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The electrical conductivity and departure from the stoichiometry of NdlOa have been measured 
over the temperature range of 900” to 1 loo” C and oxygen partial pressure of 1 to 1 O-r6 atm. The hole 
conductivity of Nd203 is found to be proportional to P$J, where n am4.6,4.9, and 5.1 at W, lOOO”, 
and 11 OO”C, respectively. From the oxygen partial pressure dependence of the hole conductivity, it is 
shown that the predominant point defects in nonstoichiometric NdOi++, are fully ionized and 
partially doubly ionized metal vacancies. From the thermogravimetric measurements, the departure 
from stoichiometry, x in NdOI.s+,, is 2.0 x 10m3 at 1000°C and 1 atm. By combining the electrical 
conductivity and weight change data, it is shown that the hole mobility is 6.3 x lo-’ (cnP/V+ec) at 
1000°C and 1 atm. 

1. Introduction 

The electrical conductivity of Ndz03 has 
been measured by many investigators (l-6), 
but most of them have been limited to the 
temperature dependence of the electrical con- 
ductivity in air. Fo&x (5) measured the tem- 
perature dependence of the electrical conduc- 
tivity in four kinds of atmospheres such as 
oxygen, air, nitrogen, and hydrogen. Zyrin et 
al. (6) obtained the activation energy for con- 
duction at PO, = 0.2 and 10m5 atm. Both of 
their results show that NdzO, is p-type semi- 
conductor whose electrical conductivity is 
increasing with increasing oxygen partial 
pressure. From the thermoelectric power 
measurements it has been shown that Nd203 
exhibits p-type conduction (6). 

The nonstoichiometry and defect structure 
of Nd,03 were first reported by Barret and 
Barry (7) who measured the oxygen uptake by 
powdered sample in oxygen gas and obtained 
the excess oxygen expressed as x in NdO, .5+X 
from 1.8 x lob4 at 300°C to 0.4 x 10m4 at 
800°C at final oxygen pressure of 1.3-1.8 x 
lob6 atm. They also found that the electrical 
conductivity was proportional to PA’,” at 800°C 

in the oxygen partial pressure of 7.5 x 10-r to 
1.8 x 10v6 atm and interpreted above results 
in terms of a defect structure involving fully 
ionized oxygen interstitials. Barret and Barry, 
however, did not mention whether the elec- 
trical conductivity was due to electron or ion,so 
their electrical conductivity data need to be 
reexamined. 

In this paper, the defect structure and 
departure from stoichiometry of NdzO, are to 
be studied by measuring the oxygen partial 
pressure dependence of the electrical con- 
ductivity and sample weight. Not only the hole 
mobility, but also formation energy of fully 
and doubly ionized metal vacancy and 
migration energy of hole are to be obtained. 

2. Theory 

The simple defects of the metal oxides 
exhibiting p-type conduction are metal 
vacancies or oxygen interstitials. For each 
model, the oxygen partial pressure dependence 
of the electrical conductivity of a sesquioxide 
is discussed by the usual Kroger and Vink 
notation (a), as follows. 
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The formation of a singly ionized oxygen 
interstitial, 01’, and doubly ionized one, 01”, 
can be described by the reaction 

1/202ZOi’+h (9) 

Oi’ Z Oi” + he (10) 
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2.1. Metal Vacancy Model 2.2. Oxygen Interstitial Model 

The formation of a doubly ionized metal 
vacancy, V,“, can be described by the reaction 

3/40, s 3/20,, + V,” + 2h (1) 

where O0 is an oxygen ion on its normal site, 
and h is a hole. The dissociation of doubly 
ionized metal vacancy can be described as 

V,” z V,” + h. (2) 

If the number of defects is small and the inter- 
action of defects is negligible, the application of 
the law of mass action to the Eqs. (1) and (2) 
leads to the Eqs. (3) and (4). 

Kl = [V,“]-pZ/PLg (3) 

K2 = wM’“l~P/whf”l (4) 

where K1 and & are the equilibrium constants 
for the reactions (1) and (2); p is the concentra- 
tion of holes; [ VM”] and (V,“‘] are the con- 
centration of doubly and fully ionized metal 
vacancies, respectively. 

