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ABSTRACT 
 
The electrical resistivity (ρ), thermal conductivity (K), and thermo electric 

power (S) of Ba have been measured at different temperature ranges. The electrical 
resistivity data for pure Ba differs from previous value in that it shows no evidence 
of a phase transition at any temperature. The metal has large residual resistivity. The 
resistance remains constant at low temperatures below 10K. The temperature range 
in which the constancy of electrical resistivity persists, becomes minimum for Ba in 
the list of alkaline earth metals. It has linear temperature dependent above about 
15K. The result of the analysis of the electrical resistivity, suggests it as 
semiconductor at low temperatures. Density of free electrons per atom for Ba is 
much smaller than the number of its valence electrons and varies with temperature. 
All ρ, K and S data for pure Ba is explained semi-quantitatively using a simple 
model.   
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Keywords: Electrical resistivity, thermal conductivity, thermoelectric power, B. G. 
formula, Lorentz number, Paramagnetic susceptibility. 

 

1.  INTRODUCTION 
 
 We have determined the electrical resistivity (ρ), the thermal conductivity (K) and 
the thermoelectric power (S) of solid Ba from 8K to 750K. Literature data for the electrical 
resistivity of Ba above room temperature show considerable scatter. Rinck (1932) found a 
distinct slope change at 650K, which he assumed to be due to a phase change at this 
temperature. The data of Guntherodt et al. (1975)1 are similar to Rinck’s. Although the 
values of Grube and Dietrich (1938)2 show a discontinuity near 650K of a quite different 
nature, it was nonetheless ascribed to the phase transition proposed by Rinck. After the 
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present work was completed, Katerberg et al. (1975) published electrical resistivity data 
which are different from Rinck’s  [Fig.1], in that they show no slope change near 650K, but, 
it seems to us, a slope change near 530K. In Fig. 1 we also show the data of Rashid and 
Kayser (1971) obtained on a very pure sample, which although not extending past 400K, 
nonetheless indicate the data referred to above were obtained on rather impure samples. The 
impurities in these samples must be responsible for the fact that the electrical resistivity data 
differ by a factor of three to four at the higher temperatures, and that there is no agreement as 
to either the slope changes in the ρ curves, nor their significance. A Ba sample of commercial 
purity, and residual resistance ratio, RRR=ρ(273.15K)/ρ(4.2K), near 22, was mounted in a 
simple vacuum chamber which could be filled with He, and heated. Its ρ was first measured 
from 300K to 700K in He, and found to be rather like the curve of Fig. 1 labelled ‘ρi’. No 
bumps or jogs were in evidence. 
 
2. MATERIALS AND METHODS  
 

B.G. formula (1933) for electrical resistivity based on free electron model and Debye 
model of energy spectrum of phonon is written as  

ρT = A(T/�)5� [��/(�	 − 1)(1 − �	)]�/�
�  dx       (1) 

This formula is supposed to be valid in the whole temperature zone in simple metals. 
“A” is constant which varies in metals. At very low temperatures T≤ 0.077�, equation (1) 
may be reduced to  
ρT/�� = 497.6/��. ��          (2) 
At temperatures T≥0.1667�, equation (1) is written as [Thakur & Poddar (1976)]3, 
ρT/�� = 1.1789(T/�) − 0.16636         (3) 

At sufficient high temperatures ρT ∝T. In equations (2) and (3) ρT and �� are ideal 
electrical resistivity at temperatures T and � respectively. � being the Debye’s temperature. 
At low temperatures electronic contribution of thermal conductivity Ke is written as [Wilson 
(1965)]4, 
Ke = T/(β+αT3)           (4) 
Where α= (95.3/�∞��) (n/na)

2/3         (5) 
n/na = Density of free electrons per atom. �	= Debye temperature �∞ = Thermal conductivity at high temperature. 
β = Wr/T 
Wr = Residual thermal resistivity caused by the electron-impurity scattering. 
Lattice thermal conductivity Kg may be written as  
Kg = AT3/{β1+BT2+f (T)}         (6) 
 
