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An expe r imen ta l  device fo r  m e a s u r e m e n t  of t he rma l  conductivity of liquid semiconduc tors  
is descr ibed .  Resu l t s  a r e  presented  f rom thermal--conductivi ty m e a s u r e m e n t s  of a number  
of semiconduc tor  a l loys.  

Of al l  known methods ,  the m o s t  convenient  mode of m e a s u r i n g  t he rma l  conductivity is the cons tan t -  
power  probe  [1]. This  method f ea tu re s  re la t ive ly  s imple  const ruct ion of the m e a s u r e m e n t  cel l ,  allows 
protec t ion  of m e a s u r e m e n t  and heating e lements  f rom agg re s s ive  media ,  reduces  t he rma l  losses  to a 
m in imum,  and m a k e s  poss ib le  s imul taneous  study of t he rma l  conductivity,  e l ec t r i ca l  conductivity,  and 
thermo--emL 

The cons t an t -power  probe  method is based on solution of the p rob lem of heating of a conductor  (the 
probe) through which a c u r r e n t  is passed ,  located in the medium whose t he rma l  p a r a m e t e r s  a r e  to be 
de te rmined  [2]. 

If  the l imi ta t ions  a r i s ing  f rom probe  the rmophys ica l  p a r a m e t e r s  and finite d imensions  of the s p e c i -  
men studied may be neglected,  the probe  su r face  t e m p e r a t u r e  then p roves  to be l inear ly  dependent oa the 
logar i thm of t ime,  with the s lope of this line being the quantity used in calculat ion of the coeff icient  of 
t h e r m a l  conductivity [1, 2]: 

m:= ~ Q  ' where 70 -- - -  (i) 
4~7o d In t 

In p r ac t i ca l  appl ica t ions  of the method,  it is n e c e s s a r y  to p r ec i s e ly  de te rmine  the conditions under 
which the logar i thmic  t e m p e r a t u r e - i n c r e a s e  law, Eq. (1), is valid. The re fo re ,  the effect  of the shield 
isola t ing the probe  f rom the medium and the rad ia l  and axial  measurement - -ce l l  d imensions  mus t  be eva l -  
uated. The location of the probe  within the m e a s u r e m e n t  cel l  is shown in Fig. 1. 

The probe  used in the p r e s en t  study is a hea t e r  e lement  made  of thin, 50-p- -d iamete r  plat inum wire ,  
encased  in an Alundum shield 0.8-1 m m  in d iamete r .  The probe is located in a c e r a m i c  cell ,  formed on 
Minalundum or  porce la in ,  which is filled with the subs tance  to be studied. The m e a s u r e m e n t  cel l ,  in turn, 
is Iocated in a cy l indr ica l  furnace.  The t e m p e r a t u r e  range  of the expe r imen t s  extended f rom room t e m -  
p e r a t u r e  to 1100~ Since the plat inum wi re  has  a re la t ive ly  high t e m p e r a t u r e  coeff icient ,  the heating 
probe  m a y  also be used as a r e s i s t a n c e  t h e r m o m e t e r  fo r  m e a s u r e m e n t  of t rans ien t  probe  t e m p e r a t u r e  
c h a r a c t e r i s t i c s  in the med ium studied. In other  va r i an t s  of the method [1] probe t e m p e r a t u r e  is de te rmined  
by an adjacent  thermocoupie .  The drawbacks  of that method a re  obvious,  s ince then the t rue probe t e m -  
p e r a t u r e  is unknownl m o r e o v e r ,  t e m p e r a t u r e  is de te rmined  at  a single point, and not averaged  over  the 
length of the probe.  The va r ian t  used in the p re sen t  study will be t e rmed  the cons tan t -power  r e s i s t i v e -  
p robe  method.  In o r d e r  to e l imina te  the ef fec ts  of contact  r e s i s t ance  and r e s i s t ance  in the supply leads 
and to at ta in high enough hea t e r  c u r r e n t s  in media  with a high the rma l  conductivity,  a Thompson-br idge  
m e a s u r e m e n t  c i rcu i t  is employed (Fig. 2). Under the influence of heating of the probe with r e s i s t ance  r x 
by a c u r r e n t  Ip, the init ial ly balanced br idge unbalances,  and a voltage U appea r s  a c r o s s  the bridge a r m s  
and is r ecorded  by a cha r t  r e c o r d e r :  
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Fig. 1. Schematic d iagram of m e a -  
su remen t  cell:  1) hea ter  wire;  2) 
ce ramic  probe shield; 3) cu r ren t  
leads, used for  e l ec t r i ca l - conduc -  
tivity measurements ;  4) m e a s u r e -  
ment  cell; 5) internal volume of 
measu remen t  cell ,  filled with sub-  
stance studied. 

