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A procedure  is descr ibed for measur ing thermal  and electr ical  conductivities of samples  of 
thermoelec t r ic  mate r ia l s  having small  c ro s s  sections and thicknesses of 1-0.01 mm. The 
thermal  conductivity is determined f rom the change in res is tance  of the sample as a resul t  of 
Joule heating within it. The method does not require  a direct  measurement  of tempera ture  of 
the sample. 

The measurement  of the e lec t r ica l  and thermal conductivities of samples  of thermoelec t r ic  mater ia ls  
having small  c r o s s  sections (< 1 mm 2 for  a length 1 > 3 mm) is of interest  both for  physical  investigations 
such as the study of the influence of dimensional effects on the scat ter ing of electrons and phonons, and for  
the development of thermoeouple a rms  for use in weak-cur ren t  thermoelec t r ic  genera tors  and thermostat ic  
control  devices.  

The accuracy  of measur ing  the thermal  conductivity of small  c r o s s  section samples is decreased  be- 
cause of the increased heat loss f rom the lateral  surface of the sample, and because of the difficulty in de- 
termining the tempera ture  of the sample, since connecting thermocouples  significantly dis tor ts  the t em-  
pera ture  distribution. 

In view of this we have used the Kohlrausch (Callendar) method [1, 6] which consis ts  in passing an 
electr ic  cur ren t  through a sample whose ends are  maintained at a constant temperature .  This leads to a 
change in the res i s tance  of the sample AR as a resul t  of Joule heating. By measur ing  AR under s ta t ionary 
conditions we find the related value of the thermal  conductivity of the mater ia l .  In this method the effect 
of heat loss f rom the la tera l  surface of the specimen is much less  than in methods of measur ing  the ther -  
mal conductivity in which the heat flow through the sample is produced by external sources  [4, 5, 7, 8]. 
In addition there is no need to connect thermocouples to the sample. 

It should be noted, however, that the Kohlrausch method is limited to mater ia ls  having a large enough 
tempera ture  coefficient of res i s tance  fl so that AR for a small  temperature  r ise  can be measured  to the 
necessa ry  accuracy.  Semiconducting thermoelec t r ic  mater ia ls  genera l ly  satisfy this requirement .  

In o rder  to establish a relation between AR and ~ we calculate the tempera ture  distribution in the 
sample T(x), where x is the coordinate measured f rom one end, under the following simplifying assump-  
tions: the c r o s s  sectional area  of the sample w is small  enough so that the heat flow can be considered 
linear; heat exchange with the surrounding medium is descr ibed by Newton's law, with the tempera ture  
of the medium the same as the tempera ture  of the ends of the sample,  assumed equal to zero; the tem- 
pera ture  drop ac ros s  the sample is small  enough so that the effect of the tempera ture  dependence of the 
pa r ame te r s  of the sample on the tempera ture  distribution within it can be neglected. 

By solving the heat conduction equation and satisfying the boundary conditions under these assumptions 
we obtain 

I~ [ sh ~l x ~ sh ~ (l - x) 
T (x) --  o)(~Hp sh ~ll ' (1) 
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Fig. 1. Schematic d i ag ram of appara tus .  1) Sample; 2 and 3) e lec t rodes ;  4) screen;  
5) space r s ;  6, 7, 13) thermocouples ;  8) supports;  9) heater ;  10) slab; 11) rod; 12) 
p la tes .  

Fig. 2. Schematic port ion of the curve  showing the potential  u= as a function of t e m p e r a -  
ture .  AB) The sample  is c a r ry i n g  a d i rec t  cu r r en t  which does not produce significant 
heating of the sample;  CD) in addition to the d i rec t  cu r r en t  the sample  is c a r ry ing  an a l -  
ternat ing cu r ren t  which r a i s e s  its t e m p e r a t u r e  10-15 ~ 

Fig. 3. Ci rcui t  d i ag r am  of ap-  
pa ra tus .  

where  ~? = 
ing a cu r ren t  is 

The r e s i s t a n c e  of the sample  R I when it is c a r r y -  

[1+ dx. (2) 
0 

After  substi tut ing (1) into (2), integrating,  and expanding in pow- 
e r s  of ~1/2 we obtain an express ion  for  the the rma l  conductivity of the 
m a t e r i a l  

•  12(0A------R . - ~ -  + - - ~ -  ~ . . . .  (3) 

The h e a t - t r a n s f e r  coeff icient  appears  in the cor rec t ion  t e r m s .  
It should be  noted that Eq. (3) can also be  wri t ten in the f o r m  

u =  12(a~AT 1 - - 1 0  (on - ~  ~ u  13 . . . .  ' 

where  AT is the effective t e m p e r a t u r e  r i s e  of the sample  due to the 
l iberat ion of Joule heat in it. 

