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LOW-TEMPERATURE SPECIFIC HEAT ANOMALY OF THE ONE-DIMENSIONAL IONIC 

CONDUCTOR HOLLANDITE 
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Most amorphous mate r ia l s  conta in l o c a l i z e d  e x c i t a t i o n s  which s t rong ly  i n f l u -  

ence t h e i r  low temperature proper t ies;  f o r  example, f o r  temperatures below a few K 

the s p e c i f i c  heat var ies almost l i n e a r 1  y w i t h  temperature, and the thermal conduct iv- 

i t y  i s  d r a s t i c a l l y  reduced compared t o  c r y s t a l  1 i n e  m a t e r i a l s  and genera l ly  e x h i b i t s  
2 a T dependence /I/. It i s  now accepted t h a t  these e x c i t a t i o n s  a r i s e  from t u n n e l l i n g  

of c e r t a i n  par ts  o f  the disordered network between two p o t e n t i a l  energy minima /2/. 

However, the quest ion o f  the microscopic o r i g i n  o f  the t u n n e l l i n g  systems has n o t  

been solved yet .  S im i la r  p roper t ies  have been observed i n  superionic conductors /3/, 

and t h i s  seems t o  be p a r t i c u l a r l y  promising i n  order t o  e luc ida te  the microscopic 

o r i g i n  o f  these e x c i t a t i o n s  because i n  superionic conductors the d isorder  can be re- 

duced t o  two dimensions o r  even t o  one dimension. We have there fo re  c a r r i e d  o u t  spe- 

c i f i c - h e a t  measurements i n  the one-dimensional superionic conductor h o l l a n d i t e  and 

we expla in  i t s  s p e c i f i c  heat i n  terms o f  a microscopic model. 
+ 

I n  h o l l a n d i t e  (KpxMgxTi8-xO16), the mobi le  K ions res ide  i n  a l i n e a r  per iod ic  poten- 
t. 

t i a l  which i s  substoichiometr ica11 y occupied. The channel s conta in ing the K ions  

do n o t  communicate w i t h  neighbouring channels. By analys is  o f  d i f f u s e  X-ray sca t te r -  

i n g  a good descr ip t ion  o f  the s ta te  o f  order has been obtained /4/. Each channel 

conta ins one s i t e  per u n i t  c e l l  along the c-axis and the f r a c t i o n a l  occupancy of 
+ 

these s i t e s  w i t h  K ions i s  equal to  x. Very important i s  the ion- ion i n t e r a c t i o n  

w i t h i n  each channel : i t  removes the degeneracy o f  the energies o f  d i f f e r e n t  conf ig-  

u ra t ions  and causes the e q u i l i b r i u m  p o s i t i o n  o f  the ions  t o  s h i f t  from the l o c a l  

minima o f  the backgroond p o t e n t i a l .  The quest ion i s :  what are the con f igu ra t iona l  

s ta tes i n  such a system and how do they con t r ibu te  t o  the  s p e c i f i c  heat /5/? Specif- 

ic -heat  measurements have been c a r r i e d  ou t  i n  two samples w i t h  x = 0.77 and x = 0.78 

a t  temperatures between 70 mK and 3 K. The measurements were made i n  a d i l u t i o n  re- 

f r i g e r a t o r  using samples weighing about 100 mg each, and the r e s u l t s  are p l o t t e d  i n  
Fig. 1 as a func t ion  of temperature. The s p e c i f i c  heat f i r s t  increases r a p i d l y  w i t h  

temperature and then e x h i b i t s  a maximum a t  .8 K f o r  x = .78 and a t  1 K x = .77. The 

o v e r a l l  behaviour d i f f e r s  markedly from t h a t  found i n  glasses /2/ and i n  B-alumina 

o r  LiN3 /3/. Furthermore, i t i s  very s t r i k i n g  t h a t  a d i f fe rence  o f  on ly  1% i n  x 
causes the s p e c i f i c  heat t o  change by a f a c t o r  o f  four .  Such a d r a s t i c  e f f e c t  c a l l s  

f o r  special  a t ten t ion .  
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Let us s t a r t  the discussion of the specific heat 

by defining an array of length n as a ser ies  of 

n consecutive wells occupied by ions which are 

surrounded by empty wells. For sufficiently high 
density of ions (x 2 .75) we can neglect the oc- 
currence of two or more empty wells adjacent to  - 