In the case of oxygen interstitial model, the 
following Eqs. (ll), (12), (13), and (14) are 
obtained corresponding to the Eqs. (3), (4), 
(5), and (8) in the metal vacancy model, 
respectively. 

KS = Pt’l P/P&~ 

KIO = [Oi”lP/[Oi’l 
P = Pi’1 + W,“l 

(11) 

(12) 

(13) 

l/n = (dlogo,/dlogPOJT (14) 
= (dhv/d1W’c& 
= (1/2)[2 + {2/(2’ + 2)}]-’ 

The electrical neutrality condition for the 
crystal containing holes, and doubly and fully 
ionized metal vacancies, is written as 

Z’ s [Oi’]/[Ol’] 

p = 2[ v&$7 + 3[ V&f”]* (5) 

From the Eqs. (3), (4) and (5), the following 
equation is obtained. 

p4 - 2K,.p.P;: - 3K1.Kz.Pf$ = 0. (6) 

The relation between the hole conductivity, 
up,, and hole mobility, pP, is given by 

where [O,‘] and [O,“] are the concentration of 
singly and doubly ionized oxygen interstitials, 
respectively; KS and K,, are the equilibrium 
constants for the reactions (9) and (10). From 
the Eq. (14), it can be shown that in the cases 
of [Oi”] 9 [Or’] and [0,‘] % [Oi”], the oxygen 
partial pressure dependences of CT,, 1 /n, are l/6 
and l/4, respectively. 

In Fig. 1, l/n calculated is shown against 
log Z or log Z’. 

The oxygen partial pressure dependence of 
the electrical conductivity and defect structure 

u, =p*e*pLp. (7) 

In the case that the hole mobility is inde- 
pendent of defect concentration, then from 
the Eqs. (6) and (7), the oxygen partial pressure -144 

dependence of hole conductivity, l/n, is 0.24 - 

expressed as 
l/n = (dlog a,/dlogP& 

= WwldlogPoJr 
= (1/4)[1 + {l/(22 + 3)}1-’ 

Low Temp. 

fa20 - 

(8) 
I 

4% 

z = [V,q/[v&fm]. II& 

From the Eq. (8), it can be shown that in the 
a16 - 

cases of [V,“] 9 [V,“] and [V,“] 9 [ V,l”], 
the oxygen partial pressure dependences of Q,, 
l/n, are l/5.3 and l/4, respectively. FIG. 1. Plot of 1 /n against log Z or log Z’. 
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TABLE I 

OXYGEN PARTIAL PREXWRE DEPENDENCE OF THE 

ELECTRICAL Co~~ucrr~~ AND DEFECT STRUCTURE OF 
RARE EARTH SE~QUIOXIDE~ 

IS cc P$ Defect 
Oxides (n) structure Investigators 

Nd203 5 
5.1 N 4.5 

Laz03 4 
6 

EU&S 5.5 
Hot% 5.3 
yao3 5.33 

Q 
VNd 
0, 
01 
V E” 
V HO 
VY 

Barrett and Barry (7) 
This work 
Etsell and Flengas (9) 
Rudolph (10) 
Schwab and BohIa(ll) 
SuBBa Rao et al. (I) 
Talian and Vest (12) 

of rare earth sesquioxides which have been 
reported previously, including the result of 
this work, are summarized in Table I. 

3. Experimental 

3J. Sample Preparation 
The pellet for the electrical conductivity 

measurements was prepared by the following 
procedure. NdzO, powder was pressed in a 
7-mm circular die at about 2 ton/cm2 to yield a 
pellet 7 mm in diameter and 1.5 mm thick. 
Four holes of 0.3 mm in diameter were drilled 
in a line and a platinum wire of 0.3 mm in 
diameter was inserted into each hole as an 
electrode. The pellet was sintered in air at 
1400°C for 92 hr to 80 % of the the theoretical 
density of A-type Nd203. The platinum 

TABLE II 

IMPURITY ANALYSIS OF Nd203 POWDER 

Impurity wt. % 

y203 
Pr601i 
Sm203 
DYZOS 
Fe 
CU 
Zn 
Ca 
Ni 
Si 
co 

0.002 
0.002 
0.003 

<0.0025 
<o.o005 
<O.oool 

<o.o005 
0.0026 

<o.o005 
0.0010 

<o.o005 

electrodes were fixed tightly to the pellet by 
sintering. 

