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The ionic transference number, the electrical conductivity, and Seebeck coefficient of Nil-,Mg,O (0.1 
5 x 5 0.9) were measured as functions of temperature (900-1400°C) and oxygen partial pressure (lo*- 
l@ Pa). The contribution of ionic conduction to the total conductivity of N&,sMg,,,O was of the order 
of 10L3-lo-* at 900-13OO”C, which led us to assume that the electronic conduction was predominating 
in Nil-,M&O (X 5 0.9). The electrical conductivities of both undoped and Al-doped Nil-,M&O 
depended on the f  power of Po2, which indicated a significant impurity effect on the defect equilibria 
and was interpreted as showing that doubly ionized cation vacancies were the dominant point defects 
at high temperatures. Analyses of the difference in the temperature dependences of conductivity and 
Seebeck coefficient showed that band-like conduction took place in the NiO-rich composition range (x 
5 0. l), while thermally activated hopping of small polarons occurred in Nil-,M&O with x 2 0.3. The 
calculated drift mobility abruptly decreased in the composition region where the conduction mecha- 
nism changed. 0 1984 Academic Press, Inc. 

1. Introduction 

Nickel oxide is one of the 3d transition 
metal oxides which is known to be a p-type 
semiconductor at high temperatures due to 
its metal-deficient nonstoichiometry. For 
many years the investigation of electrical 
conduction mechanism for NiO has been 
performed extensively, it has resulted in 
giving rise to major conflicting models: 
thermally activated hopping of small po- 
larons (I-4) and band-like conduction of 
holes (5-8). High-temperature defect struc- 
ture in NiO has also been a focus of discus- 
sion due to the fact that the deviation from 
stoichiometry is small (6 in Nil-*0 is - lop3 

* To whom correspondence is to be addressed. 

at 1400°C (9)) and defect equilibria can 
easily be altered by impurities. Recent in- 
vestigation by the present authors on sys- 
tematically doped NiO has revealed that 
the conduction of electron holes takes place 
in a rather wide band and doubly ionized 
nickel vacancy is the dominant defect at 
800-1400°C (9). 

It may be expected that the electronic 
state in NiO should be disturbed by adding 
MgO in solid solution without changing the 
basic rock salt structure (10). Electronic 
properties of Nil-,M&O have been re- 
ported by several investigators. Verwey et 
al. (II) reported that the electronic conduc- 
tivity decreased and the activation energy 
increased with increasing MgO content, 
which was also observed later by Davies 
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(12). Austin and Gamble (13) found a large 
decrease in the drift mobility of holes with 
increasing x in Li-doped Nil-,MgO at 1000 
K. Choi et al. (14) measured the electronic 
conductivities of MgO single crystal doped 
with 0.375-5% NiO at different oxygen par- 
tial pressures. However, the defect struc- 
ture and the conduction mechanism at high 
temperatures are not yet completely eluci- 
dated for Nil-,M&O. 

In the present study, the electrical con- 
ductivity and Seebeck coefficient of 
Nii-,MgO (0.1 I x I 0.9) were measured 
as functions of temperature and oxygen 
partial pressure to clarify the defect struc- 
ture and conduction mechanism at high 
temperatures. 

2. Experimental Procedure 

2.1. Material Preparation 

Nickel oxide and MgO powders of 
99.99% purity were used as starting materi- 
als. The powders were mixed in the desired 
proportions and pressed hydrostatically at 
180 MPa. The pressed body was sintered at 
1600°C for 5 hr in air. The obtained sintered 
compacts were cut with a diamond saw into 
rectangular bars, which were polished by 
an abrasive paper and cleaned ultrasoni- 
cally with acetone and distilled water to re- 
move surface contamination for electrical 
measurements. The obtained specimens 
had relative densities ranging from 86 to 
96%. 

2.2. Electrical Measurements 

2.2.1 Ionic transference number. The ex- 
perimental apparatus was similar to that 
used by Mitoff (15, 16) and Sempolinski 
and Kingery (Z7). The ionic transference 
number was measured using an oxygen 
concentration cell arrangement. The elec- 
trodes consisted of perforated sheets of 
platinum superposed on the Pt-Pd sput- 
tered films on both sides of the specimen. 