Where A, β1 and B are constants. f (T) is the function of temperature. β1 appears due to the 
presence of impurities and lattice deffects in the specimen. The BT2 term arises due to 
phonon-electron collision and f (T) stands for phonon-phonon collision. T3-term represents 
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specific heat of phonons at low temperatures. In metals total thermal conductivity (K) is 
expressed as  
K = Ke+ Kg 
= T/(β+αT3)+AT3/{β1+BT2+ f (T)}        (7) 
 
3. RESULTS 
 
3.1 Electrical Resistivity  
 

The behaviour of R/R290K of Ba reported by Mac Donald and Mendelssohn (1950)5  
is shown in Fig. 2. Evidently it is constant below 10K and varies very slowly with 
temperature till T reaches about 15K. Above 15K it becomes the linear function of 
temperature. The equation fit to the curve in Fig. 2 is obtained as,  
R/R290K = 4.4×10-2+0.2125×10-2 T        (8) 

This equation is valid between 15 and 80K. Calculated and observed values of 
R/R290K are shown is Table -1. Qualitatively this equation is identical to equation (3). The 
calculated value of θ from equation (3) and Coefficient of T in equation (8) is equal to 
554.8K against � = 110.5 K obtained from specific heat measurements [Thermophysical 
Properties of Matter (1970)]6. The ideal resistance ratio between 8.21 and 82.5K of Ba, 
reported in the literatures [Mac Donald and Mendelssohn (1950)]5 is shown in Table-2. We 
have plotted log r against log. T. The plot is a straight line curve [cf. Fig. (3)].The least 
square equation fit in the data of r is obtained as, 
log (r×10,000) = 0.2279+1.6831×log T        (9) 
    [20.2≤T≤ 82.5] 
    � = 0.990 
Which results,  
r = 1.69×10-4×T1.683                              (10) 

The calculated value of r from equation (10) are reported in Table-2. We have 
plotted r against T, the curve is straight line [cf. Fig. (4)]. The equation fit to the curve is,  

 

r = -0.05 + 3.769 × 10-3T  
[20.2≤ � ≤ 82.5]                    (11) 
 

The calculated values of r from equation (11) are listed in Table-2. The calculated 
value of � from equation (3) using the coefficient of T in equation (11) is found to be 312.8K 
which is much greater than 110.5K. Equation (3) is obeyed qualitatively by “r” of Ba. 
Further we have calculated the values of θ at temperatures 8.21 and 10.7K from equation (2) 
using the values of r from Table- 2. Calculated values of θ are equal to 90.6 and 91.1K at 
8.21 and 10.7K respectively. These values of θ deviate from θ = 110.5K by about 22%. As 
the temperature dependence is concerned the values of r at these two temperatures obey T5-
law. These results suggest that free electron theory is valid in Ba even at very low 
temperatures. However, the behaviour of R/R290K with temperature in Fig. 2 disagrees with 
the result stated above. 



200 Sanjay Kumar, et al., J. Pure Appl. & Ind. Phys. Vol.5 (7), 197-205 (2015) 

July, 2015 | Journal of Pure Applied and Industrial Physics | www.physics-journal.org 

3.2 Thermal Conductivity  
 

It is concluded that electronic contribution to thermal conductivity dominates over 
the phonon contribution in metals even at low temperatures. 
 In the case of  Ba, we have calculated the value of n/na i.e. Lorentz number [Table-5] 
using the values of electrical resistivity and thermal conductivity at room temperature [Seitz 
(1940)]7, but sufficient and accurate experimental data of electrical and thermal conductivity 
of Ba is scanty. 
 
(3.3) Thermoelectric Power   
 

We have calculated the thermopower of Ba from the thermo- e.m.f. of thermocouple 
(Ba-Pb) [International Critical Table (1929), Cook & Laubitz (1976)]8-9 from the formula,  

Sab = 
"
"� (Eab) = Sa-Sb                    (12) 

Where ‘a’ and ‘b’ stated for the thermoelements; Sab is the thermopower of the 
thermocouples ; Sa Sb are thermopowers of thermocouples; Eab is the thermo –e.m.f. Spb, used 
in the calculation of SBa is taken from the absolute scales of thermopower of Lead given by 
Robert (1977,81)]10-11. The value of SBa so obtained, are shown in Table- 3. From these 
values of S we have calculated the values of µo using the equation, 

S=  
#
$ 		%

&'&	(
)*+                      (13) 

These values of ,O are listed in the same Table- 3. From these values of ,o we have 
calculated the density of free electrons per unit volume (n) using equation, 
µo = (h2/2m) (3n/8π)2/3                    (14) 
Here ‘m’ is the free electron mass. These values  of ‘n’ are reported in the same Table-3. 
From these values of n we have calculated n/na, the density of free electrons per atom. These 
values are also given in the same Table-3. n/na has been obtained from the relation, 

na  = 
-.��$×#�&/

0 . ρ                    (15) 

Where ρ is density and M is atomic weight in gram.  
 
