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PEIERLS TRANSITIONS I N  THE MOLECULAR CONDUCTORS 
K 2 [ P t ( C N ) ~ ] B r ~ . 3 * 3 . 2 H 2 0  and LiX[Pt(S2C2(CN)2)2]*2H~0 

K I M  CARNEIRO 
Phys ic s  Labora tory  I, U n i v e r s i t y  of Copenhagen 
U n i v e r s i t e t s p a r k e n  5 ,  DK-2100 Copenhagen 8 ,  Denmark 

A b s t r a c t  
by R.E. Peierls as a n  argument a g a i n s t  t h e  e x i s t e n c e  
of one-dimensional c o n d u c t o r s ,  has  p layed  a paramount 
r o l e  i n  our  unde r s t and ing  of low d imens iona l  s o l i d s .  
Neve r the l e s s  v e r y  few compounds e x h i b i t  a s imple  
P e i e r l s  t r a n s i t i o n  from a m e t a l  a t  h igh  t empera tu res  
t o  a cha rge  d e n s i t y  wave semiconductor a t  low tempe- 
r a t u r e s .  Two complementary examples a r e  KCP and 
L i  P t (mnt) .  KCP i s  a wide band ( W l l  M 5eV) ve ry  one 
d imens iona l  conductor ,  whereas L i  Pt(mnt) i s  a narrow 
band (WI I . =  0.4eV) r a t h e r  two d imens iona l  conductor .  
The i r  p h y s i c a l  behaviour  i s  p resen ted  and d i s c u s s e d .  

The P e i e r l s  i n s t a b i l i t y  o r i g i n a l l y  proposed 

X 

X 

INTRODUCTION 

Molecular e l e c t r i c a l  conduc to r s  have widened t h e  h o r i z o n s  of  
s o l i d  s t a t e  and condensed matter p h y s i c s  i n  s e v e r a l  ways. 
F i r s t l y  they  tend  t o  form low d imens iona l  s t r u c r u r e s ,  o f t e n  
one-dimensional,  where p l a n a r  molecules  s t a c k  o n  t o p  of e a c h  
o t h e r  so t h a t  h igh  c o n d u c t i v i t y  i s  ach ieved  i n  t h e  s t a c k i n g  
d i r e c t i o n .  In  consequence they  e x h i b i t  p r o p e r t i e s  t h a t  re- 
f l e c t  t h e  p a r t i c u l a r  p h y s i c a l  behaviour  of one-dimensional 
systems which on t h e  one hand i s  governed by s i m p l i c i t y  com- 
pared t o  t h r e e  d imens iona l  sys tems,  and on t h e  o t h e r  hand i s  
in f luenced  by a complex r i c h n e s s  of phenomena e x i s t i n g  o n l y  
i n  one dimension. Secondly,  because  of t h e  f l e x i b i l i t y  i n  
s y n t h e t i c  chemis t ry ,  molecular  conduc to r s  may be manufac tur -  
ed wi th  a g r e a t  v a r i a t i o n  i n  p h y s i c a l  pa rame te r s ,  e . g .  t h e i r  
e l e c t r i c  band width ,  hence p rov id ing  more extreme t e s t - c a s e s  
t o  ou r  concep t s  of s o l i d s  than  do t h e i r  n a t u r a l l y  o c c u r r i n g  
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14 K. CARNEIRO 

K2[Pt(CNI4] Bro.s 3.2HzO 
dl, = 2.86 A 

WAVEVECTOR K 
0 

WAVEVECTOR K 

FIGURE 1 
represented by the allowed energy-states E(k) , 
and the fermilevels (kF, E~). The "conducting 
molecules" are also shown. 

Conduction bands of KCP and LixPt(mnt) 

counterparts, the elemental metals. And last not least, mole- 
cular one dimensional metals were synthesized by the chemist 
J.W. Dzbereiner' 121 years before the physicist. R.E. Peierls' 
predicted that they could not exist! 

To exemplify these points it is illuminating to l o o k  in- 
to the behaviour of the conducting salts Kz [Pt(CN) 41Bro. 3 
' 3 .  2 H z 0 ,  KCP, and LiHx [Pt (S 2C,2 (CN) 2 )  1 - 2 H 2 0 ,  LiHxPt (mnt) . 