The purity of the Nd203 powder used in this 
study was 99.99% and the result of impurity 
analysis is given in table II. The same Nd,O, 
powder as used for the electrical conductivity 
measurements was also used for the thermo- 
gravimetric measurements. 

3.2. Electrical Conductivity Measurements 
The electrical conductivity measurements 

were carried out by means of the same con- 
ventional four inserted method as described 
in the previous paper (23). The specific 
resistivity, p, of the circular pellet is given as 
(14, 15). 

p = (21n2)~s~{CI(~/s)/C2(s/w)}(V/Z) (15) 
where I/ is the potential drop between two 
probes, I is the supplied current, w  and 4 are 
the thickness and diameter of the pellet, and s 
is the spacing between adjacent probes. The 
specific resistivity calculated from the Eq. (15) 
is then converted to conductivity, rr, by the 
following equation to correct for the porosity 
(16). 

0 = O/P). [I + {f/(1 +f”“Nl (16) 
where f is the volume pore fraction of the 
pellet. 

The schematic diagram for measuring 
electrical conductivity of the sample under 
various oxygen partial pressures is given in 
Fig. 2. The oxygen and water contained in C02, 
Ar, and H2 gases were removed by passing 
through a copper bed at 180°C and dry ice 
trap, respectively. The various oxygen partial 
pressures were prepared by means of two 
methods. For the oxygen partial pressures 
of 1 to 10m6 atm, Ar-O2 gas mixtures at a 
total pressure of 1 atm were used. The oxy- 
gen partial pressures 11 the low pressure 
region were obtained by introducing CO, 
and H, gas mixtures with known mixing ratio 
at a total pressure of 1 atm. 

In the Ar-0, gas mixtures, oxygen partial 
pressures were determined by measuring the 
electrical resistance of nonstoichiometric co- 
baltous oxide wire at 1OWC. Oxygen partial 
pressure above PpI = 10m3 atm obtained from 
volume ratios is m good agreement with that 
determined from the electrical resistance of 
nonstoichiometric cobaltous oxide wire at 
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FIG. 2. Schematic diagram for measuring electrical conductivity. 

1000°C. In the oxygen partial pressure below 
PO2 = 10m3 atm, oxygen partial pressures could 
not be determined from the volume ratio 
because of the experimental errors of flow 
meter and gas leak or gas generation in the 
system. The oxygen partial pressure depend- 
ence of the electrical resistance of COO~+~ is 
shown in Fig. 3. In the high pressure region, 
PO2 > 10e5 atm, where the departure from 
stoichiometry is large, the relation R/R0 cc 
Po:t4 (R, ; R at PO2 = 1 atm) is found in 
previous works (Z7-22), but in the low pressure 
region, they are not in good agreement. In 
this experiment the oxygen partial pressure 
was determined from our result R/R,, tc P;:‘4 
(22). 

In the CO&!, mixtures, it was confirmed by 
the preliminary experiments using cobaltous 
oxide wire that for the flow rates from 
0.25 cmjsec to 0.4 cm/set, the equilibrium was 
established. For the oxygen partial pressure 
below 10-l’ atm, at lOOO”C, where Co0 is 

U 
-12 -10 -0 -6 -1 -2 0 

Log Po*(atm1 

FIG. 3. Oxygen partial pressure dependence of the 
electrical resistance of CoO1+,. 

reduced to Co metal, the oxygen partial 
pressure was calculated from initial mixing 
ratio, a = PCs (i)/PHz(i). The oxygen partial 
pressure established by the reaction 

CO,+H,zCO+H,O (17) 
co2 * co + l/20, (18) 

was generally calculated from the relation 
(~3~24) 

hPo2 = 2 10g&/2) 

+ 2 log [(a - 1) + d(a - 1)’ + 4a/K17] 

(19) 
where K17 and K1, are the equilibrium con- 
stants for the reactions (17) and (18), respec- 
tively. 

