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S c h e m a t i c  energy band diagrams for the genesis of charge carriers in non-metallic rare-earth 
solids have been presented. It has been shown that positions of 4f bands have significant 
effect on the genesis and nature of charge carriers, their conduction mechanism and magnitude 
of electrical conductivity (o-) and Seebeck coefficient (S) of the solid. Relevant relations have 
been given for both o- and S in different situations. Experimental data on rare-earth sesquioxi- 
des (R203), rare-earth tungstates [R2(WO4)3] and rare-earth molybdates [R2(MoO4)3] in the 
intrinsic range have been explained as examples for the validity of energy band diagrams. 

1. I n t r o d u c t i o n  
The energy band model proposed more than fifty years 
ago has been quite successful in explaining the genesis 
of charge carriers in semiconductors and insulators. 
According to this model electrical conduction in non- 
metallic solids is governed by two broad bands: one 
completely filled at absolute zero called a valence band 
and the other completely empty at absolute zero called 
a conduction band. As temperature is raised electrons 
from the valence band are excited to the conduction 
band creating holes in the former. The holes and 
electrons conduct in their respective bands and give 
appreciable conductivity to the solid. We have seen 
that this simple model is capable of explaining elec- 
tronic conduction in many rare-earth solids like their 
oxides, tungstates and molybdates. Rare-earth ele- 
ments are characterized by the successive filling of 4f 
electronic shells, which lie inside 5s, 5p and 6s orbitals. 
The wave functions of 4f electrons do not have much 
spatial extension and do not overlap when rare-earth 
elements form solids. Thus 4f energy bands are 
extremely narrow (~0 .05  eV) in most of the ionic 
rare-earth solids [1-4]. Such a narrow band cannot 
support band conduction. The only possible conduc- 
tion is due to the hopping process which has extremely 
low mobility [5]. This is the reason why most of the 
rare-earth solids, although containing partially filled 
4f bands, are non-metallic. It appears from the above 
discussion that 4f bands are not useful in electrical 
conduction. However, this is not the case. The relative 
position of this band has significant effect on the 
nature and mechanism of electronic conduction. This 
paper discusses how the position of localized 4f" and 
excited 4f n+l levels become effective in doing this. 

2. Posit ion of 4f bands and electr ical  
conduct ion 

We consider that relevant bands for the electrical 
conduction of a typical non-metallic rare-earth solid 
are the conduction band, valence band and extremely 
narrow 4U and 4f n" 1 bands (or levels). Regarding the 
relative position of 4f bands we can have the following 
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situations 

(a) Both 4f" and 4f n+t bands lie outside the energy 
band gap. 
(b) 4f" band lies within the band gap and 4f n+J lies 
outside the gap. 
(c) 4f n+~ band lies within the band gap and 4f " lies 
outside the gap. 
(d) Both 4f n and 4f n+~ bands lie within the energy 
band gap. 

All these situations are schematically shown in 
Fig. 1. 

Case (a): In this case 4f bands are not going to play 
any significant role. It is a simple case of a two broad 
energy band model discussed in normal text books. 
The electrical conductivity (~r) and Seebeck coefficient 
(S) are given by the following equations [6] 

cr = ao exp ( - - E j 2 k T )  (l) 

. ( 2 ~  kT~ 3,'2 
ao = 2e \--~5---_ ] (m*m•) 3'/4 (•e 4- /lh) (2) 

c - - I  1 2 k ( c -  l )  

e 

3k 
+ 4ee loge a 

(3) 

where a = m*/m * / h, C = /1~/'/1 h, m* and m* and #e and 
/~h are the effective masses and mobilities of electrons 
and holes respectively, Eg is the energy band gap of the 
solid and other symbols have their usual meaning. The 
plot of log cr against T ~ will be a straight line with a 
slope of Eg/2. Since temperature variations of ~te and 
/~h and m* and m* are similar in nature, it is reasonable 
to assume that their ratio will be fairly constant with 
temperature. Thus Equation 3 can be written as 

S = q/eT+ K 1 (4) 

where 
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Figure ! Energy band diagram and 
resulting electrical conductivity (er) and 
Seebeck coefficient (S). 

and 

2k / \ c -  1 3 k  
U l -  e L c - - ~ )  + 4 e - l ° g e a  (5) 

are constants. Thus the plot of  S against T 1 will be 
a straight line with a slope r/. Since electron and hole 
are both conducting in a relatively broad band giving 
c ~ 1, t/will be very small in comparison to Eg/2 and 
Kl will also be very small ( ~  few #V). Experimentally, 
variations of  ~ and S with T can be studied and the 
straight line plots stated above can be obtained for 
solids falling in this category. From these plots Eg, t/, 
K1 can be obtained and c and a can be calculated 
thereafter. Now taking a simplified assumption that 
m* = me = m (bare electron mass), the order of  #, 
and #h can be estimated. 

