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This  pape r  s tudies  the laws fo r  va r ia t ion  of the t h e r m a l  conductivity of incomplete ly  valent  
chalcogenide compounds A1SbC26 (A 1 - Li ,  Na,  K, Rb,  Cs; C 6 - S, Se) as a function of the i r  
chemica l  composi t ion  and s t ruc tu re .  

The recen t ly  synthes ized incomplete ly  v a l e n t t r i p l e  chalcogenide compounds A1SbC26 a r e  p romis ing  n e w  
semiconduc tor  m a t e r i a l s  [1, 2]. The invest igat ion of the t h e r m a l  conductivity of these  compounds a s  a ' f u n c -  
t ion of chemica l  composi t ion  and s t ruc tu re  is a m a t t e r  of specif ic  in t e res t ,  f r o m  the viewpoint  of explaining 
the s y s t e m a t i c  influence of va r i a t ions  in the nature  of chemical  bonds on the p r o p e r t i e s  of complex s e m i c o n -  
ductors  in the Li --* Cs and S -* Se t rans i t ions .  The topical  nature of this kind of invest igat ion s t e m s ,  on the 
one hand,  f r o m  the fac t  that  the t h e r m a l  conductivity of t r ip le  semiconduc tors  has  genera l ly  r ece ived  e x t r e m e l y  
li t t le study [3], and addit ionally,  because  of the m a r k e d  va r i a t ions  in the t he rma l  conductivity and i ts  t e m p e r a -  
ture  dependence with change in the dominant  type of chemica l  bond [4]. The lat t ice component  of the t h e r m a l  
conductivity of complex  compounds is the m o s t  sens i t ive  to the f o r m  of bond, and this has  been e x p r e s s e d  in-  
d i rec t ly  in formula t ing  the dependence of t h e r m a l  conductivity on the average  a tomic  m a s s  and coordinate  num-  
ber  [5]. The low e l ec t r i c a l  conductivity of A1SbC26 [2, 6, 7] compounds s t ems  f r o m  the fac t  that  in the t e m p e r a -  
ture  range 80-350~ the lat t ice component  of the i r  t h e r m a l  conductivity is p rac t i ca l ly  the s ame  as the total  
conductivity.  This  fea ture  of the semiconduc to r s  studied makes  it easy  to analyze the influence of changes in 
the nature  of the chemica l  bond and s t ruc tu re  on the t h e r m a l  conductivity,  as the posi t ion of the component  e l e -  
ments  changes in the Mendeleev per iod ic  sys t em.  

For  the invest igat ion we used spec imens  synthet ized at the N. S. Kurnakov Insti tute of Genera l  and In -  
organic  C h e m i s t r y ,  Academy of Sciences  of USSR (IONKh AN SSSR) by fusing e lements  and subsequently r e n d e r -  
ing them homogeneous  [1, 8]. 

The specif ic  t h e r m a l  conductivity was  m e a s u r e d  on cas t  spec imens  of cyl indr ical  f o r m ,  of length 6-10 
m m  and d i a m e t e r  6-8 ram,  under  s t e ady - s t a t e  t h e r m a l  conditions of an appara tus  which has  been desc r ibed  in 
detai l  in [9]. The re la t ive  e r r o r  of m e a s u r e m e n t  did not exceed 8%. 

All the spec imens  a re  semiconduc to r s  with p- type  conductivity,  whose e l ec t r i ca l  conductivity in the t e m -  
p e r a t u r e  range  80-300~ does not exceed  10 -2 mho .  m -i .  

The Debye t e m p e r a t u r e s  we re  found f r o m  the t e m p e r a t u r e  dependence of the speci f ic  heat  (Fig. 1), de-  
t e rmined  by the method used in [10]. The values  thus obtained for  the Debye t e m p e r a t u r e  | p rac t i ca l ly  coin- 
cided with values  calculated f r o m  the approximat ion  

0 = CT~ :~ ~-5/6 p~:3, (i) 

found f r o m  the Lindeman fusion rule  [11], in which C is a d imens ion less  constant ,  equal to 120. 

All the compounds tes ted  can be divided into th ree  subgroups in r ega rd  to the nature  of the t e m p e r a t u r e  
dependence of the t h e r m a l  conductivity. 

The f i r s t  group contains the compounds NaSbS 2 (f l-modificat ion),  KSbS 2 and RbSbS 2. The t he rma l  conduc- 
t ivi ty of these  subs tances  in the t e m p e r a t u r e  range  studied is inverse ly  propor t iona l  to t e m p e r a t u r e  (Fig. 2a), 
which points to a phonon m e c h a n i s m  for  hea t  d iss ipat ion with dominant  three-phonon p r o c e s s e s .  The lat t ice 
t h e r m a l  conductivity ~p of this subgroup of compounds can be desc r ibed  sa t i s fac tor i ly  by the re la t ion [12]: 
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Fig. 1. T e m p e r a t u r e  dependence of the m o l a r  spec i -  
f ic  heat :  1) LiSbS2; 2) NaSbS2; 3) KSbS2; 4) RbSbS2; 5) 
LiSbSe2; 6) NaSbSe2; 7) KSbSe2; 8) CsSbS2; Cp.  10-4; 
J / k m o l e .  K; T ,  K. 

