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Copenhagen, Denmark 
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Technical  Univers i ty  of Denmark, DK-2800 Lyngby, Denmark 

DEREK TURNER and ALLAN E .  UNDERHILL 
Department of Chemistry, U n i v e r s i t y  Col lege of North Wales, 
Bangor LL57LJW, Wales 

A b s t r a c t  
quasi-one dimensional conductors  w i t h  c o n d u c t i v i t i e s  
U = 2-200(Rcm)-'. A t  low temperatures  u i s  a c t i v a t e d  wi th  
A = 50-60 m e V  sugges t ing  t h a t  a s imple P e i e r l s  t r a n s i t i o n  
takes  p l a c e .  However, d i f f u s e  X-ray s c a t t e r i n g ,  c o n d u c t i v i t y  
and thermopower show unexpected behaviour ,  which i s  a s c r i b e d  
t o  a second competing i n s t a b i l i t y  a s s o c i a t e d  w i t h  c a t i o n  
order ing .  The competi t ion g i v e s  r i s e  t o  the  occurrence  of 
metas tab le  s t a t e s .  They r e l a x  towards e q u i l i b r i u m  i n  a s t e p -  
wise f a s h i o n  reminiscent  of the d e v i l ' s  s t a i r c a s e .  Our 
r e s u l t s  a r e  d iscussed  w i t h i n  the  concepts  of t h e  Frenkel-  
Kontorowa model. 

A t  h igh temperatures  M-OP's are i s o s t r u c t u r a l  

INTRODUCTION 

Linear  plat inum chain conductors  have been e x t e n s i v e l y  s t u d i e d  s i n c e  
they were f i r s t  c h a r a c t e r i z e d  s t r u c t u r a l l y  by Krogman.' With few 
except ions  they a r e  formed by s t a c k i n g  e i t h e r  t e t r a - c y a n o p l a t i n a t e  
[ P t  (CN) $ 3  - m o i e t i e s  o r  b i s - o x a l a t o - p l a t i n a t e  
both cases  the  plat inum d Z 2 - o r b i t a l s  provide  t h e  b a s i s  f o r  e l e c t r i -  
c a l  c o n d u c t i v i t y .  Despi te  t h e i r  apparent  s i m i l a r i t y  t h e  two k inds  of 
Pt-conductors e x h i b i t  some remarkable d i f f e r e n c e s .  I n  t h e  former 
kind exempl i f ied  by K ~ [ P ~ ( C N ) ] I , B ~ O ~ ~ * ~ . ~ H ~ O ,  KCP(Br), t h e  P t -cha ins  
behave a s  a n  e x c e l l e n t  model f o r  the  P e i e r l s  i n s t a b i l i t y  i n  a q u a s i -  
one-dimensional conductor; and d i f f e r e n t  compounds w i t h  d i f f e r e n t  
in-chain Pt-Pt s e p a r a t i o n  d l  1 e x h i b i t  q u a l i t a t i v e l y  s i m i l a r ,  b u t  
q u a n t i t a t i v e l y  d i f f e r e n t  behaviour .  s 3  

In  c o n t r a s t  h e r e t o ,  conduct ing b i s - o x a l a t o p l a t i n a t e s  demonstra- 
te a g r e a t  d i v e r s i t  i n  behaviour ,  most n o t a b l y  r e v e a l e d  by s t r u c t u -  
r a l  i n v e s t i g a t i o n s .  

[ P t  (C204) 21 and i n  

7 - 7  
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414 K. CARNEIRO c? al. 

FIGURE 1 Crys ta l lographic  
s t r u c t u r e  of Co-OP, vizwed 
a long  t h e  conduct ing c 
d i r e c t i o n .  [Pt(C201,)2] -ions 
s t a c k s  form the  l i n e a r  
conductor  and t h e  (M-6H2O)++- 
c a t i o n s  are s i t u a t e d  i n  
columns, two f o r  each Pt-  
cha in .  