THE LOW DIMENSIONAL METALS KCP AND LixPt(mnt)z 

The linear Pt-chain conductor K2[Pt(CN)~,]Bro.3=3.2HzO was 
first prepared in 1842 in an attempt to explore the capabi- 
lities of Pt-ions to exist in a multiplicity of valence 
 state^.^ A s  a result ''mixed valence" salts occurred. These 
are probably more appropriately thought of as non-integral 
valence or partially oxidized Pt-salts, which within nowadays 
band theory of solids explains their metallic behaviour. The 
empirical conduction-band structure E(k) of KCP is shown in 
figure 1. It originates from overlap between dZ2-wave func- 
tions of neighboring Pt-atoms within a chain and is remark- 
abl close to a free electron band i.e. well described by 
E(k); = h2k2/(2m) where m is the electron mass. The fermi- 
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PEIERLS TRANSITIONS IN KCP AND Li,Pt(mnt)2 15 

METAL 

t 
CHARGE DENSITY WAVE 

p ( x )  

pe I=----- 

ELECTRONS I O N S  ELECTRONS IONS 

FIGURE 2 Comparison between t h e  one-dimensional 
metal l ic  s t a t e  ( l e f t )  and t h e  charge  d e n s i t y  wave 
s t a t e  ( r i g h t ) .  The upper p a r t  shows t h e  r e a l  space  
e l e c t r o n i c  d e n s i t y  pe and t h e  i o n i c  sepa ra t ion ;  
and t h e  lower p a r t  shows t h e  band s t r u c t u r e  E(k) 
t oge the r  wi th  the  phonon d i s p e r s i o n  r e l a t i o n  
Note t h a t  (of o r d e r  1 eV) i s  t y p i c a l l y  much 
g r e a t e r  than  WD ( o r  o rde r  10 meV). 

w(q) .  
W I  I 

v e c t o r  kF i s  determined by t h e  d e n s i t y  of conduct ion  e l e c -  
t r o n s  pe which i s  2-0.3, so t h a t  kT(pe /2 )X/d l  1=0.85 X/dl I 
where dl I i s  the  Pt-Pt s e p a r a t i o n .  In consequence t h e  nomi- 
n a l  va lence  of P t  i s  2 . 3 .  KCP has room tempera ture  conduc- 
t i v i t y  a I = 200 R-lcm-’ 
e l e c t r o n  dne-dimensional metal. 4-5 

prepared  i n  1981 i n  an a t t empt  t o  exp lo re  the  p o s s i b i l i t y  of 
Pt(mnt)z-ion t o  form a conduct ing  sa l t .  P r i o r  t o  t h i s ,  t h e  
i o n  had been used as a coun te r ion  i n  s e v e r a l  charge  t r a n s f e r  
s a l t s  wi thou t  i t s e l f  beeing p a r t i a l l y  oxid ized .  Although t h e  
e l e c t r o n i c  s t r u c t u r e  i s  n o t  known i t  seems p l a u s i b l e  t h a t  
t h e  over lap  occurs  between d e l o c a l i z e d  s u l f u r - o r b i t a l s .  The 
empi r i ca l  s t r u c t u r e  of t h e  conduct ion  band of LixPt(mnt)2 i s  
a l s o  shown i n  f i g u r e  1.’ I n  c o n t r a s t  t o  KCP t h e  bandwidth 
W 
a ’  ‘marginal meta l  s i n c e  one could  e a s i l y  imagine t h a t  Coulomb 
r e p u l s i o n  would be of t h e  same magnitude as  

and exempl i f i e s  an  a lmost  f r e e  

mnt = m a l e o n i t r i l d i t h i o l a t e ,  was f i r s t  Li,Pt(mnt)z , 

i s  he re  as narrow as 0.4 e V ,  which makes LixPt(mnt)2 

W I l  . However, 
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16 K. CARNEIRO 

t h a t  t h i s  i s  no t  t he  case i s  demonstrated by the f a c t  t h a t  
the measured magnetic s u s c e p t i b i l i t y  does n o t  exceed t h e  so- 
c a l l e d  P a u l i - s u s c e p t i b i l i t y  stemming from the e l e c t r o n i c  den- 
s i t y  of s t a t e s  a t  the f e m i  level . '  Also the  high conduc t iv i ty  