F igure  1 shows a schemat ic  d i ag ram of the appara tus .  E lec t rodes  2 and 3, to which the sample  is 
soldered,  a re  connected to pla tes  12 by s teel  supports .  The p la tes  are  e lec t r ica l ly  insulated by be ry l l i um 
oxide space r s  5 fastened to the copper  slab 10, the extension of which f o r m s  rod 11, cooled by liquid n i t ro -  
gen. The sample  is surrounded by a copper  hea te r  sc reen  4 used to de te rmine  the emis s iv i ty  of the s a m -  
pie (cf. below). 

Hea te r  9 produces  a t e m p e r a t u r e  drop ac ro s s  the sample  for  the determinat ion of the t he rmoe lec t r i c  
power.  The t e m p e r a t u r e s  of e lec t rodes  2 and 3 and sc reen  4 a re  r ecorded  by the rmocouples  6, 7, and 13. 
The s y s t e m  was pumped down to 10 -5 t o r r  to e l iminate  convective losses .  

Equation (3a) shows that the determinat ion of the t he rma l  conductivity requ i res ,  in addition to the 
l inear  d imensions ,  the e lec t r i ca l  conductivity (~, the effective heating of the sample  AT, and the cu r ren t  I 
producing this heating. The m e a s u r e m e n t s  a re  made with an N-359 two coordinate  record ing  ins t rument  
which plots on one axis the potential  u= of the sample  when ca r ry ing  a d i rec t  cur rent ,  and on the second 
axis the t e m p e r a t u r e  (Fig. 2). 
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The measurements  are per formed by lowering the tempera ture  so slowly (~100~ that the sample is 
at all t imes in thermal  equilibrium. To inerease the accuracy  of the measurements  the high sensitivity 
scales  of the N-359 instrument are used, and the ernf of thermoeouple 6 (Fig. 1) measur ing the t empera -  
ture, and the potential of the sample are par t ia l ly  compensated by prese t  constant potentials. 

The measur ing p rocess  consists  in the following. A relat ively small d i rect  cur ren t  is passed through 
the sample producing no appreciable heating. Using the N-359 instrument the potential u= is plotted as 
the tempera ture  of the sample changes (portion AB of Fig. 2). Then a 50 GHz alternating current  is turned 
on for about a minute, producing effeetive heating of the specimen by 5-10 ~ and causing a stepwise change 
in u= (portion CD of Fig. 2). The alternating cur ren t  is then turned off. 

It is easy to see that the s traight  line MK drawn paraliel  to the T axis until it in tersects  the prolonga-  
tion of the s traight  line CD gives the value of ATef f. The ver t ical  KL on Fig. 2 eor responds  to the average 
time the alternating cur ren t  flows. 

Figure 3 shows the c i rcui t  d iagram of the apparatus. The de circui t  consis ts  of the bat tery  E2, the 
res is tance  box R2, and the ammeter  A 2. The ac c i rcui t  eonsists  of the isolation t r ans fo rmer  Til , the ad- 
justable au to t rans fo rmer  Ta2, the ammete r  At, the bal last  r e s i s to r  tlt, and the eapaei tor  C I eIiminating 
the de component of the current .  

The c i rcui t  for measur ing  the potential of the sample contains, in addition to the N-359 instrument:  
a f i l ter  L2C 2 to eliminate the al ternating voltage component, and a compensating eircuit  consist ing of a volt-  
age divider, the ammete r  A3, and the bat tery  E 3. The emf of the thermocouple is compensated in a s imi lar  
circuit .  

Fo r  the samples  of bismuth telluride (l = 1 cm, co = 10 -2 cm ~, a = 800 a -~ -era -I, c~ = 230 t~V/deg) 
the values of the d i rec t  and alternating currents  are I1 = 10 mA and 12 -- 500 mA respect ively.  The heat-  
t r ans fe r  coefficient is determined in the following way. The copper  screen  4 is heated to a certain tem-  
pera ture  T s and the result ing change AR'  in the res is tance  of the sample is measured.  