Oxygen partial pressure (PoJ on the one 
side of the specimen was changed from IO2 
to lo5 Pa using mixtures of Ar and 02, being 
monitored by a zirconia oxygen sensor, 
while Po2 on the other side was kept at l@ 
Pa. The thin specimen of ca. 0.5 mm thick 
was used so as not to pick up thermoelec- 
tromotive force. The emf developed across 
the specimen was measured and the ionic 
transference number was calculated using 
the equation 

E = f$ /izy tid In Po2, (1) 

where ti is the ionic transference number, R 
the gas constant (8.314 J/K), T the absolute 
temperature, F the Faraday constant 
(96,900 C/eq), PO,(I) and Po2(II) oxygen 
partial pressures on the two sides of the 
specimen, respectively. 

2.2.2. Electrical conductivity and 
Seebeck coejjicient. Electrical conductivity 
was measured using a dc four probe tech- 
nique at 900-1400°C as a function of Po2. 
The measuring system used in the present 
work was similar to that reported previ- 
ously (18). Equilibrium was checked by re- 
cording the variation of a voltage drop with 
time during constant current supply within 
experimental errors. It took about 30 min 
for the present specimens to equilibrate de- 
pending on temperature and Po2. 

Thermoelectric power measurements 
were performed at PO? = lo5 Pa varying 
temperature. The specimen was set in the 
middle of the furnace and temperature gra- 
dient in the specimen was generated by the 
cool air flowing in an alumina protection 
tube placed near the one end of the speci- 
men. The temperature difference between 
the two points was controlled to be 2-10 K 
by varying the flow rate of air, while the 
average temperature of the specimen was 
fixed. Plots of thermoelectric power vs tem- 
perature difference gave rise to a straight 
line in all cases, and Seebeck coefficient 
was calculated from its slope. 
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3. Results and Discussion 

3.1. Ionic Transference Number 

The emf’s of an oxygen concentration 
cell for N&Mg,,90 are shown in Fig. 1. As 
seen in the figure the emf is proportional to 
the logarithm of the oxygen potential differ- 
ence at a fixed temperature, which indi- 
cates that the ti in Eq. (1) is independent of 
PO* at least in the present Po2 range. 
Hence, the ti’s could be calculated from the 
slopes of the straight lines in the figure. 
The temperature dependence of ti for 
Ni0.rMgo.90 is shown in Fig. 2. The ti in- 
creased with increasing temperature from 4 
x lop3 to 1.3 X lo-* which is considerably 
small compared with that in an undoped 
MgO single crystal reported by Mitoff (15) 
and Sempolinski and Kingery (17). Calcu- 
lated electronic and ionic conductivities for 
Nio.tMg0.90 are shown in Fig. 3. The activa- 
tion energy for ionic conduction is 210 kJ/ 
mole which is comparable to that of the Mg 
vacancy diffusion in MgO single crystal 
(-220 kJ/mole (I7)), while the activation 
energy for electronic conduction is 153 kJ/ 
mole. Since it may be expected that the 
contribution of ionic conduction to the total 
conductivity decreases with increasing NiO 
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FIG. 1. Oxygen partial pressure dependence of the 
emf for NiO.,M&.,O. 
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FIG. 2. Temperature dependence of the transference 
number for N&.,M&.,O. 

concentration, it will be assumed for fur- 
ther discussion that the electronic conduc- 
tion is predominating in the composition 
range 0.1 I x I 0.9 in Nil-,M&O. 