~4p = 1 0 3 C  ' - -  (2) 
N 1/2 T ' 

where  C' is  a coeff icient  chosen exper imen ta l ly  as  a function of spec imen  s t ruc tu re .  

The second group contains the compounds NaSbSe 2 and KSbSe 2. Fo r  T > | in the above t e m p e r a t u r e  range 
the t h e r m a l  conductivity d e c r e a s e s  s l i ~ y  with inc rease  in t e m p e r a t u r e  (Fig. 2b), which is due to the con-  
s iderab le  s t ruc tu ra l  defect.  As was  shown in [2], these  compounds c rys ta l l i ze  with NaCI s t ruc ture  (the three  
d imensional  O~ - Fm3 re,group) and have se len ium a t the  nodes of the an ion  subla t t ice ,  with a toms of the alkali  
e l emen t  and sulphur a l te rnat ing  s ta t i s t i ca l ly  in the cation sublat t ice.  The complexi ty  of the cation sublat t ice 
c a u s e s  s t rong  d is tor t ions  in the c rys t a l  potent ia l  f ield [13], and local  densi ty  nonuniformity,  due to a con- 
s iderab le  d i f ference  in the a tomic  m a s s e s  of sodium and sulphur.  These  two f ac to r s  dictate a sha rp  inc rease  
in the anharmonic  nature  of osci l la t ions  of the c ry s t a l  la t t ice ,  which m a s k  var ia t ions  in the anharmonic  nature  
of osc i l la t ions  due to t e m p e r a t u r e  i nc rease .  

The thi rd  group contains the compounds LiSbS 2 and LiSbSe2, whose t h e r m a l  conductivity in the t e m p e r a -  
ture  range 80-350~ as is shown in Fig. 2c is independent of t e m p e r a t u r e ,  due to the di f ference in the m a s s e s  
of l i thium and sulphur.  We note that  the absolute  value of the specif ic  t h e r m a l  conductivity of these compounds 
is a l m o s t  an o rde r  of magnitude l e s s  than for  the subs tances  in the f i r s t  and second subgroups.  The low t h e r -  
ma l  conductivity and i ts  independence of t e m p e r a t u r e  for  the l i thium compound is due to the apprec iab le  change 
in the h e a t - t r a n s f e r  mechan i sm.  The s t ruc tu ra l  d i so rde r  in these  compounds is so g rea t  that  the phonon mean  
f r ee  path,  as e s t ima ted  f r o m  the r e s u l t s  of m e a s u r e m e n t s  of specif ic  hea t ,  speed of sound and t h e r m a l  conduc- 
t iv i ty ,  is equal to 5 .74 .10  -l~ m;  i . e . ,  it is l e s s  than the lat t ice p a r a m e t e r  (a = 5 . 7 4 . 1 0  -1~ m). 

In cases  l ike these ,  as was  f i r s t  shown by Ioffe [14], each a tom osc i l l a tes  a lmos t  independently of the 
o the r s ,  and the hea t  is t r ansmi t t ed  by d i r ec t  exchange of energy  quanta between adjoining a toms.  Because of 
the m a r k e d  m a s s  d i f ference  between l i thium and sulphur  this p r o c e s s  of heat  t r a n s f e r  in these  compounds is 
v e r y  f a r  f r o m  the resonance  point at  which the t h e r m a l  conductivity [15] should i nc rea se  with inc rease  of t e m -  
p e r a t u r e ,  and t he re fo re  the re  is no apparen t  t e m p e r a t u r e  dependence of t h e r m a l  conductivity,  and i ts  absolute 
value is v e r y  smal l .  

Table  1 shows bas ic  t he rmophys i ca l  p a r a m e t e r s  of the two groups of compounds of type AtSbC2 e. Analys is  
of the data shows that  there  a re  s y s t e m a t i c  va r i a t ions  in the p rope r t i e s  of these compounds with inc rease  of 
a tomic  number  of the alkal i  e l emen t s  and during t rans i t ions  f r o m  sulphides to se lenides .  