A linear flow rate of 0.3 cm/set at room 
temperature was maintained for all gas 
mixtures used in this investigation. The 
temperature was measured with a Pt-Pt 13 % 
Rh thermocouple, and the temperature of 
furnaces was controlled to +2”C by electronic 
controller. 

3.3 Thermogravimetric Measurements 

For the thermogravimetric measurements, 
Cahn RG microbalance was set above the 
furnace and the sample was suspended in the 
hot zone of the furnace with platinum wire. 
The noise of thermobalance was about 12 pug 
as peak-to-peak. This was mainly caused by 
gas turbulence. 

The departure from stoichiometry, x in 
NdO 1.5+x, can be written as 

x = (M/2/i) - (A w/ Ws) (20) 
where A W is the weight change from the 
stoichiometric weight, Ws, which was found 
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FIG. 4. Electrical conductivity of NdzOs as a function 
of oxygen partial pressure from 900” to 1100°C. 

by extrapolating the sample weight to Paz = 0 
at each temperature, M is the molecular weight 
of NdzO, and A is the atomic weight of 
oxygen. 

4. Results and Discussion 

4. I. Defect Structure 

The electrical conductivity of NdzO, as a 
function of oxygen partial pressure from 
900” to 1100°C is shown in Fig. 4. As seen in 
Fig. 4, p-type conduction exists over the high 
pressure region. The p-type behavior was also 
verified by the thermoelectric power measure- 
ments at high oxygen partial pressures (6,27). 
However the contribution ofp-type conduction 
is becoming smaller with decreasing oxygen 
partial pressure. Probably, in the low pressure 
region near the stoichiometry of Ndz03, the 

FIG. 5. Electrical conductivities of NdzOJ at 1100°C. 

Log Po21atml 

ionic conduction which is independent of 
oxygen partial pressure may contribute pre- 
dominatly to the conductivity measured. 
From galvanic cell measurements, it has been 
reported that Nd,O, is ionic conductor in the 
low pressure region (25). Therefore, total 
conductivity, o,, can be expressed as the sum of 
electronic conductivity, o,, and ionic one, of, 

at = a, + a, (21) 

and aI, is obtained by substracting ai from at. 
The value of aI which gives the best linear 
relationship in the plot of log a, vs. log PO2 is 
obtained for each temperature. 

The oxygen partial pressure dependence of 
the hole conductivity, ap, at 11OWC is shown in 
Fig. 5. The slopes of the plot of log a, vs. 
log PO , 1 In, are given for each temperature in 
Table 111. From Table III, it is seen that the 
value of n is varied from 5.1 at 1100°C to 4.6 at 
900°C. As the value of n at high temperature 
is near to 5.3, it can be considered from Fig. 1 
that the predominant defects at high tempera- 
ture are fully ionized metal vacancies. It is also 
expected that the contribution of doubly 
ionized metal vacancies increase with decreas- 
ing temperature, since the value of n gradually 
approaches 4 at low temperatures as seen in 
Table III. 

Barret and Barry (7) found the relationship 
a cc PA’,” from the electrical conductivity 
measurements of Nd,Oj at 800°C and oxygen 
partial pressure of 7.5 x 10-l to 1.8 x 10W6 
atm, and interpreted their results in terms of a 
defect structure involving fully ionized oxygen 
interstitials. However, as shown in Fig. 1, it 
may be more reasonable to conclude that the 
defect structure is fully ionized metal vacancies 
rather than fully ionized oxygen interstitials. 

4.2. Defect Concentration 

The relation between the departure from 
stoichiometry, x, and vacancy concentration is 
expressed as 

,X = 3/2(wM7 + wMmmo4 (22) 

where d is the density of NdZ03 and No is 
Avogadro’s number. From Z = [ V,“]/[ VMm] 
and Eqns. (5) and (22), x is written by 

x = (3p/2).{(Z + 1)/(22 + 3)}(M/N,d). (23) 
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TABLE III 

OXYGEN PARTIAL PREsruxuz DEPENDENCE OF THE HOLE CONDUCTIWTY 

(n in up = P.g) 