= 100 C2-lcm-l i s  a good i n d i c a t i o n  t h a t  LixPt(mnt)2 i s  :dl heavi ly  inf luenced by Coulomb repu l s ion  between conduc- 
t i o n  e l ec t rons .  

has been r a t h e r  d i f f i c u l t  t o  der ive.  This i s  i n  p a r t  because 
the L i  concentrat ion x i s  hard t o  determine, and i n  p a r t  
because of the presence of (H30)' . The composite evidence i s  
t h a t  kF = 0.41 m/dll a s  shown+in f i g u r e  1 so t h a t  the cor- 
rect  formula should be Li:(HJO) 

(1.12+x)H20 , leaving the nominal ox ida t ion  s t a t e  of P t  t o  
be 2.88.' 

The dens i ty  of conduction e l e c t r o n s  P e  of Li,(Pt(mnt)z 

[Pt(S2C2 (CN)2)2]-o 0.82-x 

THE PEIERLS INSTABILITY 

The chain s t r u c t u r e s  of the two molecular metals  KCP and 
LixPt(mnt)2 make them s u s c e p t i b l e  t o  the so-called P e i e r l s  
i n s t a b i l i t y .  The arguments leading t o  t h i s  i n s t a b i l i t y  i s  
ind ica t ed  i n  f i g u r e  2. The metal  i s  cha rac t e r i zed  by a uni- 
form dens i ty  of e l e c t r o n s  and a l a t t i c e  of e q u i d i s t a n t  ions 
- o r  by the e l e c t r o n i c  s t a t e s  E(k) and t h e  l a t t i c e  v ib ra -  
t i o n s  of energy fiu(q). The a l t e r n a t i v e  phase the charge den- 
s i t y  wave s t a t e  o r  the Peierls semiconductor has a l a t t i c e  
d i s t o r t i o n  of per iod 2kF and a concomittant e l e c t r o n i c  charge 
dens i ty  wave. This d i s t o r t i o n  c r e a t e s  a gap 28 i n  the e l ec -  
t r o n i c  spectrum a t  t he  fermi l e v e l ,  and t h i s  lowers the ener- 
gy of the highest  occupied e l e c t r o n i c  s t a t e s  a t  the expense 
of t he  e l a s t i c  energy necessary t o  c r e a t e  the i o n i c  d i s t o r -  
t i on .  W h a t  Peierls showed was t h a t  the charge dens i ty  wave 
s t a t e  has a t o t a l  energy which i s  lower than t h a t  of t h e  
metal and the re fo re  concluded t h a t  one-dimensional metals 
were un l ike ly  t o  e x i s t .  However, given a one-dimensional 
metal a t  room temperature h i s  arguments suggest a metal-semi- 
conductor phase t ransformation a t  some lower temperature with 
an a s soc ia t ed  l a t t i c e  d i s t o r t i o n  of per iod 2kF . 
cause only here  w i l l  a l l  e l e c t r o n s  p r o f i t  from the d i s t o r t i o n  
of t he  l a t t i c e  which of course must have a p a r t i c u l a r  d i r e c -  
t i o n ,  namely along the chains.  S imi l a r ly  o t h e r  i n s t a b i l i t i e s  
may a r i s e  from consider ing o t h e r  i n t e r a c t i o n s  t h a t  t he  elec- 
tron-phonon coupling, leading t o  a wealth of one-dimensional 
ground s t a t e s  such a s  the sp in  d e n s i t y  wave, the spin-Peier ls  

Only i n  one dimension does the  above argument work, be- 
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PEIERLS TRANSITIONS IN KCP AND Li,Pt(mnt), 17 