We have s t u d i e d  the i s o s t r u c t u r a l  series of c a t i o n  d e f i c i e n t  b i s -  
o x a l a t o p l a t i n a t e s  of the  type MI, ~[Pt(C201,)2]*6H20 , M-OP, where 
the  d i v a l e n t  c a t i o n  i s  M = Ni,Co,Zn,Mg o r  Mn. Their  common s t r u c -  
t u r e ,  s t a b l e  a t  h igh  temperatures ,  i s  shown i n  Figure l.4 Compared 
t o  KCP(Br) the fol lowing c r y s t a l l o g r a p h i c  f e a t u r e s  should b e  noted: 
F i r s t l y ,  the v a r i a t i o n  i n  d! l  
Peierls i n s t a b i l i t y  should give r ise t o  q u a n t i t a t i v e l y  similar 
behaviour amongst M-OP's. Secondly, t h e  c a t i o n s  p r e s e n t  as 
(M*6H2O)++ a r e  s i t u a t e d  i n  columns. They may t h e r e f o r e  order  as 
the  temperature i s  lowered. A t  h igh temperatures  they are i n  d i s -  
order  with a s i t e  occupancy of approximately 0.41 corresponding t o  
h a l f  the M++-concentration per  formula u n i t .  The complex n a t u r e  of 
t h e  order ing  of c a t i o n s  wi th in  the  i n c o m e n s u r a t e  c r y s t a l l o g r a p h i c  
l a t t i c e  of Pt-atoms appears  to  be the major reason  f o r  t h e  observed 
d i v e r s i t y  i n  behaviour of M-OP's. 

The e l e c t r o n i c  band f i l l i n g  i s  determined by t h e  s to ich iometry  
of the c a t i o n s  which p a r t i a l l y  o x i d i s e  the platinum. However, i t  i s  
most a c c u r a t e l y  determined by d i f f u s e  X-ray s c a t t e r i n g  which re- 
f l e c t s  the  2 k ~ - P e i e r l s  d i s t o r t i o n  of the  Pt-atoms. Such i n v e s t i g a -  
t i o n s  g ive  band f i l l i n g s  i n  the  range 0.83 5 kFdi ~ / n  i 0.85.I, 

suggest  t h a t  the  dZ2-orb i ta l  over lap  g i v e s  r i se  t o  a conduct ion 
band of a wide band width similar t o  t h a t  observed i n  KCP(Br).2*'o 

i s  v e r y  small  sugges t ing  t h a t  the 

Opt ica l  r e f l e c t a n c e  s t u d i e s  show a Drude l i k e  behaviour' y 9  and 

TRANSPORT PROPERTIES 

Earlier comparative s t u d i e s  of Co-OP and Mg-OP showed t h a t  they 
have very  d i f f e r e n t  t r a n s p o r t  p r o p e r t i e s  b o t h  regard ing  t h e i r  con- 
d u c t i v i t y '  and thermopower" a f a c t  which was r e l a t e d  t o  t h e  
d i f f e r e n t  symmetries of t h e i r  s u p e r l a t t i c e  X-ray r e f l e c t i o n s .  We 
have extended these  s t u d i e s  wi th  measurements on Ni-OP, ZnOP and 
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REGULAR PROPERTIES AND ANOMALOUS BEHAVJOR OF & ,[Pt(CzO,)zI*6HzO 415 

Mn-OP and they  behave e i t h e r  l i k e  Co-OP o r  l i k e  Mg-OP.' Hence M-OP's 
may be d i v i d e d  i n t o  two c l a s s e s  a c c o r d i n g  t o  t h e i r  d i s t i n c t l y  d i f -  
f e r e n t  t r a n s p o r t  p r o p e r t i e s :  C l a s s  A c o n s i s t i n g  of  Ni-OP, Co-OP and 
Zn-OP and Class B c o n s i s t i n g  of Mg-OP and Mn-OP. 