3.2. High-Temperature Defect Structure 

At temperatures high enough for the 
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FIG. 3. Electronic and ionic conductivities for 
N&,,M&,,O; q, v~, and q are total, electronic, and 
ionic conductivities, respectively. 
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specimen to equilibriate with the gas phase, 
cation vacancies are introduced into 
Nil-,MgO according to the quasichemical 
reactions 

402 = o$ + vi& (2) 

v”M = Vh + h’ (3) 

Vh = V$, + h‘ (4) 

The defect notations here are similar to 
those used by Kroger and Vink (19). Tak- 
ing Kr, K2, and K3 as equilibrium constants 
for the reactions (2), (3), and (4), respec- 
tively, a mass action law, assuming an ideal 
behavior of defects, would give rise to the 
relations 

[VM] = K,P$* (3 

[vi& = &[%I] (6) 

Wrhl~ = K3Whl (7) 

where [ ] denotes the concentration and p is 
the hole concentration. The hole concentra- 
tion, p, is approximated by the electroneu- 
trality condition 

p = [Vh] + 2[Trh]. (8) 

If the concentration of singly ionized cation 
vacancies, Vb, is large compared with that 
of doubly ionized cation vacancies, L& the 
neutrality condition of Eq. (8) can be ap- 
proximated as 

P = wid. (9) 

Combining Eqs. (5), (6), and (9), the follow- 
ing relation can be obtained 

[Vb] = p = (K1K2)“2P”4 02. (10) 

Similarly, the following equation can be ob- 
tained if the doubly ionized cation vacan- 
cies, Vk are predominating, 

[Vh] = p/2 = (K,K2K3/4)‘13P”6 02. (11) 

Defect structure can be estimated from the 
PO* dependence of a certain property re- 
flecting the concentration of either cation 
vacancies or electron holes, such as diffu- 

sion coefficient of cation vacancies or elec- 
tronic conductivity. In the present study 
the Po2 dependences of electronic conduc- 
tivity, U, were measured and the results are 
shown in Fig. 4. The (+ is approximately 
proportional to P$, which suggests that 
singly ionized cation vacancies would 
be the predominating point defects in 
Nil-,MgO if the impurities were not to dis- 
turb the defect equilibria. However, the im- 
purity effect must be taken into con- 
sideration, since the deviation from 
stoichiometry in Nil-,Mg,O should be 
smal1 as was the case for an undoped NiO 
(9). 

Qualitative SIMS (Secondary Ion Mass 
Spectrometry, Hitachi IMA-2AS) analysis 
on the specimen performed after the electri- 
cal measurements showed that Al, Si, Na, 
and Ca were contained as impurities. As it 
may be possible that the specimen has 
picked up Al as a main impurity in the firing 
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FIG. 4. Oxygen partial pressure dependences of elec- 
trical conductivity for Nil-,Mg,O at 1300°C. The 
dashed line is for undoped polycrystalline NiO (9). 
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process and also during the electrical mea- 
surements (9), the specimen of 0.15 mole% 
A1203-doped Nb.sMgO.iO was prepared to 
further check the impurity effect. The Paz 
dependence of o for Al-doped N&,MgO.iO 
at 1300°C is shown in Fig. 5 with that for 
undoped N&,Mgo.iO for comparison. It is 
seen that the PQ dependence of u was not 
affected by Al doping, though u itself de- 
creased a little as expected. Although the 
solubility of Al203 in NiO.sMgO.10 at 1300°C 
is not known, the present Al doping level (3 
X 10V3 cation fraction) was explicitly as- 
sumed to be below the solubility limit; the 
extrapolation of the solubility of A&O3 in 
NiO at high temperatures reported by Min- 
ford and Stubican (20) to the lower temper- 
ature region showed the solubility at 1300°C 
to be -0.45 mole% (9 x 10e3 cation frac- 
tion), while the solubility of A1203 in MgO 
at 1300°C was calculated to be -50 ppm 
( 10e4 cation fraction) (21). If the Al ions are 
substitutionally incorporated into the rock 
salt structure, the electroneutrality condi- 
tion requires the relation 

[Vb] + 2[V&l = p + [Al& (12) 
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FIG. 5. Oxygen partial pressure dependences af 
electrical conductivity for undoped and 0.15 mole% 
A1201-doped NiJk&.,O at 1300°C. 