CONDUCTIVITY 
D(meV) - 

SUSCEPTIBILITY 
I 

1 
I 

I 
. I  

............. 
100 200 300 

P 
2 kF DISTORTION 

low res. \\ 
100 200 300 

TEMPERATURE (KELVIN 

FIGURE 3 E l e c t r i c a l  c o n d u c t i v i t y  UI  I magne t i c  
s u s c e p t i b i l i t y  xi  I and measured x-ray i n t e n s i t i e s  
from t h e  2kF l a t t i c e  d i s t o r t i o n  as measured i n  KCP 
and LixPt(mnt)z . The f u n c t i o n  D(T) i s  d e f i n e d  i n  
the  text. 

s t a t e  a s  w e l l  as - y e t  h y p o t h e t i c a l  - novel  k i n d s  of super -  
c o n d u c t i v i t y  . 

LOW TEMPERATURE PROPERTIES OF KCP ANTI LixPt(mnt)2 

Noting t h e  d i f f e r e n t  e l e c t r o n i c  s t r u c t u r e s  of KCP and 
LixPt(mnt)2 and presumably a l s o  t h e i r  q u i t e  d i f f e r e n t  l a t t i c e  
v i b r a t i o n s ,  i t  i s  i n t e r e s t i n g  t o  compare t h e i r  r e sponse  t o  
t h e  P e i e r l s  i n s t a b i l i t y .  The tempera ture  dependence of some 
r e l e v a n t  p r o p e r t i e s  i n  t h e  two molecu la r  m e t a l s  a r e  summa- 
r i z e d  i n  f i g u r e  3. 

broad t r a n s i t i o n  from h igh  t empera tu re  m e t a l l i c  t o  low tempe- 
r a t u r e  semiconducting behaviour  i n  b o t h  compounds. 
a c t i v a t i o n  energy  A and t h e  t r a n s i t i o n  t empera tu re  may be 
d e r i v e d  from the  l o g a r i t h m i c  d e r i v a t i v e  D(T)=aT\aa, 1 /a ( l / T )  
y i e l d i n g  A = 0.07 e V  and A = O . 0 4  e V  as  w e l l  as T, 100 K 
and T, = 180 K f o r  t h e  two s a l t s  r e s p e c t i v e l y .  

The c o n d u c t i v i t y  i n  t h e  c h a i n  d i r e c t i o n  01 i(T) shows a 

y 7  The 

The magnet ic  s u s c e p t i b i l i t y  X I  I (T) a l s o  r e f l e c t s  t h e  
P e i e r l s  t r a n s i t i o n ,  bo th  i n  KCP"-13 and i n  L ixP t (mnt )z ,  8 
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a1 hough X 
t u r e s  i n  the former case. Below t h e  t r a n s i t i o n  
a c t i v a t e d  with the  same a c t i v a t i o n  energy as  der ived from con- 
d u c t i v i t y ,  provided t h a t  one s u b t r a c t s  an apparent  Curie- l ike 
s u s c e p t i b i l i t y  i n  Li,Pt(mnt) 2, corresponding t o  a few pe rcen t  
s = 1 impur i t i e s  per  molecule. It i s  a l s o  noteworthy t h a t  t h e  
t r a n s i t i o n  seems well-defined i n  t h i s  compound as judged from 
the  kink i n  X I  1(T) 
c e p t i b i l i t y  goes from Pau l i - l i ke  a t  high temperatures t o  a c t i -  
vated a t  low temperatures wi th  the  same a c t i v a t i o n  e n e r g i e s  
i n  X I  l ( T )  and 0 1  l ( T )  i s  a c h a r a c t e r i s t i c  f e a t u r e  of t he  
P e i e r l s  i n s t a b i l i t y  i n  the  absence of s i g n i f i c a n t  Coulomb 
repuls ions.  