C o n d u c t i v i t y  

The t empera tu re  dependent  c o n d u c t i v i t y  u(T)  f o r  t h e  M-OP's i s  
shown i n  f i g u r e  2 .  A t  room t empera tu re  0 v a r i e s  f r o m  a n  a v e r a g e  
v a l u e  of 2 R-lcm-'  f o r  Mg-OF t o  200 R-'cm-' f o r  Ni-OP and show 
l i t t l e  t empera tu re  dependence. This  s u g g e s t s  metal l ic  c o n d u c t i v i t y  
which may b e  ana lyzed  i n  terms of a Drude model: 

I n  (1) n and m* are t h e  carrier d e n s i t y  and mass r e s p e c -  
t i v e l y  and T t he  s c a t t e r i n g  t i m e .  up  i s  t h e  plasma f r equency  
which from t h e  abovementioned r e f l e c t a n c e  s t u d i e s  i s  3.7*10" s-l 
co r re spond ing  t o  i n  a l l  t h e  M-OP's, and 
v e r y  similar t o  tha! of KCP. The low and c a t i o n  dependent  conduc- 
t i v i t y  i n  M-OP's sugges t  t h a t  t he  c a t i o n s  p l a y  an i m p o r t a n t  r o l e  
i n  de t e rmin ing  t h e  s c a t t e r i n g  t ime T . 

A t  low t a n p e r a t u r e s  a l l  M-OP's show a c t i v a t e d  c o n d u c t i v i t y  
w i t h  a n  a c t i v a t i o n  energy A between 50 and 60 m e V .  The small va-  
r i a t i o n  amongst t h e  compounds i s  u n d e r s t a n d a b l e  from t h e  P e i e r l s  
i n s t a b i l i t y  as mentioned above.  

o (T)  i s  t h e  way i n  which they  t r ans fo rm from t h e  h i g h  t empera tu re  
m e t a l  t o  t h e  low t empera tu re  semiconductor .  Ni-OP, Co-OP and Zn-OP 
( c l a s s  A )  show a d r a m a t i c  d e c r e a s e  i n  u i n d i c a t i v e  of  a v e r y  w e l l  
d e f i n e d  P e i e r l s  t r a n s i t i o n ,  whereas Mg-OP and Mn-OP (class B )  show 
a minute  i n c r e a s e  i n  0 which canno t  be  i n t e r p r e t e d  as a P e i e r l s  
t r a n s i t i o n .  The t r a n s i t i o n  t empera tu res  are t y p i c a l l y  c l o s e  t o  room 
t empera tu re .  

w / (2Tc)  = 19.600 cm-' 

What s e p a r a t e s  t h e  two c l a s s e s  of M-OP's i n  t h e i r  c o n d u c t i v i t y  

Thermopower 

The t empera tu re  dependent  thermopower S(T) for t h e  M-OP's i s  shown 
i n  f i g u r e  3. I n  t h e  m e t a l l i c  r e g i o n  S f a l l s  between 5 and 8 pV/K 
w i t h  a s l o p e  dS/dT M 40 nV/K2 . This  shows t h a t  h o l e - l i k e  c a r r i e r s  
dominate  t h e  m e t a l l i c  t r a n s p o r t  as opposed t o  e l e c t r o n - l i k e  i n  
KCP(Br) and t h e i r  e f f e c t i v e  mass i s  de te rmined  bo th  from 
S(T) t o  be m*/m M -0.2 . 
f o l l o w s  a l i n e a r  v a r i a t i o n  E. 1 / T  

up and 

I n  t h e  semiconduct ing r e g i o n  t h e  thermopower approx ima te ly  
a c c o r d i n g  t o  t h e  r e l a t i o n : 1 2  

S(T) = - p*[A/(kBT) + ( T ' ( E ) E / T ( E )  + 3 / 2 1 ]  , ( 2  1 
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416 K. CARNEIRO el al. 

FIGURE 2 E l e c t r i c a l  
c o n d u c t i v i t y  of M-OP's 
compared t o  KCP(Br). 

where p" i s  determined by t h e  r e l a t i v e  m o b i l i t i e s  ( o r  masses) of 
e l e c t r o n s  and holes .  A comon f e a t u r e  i s  t h e  change i n  s i g n  of S 
which cannot  be understood from the  s imple  P e i e r l s  i n s t a b i l i t y .  
There i s  a s i g n i f i c a n t  d i f f e r e n c e  between the  A and B classes both  
regarding 
T ' ( E )  which i s  due t o  t h e  energy dependence of t h e  s c a t t e r i n g  
t i m e .  However, t h e  s i g n i f i c a n t  curva ture  i n  S(T) E. 1 / T  
it d i f f i c u l t  t o  ana lyse  the  thermopower q u a n t i t a t i v e l y .  