g == ] R,~ t [ R,~ r ,  f ' S ,  ) ]  
' " - -  t ' x - - l ' r  I , 

where  

I~ rA R2 Ra . 

--  ; $1 -- ; S z  -- , 
RI -:- R.,_ RI -i- R2 R3 -~ R4 

and I is the cu r ren t  flowing in the bridge circuit .  
between the cu r ren t  heating the probe and the cu r r en t  in the bridge supply c i rcui t  

r,. - i  rr rA R1 -i- R2 
R3-i- R~ R~ -!- R~ " ' RI -T R~ § rA 

The quantity ~,,close to unity, allows for the difference 

(3) 

With the bridge initially balanced, the express ion in square brackets  on the right side of.Eq. (2) is equal 
to zero.  Therefore ,  the change Ar x = r x - r x  0 (rx 0 being the value of r x at balance) is expressed by 

A r ~ = ~  v R4+,R3 (4) 
I R8 

If the change Ar x iS produced by heating of the probe to a t empera ture  ~, then Ar x = e~ ~, where ~ = dr  x 
/ t iT  is the tempera ture  (uncorrected) coefficient of res is tance .  Then from Eqs. (1), (4) we obtain 

O -  Uv __R3§ , (5) 
I~ R3 

~" m= B R4 13 �9 ~ .  ( 6 )  

R4 -b, R3 7 

Here B = 0.185 O~rr//3 v3, T = d U / d  logt,  and at the balance point v = 1 + r r / R 3 ,  since the third term of 
Eq. (3) is ve ry  smal l  (the shunt res is tance  r A is low). It then follows f rom Eq. (6) that B is a constant  
quantity, independent of tempera ture ,  if oz, r r ,  and R 3 a r e  constant  and independent of tempera ture  under 
experimental  conditions. Constancy of r r and R 3 can be achieved by use of highly stable res i s to r s .  As for 
~, a weak tempera ture  dependence is possible. Consideration of this change in ~ may be achieved by ca l i -  
bration of the platinum probe at various tempera tures .  If we introduce the ratio of the coefficients c~ at 
different  t empera tu res  T and T c in the form 
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Fig. 3 
Fig. 2. Bridge c i rcu i t  for  thermal-conduct ivi ty  measurement :  rx) 
probe res i s tance ;  rr)  re ference  res is tance;  R1, R4) variable bridge r e -  
s i s to r s ;  r A) cu r ren t  shunt res is tance;  R b) ballast  r e s i s t o r  in power-  
supply circui t .  

Fig. 3. Coefficient of thermal  conductivity of tel lurium and selenium in 
the liquid state versus  tempera ture :  1-3) Se; 1) [8]; 2) experimental  
points; 3) [7]; 4-6) Te; 4) [4]; 5) experimental  points; 6) [3], t, ~ 

N a ( T )  _ f (T), 
(z ( Tc ) 

we obtain the formula  

~m= BcN R4 Ia , (7) 
Re 4- R~ 7 

where  B c is the cal ibrat ion constant,  r e fe r r ed  to a cal ibrat ion tempera ture  T c. 

To calculate h w e  measure  the res i s tances  R 3, R4, the cu r ren t  I, and the value of 7, i.e., we con-  
s t ruct  the function U(logt), withthe time ze ro  point set  at the moment  of switch-on of the measurement  
cu r r en t  L ThenY is the slope of the function U = f(logt). The coefficient  B c can be calculated from probe 
length, and the values a ,  r r are  known. However,  it is possible to use an experimental  value for B c, 
determined with cal ibrat ion liquids, for  which water ,  glycerine,  and m e r c u r y  were used. Calibrat ion was 
per formed at room tempera ture .  The computed and experimental  values of B c were close to each other. 