An inc rease  in a tomic  number  of the alkal i  e l emen t  in these compounds (apar t  f r o m  the l i thium com-  
pounds) is accompanied  by a dec r ea s e  in t h e r m a l  conductivity,  due to growth of the ave rage  a tomic  m a s s  of 
a compound and the appearance  of a tendency for  the c rys ta l l ine  s t ruc tu re  to become complex and for  it to 
b r e a k  up dur ing the Na --" K -~ Rb --" Cs. 
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TABLE 1. 
pounds 

Compound 

LiSbS, 
NaSbS, 
KSbSz" 
RbSbS z 
CsSbS s 
LiSbSe~ 
NaSbSe 2 
KSbSe2 

Basic Thermophysical Characteristics of the Com- 

Melting |De~=~" 
tempera-{ p- I0 
ture~ *I<. Lkg ~ m=~ 
[ 1 , 2 , 8 ]  O-;  2, 8] 

Ion valud Average Debye 
~ atomic temper 

a ture 
9, ~ 

192 
208 
224 
273 
338 
276 
292 
308 

.p. W-m-'. 
d~_  "~ at T =  ~ . m .  s~c "~ 

- e - ~ c I (  a t  3 0 0 ~  

0,80 
2,22 
1,93 
1,60 
1,20 
0,60 
1,40 
1,30 

943 3,75 24,0 
lOll 3,58 27,5 
783, 3,21 28,0 
733 3,70 28,0 
673 3,80 30,0 
993 4,94 20,2 

I013 4,68 21,5 
733 4,33 25,0 

228 0,80 
218 3,40 
168 3,50 
151 8,50 
127 
185 0,60 
174 1,48 
142 1,36 

2,7 
2,7 
2,6 
2,7 
2,7 
3,1 
3,1 
3,1 

8 

I I 

\ z/  2} es tour 

") i:i 
100 ZOO 300 7- I00 

- -  t~z 

2oo T 

/00 200 300 T 

Fig. 2. Tempera ture  dependence of the thermal  conduc- 
tivity: a) 1) NaSbS2, 2) KSbS2, 3) RbSbS2; b) 1) NaSbSe2, 2) 
KSbSe2; c) 1) LiSbS2; 2) LiSbSe 2. ~ ,  kW/m. K. 

The t ransi t ion f rom sulphides to selenides is also accompanied by a considerable decrease  in thermal  
conductivity, and this is seen especial ly  c lear ly  when one compares  the lattice thermal  conductivities of these 
two groups of compounds at their  respect ive  Debye t empera tu res ,  when the thermal  motion is developed in 
them to the same extent. 

By investigating the sys temat ic  var ia t ion in thermal  conductivity o f  binary compounds,  Ioffe showed [16] 
that,  due to an increase  in the anharmonic  nature of osci l la t ions,  the lattice thermal  conductivity in these com-  
pounds dec reases  with increase  of average atomic mass  and during transi t ion f rom covalent compounds to ionic 
compounds. A s imi la r  relat ionship also holds for  compounds of type A1SbC~. These are charac te r ized  by a 
mixed ion-covalent  bond with some fract ion of the metal l ic  components of the chemical  bonds. The values 
presented in the table,  f rom the data of [17], for the ion component of the chemical  bond were calculated for 
isolated molecules.  However,  taking into account that there is an increase  in the ion component of the chemi-  
cal bond during t ransi t ion f rom the molecular  to the crystal l ine state,  the data presented indicate that it in- 
c r ea ses  in the direct ion Na --- K ~ Rb ~ Cs and dec reases  in the direction S ~ Se. 

In spite of the fact  that in the t ransi t ion A1SbS2 ~ A1SbSe2 the ion component of the chemical  bond de-  
c reases  by 4-6%, the lattice thermal  conductivity decreases .  This apparent contradiction vanishes if one 
considers  that there is an increase  in the average atomic m a s s  of the compounds by 40-50% in the transit ion 
S --~ Se, and this has a definite influence on the nature of the variat ion of the specific thermal  conductivity. 
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The results of this experimental investigation of the systematic variations of thermal conductivity in 
compounds of type A1SbC~ are in good agreement with the anomalous increase in the width of the forbidden 
zone of these compounds during an increase in atomic number of the alkali element, occurring during a simul- 
taneous drop in the fusion temperature and the microsolidity [2, 18]. 

However, analysis of the experimental data shows that the influence of the degree of the ionic nature of 
the chemical bond and the increase in the average atomic mass on the thermal conductivity of A1SbC~ com- 
pounds and its temperature dependence do not appear in simple form. Apparently, one must also take into 
account the structural features of the compounds, as well as the electronic configuration of the constituent 
atoms. 

N O T A T I O N  

@ is the Debye temperature; 
Tf is the fusion temperature; 

is the average atomic mass of the compound; 
p is the density of the substance, kg/m3; 
C is a constant; 
M is the molecular mass of the compound; 
N is the concentration of atoms; 
T is the temperature; 
~tp is the lattice thermal conductivity; 
a is the lattice parameter; 

is the speed of sound propagation, m.  sec -1. 
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