Solving the problem of the change in res is tance  of the sample we obtain 

AR'-- R~ [1-- 1 HP 12 + 1 ( HP 12 ) ~ ) 
12• 10- m• ~ ~-x . . . . .  (4) 

Discarding the cor rec t ion  te rms  in (4), which is permiss ib le  since the required quantity tt enters  (3) as a 
correct ion,  we find 

H ~ 12•176 (5) 

Substituting (5) into (3) we obtain for ~t 

RoI~@Ts 

I2l[~R2 [i 12 AR ~ 144.17 ( AR~ ] 2 ] 
• = i2(oA----'-R - IO"  IgTsR 0 + 16.10-----5 \ 13Ts~ 0 ] . . . .  " (6) 

We compare the magnitude of the first correction term in (3) with the correction for heat transfer from the 
lateral surface of the sample in measuring the thermal conductivity with an external heat source (e. g., 
heat is liberated at one end of the sample at a definite rate and the resulting temperature drop across the 
sample is measured [4]). Neglecting all correction terms except the first we write (3) in the form 

•176 ( I -  110 HP 12) " t o •  (7) 

It is easy  to show that the thermal  conductivity measured by heat re lease  at one end of the sample is 
approxi mate ly 

• ~ • . . . . .  �9 (7 a) 2 ~0~ 

It follows f rom the above that the correc t ion  term is a fifth as large. This is accounted for by the fact that 
the fract ion of the heat dissipated by the lateral  surface when heat flows the whole length of the sample 
f rom a source  at one end is appreciably l a rge r  than for  a heat source  distributed through the volume of the 
sample.  
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TABLE 1. Measured Values of the T h e r m a l  Conductivity 

Material  T, ~ 
• (cal/cm.sec.deg)10 a, 
large samples 

(cal/cm.sec.deg)lO s, 
thin samples 

I 

Bi,zTe a 300 4,5 4,3 
80 14,5 14,0 

BL, T%,vSeo, 3 300 4,0 4,1 
80 6,7 6,4 

B o 5Sbz 5T% 300 3,9 4,1 
' ' 80 6,7 6,5 

Not e . The large samples were measured on the apparatus and by the method 
described in [7]. The thin specimens 1 • 1 mm 2 in cross section and 1 cm long 
were cut from the large samples and measured on our apparatus. 

Indeed, fo r  identical source  s t rengths  the effective t empe ra tu r e  drop between the l a t e ra l  sur face  and 
the surrounding medium, and consequently the heat  loss ,  is l e ss  in the case  of internal  sources .  The a v e r -  
age dis tance heat  propagated f r o m  internal  sources  is l ess  than f r o m  a source  at one end. 

The magnitudes of the f i r s t  cor rec t ion  t e r m  in Eq. (3) (in % of >to) for  radia t ive  heat  loss  (e = 0.5) 
f rom the l a te ra l  su r face  of the samples  of b ismuth  tel luride a re  the following: 

T, ~ s=-lx1 mm 2 s=l • mm 2 s=:iv,0,01 mm 2 
1:10 mm i=6 mm l=3 mm 

300 8 15 30 

80 0,03 0,06 [ 0,2 

The magnitude of the co r rec t ions  in this method, even for  r a t he r  thin samples ,  is insignificant.  

Table 1 c o m p a r e s  the rma l  conductivi t tes  of la rge  s amples  measu red  on the appara tus  and by the 
method descr ibed  in [7], and thin spec imens  1 x 1 m m  2 in c r o s s  section and 1 cm long cut f r o m  the la rge  
samples .  It is c l ea r  that the resu l t s  a re  in sa t i s fac to ry  agreement .  

Because  of the re la t ive ly  smal l  effect  of the heat loss  f rom the l a te ra l  sur face  of the sample  the Koht-  
rausch  method is of in teres t  a lso  for  h igh - t empera tu re  m e a s u r e m e n t s  of the the rma l  conductivity of s a m -  
p les  of t he rmoe lec t r i c  m a t e r i a l s  with "ord inary"  sized c r o s s  sect ions  (~0.5 cm2). In this case  it may  be 
n e c e s s a r y  to take account of the radia l  var ia t ion of t e m p e r a t u r e  in the sample  a r i s ing  f r o m  the heat loss  
f r o m  its l a te ra l  sur face .  

The p rob lem reduces  to calculat ing the s t eady-s t a t e  t e m p e r a t u r e  distr ibution in a finite cyl inder  of 
radius  a and length l with internal  heat  sources ,  constant  t e m p e r a t u r e  of the ends, and heat t r an s f e r  by 
Newton's  law f r o m  the la te ra l  surface .  We introduce cyl indr ical  coordinates  x and r. 