m a t i c a l l y  around the  t r a n s i t i o n  temperatures  f o r  c l a s s  A compounds 
than f o r  c l a s s  B .  The p e c u l i a r  f e a t u r e s  of S(T) i n  Mg-OP and Mn-OP 
probably r e f l e c t s  a complicated way of  reaching  a semiconducting 
s t a t e  wi th  a n  apparent  gap A without  pass ing  through a r e g u l a r  
P e i e r l s  t r a n s i t i o n .  

p" which i s  smaller f o r  c l a s s  B as  wel l  as t h e  t e r m  w i t h  

makes 

Like the  c o n d u c t i v i t y ,  the  thermopower v a r i e s  much more dra-  

STRUCTURAL PROPERTIES 

I n  order  t o  e x p l a i n  the  two k inds  of t r a n s p o r t  behaviour  i n  M-OP's 
we have i n v e s t i g a t e d  i n  d e t a i l  t h e  s t r u c t u r a l  e v o l u t i o n  w i t h  
temperature i n  the  M-OP's by means of X-ray d i f f r a c t i o n . g  From t h i s  
we a r e  a b l e  t o  c h a r a c t e r i z e  t h e  two c l a s s e s  A and B as fo l lows:  A 
common high temperature  m e t a l l i c  phase I .  A phase I1 i n  which ca- 
t i o n s  are ordered ,  bu t  d i f f e r e n t l y  i n  A and B compounds. A phase I11 
which may be conceived as the  charge d e n s i t y  ground s t a t e  accord ing  
t o  the  P e i e r l s  i n s t a b i l i t y ;  on ly  A-compounds a r e  found i n  phase 111. 

Phase I: The One-Dimensional Metal 

A t  h igh temperatures  a l l  M-OP's are found i n  the  c r y s t a l  s t r u c t u r e  
shown i n  f i g u r e  1; Diffuse  s c a t t e r i n g  a t  wavevectors wi th  compo- 
nents  2 k ~  along c show t h e  e x i s t e n c e  of a P e i e r l s  i n s t a b i l i t y  i n  
the  one-dimensional meta l  formed by t h e  Pt-chains .  In c o n t r a s t  t o  
KCP(Br) t h e  e l e c t r o n i c  s t r u c t u r e  d e v i a t e s  s i g n i f i c a n t l y  from f r e e  
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REGULAR PROPERTIES AND ANOMALOUS BEHAVIOR OF M,*[Pt K20,),]*6H20 417 

I " " '  U~,IPIIC,O,I~I 6;1,0 iu-wi I 

'i 
FIGURE 3 Thermo- 
power of M-OP's 
compared t o  
KCP(Br) 

e l e c t r o n - l i k e ,  s i n c e  S > 0 . This  i n d i c a t e s  a s t r o n g e r  e l e c t r o n -  
l a t t i c e  p o t e n t i a l  a s  one might expec t  from the  more bulky l i g a n d s  
i n  M-OP. 

Phase 11: Cation Ordering 

A t  a temperature  
(TI = 315 K i n  N i O P  and Ti = 284 K i n  Mg-OP) . l  
t o r t s  the r e g u l a r  [Pt(C201,)2]-lattice i n t o  a complicated super  
s t r u c t u r e  which r e f l e c t s  t h e  incommensurabi l i ty  between the  c a t i o n s  
and t h e  l a t t i c e . 6  In  the  c l a s s  A compounds the c a t i o n  s u b l a t t i c e  i s  
commensurate w i t h  2kF along 
f e l t  by t h e  e l e c t r o n s  i n  phase A I I ,  g i v i n g  r i s e  t o  semiconduct ing 
behaviour .  In  the  BII phase t h e  c a t i o n s  o r d e r  incommensurately w i t h  
2kF along 
p e r t i e s .  

