

I1 

106 I I  

270 
474 
178 
494 
296 
824 
39 5 

? 

36 3 
699 

0.26 
0.30 
0.29 
0.30 

0.27 

0.27 
0.38 

0.29 
0.36) 

%slues from r e f  .l, when no s p e c i f i c  re ferences  a r e  given. 

bMeasured d i r e c t l y .  dDeduced from experiments (see t e x t ) .  

Values i n  parentheses  stem from t h e  a l t e r n a t i v e  i n t e r p r e t a -  
t i o n  ( see  t e x t ) .  

C 

frequency wo(2k ),  a l l  of which is  known from above: F 

This t h e o r e t i c a l  expression f o r  A i s  shown i n  Figure 7 i n  
s a t i s f a c t o r y  agreement with t h e  experimental va.lues. I n  
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [893]/175 

- J 

I " " I ' " ' I " ' ' ~ '  

ELECTRON- PHONON COUPLING 

O . 7  /,*cp, 1 

d,, r AI 

FIGURE 7 Dimensionless electron-phonon coupling constant  
A .  F u l l  l i n e  i s  t h e  t h e o r e t i c a l  r e s u l t s ,  wi th  cont r ibu t ion  
from w g  ( 2 k ~ )  ind ica t ed  (dash-dot ted)  . Dotted l i n e  combines 
t h e  t h r e e  anomalous compounds. 

order  t o  demonstrate t h e  two cont r ibu t ions  t o  A ,  one from 
t h e  e l ec t ron ic  s t r u c t u r e  ( i . e .  g 2 N ( &  ) ) and t h e  o t h e r  from 
o,(2kp) , t h e  l a t te r  is shown separa te ly .  I n  t h i s  case A 
has been ad jus ted  t o  t h e  value of KCP(Br). 

Note t h a t  t h e  present  ana lys i s  allows de r iva t ion  of 
t h e  one dimensional parameters without  making use of  any 
s p e c i f i c  assumptions about i n t e rcha in  coupling. 

F 

The In t e rcha in  Coupling Constant, n 

Assuming t h a t  t h e  t h r e e  dimensional na tu re  of both phonons 
and e l ec t rons  i n  r e a l  quasi-one-dimensional conductors may 
be parameterised i n t o  a t r ansve r se  e l e c t r o n i c  bandwidth 
W 
t k e  a c t u a l  t r a n s i t i o n  temperature T 

= q W , ,  , Horowitz e t  a l .  have given an expression f o r  
**1 

3D ' 

Since T i s  found a s  t h e  peak i n  D(T), n may be der ived  3D 
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176/[894] K. CARNEIRO 

a Table 3 Three Dimensional Parameters 

Compound T ~ ~ ( K )  qb dJdl I 0, ,/"1 nC 
RbCP (FHF) 0.4 

RbCP( DSH) l4 

CSCP(FHF) 0.4 

CsCP( ca )  
KCP( C R )  

CsCP(N3)13 

KCP(Br) 

Pb/KCP( C R )  l2 

RbCP( C R )  

GCP(Br) 

ACP( C R )  

Rb (def  )TCPd 

K (  de f ) TCPd 

80 
(80 

80 
90 

95 
110 

100 

-85 
110 

100 

195 

50 

( ?  

50 

( 308 

0.021 

0.014 

0.016 

0.016 

0.020 

0.019 

0.020 

0.015 

0.022 

0.015 

0.036 

0.012 

? 

0.012 

0 * 059 

3.20 

3.18 

3.26 

3.26 

3.22 

3.43 10 0.003 

3.50 

3.80 
3.43 1 . 5 0 1 0 ~  0.008 

&From r e f . 1 ,  when no s p e c i f i c  re ferences  are given. 
bBased on ( 9 ) .  
'Values i n  parentheses stem from t h e  a l t e r n a t i v e  i n t e r p r e t a -  

'Based on ( 1 0 ) .  

t i o n  (see t e x t ) .  

from o 
a re  gi?kn. 
Table 3 and i n  Figure 8. S t r i c t l y ,  ( 9 )  i s  here  used ou t s ide  
i t s  range of  v a l i d i t y , f o r  some of t h e  compounds, but  t h i s  i s  
not be l ieved  t o  be se r ious .  