occurrance of x-ray o r  neutron s u p e r l a t t i c e  r e f l e c t i o n s  owing 
t o  the  2kF-lat t ice  d i s t o r t i o n .  In t he  case of Li,Pt(mnt)z the  
x-ray i n t e n s i t y  vanishes  a t  Tc = 213 K wi th  l i t t l e  d i f f u s e  
s c a t t e r i n g  above t h i s  t e m p e r a t ~ r e ' ~  i n  n i c e  accordance wi th  
the  s u s c e p t i b i l i t y  r e s u l t s .  However, i n  KCP the  s i t u a t i o n  i s  
more complicated. Figure 3 shows two r e s u l t s ,  one being a 
neutron e las t ic  s c a t t e r i n g  r e s u l t  where t h e  r e s o l u t i o n  was 
poorer than what corresponds t o  t h e  n a t u r a l  width of t h e  
d i f f r a c t i o n  p r o f i l e  along the  chain d i r e c t i o n ,  l 5  whereas the  
o the r ,  high r e s o l u t i o n  r e s u l t s ,  o r i g i n a t e s  from a r e c e n t  
synchrotron experiment where the  p r o f i l e  was w e l l  resolved.  

has  only been c rude ly  est imated a t  high tempera 
X I  I (T)  i s  

a t  T, = 213 K . The f a c t  t h a t  t h e  sus- 

The t h i r d  f i n g e r p r i n t  of t he  Peierls i n s t a b i l i t y  i s  t h e  
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19 PEIERLS TRANSITIONS IN KCP A N D  Li,Pt(rnnt), 

I THERMOPOWER TEMPERATURE I 

0 100 200 300 
TEMPERATURE T (KELVIN) 

FIGURE 5 Thermoelec t r ic  power S I  l(T) i n  KCP and 
Li,Pt(mnt)z. 

The l a t t e r  experiment shows a c l e a r  i n d i c a t i o n  of a phase 
t r a n s i t i o n  i n  KCP a t  T, = 1 1 7  K. 

Neglec t ing  the  r e s o l u t i o n  e f f e c t s  of t he  x-ray s c a t t e r -  
i ng  i n  KCP and the  excess  Cur ie - l ike  magnetic s u s c e p t i b i l i t y  
i n  LixPt(mnt)2 one may conclude t h a t  t he  two molecular  con- 
duc to r s  show the  Peierls i n s t a b i l i t y  i n  a ve ry  s i m i l a r  way 
d e s p i t e  t h e i r  very  d i f f e r e n t  c h a r a c t e r i s t i c s  r ega rd ing  E(k)  
and w(q). I n  the  case  of KCP the  r e s u l t s  a r e  perhaps  n o t  so  
a s t o n i s h i n g  s i n c e  t h e  wide conduct ion  band ensu res  t h e  s imple  
m e t a l l i c  behaviour which w a s  t he  s t a r t i n g  p o i n t  f o r  P e i e r l s '  
argument. But i n  the  case of Li,Pt(mnt)z i t  i s  t r u l y  a s t o n i s h -  
i n g  t h a t  c o r r e l a t i o n  e f f e c t s  seem t o  p lay  such a small r o l e ,  
g iven  t h e  v e r y  narrow band width.  

DIMENSIONALITY AND PRESSURE EFFECTS 

One s t r i k i n g  d i f f e r e n c e  between KCP and Li,Pt(mnt)z i s  demon- 
s t r a t e d  by the  counter  i n t u i t i v e  r e s u l t s :  Whereas t h e  gap A 
i s  h igher  i n  the  former s a l t  T i s  h igher  i n  t h e  l a t t e r  ca se .  
This  f e a t u r e  i s  r e l a t e d  t o  t h e  f ac t  t h a t  w e  a r e  d e a l i n g  w i t h  
quasi-one-dimensional compounds of va ry ing  a n i s o t r o p y  and i s  
expla ined  as fo l lows .  I n  a s t r i c t l y  o n e d i m e n s i o n a l  system a 
phase t r a n s i t i o n  cannot t ake  p l ace  a t  f i n i t e  tempera tures ,  and 
t h e r e f o r e  t h e  charge d e n s i t y  wave s ta te  would be achieved on ly  
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20 K. CARNEIRO 

a t  T=O . Considering weak i n t e r a c t i o n s  between chains  the  
t r a n s i t i o n  temperature becomes f i n i t e  and i n c r e a s e s  u n t i l  t h e  
system i s  too three-dimensional f o r  t he  Peierls i n s t a b i l i t y  t o  
lead t o  a phase t r a n s i t i o n .  Hence the  low Tc i n  KCP suggests  
t h a t  it i s  a very one-dimensional conductor i n  agreement wi th  
o t h e r  obse rva t ions ,  whereas Li,Pt(mnt)2 i s  r a t h e r  three-dimen- 
s iona l .  