Phase A I I I :  The Charge Densi ty  Wave 

The l a t t i c e  d i s t o r t i o n  i n  phase A 1 1  a c t s  as a n a t u r a l  p r e c u r s o r  f o r  
t h e  P e i e r l s  t r a n s i t i o n  which occurs  a t  a temperature  T2 = 301 K i n  
i n  NiOP. Both the  c h a r a c t e r i s t i c s  of  t r a n s i t i o n  and t h e  low tempe- 
r a t u r e  p r o p e r t i e s  of Ni-OP, CO-OP and Zn-OP may be understood on t h e  
b a s i s  of a P e i e r l s  i n s t a b i l i t y  on t h e  Pt-chains  i n  t h e  presence of  
t h e  2 k ~ - p o t e n t i a l  from t h e  c a t i o n - s u b l a t t i c e  .I4 On t h e  o t h e r  hand t h e  
BII phase has a symmetry which prevents  a s imple P e i e r l s  t r a n s i t i o n .  
In  consequence no second s t r u c t u r a l  t r a n s i t i o n  occurs  i n  Mg-OP and 
Mn-OP a l though they g r a d u a l l y  develop semiconducting c o n d u c t i v i t y  
a t  low temperatures .  

TI  c a t i o n s  order  a long  the  columns i n  M-OP's 
This o r d e r i n g  d i s -  

-+ c and t h e r e f o r e  an e x t e r n a l  f i e l d  i s  

$ and t h e r e f o r e  has  l i t t l e  i n f l u e n c e  on t r a n s p o r t  pro- 
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418 K. CARNEIRO er al. 

CLASS A: INCOMMENSURATE ORDERING 

2n19, 4 

Cation lattice sites + 

CLASS 8: COMMENSURATE ORDERING Pt 0 

I- -I 
2XlQc IM.6Hfl) @ 

FIGURE 4 The Frenkel-Kontorowa model f o r  t h e  c a t i o n  
o r d e r i n g  i n  M.OP's. Class A behaviour  corresponds t o  
a weak p o t e n t i a l  from the  P t - l a t t i c e ,  c l a s s  B t o  a 
s t r o n g  p o t e n t i a l .  

ANOMALOUS BEHAVIOUR 

The o r d e r i n g  of t h e  c a t i o n s  i n  the  presence of t h e  p o t e n t i a l  from 
t h e  c r y s t a l l o g r a p h i c  l a t t i c e  is convenient ly  d iscussed  i n  terms of 
t h e  Frenkel-Kontorowa model ,I5 
c a t i o n s  i s  expressed i n  terms of t h e  Hamiltonian: 

where t h e  energy of t h e  (Ma6H2O)- 

( 3 )  f( = .X - F ( x ~ + ~ T ~ - Z ~ / ~ ~ ) ~  1 + V(1-cos x n * 2 n / d , , )  . 
2 

I n  ( 3 )  
s t a n t  F d e s c r i b e s  t h e  coulomb r e p u l s i o n  between c a t i o n s  and V 
the  c a t i o n - l a t t i c e  i n t e r a c t i o n .  qI denotes  the  average per iod  of 
t h e  c a t i o n s  and s i n c e  there are two s i t e s  f o r  t h e  d i v a l e n t  c a t i o n s  
f o r  each Pt-atom we g e t  q I  = kF . The s i t u a t i o n  i s  shown schema- 
t i c a l l y  i n  f i g u r e  4 .  I n  t h e  case where V i s  weak t h e  c a t i o n s  o r d e r  
i n  a s u b l a t t i c e  which is incommensurate wi th  the  c r y s t a l l o g r a p h i c  
l a t t i c e  b u t  commensurate wi th  2 k ~  . From t h e  s t r u c t u r a l  o b s e r v a t i o n s  
t h i s  i s  t h e  case i n  t h e  A11 phase ,  and t h e  f a c t  t h a t  we observe s e m i -  
conduct ing behaviour i n  t h i s  phase i s  understood because of t h e  2 k ~  
p o t e n t i a l  from the  ordered  c a t i o n s  which opens a gap i n  the e l e c t r o -  
n i c  spectrum a t  the  fe rmi  l e v e l .  