As no theory has produced a t h e o r e t i c a l  q ,  i t s  varia- 
t i o n  from compound t o  compound can only be s a i d  t o  be rea- 
sonable ,  
i n t e g r a l  I W 
d is tance  8 'and the re fo re  wi th  d 
vary much I' over t h e  s e r i e s .  
f o r  sho r t  d ' s  but at  l a r g e r  d ' s  t h e  inc lus ion  of 
l a r g e r  ions  I and i n  p a r t i c u l a r  hyhiogen bonds perpendicular  
t o  t h e  chains,have t h e  e f f e c t  of i nc reas ing  . 

( T ) ,  once t h e  one-dimensional parameters of Table 2 
This experimental value f o r  q is shown i n  

A p d o r i  one would expect t h e  t r ansve r se  t r a n s f e r  
t o  decrease wi th  inc reas ing  i n t e r c h a i n  

s ince  d /d does not  
This  ' ' t r e n d  i s  ' 'demonstrated D
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [8951/177 

0.04- 

0.03 

INTERCHAIN COUPLING 
-q - + 

0 
0 /  

- 
0 

- 
0 

FIGURE 8 Elec t ronic  in t e rcha in  coupling n. Dashed l i n e  
ind ica t e s  expected behaviour, and do t t ed  l i n e  shows a typi -  
c a l  behaviour. * shows t h e  independent r e s u l t  of neutron 
s c a t t e r i n g  f o r  KCP( B r )  , 

0.01 

I n  t h e  case of K C P ( B r )  q may be der ived independently 

The 
from t h e  temperature v a r i a t i o n  of t h e  t r ansve r se  co r re l a -  
t i o n  length  CI(T), as measured by neutron s c a t t e r i n g .  
theory leading t o  ( 9 )  a l s o  gives  t h e  fol lowing expression 
t o  determine q : * l  

- 

E 1 

< ( T ) = d  1 I 2 T  2 kBT 

The f i t  between theory and experiments22 i s  shown i n  
Figure 9 ,  with q = 0.15 i n  reasonable  agreement wi th  o w  
ana lys i s  of (J l ( T )  . 

Having dehuced p l aus ib l e  and cons i s t en t  values  for  r) , 
it is i n t e r e s t i n g  t o  look a t  t h e  results of  conduct iv i ty  
anisotropy measurements o /a This r a t i o  is r e l a t e d  t o  
rl as follows if e lec t rons  I lark Cransported by hopping:22 D
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178/[896] K. CARNEIRO 

'1 TRANSVERSE CORRELATION LENGTH 1 
3 

TEMPERATURE (KI 

FIGURE 9 Transverse c o r r e l a t i o n  l eng th  tl(T). F u l l  l i n e  
represents  t h e  theory  when q = 0.015 . 

The r e s u l t s  of  such an ana lys i s  are shown i n  Table 2.  The 
poor agreement between t h e  two d i f f e r e n t  ways of ob ta in ing  
values  f o r  t h e  in t e rcha in  coupl ing,  both regard ing  t h e  
magnitude and t r e n d  i s  probably due t o  inaccurac ies  i n  (11). 
Not only does t h e  band s t r u c t u r e  suggest t h a t  hopping does 
not occur a long t h e  cha ins ,  bu t  a l s o  it seems ques t ionable  
t o  i d e n t i f y  t h e  hopping d is tances  d with u n i t  c e l l  
l engths .  
are exceedingly d i f f i c u l t  t o  measure, it is  not a s ton i sh ing  
t h a t  (11) gives r a t h e r  u n r e l i a b l e  results. This should be 
kept i n  mind when t h e  more rigourous ana lys i s  cannot be 
performed and only i s  a v a i l a b l e  t o  ge t  an es t imate  
of q . 

and d 1 Together with t h e  f a c t  t h a t  l a rgk ' an i so t rop ie s  

0, ,/U1 

Atypical  Behaviour 

Figures 7 and 8 show t h a t  GCP, Rb(def)TCP and K(def)TCP 
have a t y p i c a l  parameters A and Q ,  
analys is .  