At high hea ter  cu r ren t s  in highly conductive media even a smal l  tempera ture  change in res is tance  r r 
can introduce significant e r r o r  in the measuremen t  resul ts .  If it is impossible to achieve good t empera -  
ture stability in r e fe rence  r e s i s t o r  r r ,  it is convenient to replace the lat ter  by a probe immersed  in a 
re fe rence  substance. Then the slope of the unbalanced vol tageas  a function of the logari thm of time is de t e r -  
mined by the  difference in the rec ip roca l s  of the thermal-conduct ivi ty  coefficients of the specimen and 
re fe rence  substances.  The right side of Eq. (6) remains  the same,  while in the left side the quantity ~ is 
replaced by the express ion 

[~-1 _ D ~ r , ] - t ,  (8) 

where  the indices x and r r e f e r  to the studied and re fe rence  media. The pa rame te r  D is equal to 

D --  arlx 
O~ x l ~: 

The use of two s imi l a r  br idges,  shown in Fig. 2, in one of which the probe is immersed  in the med i -  
um to be studied, in the other,  in the reference  liquid, avoids the necess i ty  of const ruct ing the log time 
dependence. Switching each of the unbalanced voltages (from one Thompson bridge to the other} to the c o r r e -  
sponding inputs of a two-coordinate  char t  r e co rde r ,  a readout  may be obtained in the form of a s t ra ight  
line whose slope is the ra t io  between the unknown and known therma.l conductivities.  A fur ther  modification 
of this method cons is t s  of eliminating the time recording of the unbalanced voltage. To do this the bridges 
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a re  connected at points A. At the points B a ga lvanomete r  null indicator  is connected.  By adjusting the 
c u r r e n t  in one of the b r idges  a ba lance  point is  r eached ,  in which the r a t e s  of change of the unbalanced 
vol tages  of the two br idges  coincide,  and the indicator  pointer  does not deviate despi te  the i n c r e a s e s  in 
probe  t empe ra tu r e .  The ra t io  between the unknown and r e f e r ence  t h e r m a l  conduct ivi t ies  is de te rmined  
f rom the condition d(U 1 - U  2) / t i t  = 0, where  U 1 and U 2 a re  the unbalanced vol tages [Eq. (2)] a c r o s s  the 
f i r s t  and second b r idges ,  r e spec t ive ly .  F inal ly ,  in the balance posi t ion we have 

)~r \ I r J l= R~ '~ R4 .~ lr R3 -~- R~ 

The advantage of this va r i an t  is that it e l imina tes  the need of graphica l ly  record ing  t rans ien t  p r o c e s s e s .  
In the p r e s e n t  study all of the above modif ica t ions  were  utilized. Data f rom the di f ferent  va r i an t s  were  
compa red  and found to be in s a t i s f ac to ry  ag reemen t .  

In es t imat ing  the e r r o r  in the method,  it  is e spec ia l ly  impor tan t  to cons ider  that with the cons t ruc t ion  
used Eq. (1) is approx ima te ly  valid only over  a ce r t a in  t ime in te rva l  tmi n < t < tma x, where  the value tmin 
is connected with the effect  of t he rmophys ica l  p a r a m e t e r s  of probe  and shield and tma x, with heat  los ses  
through the spec imen  faces  and walls  of the m e a s u r e m e n t  cell .  In o rde r  to de te rmine  tmin, we solve the 
p rob lem of the t e m p e r a t u r e  field of two coaxial ly  a r ranged  cy l inders  [1], using an expansion in large 
F o u r i e r  c r i t e r i a  FOps = t / T p s  >> 1 (Tps _> 7pro). F r o m  the comple te  solution, which has the fo rm of a 
rapidly  converging s e r i e s ,  we re ta in  only the f i r s t  t e r m s ,  which desc r ibe  the depar tu re  f rom a logar i thmic  
rule  of t e m p e r a t u r e  inc rease .  Analogous t r e a t m e n t  of smal l  values  FOsm = t / T s m  << 1 gives the value of 
tmax,  i .e . ,  the c r i t e r i on  for  se lect ion of m a x i m u m  m e a s u r e m e n t  t ime,  beyond which the depar tu re  of the 
function 0 = f(lnt) f rom l inear i ty  becomes  signif icant  [ 1 ] .  