Case (b): In this case the favoured energy process 
for charge generation will be excitation of electrons 
from the 4f" level to the conduction band. The holes 
thereby generated in the 4f" level are almost localized 
and /4  >> #h- The variation of  a and S in this case will 
be given by the expression [7] 

( a = A(T) exp - 2 ~  (6) 
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which for m~ >> m* contains 

and 

r 2 m, kT ]112 
A(T)  = 2 [ \  ~ #ee (7) 

(w) l 
s = ~e Y + K= (8) 

In the above equations 2 = 1 for intrinsic conduction, 
Nis  the number of  rare-earth ions per unit volume and 
K2 is a constant. The charge carriers will be electrons. 
The plots of  log ~ and S against T l will be a straight 
line with almost the same slope. Here it is much easier 
to estimate #e, because N can be obtained from the 
density and structure of  the compound and m* can be 
taken as equal to m for this purpose. It  must be 
mentioned that at much higher temperatures the con- 
duction will be taken over by the charge carriers 
generated by the excitation of electrons from valence 
band to conduction band. 

Case (c): In this case the favoured energy process for 
charge generation will be excitation of electrons from 
valence band to excited state 4f "+l band. Advancing 
parallel argument as has been done for case (b), one 



can express relations for a and S as 

a = B(T) exp - 2 ~  (9) 

which for m* >> rn~' and #~ >> t& has 

[(2nm*kT~S/2 Nll/2 
B(T) = 2 ~ j 1/2 h e (10) 

provided the excitation to conduction band is neglec- 
ted and 

( W ) ,  
S = ~e T + K3 (11) 

where )~ ~ 1, K 3 is a constant and other symbols have 
their usual meaning. The charge carriers will be holes. 
The plots of log a and S against T -  ~ will be a straight 
line with almost the same slope. Here again it is easy 
to estimate ]/h from the experimental value of B(T) if 
one can take m* = m. At higher temperatures excita- 
tion of electrons from valence band to conduction 
band may become effective and conduction may be 
taken over by charge carriers generated by this process. 
The situation will then be governed by case (a). 

Case (d): In this case electrical conduction will be 
due to hopping of electrons in the 4f" band; which will 
behave as small polaron. The conductivity will be 
small. The Seebeck coefficient due to small polaron is 
very small and independent of temperature [5]. How- 
ever, at a much higher temperature conduction will be 
taken over by the charge carriers generated by excita- 
tion of electrons from the valence to the conduction 
band. 

3. R e s u l t s  f o r  s o m e  c o m m o n  
c o m p o u n d s  a n d  d i s c u s s i o n  

3.1. Rare-earth sesquioxides 
Rare-earth sesquioxides ( R 2 0 3 )  a r e  the most com- 
mon compounds of the rare-earth elements. However, 
they have a variety of phases [8] namely hexagonal 
(A-type), monoclinic (B-type) and cubic (C-type). 
Some of  the electrical transport properties of these 
compounds have been reported by us [9-15]. It has 
been found that intrinsic electronic conduction in 
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Figure 2 Energy band diagram for rare-earth sesquioxides. 

these solids can be explained using energy band dia- 
grams for the genesis of charge carriers and polaronic 
concepts for their conduction. The appropriate energy 
bands for electronic conduction in these solids are 
R 3+ : 5 d ,  R 3+ :4if ,  02 :2p and R 2+ :4ff +1. High 
temperature magnetic susceptibility data o n  R203  [16] 

are compatible with R 3+ : 4ff configuration which indi- 
cates that 4ff electrons are localized. Thus only 02 : 2p 
a n d  R 3+ : 5d bands are relevant for electrical conduc- 
tion. The former may be regarded as valence and the 
latter as conduction bands. The energy level diagram 
which explains the genesis of charge carriers in R203 
is shown in Fig. 2. The position of 4ff and 4f n+~ levels 
may change in different structures. According to this 
band diagram the electrical conduction process in La 
and Gd-Er  should follow case (a), Sm, Eu, Tm and 
Yb should follow case (b) and Ce, Pr, Nd and Tb 
should follow case (c). The experimental results shown 
in Table I are in accordance with this prediction. 