4. RESULTS AND DISCUSSION   
 

We find that Ba metal is not of uniform transport character throughout the 
temperature zone, rather its behaviour varies from semiconductor to metal as the temperature 
increases from the lowest value [Poddar & Choudhary (1998), Poddar & Barnwal (2012), 
Poddar & Kumar (2013)]12-14. This conclusion is well supported by the paramagnetic 
susceptibility of Ba. Its magnetic susceptibility increases with temperature [Wilson (1965)]4. 
It implies that the distributions of electron densities in two bands vary with temperature. The 
absence of T2-term in electrical resistivity of Ba indicates that there is the least probability of 
the inter band transition of electrons in the metal that is Ba is purely non transition metal. 
Table-3 shows the variation of n/na with temperatures. In Ba the value of n/na is relatively 
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very small and varies with temperature. n/na should be equal to 2, since Ba metal is divalent. 
These result suggests that a small fraction of valence electrons are free in Ba. The result of 
the analysis of the electrical resistivity [Kumar, Barnwal & Poddar (2013)]15 of Ba suggests 
it, as semiconductor at low temperatures [Poddar & Choudhary (1998), Poddar & Barnwal 
(2012)]12-13. 

The ρ values of our purest specimen indicate that the breaks and jogs illustrated in 
Fig. 1 are due to impurities. We have attempted to put these considerations on a more 
quantitative basis, following the analysis of Cook et al. (1975)]16 for Ni. Briefly, we assumed 
that for temperature in excess of the Debye temperatures θ, the electron-phonon scattering is 
elastic, and can be described through a relaxation time, 

1	(2) = 4 56��
�(1 + 28��)9:(2). 

     ≡ <(�):	(2)                                                 (16) 
Where M is the atomic mass, a the lattice parameter, α the volume coefficient of expansion, 
and γ the Gruneiser parameter. If we then define a parameter X (E) through  
X(e) = �=(2):(2)>?                            (17) 
Where =(E) is the velocity of an electron of energy E, and d	? is an element of a surface of 
constant energy equal to E in k-space, then the transport coefficients can be calculated by 
means of the integrals, 
In = �{A(BC�D)DE�F/(�F + 1)�}>D                                                     (18) D = (2 − 2H)/BC�    
through  �-1 = AF (T) I0                     (19) 
S = (kB/e)(I1/I0)                     (20) IJ
� +	K� = (BC/�)� LM&MNO	                    (21) 

Where P is the electronic thermal conductivity, e the electronic charge, and A = e2/(12π3ħ) 
 

As a first step, we have ‘inverted’ (19) and (20), using the ideal ρ and S [Table-4], to  
obtain the function X(E) in the vicinity of EF, ignoring the effect of a possible shift of EF 
with temperature. This function is illustrated in Fig. 5 &6, and reproduces ρi and Si to within 
3% between 250 and 750 K. 
 

Table- 1 
Values of R/R290K of Ba [Mac Donald and Mendelssohn (1950)]5 and calculated from eqn. (8) 

 

T(K) R/R290K (Reported) R/R290K (Calculated) 
20 0.082 0.0867 
30 0.106 0.1077 
40 0.13 0.129 
50 0.15 0.1502 
60 0.17 0.1715 
70 0.192 0.1927 
80 0.212 0.214 
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Table- 2 
Ideal resistance robs. of Ba [Mac Donald and Mendelssohn (1950)]5 and calculated  

from eqn. (10) and (11) 
 

T(K) robs. [Hoffmann    et al. (1935)] Rcal. from eqn. (10) rcal. from eqn. (11). 
8.21 0.00095 --- --- 
10.7 0.0035 --- --- 
20.3 0.024 0.0268 0.0265 
40.0 0.103 0.0840 0.1008 
60.0 0.171 0.1662 0.1761 
82.5 0.252 0.284 0.2609 
290.0 1.000 --- --- 

 
 

Table- 3 
Calculated values of Thermopower (S), Fermi energy (Q0), free electron density (n)  

and number of free electrons per atom (n/na) of Ba. 
 