The t ime range over  which, with the given approximat ion ,  Eqs. (1), (7) a re  appl icable  is defined by 
the condition [1] 

tml a == L1Tpm~ t ~ L2Tsm---- tma x. (10) 

The p a r a m e t e r  L 1 m u s t  lie within the l imi ts  10(a s / a  m) (r h / r 0 )  2 _< L1 _< 10 (depending on the ra t io  ~ s / ~ m ) ,  
if it is r equ i red  that the function 0 = f(ln t) or  the co r respond ing  Eq. (1) approx imate  t inear i ty  within 5%. 

M o r e s e v e r e r e s t r i c t i o n s  on expe r imen ta l  conditions with r e f e r ence  to end ef fec ts  (the effects  of finite 
length and radius  of the specimen)  develop with large d i f fe rences  between the t he rma l  diffusivi t ies  of c e l l -  
wall  m a t e r i a l  and spec imen  (a s << am).  Under such conditions the computat ional  e r r o r  of Eqs. (1), (7) does 
not exceed 5% if L 2 = 0.3 (at 13/R >_ 8-10). 

The total e r r o r  in the the rmal -conduc t iv i ty  de terminat ion ,  together  with the methodica l  e r r o r ,  in -  
cludes e r r o r  produced by dr i f t  in the furnace t e m p e r a t u r e ,  instabi l i ty in the p robe-hea t ing  cu r r en t ,  and 
e r r o r s  in the br idge method of p r o b e - t e m p e r a t u r e  m e a s u r e m e n t ;  m o r e o v e r ,  it is dependent on the accuracy  
of es tab l i sh ing  ca l ibra t ion  constant  Bc [Eq. (7)]. F o r  Minalundum vesse l s  the total e r r o r  does not exceed 
• F o r  porce la in  ve s s e l s  e r r o r  in ~ m e a s u r e m e n t  of highly conductive media  (~ > 2 W / m .  deg) in-  
c r e a s e s  to :L20% due to l imitat ions on tmax {inner v e s s e l  radius  did not exceed 8-10 mm).  

To make  a compar i son  with data f rom the l i t e ra tu re ,  m e a s u r e m e n t s  were  f i r s t  made  on subs tances  
whose t he rma l  conductivity had been studied by var ious  authors :  Bi2Te 3 [3,4],  Te [5, 6], Se [1, 8]. A g r e e -  
men t  with the m o r e  re l iab le  resu l t s  of [3, 4] was  good (Fig. 3). In the meta l l ized  liquids Bi2Te 3 and Te 
e lec t ron  heat  t r a n s f e r  p redomina tes ,  i ts  value being r ep resen ted  sa t i s fac to r i ly  by the W i e d e m a n n -  Franz  
law: ~el = L0~T (with a sma l l  d e c r e a s e  in Bi2Te3; L ~ 0.8 L0). The inc rease  in t he rma l  conductivity (of 
quas i la t t ice  origin) with t e m p e r a t u r e  in se lenium is anomalous  for  d ie lec t r ic  liquids and is produced by 
s t rong  assoc ia t ive  bonds in the mel t .  The high t e m p e r a t u r e  value ~ = kl = 0.4 W / m - d e g  co r r e sponds  to 

t h e o r e t i c a l  evaluat ions by the Osida - R a o  fo rmula  [10] and is  c h a r a c t e r i s t i c  of a d issocia ted  liquid. 