Y 
each other. A configuration i s  then specified by % - 
the se t  of array lengths [n] , e.g. [n]= 4;3;3;. . . , d6 
indicates that  we have a vacancy, then four occu- 

pied wells, a vacancy, three occupied wells etc.  
I t  has been shown that  the total  potential energy 

of a given configuration including the contribu- 
d7 

tion of the ionic relaxation in each well due to 

the ion-ion interaction can be written in terms a05 0.1 1 5 

of a spin type Hamiltonian acting only between T (K1 

empty s i t e s  /4/: Fig.1: Specific heat of hollandite 

Here J and C1 (51) are parameters related to the barrier  height of the background 

potential and to  the strength of the ion-ion interaction. The variable O;. assumes 
the value 0 or 1 depending on whether the j - t h  s i t e  i s  occupied or empty, and n* i s  
the total number of occupied s i t e s  between the s i t e s  j and j ' .  The sum extends to 

al l  pairs of empty s i t e s .  With x=.77 and using parameters appropriate to  hollandite, 
a contribution to the specific heat T240 K i s  expected due to transit ions of type 
. . ; 4 ;4 ; . .  . -. . ,3;5,. . . The energy di f ferenced,  between these two configurations 
can be estimated from Eq. (1) limiting the interaction to nearest holes /4,6/: 

However, for pairs of configurations that  are degenerate w i t h  respect to  the inter-  
action between nearest holes l ike  ... ;3;4; ..-. . ;4;3.. . the interactions up to 
second nearest empty wells must be included. Transitions 1 ike . . .4;3;4;3;. . . - 
.. .;4;4;3;3;. .. might occur which have a characterist ic g a p d 2  /6/: 

A' = ~(6)+ CI8) -2C(71= a3d1 (3) 

Because a= . 3 , 4  i s  about 40 times smaller thand,  and gives r i se  to a specific 2 
heat peak a t  T = 1-2 K which agrees nicely w i t h  the experimental findings. 

In order to understand the strong concentration dependence of the specific heat we 
need to take a closer look a t  the transit ions tha t  give r i s e  to the peak. The prob- 

ab i l i t y  of having a series of values l ike  the s tar t ing  configuration of Eq. (3)  in 
the ground s ta te  i s  maximum i f  arrays with n-3 and n=4 appear with equal probabili- 



ty .  According t o  t h i s  argument the maximum s p e c i f i c  heat i s  obtained f o r  n = 3.5 

(x=<n>/( <n>+l)=.77 whi l  s t  i t tends t o  zero f o r  (rl>=3(x=.75) and <r~=4(x=.80). For 

in termediate values o f  x a more d e t a i l e d  treatment i s  necessary, which, i n  fac t ,  

reproduces the s t rong v a r i a t i o n  o f  the s p e c i f i c  heat by a f a c t o r  o f  4 /6/. 

COmparing the absolute magnitude between the measured s p e c i f i c  heat and the theoret -  

i c a l  expected one we f i n d  t h a t  the theore t i ca l  curve i s  much la rger .  r h i s  i s  due t o  

the f a c t  t h a t  the system has been t rea ted  as an i n f i n i t e l y  long chain, wh i le  the 

actual samples conta in a h igh  densi ty  o f  i m p u r i t i e s  so t h a t  the rea l  system i s  a 

c o l l e c t i o n  o f  separate segments o f  var ious lengths. The i n c l u s i o n  o f  f i n i t e  chain 

leng th  i n t o  theory d r a s t i c a l l y  reduces the magnitude o f  the s p e c i f i c  heat and we 

recover the experimental value i f  we assume the average separat ion between b lock ing  

ions t o  be about 10 l a t t i c e  s i t e s .  

A f u r t h e r  i n t e r e s t i n g  quest ion i s  how the t r a n s i t i o n  a c t u a l l y  occurs. I n  the model 

discussed above a con f igu ra t iona l  t r a n s i t i o n  can be regarded as the hop o f  an i o n  

i n t o  an empty s i t e  inc lud ing  the r e l a x a t i o n  o f  a l l  o ther  ions. The t u n n e l l i n g  p a r t i -  

c l e  i s  therefore the jumping i o n  accompanied by the other  r e l a x i n g  ions. Taking an 

e f fec t i ve  b a r r i e r  o f  about 0.04 eV between the con f igu ra t iona l  s ta tes /4/ and tak-  

i n g  the formula f o r  r e l a x a t i o n  due t o  tunne l l i ng ,  we est imate a r e l a x a t i o n  t i m e r  

which i s  a t  l e a s t  o f  the order o f  seconds a t  T= 1 K. This value i s  r a t h e r  uncer ta in  

owing t o  the unknown parameters descr ib ing the degree o f  overlap c f  the wave- 

funct ions needed t o  c a l c u l a t e r  . For comparison, the c l a s s i c a l  r e l a x a t i o n  t ime 
3 (Arrhenius law) a t  t h i s  temperature would be o f  the order o f  10 years. 

I n  sumnary, we should l i k e  t o  p o i n t  ou t  t h a t  the low-temperature s p e c i f i c  heat ano- 

mal ies o f  a disordered system have been analyzed i n  terms o f  a microscopic model. 

Experiment and theory con f i rm t h a t  the d isorder  due t o  d i f f u s i n g  and i n t e r a c t i n g  

ions i n  an otherwise per iod ic  p o t e n t i a l  can g ive r i s e  t o  very low energy e x c i t a t i o n s  

b u t  no t  t o  a continuous d i s t r i b u t i o n  o f  exc i ta t ions .  The t r a n s i t i o n  between the 

s tates occurs v i a  tunne l l i ng .  
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