Using the solution given in [2, 3] we obtain 

~ [ (  ~ )  ~J I ~ ) (  (--1)n(~2+b2 n + @ )  ] 
T(p, ~)= 4q "A Jo(~tP) cos n-l- E/ "n-i- 

where  

r n x  aH 
o=--;a ; = T ;  i = - ' ~  ' 

J0 is a Besse l  function, the # 's  a re  the posi t ive roots  of the 

~so (~,) + iSo (~) 

na  P R o  . 
b = - - i - - ;  q =  • ' 

c h a r a c t e r i s t i c  equation 

~ 0 .  

In o rde r  to de termine  the change in r e s i s t ance  of the sample  when an e lec t r ic  cur ren t  flows* Eq. (2) must  
be integrated over  the volume of the cyl inder ,  which leads to c u m b e r s o m e  express ions .  It is poss ible ,  
however,  to es t imate  qual i ta t ively the effect  of the deviation of the heat  flow f r o m  the axial direct ion by 

*We neglect  the deviation of the e lec t r ic  cu r r en t  l ines f r o m  the axial direct ion.  
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determining  the l a rge s t  radial  t e m p e r a t u r e  drop in the sample  A T '  (the drop in the middle c r o s s  section) 
and compar ing  it with the l a rge s t  axiaI t e m p e r a t u r e  drop AT. Evidently 

Using (1) and (8) we obtain 
~v 

~T'A___..T~ =~ ]6(~ 2 ~ [ 2  ~2 ~t]~_,.5_ ]'2 ( ]jo~, u) (9) 

Es t ima te s  p e r f o r m e d  for  boron,  a p rospec t ive  h i g h - t e m p e r a t u r e  t he rmoe lec t r i c  ma te r i a l ,  showed 
that for  b = 1, T ~ 1500~ A T '  is ,-~2% of AT, and in this case  Eq. (3) for  l inear  heat  flow can be used. 

A p r e l i m i n a r y  es t imate  must  be made in each specif ic case  to de te rmine  the poss ibi l i ty  of using this 
method to m e a s u r e  the t he rma l  conductivi ty of other  m a t e r i a l s .  

The main source  of e r r o r  in measu r ing  the the rmal  conductivity of smal l  c r o s s  sect ion s amp le s  is 
the de terminat ion  of the d imensions  of the samples .  The e r r o r  depends on the specif ic  c i r cums tances .  We 
note that the m e a s u r e m e n t  of u~/o- is of in te res t  in a number  of physical  invest igat ions.  In this case  the di-  
mensions  of the sample  en te r  only in the co r rec t ion  t e rms .  

The total  e r r o r  in measu r ing  ~, re la ted  to the de te rmina t ion  of fi, AR, R0, the d imensions  of the 
sample ,  and the e r r o r  in de te rmin ing  the co r rec t ion  for  heat t r a n s f e r  do not exceed 15%. The total e r r o r  
in measuring ~ is 5%. 

N O T A T I O N  

p is the p e r i m e t e r  of the c r o s s  sect ion of the sample ;  
I is the e lec t r i c  cu r r en t  through the sample;  
H is the h e a t - t r a n s f e r  coefficient;  

is the length of the sample;  
(~ is the e l ec t r i ca l  conductivity; 

is the the rmal  conductivity; 
a~ is the c r o s s - s e c t i o n a l  area;  
fl is the t e m p e r a t u r e  coeff icient  of res i s tance ;  
T s is the t e m p e r a t u r e  of the screen;  
R I is the r e s i s t a n c e  of the sample  when c a r r y i n g  a current ;  
R 0 is the initial r e s i s t ance  of the sample;  
AR is the change in the r e s i s t a n c e  of the sample  when a cu r r en t  flows in it; 
AR ' 

OZ 

14 0 

8 
ATeff 
U= 

is the change in r e s i s t a n c e  of the sample  due to the absorpt ion of the rmal  radiat ion f r o m  the 
screen;  
is the t he rmoe lec t r i c  power; 
[s the t he rma l  conductivity measu red  without taking account of heat t r a n s f e r  f r o m  the la te ra l  
sur face  of the sample;  
is the e m i s s i v i t y  of the sample;  
is the effect ive heating of the sample;  
is the potential  of the sample .  

1. 
2. 
3. 
4. 
5. 
6. 
7. 

8. 
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