3.2. Rare-earth tungstates 
Rare-earth tungstates are another important com- 
pound of rare'-earths. They also occur in a variety of 
structures [17]. Some of the magnetic and electrical 

TAB LE I Summarized results, their interpretation and mobilities of charge carriers in the intrinsic range of rare-earth sesquioxides 
[a = C* exp ( - W / 2 k T ) ,  S = t//et + H] 

R203 Structure W C* Temperature t/(eV) H Charges Case W stands Mobility 
with R type (eV) (f~-i m 1) range (K) (mVK 7) carrier for (cm -2V -I sec 1) 900K 

~h lie 

La A 2.40 2.40 × 103 700 1200 --0.05 -0 .12  h 
Nd A 2.36 3.16 X 103 700-1200 - e 
Sm B 2.12 2.68 × 102 800-1200 -0 .50  --0.70 h 
Eu C 1.84 4.63 z 101 800 1200 - h 
Gd B 2.44 8.75 x 102 800-1200 -0 .30  --0.50 h 
Gd C 2.64 4.60 x 102 800 1200 -0 .10  -0 .30  h 
Tb B 2.24 3.08 × 107 750-900  - - e 
Dy C 2.82 4.13 x l0 ~ 800 1200 -0 .05  -0 .15  h 
Ho C 2.74 5.13 × 102 800-1200 -0 .05  -0 .10  h 
Er C 3.04 1.66 x 103 800 1200 -0 .10  -0 .10  h 
Tm C 2.84 2.96 x 102 800-1200 -0 .80  -0 .70  h 
Yb C 2.66 2.36 x 102 800 1200 -0 .90  - 0 . 6 0  h 

a Ec-E V 0.628 
b E¢ E(4f 3) - 
c E(4f6)-Ev 0.084 
c E(4fT)-Ev 0.327 

a Eo E v 0.076 
a Ec-E ~ 0.126 
b E c E(4f 8) 

a Ec-E v 0.011 
a Eo-E v 0.133 
a Ec-Ev 0.449 
c E(4f13)-Ev 0.426 
c E(4fI4)-E v 0.321 

0.602 
0.188 

0.046 
0.117 
2.10 
0.010 
0.128 
0.420 

*C may stand for ao, A(T) or B(T) in different cases. 
? Obtained on the basis of the sign of S. 
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TABLE II Summarized results, their interpretation and mobilities of charge carriers in the intrinsic range of rare-earth tungstates 
[a = C* exp (--W/2kT), S = n/er + H] 

R2(WO4) 3 W,. C* Tempera tu re  t / (eV)  H Charge r  Case  W stands  Mobi l i ty  
wi th  R (eV) (f2- ~ m i ) range (K) ( m V K -  i ) carr ier  for (cm 2 V -  l sec-  l ) at  900 K 

#e ~h 

La 2.40 1.23 x 102 1050-1200 h a E c - E  v - - 
Ce 1.90 5.20 x 101 600 800 0.10 - 0 . 1 0  e b Ec E(4f  1) 1.30 - 

Pr  2.12 1.30 x 101 600 950 0.80 - 0 . 7 0  e b Ec -E(4 f  2) 0.25 - 

2.48 1.06 x 102 1000-1200 - - h a Ec-Ev - - 

Nd  2.50 2.60 x 103 1000-1200 - 0 . 1 5  +0 .01  h a E c - E  v 0.60 0.86 

Sm 2.00 6.50 x 101 600-1200 - 0 . 6 0  + 0 . 0 6  h c E(4f)6-E,. - 1.25 

Eu 1.84 2.35 x 102 6 0 0 -  800 h c E(4fT)-Ev 5.02 

*C may  s tand for ao,  A ( T )  or B(T)  in different cases. 