Data for  s e v e r a l  quas ic rys ta l l ine  semiconduc tor  mel t s  a re  presented  in Fig. 4. These  al loys w e r e  
0.8 Sb2Se 3 - 0 . 2  Bi2Se3; 0.6 Sb2Se 3 - 0 . 4  PbSe; 0.5 Sb2Se3-0.5 Sb. Separat ion of the quas i la t t ice  and e lec t ron  
components  of t h e r m a l  conductivity may  be done by ext rapola t ion  of the function )~ = ~l + L~T to ze ro  values 
of the product  o~r. The initial  ordinate  of this function (at o-T = 0) c o r r e s p o n d s  to the quas i la t t ice  the rma l  
conductivi ty,  while the slope L is the W i e d e m a n n - F r a n z  rat io.  Another  method of evaluat ing hl is by use 
of the O s i d a - R a o  formula  [9]. 

F o r  al l  the a l loys  mentioned ~ l ies  within the l imi ts  0.3-0.5 W / m - d e g .  At the s a m e  t ime the total  
Lorentz  number  L = 1.5-2 L0, for  the compos i t ion  0.8 Sb2Se 3 - 0 . 2  Bi2Se 3 and L = 3 fo r  0.6 Sb2Se 3 - 0 . 4  PbSe. 
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Fig. 4. Coefficient of thermal  
conductivity versus  t e m p e r a -  
ture for  alloys in liquid state: 
i) 0.5 SthSe 3-0.5 Sb; 2) 0.6 
Sb2Se 3 -0.4 PbSe; 3) 0.8 SbaSe a 
-0.2 Bi2Se 3. Abscissa, t, ~ 

This increase  in L values above the standard L 0 value is a consequence of bipolar thermal  diffusion, p r e -  
served in the semiconductor  liquids, and denotes the existence of an energy gap between zones. The high 
activation dependence of e lec t r ica l  conductivity and its values are  additional evidence of the semiconductor  
cha rac t e r  of the melts.  

In cont ras t  Zo previous alloys the mix'lure 0.5 Sb2Se a - 0 . 5  Sb shows a small  bipolar thermal-diffusion 
contribution only in the precrys ta l l iza t ion  region (L _< 1.25-t .5  Ln), which disappears  rapidly with growth in 
tempera ture  and e lec t r ica l  conductivity; L = L 0 even at ~T = 4.105 ~2 -~ �9 cm -1 �9 deg. Such rapid suppression 
of bipolar heat t ransfer  permits  c lass i fying this mixture  as a relat ively more  highly metaIl ized liquid (at 
the same electr ical -conduct ivi ty  values) than the preceding alloys,  and the alloys SbaTe 3 -SthSe  3 [10]. The 
cause of this phenomenon should probably be sought in the high s t ructura l  and composit ion mic ro inhomo-  
geneities distinguishing the electrical systems from solid-solution melts (such as the Sb2Se a with Sb2Te a 
and Bi2Se a studied here). 

Q = F(rx/~.r)  
r X, r r  

lx, tr ,  tp 
0 
t 

train, tmax 

Xm, am 
As, r 

a c 
1R 

r0 
rh 
Bc 
O" 

rpm = r~/am; 
rps = r20/as; 
Tsm - R2/Om; 
A= Ar + X/; 
X l 
Xr 
L = Xr/OT 
L 0 = (rr2/3){k/l) 2 

NOTATION 

is the power generated per unit probe length at cu r ren t  I; 
a re  the probe res is tances ;  
are  the probe lengths; 
is the probe sur face  tempera ture ;  
is the time measured  f rom switch-on of heater  cur ren t  I; 
a re  the minimum and maximum times defining time range over  l imit of which probe 
tempera ture  increase  is a l inear function of In t to a given accuracy;  
a re  the thermal  conductivity and thermal  diffusivity of mate r ia l  studied; 
are  the thermal  conductivity and thermal  diffusivity of casing mater ia l ;  
is the thermal  diffusivity of measu remen t - ce l t  mater ia l ;  
is the internal radius of measuremen t  cell; 
is the shield radius; 
is the heater  radius;  
is the cal ibrat ion constant  in Eq. (7), determined at tempera ture  Tc; 
is the e lec t r ica l  conductivity; 

is the quasilat t ice thermal  conductivity; 
is the e lectron thermal  conductivity; 
is the W i e d e m a n n - F r a n z  rat io (Lorentz number); 
is the Sommerfeld value of Lorentz number.  
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