The present Al doping level is considered to 
be much larger than the hole concentration, 
p, so that the approximation as [AlhI s p 
would be reasonable (9). Then, if singly io- 
nized cation vacancies, I&, are dominant, 
the neutrality condition is further approxi- 
mated as 

[Vh] = [Alk] = const. (13) 

Combining Eqs. (5), (6), and (13) gives the 
relation 

p = K,K2P@[Al~]. (14) 

If doubly ionized cation vacancies are dom- 
inant, Eq. (12) becomes 

2[Vh] = [Alif] = const. (15) 

and combining Eqs. (5), (6), (7), and (15) 
gives the relation 

p = (2K~K2K&41#‘2P~4 2' (16) 

The result as shown in Fig. 5 that the o 
depends on Pgi in both undoped and Al- 
doped Ni,,sMgO,,O would confirm a signifi- 
cant impurity effect and leads us to the 
conclusion that doubly ionized cation 
vacancies, V’h, are the dominant defects in 
Nil -*M&O at high temperatures. 

3.3. Electrical Conduction Mechanism 

The temperature dependences of electri- 
cal conductivity for Nil-,M&O obtained at 
PO2 = lo5 Pa are shown in Fig. 6. Electrical 
conductivity decreased with increasing 
MgO content, while the apparent activation 
energy increased with MgO content from 
95.7 kJ/mole at x = 0.1 to 168 kJ/mole at x 
= 0.9. 

The temperature dependences of See- 
beck coefficient are shown in Fig. 7. The 
Seebeck coefficients appeared to be posi- 
tive for all compositions, indicating that 
electron holes are the charge carriers in the 
solid solution as in NiO. Seebeck coeffi- 
cient, (Y, for a nondegenerate p-type semi- 
conductor is expressed as 
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FIG. 6. Temperature dependences of electrical con- 
ductivity and its apparent activation energy for 
Nil-,M&O (PO2 = lo5 Pa). The dashed line is for un- 
doped polycrystalline NiO (9). 

ff = (k/e) DnWp) + Al, (17) 

where p. is the effective density of states at 
the transport level, k the Boltzmann con- 
stant, and A the kinetic transport term. The 
electronic conductivity, o, for a p-type 
semiconductor is expressed by 

u = m-4 (18) 

where p is the hole concentration, e the 
electronic charge, and p the drift mobility 
of charge carriers. Differentiating Eqs. (17) 
and (18) with respect to l/kT, the following 
expression can be derived 

d log u d(-ea/2.303 k) -- 
d( 1lkT) d( 1lkT) 

= Qc - Qs 
dlogp 

=d(llkT)+ 
d log p. + d(A/2.303) 
d( l/kT) d( 1lkT) (19) 

Equation (19) indicates that the energy dif- 
ference calculated from the temperature de- 
nendences of cr and (Y at a fixed oxvgen DO- 
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FIG. 7. Temperature dependences of Seebeck coeffi- 
cient and its apparent activation energy for Nil-,M&O 

rY I  (P% = lo5 Pa). 

tential gives us insight into the conduction 
mechanism of the material, and it has been 
applied to various systems, such as NiO 
and Co0 (22). For a broad-band semicon- 
ductor d log pold(llkT) = -$ kT, which 
gives as the activation energy 9.6 to 13.5 kJ/ 
mole for the temperature range 900- 
1400°C. For a narrow-band semiconductor 
d log p,jd(llkT) is not more than a small 
fraction of the hopping energy. The term 
d(A/2.303)ld( l/kT) may be negligible in both 
cases (22). The differences in the tempera- 
ture dependence of the measured conduc- 
tivity and Seebeck coefficient for different 
compositions are shown in Fig. 8. It is seen 
that the apparent activation energy of con- 
ductivity, Qc, increased from the value of 
95.7 kJ/mole for x = 0.1 to a value of 168 kJ/ 
mole for x = 0.9, but that of Seebeck coeffi- 
cient, Qs, varied a little in spite of a large 
composition change. As shown in Fig. 8, 
the energy difference, Qc - Qs, increased 
from 5.4 to 59 kJ/mole with an increase in x 