By applying p res su re  t o  a n i s o t r o p i c  compounds one i n  ge- 
n e r a l  i nc rease  t h e i r  dimensional i ty .  This i s  n i c e l y  demonstrat-  
ed i n  f i g u r e  4 ,  where the pressure dependence of the a c t i v a -  
t i o n  energy A i s  shown. Although it  decreases  with inc reas -  
ing pressure i n  both cases t h e  e f f e c t  i n  KCP” is f a r  less 
pronounced than  i n  Li,Pt(mnt)2.9 When i t  i s  f u r t h e r  considered 
t h a t  T, i nc reases  with p re s su re  i n  KCP one n a t u r a l l y  con- 
c ludes t h a t  t h i s  sa l t  i s  so  one-dimensional t h a t  i nc reas ing  
the  i n t e r c h a i n  coupling has the e f f e c t  of i nc reas ing  the  c r i -  
t i c a l  temperature. On the  o t h e r  hand i n  Li,Pt(mnt)z both A 
and Tc van i sh  i n  similar ways. This  i n d i c a t e s  t h a t  p re s su re  
d r i v e s  t h i s  compound too three-dimensional so t h a t  i t  does 
no t  undergo a Peier ls  t r a n s i t i o n  a t  high enough p res su re .  

COMPLICATING FEATURES OR NEW HORIZONS? 

Having demonstrated t h a t  t he  two molecular metals KCP and 
Li,Pt(mnt)z a r e  good tes t  cases f o r  one of the unique f ea -  
t u r e s  of low dimensional conductors namely the  Peierls i n s t a -  
b i l i t y  one may n a t u r a l l y  ask whether they a r e  l i k e l y  t o  teach 
us more. In f a c t  they are .  

I n  KCP the new r e s u l t s  from synchrotron r a d i a t i o n  g ives  
novel i n s i g h t  i n t o  an old problem. It has  long been known 
t h a t  long range order  was no t  achieved below the t r a n s i t i o n  
temperature,’  a t  least  perpendicular  t o  t h e  cha ins .  We now 
know t h a t  the same i s  t r u e  f o r  the c o r r e l a t i o n  l e n g t h  along 
the chains ,  and hence i n  t h e  l i t e r a l  sense t h e r e  i s  no phase 
t r a n s i t i o n  i n  KCP. It  t h e r e f o r e  remains a n  i n t r i g u i n g  t a s k  of 
the f u t u r e  t o  r e so lve  the  d e t a i l e d  behaviour of t h e  Pe ier l s  
i n s t a b i l i t y  i n  KCP. 

low temperature s u s c e p t i b i l i t y  was mentioned, and i n  f i g u r e  
5 i s  shown a s i m i l a r l y  a s t o n i s h i n g  temperature behvaiour of 
the thermopower S I  1 (T). ’ I n  KCP, S I I (T) 
i n  a system undergoing a Peierls t r a n s i t i o n ; ”  bu t  t h e  change 
i n  s ign  i n  LixPt(mnt)2 i n d i c a t e s  d e f e c t  s t a t e s  i n  the  s e m i -  
conducting gap. However, an a t t empt  t o  c h a r a c t e r i z e  these  
d e f e c t s  from t h e i r  i n f luence  on both 01 I , X I 1  and S I  I 
l eads  t o  the conclusion t h a t  the impuri ty  s ta tes  do not  have 

Also Li,Pt(mnt); has  i t s  unexplained f e a t u r e s .  Above the 

v a r i e s  as expected 
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PEIERLS TRANSITIONS IN KCP A N D  Li,Pt(mnt), 21 

u s u a l  sp in-charge  r e l a t i o n s ,  s u g g e s t i v e  of  s o l i t a r y  e x c i t a -  
t i o n s .  So a l s o  t h i s  compound i s  l i k e l y  t o  open new h o r i z o n s  
i n  t h e  f u t u r e .  
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