T(“C) 900 950 1000 1050 1100 

n 4.6 + 0.2 4.5 f  0.2 4.9 f  0.2 4.9 f  0.2 5.1 f  0.2 

The oxygen partial pressure dependence of the 
departure from stoichiometry, is expressed 
from the Eqs. (8) and (23) as 

wxw/~logPO1)T = t~logPl~log~02h 

= tdlog %w%~OJT 
= l/n. (24) 

Therefore, when 6, is proportional to PA’,“, the 
departure from stoichiometry, x, is also pro- 
portional to PO2 . IIn In Fig. 6, the relative weight 
changes, A W, as well as departure from 
stoichiometry are plotted as a function of 
PA: using the value of n shown in Table III. 
As seen in Fig. 6, the departure from stoichio- 
metry, x in NdOl .S + X, is 2.0 x foe3 at 1000°C 
and 1 atm, and x increases with increasing 
temperature at constant oxygen partial pres- 
sure. This is, however, not in agreement with 
Barret and Barry’s result where x decreases 
with increasing temperature. As the departure 
from stoichiometry usually increases with 

160 

FIG. 6. Relative weight changes and departure from 
stoichiometry as a function of P$. 

increasing temperature in oxides, it is a 
question whether their result represents the 
bulk properties of the oxide. 

4.3. Hole Mobility 

From the Eqs. (7) and (23), the hole 
mobility, ,uP, of Nd,O, is expressed as 

= (3*aP/2x*e)((Z + l)/(ZZ + 3))(M/N,d) 

(25) 

where 2 is obtained from Fig. 1 using the value 
of n shown in Table III. The hole mobilities of 
Nd203 calculated from the thermogravimetric 
and electrical conductivity data at PO2 = 1 atm 
are 6.3 x 10m4, 6.3 x 10e4, and 6.0 x 10m4 
(cm2/V*sec) at 900”, lOOO”, and llOo”C, 
respectively. These values are so small that the 
small polaron model of activated hopping 
motion offers the best possibility for charge 
transport mechanism. 

4.4. Activation Energy 

In Fig. 7, log aT is plotted against l/T at 
constant oxygen partial pressures considering 
the small polaron model of activated hopping 
model. From the slopes of the Arrhenius plot 
in Fig. 7, the activation energy for conduction 
can be calculated. 

In the oxygen partial pressure range of 1 to 
10e5 atm, where the hole conduction pre- 
dominates over the ionic conduction as shown 
in Fig. 5, the activation energy is obtained as 
0.54 ev. The activation energies of Nd,O, 
obtained from the slope of the plot of log (r vs. 
l/T in air have been reported by Zyrin et al. 
(6) and Bogroditskii et al. (4) as 0.64 and 
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pure NdZOS 

0.1 mole*/. Zr$.-dopd 
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FIG. 7. Plots of log r~ Tagainst 1 /Tat constant oxygen 
partial pressures. 

2.24 ev, respectively. Since the plot of log aT 
against 1 /T does not give the difference larger 
than 0.09 ev compared with the plot of log c 
against l/T, the differences among the data 
reported may be thus caused from the impuri- 
ties of sample. To substantiate above supposi- 
tion, we doped 0.1 mol% ZrO, to Nd,O, 
sample, then the activation energy of doped 
sample became to 1.61 ev as shown in Fig. 7. 
Accordingly, the activation energy for con- 
duction in Nd203 is significantly affected by 
the existence of cation impurities. 

The activation energy obtained in the oxygen 
partial pressure range of 1 to 10m5 atm is 
regarded as the sum of the migration energy of 
hole and the apparent formation energy of 
fully and doubly ionized metal vacancies. 

In the range, Psz < 10m5 atm, as shown in 
Fig. 7, the activation energy increases from 
0.54 ev at PO, = 1.5 x low5 atm to 1.21 ev at 
PO2 = lo-” atm, where the ionic conduction 
predominates over the hole conduction as 
shown in Fig. 5. The value of 1.21 ev is in good 
agreement with the activation energy for self- 
diffusion of oxygen ion in Nd,03, 1.35 ev, 
reported by Stone et al. (26), so perhaps, this 
value corresponds to the activation energy for 
ionic conduction. 
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