w,(q, , )  and ye t  t h e  conduct iv i ty  i n d i c a t e s  two t r a n s i t i o n  

according t o  our 
K(def)TCP is known t o  obey t h e  systematic  be- 

haviour descr ibed above, as regards DPO V s .  dl I Y Ek and 
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PHYSICS OF CONDUCTING PLATINUM CHAIN COMPOUNDS [8971/179 

temperatures. Rb( def)TCP a l s o  shows two t r a n s i t i o n s  , but  
t h e  upper one shows s t rong  h y s t e r e s i s .  The quest ion natu- 
r a l l y  a r i s e s  of how t o  i d e n t i f y  appropr ia te ly  t h e  P e i e r l s  
t r a n s i t i o n  temperature T3D . 
t i o n  as  T ~ D .  This  makes t h e  two M(def)TCP's look similar 
with respec t  t o  t h e  P e i e r l s  i n s t a b i l i t y .  A s  wi th  GCP t h e  
two salts have an a typ ica l  hydrogen bonding network i n  
which t h e  few H 2 O ' s  bind both along and perpendicular  t o  
t h e  chains .  The low H 2 0 -  content expla ins  t h e  low rl , and 
it is an i n t r i g u i n g  p o s s i b i l i t y  t h a t  H-bonds along t h e  
chain give r i se  t o  a low A , owing t o  a high w , ( 2 k ~ )  of  t h e  
protons.  Raman s c a t t e r i n g  d a t a  may be compared between 
K(def)TCP and KCP with t h e  r e s u l t  t h a t  T3D i s  lower i n  
K (  def )TCP. 
analysed as  a P e i e r l s  system wi th  low h and Q . 
t i f i e d  as a so-cal led non-Peierls t r a n s i t i o n ,  which 
f requent ly  occurs i n  t h e  oxa la t e s  and poss ib ly  a l s o  i n  
RbCP( DSH) . 
f i e l d  l i k e  as w e l l  as f irst  order  t r a n s i t i o n s .  

mean f i e l d  t r a n s i t i o n  at 308K as T3D . 
i n t e r p r e t a t i o n .  
and T3D = 308K , we obta in  t h e  p i c t u r e  of K(def)TCP as a 
compound with high values  f o r  A and rl , given i n  Tables 2 
and 3 .  However rl i s  not l a r g e  enough t o  be t h e o r e t i c a l l y  
cons is ten t  with t h e  observat ion of mean f i e l d  behaviour. 

This a l t e r n a t i v e  i n t e r p r e t a t i o n  p laces  Rb( def )TCP and 
K(def)TCP as two d i s t i n c t l y  d i f f e r e n t  P e i e r l s  systems, and 
it neglec ts  e n t i r e l y  t h e  lower t r a n s i t i o n .  

In  our a n a l y s i s l l  we have i d e n t i f i e d  t h e  lower t r a n s i -  

Altogether  t h i s  compound may be cons i s t en t ly  

In  t h i s  case t h e  high temperature t r a n s i t i o n  i s  iden- 

Non-Peierls i n s t a b i l i t i e s  a r e  found both as mean 

Al t e rna t ive ly ,  Epstein e t  a1.1O,16 have i d e n t i f i e d  t h e  

Carrying our ana lys i s  out  using A = 106 meV 
This i s  a poss ib l e  

CONCLUSIONS 

Based on a simple desc r ip t ion  of t h e  P e i e r l s  i n s t a b i l i t y  i n  
an i o n i c  l a t t i c e  with f r e e  e l e c t r o n s ,  we a r e  able t o  account 
q u a n t i t a t i v e l y  f o r  t h e  phys ica l  p rope r t i e s  of  conducting 
t e t r acyanop la t ina t e s .  The systematic  behaviour of  t h e  
electron-phonon coupling A and t h e  i n t e r c h a i n  coupling 
understood from t h e  chemistry of  t h e  compounds. 
except ions,  GCP and t h e  two M(def)TCP's are a l s o  explained 
cons i s t en t ly ,  bu t  a l t e r n a t i v e  i n t e r p r e t a t i o n s  are not ex- 
cluded. 

t h a t  ne i the r  d i sorder  nor commensurability seem t o  have any 
g rea t  e f f e c t s  on t h e  P e i e r l s  i n s t a b i l i t y  as presented  here .  

i s  
The 

From t h e  consis tency of  our i n t e r p r e t a t i o n  it fol lows 
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