I f  t h e  p o t e n t i a l  V i s  s t r o n g  t h e  c a t i o n s  w i l l  o r d e r  i n  a sub- 
l a t t i c e ,  commensurate w i t h  the  c r y s t a l l o g r a p h i c  l a t t i c e  b u t  incommen- 
s u r a t e  wi th  the 2 k ~  e l e c t r o n s .  This  corresponds t o  t h e  s i t u a t i o n  i n  
c l a s s  B, and consequent ly  t h e  B I I  phase does n o t  show evidence of a 
gap a t  t h e  fermi level a t  t h e  I - B I I  t r a n s i t i o n .  I n  f a c t  t h e  con- 

xn 
i s  t h e  p o s i t i o n  of the  n ' t h  c a t i o n ,  t h e  f o r c e  con- 
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I I I 
Mg - OP 

oll-====iL 0 i 
1 K I  hour 

- 0 1  

270 280 290 
I I I I 

270 280 290 
TEMPERATURE T IKI TEMPERATURE T IK)  

FIGURE 5 Anomalous behaviour  i n  Mg-OP. Stepwise behaviour  
of the  time dependent c o n d u c t i v i t y  i s  shown t o  t h e  l e f t .  
H y s t e r e s i s  loops and metas tab le  ( c h a o t i c )  behaviour  i s  shown 
t o  the  r i g h t ,  as d iscussed  i n  the  t e x t .  

Both t h e o r e t i c a l l y  s t u d i e s "  of t h e  Frenkel-Kontorowa model and 
d u c t i v i t y  of Mg-OP i n c r e a s e  by u t o  a f a c t o r  of 2 .  

e a r l i e r  experimental  resu l t s '  
e x i s t e n c e  of anomalous behaviour around t h e  phase t r a n s i t i o n  a t  TI. 
We have i n v e s t i g a t e d  t h e  c a t i o n  o r d e r i n g  t r a n s i t i o n  i n  some d e t a i l  
and found evidence f o r  both a d e v i l ' s  staircase and c h a o t i c  
behaviour .  

on Mg-OP and Zn-OP sugges t  the  

Stepwise Behaviour 

When heated through t h e  t r a n s i t i o n  c e r t a i n  c r y s t a l s  show a s tepwise  
behaviour  of t h e  c o n d u c t i v i t y  i n  Mg-OP. This  i s  shown i n  f i g u r e  6 .  
We i n t e r p r e t  th i s  a s  stemming from t h e  f a c t  t h a t  as t h e  commensu- 
r a t e  c a t i o n - s u b l a t t i c e  ground s t a t e  m e l t s  i n t o  t h e  incommensurate 
"subl iquid"  i t  goes through a s e r i e s  of t r a n s i t i o n s  through d i f f e -  
r e n t  commensurate phases ,  which have d i f f e r e n t  i n f l u e n c e s  on the  
conduct ion e l e c t r o n s .  Unfor tuna te ly ,  t h e  time s c a l e  of t h i s  s t e p -  
wise behaviour reminiscent  of a d e v i l ' s  s t a i r c a s e  i s  too  f a s t  f o r  
X-ray s t r u c t u r a l  s t u d i e s  t o  be f e a s i b l e .  

Metastable  S t a t e s  

When cycled through the  t r a n s i t i o n  the  c o n d u c t i v i t y  i n  Mg-OP e x h i b i t s  
h y s t e r e s i s  of a width which i n c r e a s e s  w i t h  the  rate o f  change i n  
temperature .  An example i s  shown i n  f i g u r e  6 .  However, an i n t e r e s t -  
i n g  f e a t u r e  p r e v a i l s  independent  of c o o l i n g  rate namely the  s i g n i -  
f i c a n t  undershoot of  the  c o n d u c t i v i t y  when c r y s t a l s  are heated 
through T 1  . This  means t h a t  as  the  c r y s t a l  warms up i t  goes 
through less conduct ing s ta tes  compared t o  c o o l i n g ,  a l though t h e  
c o n d u c t i v i t y  e v e n t u a l l y  r e c u p e r a t e s .  These m e t a s t a b l e  s t a t e s  to- 
g e t h e r  w i t h  o b s e r v a t i o n  of coexis tence  of d i f f e r e n t  s u p e r s t r u c t u r e s  
a t  low temperatures  u n d e r l i n e s  the  c h a o t i c  n a t u r e  of t h e  B-class of  
M-OP ' s  . 
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