? Ob ta ined  on the basis  o f  the sign of  S. 

properties of these compounds have been studied by 
us [18 21]. It has been found that electrical conduction 
in these solids can be explained using the energy band 
theory and the polaronic concept. The relevant bands 
for electrical conduction in these solids are filled 
0 2 : 2 p ,  empty R 3+ :5d and W 6+ :5d and localized 
R 3+ :4ff and 4f "+~ levels. The values of conductivity 
of rare-earth tungstates are of the same order as those 
of their sesquioxides [14]. Hence only bands relating to 
R 3~ and 02 need to be considered. The 5d orbitals at 
tetrahedral W 6+ ions are completely ignored, they 
should be at higher energie~ than the R 3+ : 5d band. 
Elimination of  W 6 + : S d  band leaves the relevant 
bands for electrical conduction to be the R3+ :5d 
conduction band, the O 2- : 2p valence band and loca- 
lized R 3+ :4f n configuration. The schematic energy 
band diagram which explains the electrical conduction 
in these solids isshown in Fig. 3. It is clear from this 
band picture that the electrical conduction process in 
Ce, Pr and Tb tungstates should be according to case 
(a), Nd, Gd-Yb should follow case (b) and Sm and Eu 
tungstates case (c). The experimental results shown in 
Table II are in accordance with the above prediction. 
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Figure 3 Energy band diagram for rare-earth tungstates. 
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3.3. Ra re -ea r th  m o l y b d a t e s  
The interest in the study of rare-earth molybdates arose 
when some of them were recognized to possess ferro- 
electric and ferroelastic properties. We have studied 
magnetic and electrical transport properties [22-24] of  
these solids and have found that electrical conduction 
in these solids can be explained using the energy band 
model. It has been discussed [24] that relevant bands 
for electrical conduction in this class of solids are the 
M o  6+ :4d conduction band and the O 2 :2p valence 
band. The schematic energy band diagram for these 
solids is shown in Fig. 4. The experimental results of  
a and S measurements together with the other relevant 
data obtained on the basis of the generalized case are 
given in Table III. The results are in accordance with 
the predictions of the energy band model. 

It must be pointed out at this stage that due to the 
ionic nature of rare-earth compounds, there is a strong 
possibility of polaron formation. Thus the charge 
carrier for the conduction process will be electron 
or hole polarons. It has been discussed [10, 14, 21], 
that in many of these compounds the polaron 
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Figure 4 Energy  band  d i ag ram for ra re-ear th  molybdates .  



T A B  L E  I I I Summarized results, their interpretation and mobilities of  charge carriers in the intrinsic range of rare-earth molybdates 
[cr = C* exp ( - W / 2 k T ) ,  S = ~/er + H] 

R2 (MOO4) 3 W C* Temperature t/ H Charge? Case W stands Mobility 
with R = (eV) ( ~ - t  m - l )  range (K) (eV) (mVK -1) carrier for (cm 2 V -I sec 1) 

/~e -~ #h 

Gd 3.40 5.05 x 10 z 900-1200 0.005 0.145 e a Ec Ev 0.011 
Tb 3.40 5.05 x 102 910 1200 0.005 0.095 e a Ec-Ev 0.011 
Dy 3.50 8.10 × 104 920-1200 0.005 0.145 e a Ec-E v 0.237 
Ho 3.60 3.04 x 104 830-1200 0.005 0.145 e a E~ E v 0.187 
Er 3.74 4.96 × 106 1000-1200 0.005 0.145 e a E c E v 2.37 
Tm 3.84 1.85 × 106 1000 1200 0.000 0.10 e a E c E v 1.93 
Yb 4.00 8.92 x 106 1000-1200 0.000 0.10 e a E¢-Ev 9.31 

*C may stand for ao, A(T)  or B(T) in different cases. 
Obtained on the basis of  the sign of  S. 

formed are large polaron with intermediate coupling 
(1 < c~ < 6). The mobility of charge carriers in such 
a case becomes 

# = #o exp (hcoo/kT) (12) 

where co o is the longitudinal optical mode frequency. 
The experimental observed slope of log a against T -  
plot in such a case will correspond to an energy of 
(Eg/2 + hcoo) instead of Eg, and mobility will increase 
with increasing temperature. 
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