0 : Ni0,9Mg0,,0 9, = 90.3 kJ/mol 

0 : Ni0,7Mg0,30 9, = 89.9 kJ/mol 

A : Ni0,5Mg0.50 Q, = 87.8 kJ/mol 

A : Ni0,3Mg0,70 9, = 93.6 kJ/mol 

0 : NiO.,MgO.gO Q, = 109.0 kJ/mol 
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FIG. 8. Apparent activation energy for conductivity 
and Seebeck coefficient as a function of x in 
Nil-,Mg,O (A: Qc, 0: Qs, 0: after Ref. (31, bar: Qc, 
after various workers). 

from 0.1 to 0.9. The value of Qc - Qs for 
an undoped NiO also shown in the figure 
is approximately zero. According to the 
above discussion, these results may suggest 
that the small polarons are formed and their 
thermally activated hopping takes place in 
Nil-,Mg,O for x 2 0.3, while for x 5 0.1 the 
band-like conduction is dominant. The 
change in the conduction mechanism with 
the composition like the present case has 
also been reported on Co, -,Mg,O (23), 
though it was later disapproved by another 
investigation (24). 

The drift mobility of charge carriers can 
be calculated from the measured conductiv- 
ity and Seebeck coefficient using Eqs. (17) 
and (18) on some appropriate assumptions, 
especially for the density of state, po, and 
the kinetic transport term, A. For a broad- 
band semiconductor, po is expressed as 

po = 2(2m~kTlh2)3’2 

= 4.829 x 1Ou x (YT)~‘*, (20) 

where rng is the effective mass of an elec- 
tron hole, h the Planck constant, and y a 
ratio of rnz to the mass of a free electron. 
For Nil-,M&O with x = 0.1 Eq. (20) was 
considered to be an appropriate expression 

to calculate p. as discussed earlier. How- 
ever, the y value for Nil-,MgO is not 
known. Various values of y for undoped 
and Li-doped NiO have been reported rang- 
ing from 1 to 6 (5, 8, 25, 26), while the 
present authors obtained 2.4 for Al-doped 
NiO (9). 

As was discussed in the previous section, 
the present specimen contained aliovalent 
impurities and the y value must be different 
from that for undoped or Li-doped NiO. 
Hence, y = 2.4 obtained for Al-doped NiO 
was assumed to be applicable to 
Nio.~Mgo.,O. For Nil-,Mg,O with x larger 
than 0.3 where thermally activated hopping 
of small polarons is supposed to occur, p. 
was taken to be the number of Ni*+ ions per 
unit volume (22). The kinetic transport 
term, A, was taken to be 1.6 as obtained on 
Li-doped NiO for band-like conduction (x 
= 0.1) and zero for hopping-like conduction 
(x 2 0.3), as the exact value for A had not 
been obtained. On these assumptions the 
drift mobility was calculated for each com- 
position as shown in Fig. 9. Interpretation 
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FIG. 9. Variation of the calculated drift mobility with 
x in Nil-,Mg,O. The data for x = 0 are from Ref. (9). 
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of a drastic change in the composition de- 
pendence of the drift mobility (conduction 
mechanism) should be subject to further in- 
vestigation-one possible cause must be re- 
lated to the fact that the distance between 
the two nearest Ni2+ ions increases with in- 
creasing MgO content accompanied by a 
decrease in the probability for two Ni2+ 
ions to exist as nearest neighbors to each 
other. 

4. Conclusion 

The contribution of ionic conduction to 
the total conductivity of N&.gMg,.rO was of 
the order of 10-3-10-2 at 900-13OO”C, 
which led us to assume that the elec- 
tronic conduction was predominating in 
Nil-,Mg,O (X I 0.9). The electrical conduc- 
tivities of both undoped and Al-doped 
Nil-,Mg,O depended on the + power of Po2, 
which indicated a significant impurity effect 
on the defect equilibria and was interpreted 
as showing that doubly ionized cation va- 
cancies were the dominant point defects at 
high temperatures. Analyses of the differ- 
ence in the temperature dependences of 
conductivity and Seebeck coefficient 
showed that band-like conduction took 
place in the NiO-rich composition range (X 
I O.l), while thermally activated hopping 
of small polarons occurred in Nil-,Mg,O 
with x 2 0.3. The calculated drift mobility 
abruptly decreased in the composition re- 
gion where the conduction mechanism 
changed. 
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