T(K) S(,v/K) ,0 10-19 (Joule) N×1021 n/na (na=1.5387×1022) 
300 12.1 0.9719 2.108 0.137 
350 15.9 0.8629 1.7636 0.115 
400 20.4 0.7686 1.483 0.096 
450 24.7 0.7142 1.3279 0.086 
500 28.5 0.6877 1.2548 0.0816 
550 31.9 0.6759 1.225 0.079 
600 34.8 0.6759 1.2225 0.079 
650 36.8 0.6924 1.2676 0.082 
700 38.0 0.722 1.3501 0.088 
750 38.5 0.7636 1.468 0.095 

 
 

Table -4 
The computed ρ and S of ideally pure Ba. 

 

T(K) ρ(,Ω − RS) S(,T/�) 
300 34 12.1 
350 42 15.9 
400 51 20.4 
450 62 24.7 
500 73 28.5 
550 86 31.9 
600 100 34.8 
650 115 36.8 
700 129 38.0 
750 143 38.5 
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Table -5: Calculated values of Lorentz
of electrical resistivity & thermal conductivity of the literatures [(Seitz (1940)]

Metal Electrical Resistivity (
Ba 60.0 

Fig. 1 : Literature values for the electrical resistivity (
of Ba Solid line: Rinck (1932); (
Dietrich (1938); (---) (b) : Rashid and Kayser (1971); 
(− ∙ −) (c) : Katerberg et al. (1975). For purposes of 
comparison we also give a curve (
ρi; our computed ρ for ideally pure Ba
 

Fig. 3.  Plots between log (r) and log (T) [The scales 
and origin have been suitably altered to portray the
desired shape of the curve]  
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Calculated values of Lorentz number L/Ln of Ba at room temperature from the data 
of electrical resistivity & thermal conductivity of the literatures [(Seitz (1940)]

 

Electrical Resistivity (ρ) Thermal Conductivity (K) L/Ln
 0.184 1.5379

             
Fig. 1 : Literature values for the electrical resistivity (ρ)   Fig. 2.  Electrical resistance of Barium at 
of Ba Solid line: Rinck (1932); (−-−) (a). : Grube and   low temperatures 

) (b) : Rashid and Kayser (1971);  
berg et al. (1975). For purposes of  

comparison we also give a curve (−− −), (d) which is  
 for ideally pure Ba 

                
Fig. 3.  Plots between log (r) and log (T) [The scales  Fig. 4. Dependence of electrical resistivity ratio 
and origin have been suitably altered to portray the on temperature (T) [The origin and the magnification

   scales along the axis have been suitably altered to 
present just the desired shape of the curve]

205 (2015) 203 
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number L/Ln of Ba at room temperature from the data 
of electrical resistivity & thermal conductivity of the literatures [(Seitz (1940)]7 

L/Ln 
1.5379 

 
Fig. 2.  Electrical resistance of Barium at  

 
Fig. 4. Dependence of electrical resistivity ratio (r) 
on temperature (T) [The origin and the magnification  
scales along the axis have been suitably altered to  
present just the desired shape of the curve] 
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Fig. 5. ρ data computed for ideally pure Ba   Fig. 6. S value for the condition of Fig. 5 
 
5. CONCLUSIONS  
 

We have presented low to high temperature ρ and S data on Ba purer than any 
examined till now at these temperatures. The ρ data, when plotted against temperature, shows 
no evidence of the slope change previously attributed to a phase transition. For the case of Ba 
it is suggested that the density of free electrons per atom is relatively small. At low 
temperature it behaves as semiconductor. Magnetic susceptibility of Ba also support the 
conclusion that the density of the electrons in two bands varies with temperature. n/na is 
much smaller than the number of its valence electrons and varies with temperature. 
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