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The x values of nonstoichiometric chemical formula, Tb4O7-6 or TbOis+x, have been determined in temperature range 

from 60吹 to 100此 under oxygen partial pressure of 2X10-1 to 1X10-5 atm by using quartz microbalance. The 

x values varied from 00478 to 0.1964 in the above conditions. The enthalpy of formation for xf in TbOi.5+(o.25-x0-x,). 

t요h，was 4.93-3.40 kcal mol-1 and the oxygen partial pressure dependence was —1/8.80^ — 1/11.8 under these condi

tions. The electrical conductivity of the TbO]5+x was measured under the same conditions and the values varied 

from about 10~3 to 10- 6 Q-1cm-1 within semiconductor range. The activation energies for the conduction increase 

with oxygen partial pressure from 0.83 to 0.89 eV under the above conditions. The 1/n values obtained from the 

oxygen pressure deperdence of the conductivity are 1/4.4-1/5.2. The conduction mechanism, defect structure, and 

other physical properties of the oxides are dicussed with the x values, the electrical conductivity values, and the 

thermodynamic data.

Introduction

The terbium-oxygen and the praseodymium-oxygen sys

tems have many similarities for physical properties1. Tb4O7 

is dark brown or black solid and contains the equal amounts 

of Tb3+ and Tb+4. It dissolves in hot concentrated acids with 

formation of salts and loses oxygen on heating.

In the terbium-oxygen system, there are many phases with 

compositions TbOi.500, TbOi.7u. TbCLw, TbOL83o and TbO2. 

Hyde and Eyring2 have su^ested that these phases belong 

to a homologous series of Tb„O2n-2. TbaCb possesses the C- 

type structure up to about 1500t while TbO2 crystalized 

with the fluorite structure. The TbOi.5+x may contain excess 

oxygen where x may have a value up to 0.1 at temperatures 

of 950-1000t at 500-600 torr O2.

Vasil'eva et al3, showed the plot of -RT In 如 vs composi

tion with isotherms and phase regions indicated. Kordis and 

Eyring4 reported a partial phase diagram which was derived 

from an isobaric study using tiigh-temperature X-ray diffrac

tion. They have also confirmed some of the isobaric and 

isothermal tensiometric studies5 with a sample (TbQ) of 

greater purity.

The electrical conductivity for rare earth oxides has been 

studied6,7,8. Subba Rao et al8, suggested that an electrical con

ductivity maximum occurs at TbO”5, and the result is inter

preted in terms of the hopping model and the small polaron 

theory. The oxide is a 力-type semiconductor in the TbOi.5- 

TbOi.75 range and an 刀-type semiconductor in the TbOi75- 

TbO2.

These earlier studies did not include a quantitative eva

luation of the relationship between the nonstoichiometric 

composition and the electrical conductivity. The objective of 

the present study is to determine the high temperature de

fect structure of the pure Tb4O7 by means of the weight 

change and electrical conductivity measurements. The elec

trical conductivity is clos이y related to the nonstoichiometric 

compositions of the oxides, and a combination of these mea

surements gives informations on the defect structure and 

conduction mechanism. The thermodynamic properties and 

conduction mechanism of terbium oxide shall be discussed 

with the nonstoichiometry, the enthalpy of formation of 矿 

the oxygen partial pressure dependence of the activation 

energy of the electrical conductivity, and the oxygen partial 

pressure dependence of the electrical conductivity.
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Experimental

Polycrystalline powder of terbium oxide (Tb4O7> Rare Me

tallic Co., LTD., 99.99%) was compressed under 3 ton cm" 

pressure into pellets about 0.02 cm and 0.3 cm thick. These 

pellets were sintered at 115此 under an atmospheric air 

pressure for about 48 hr, and then quenched to room tempe

rature. The 0.02 cm thick pellet was cut into about 0.048 

g piece and this piece was used for the nonstoichiometric 

composition study. The 0.3 cm thick pellet was used for mea

suring the electrical conductivity. The phase structure of the 

sample is confirmed as the cubic structure from X-ray diffra

ction patterns.

Changes in nonstoichiometry have been studied directly 

through thermogravimetry by measuring the weight change 

of the specimen as a function of temperature and oxygen 

partial pressure. Details about the appartus, measuring pro

cedure and correction for the balance height change due 

to buoyance and thermomolecular flow were described in 

previous papers910,11. The calibration equation for the quartz 

microbalance used in this study is AW (^) = 2.098X IO-5* A/? 

(mm) + 3.109X IO-6, where AW is the weight in grams read 

to 0.00001 g and AA is the balance heigh change in millime

ters read to 0.01 mm using microscopy. The weight changes 

of the samples have been measured in the temperature ra

nge of 600t to lOOOt under several fixed oxygen partial 

pressures from 2X10-1 to IXIO-5 atm.

The electrical conductivities of the samples have been 

measured by the four probe method9 at the same experimen

tal conditions.

Results and Discussion

The x values of the TbOi.,5+jt are calculated from the 

weight changes of the sample by using the quartz microbala- 

nce. To distinguish the measuring steps, the nonstoichiome

tric foumula of the TbCh.—r is also denoted in terms of 

TbOi.5+(o.25-功-*). The x° is the non아。ichiometricity of the 

sintered sample calculated as follows:

M _业_ 
妒―服X 4 &

where AJF is the weight change after sintering of Tb4O7, 

Ws the weight of the stoichimetric sample, M the molecular 

weight of Tb4O7> and Ao the atomic weight of oxygen. The 

xf value is also calculated as SHows:

, 시矿 v M
X =—2— X——-

Ws 4 Ao

where AFF is the weight change of the sample in accordance 

with the temperature and oxygen pressure changes.

Since the x° was calculated to 0.0217, the TbOi5+(o.25-xo) 

should be the TbOi.5+(o.25-o.o2i7)or TbOL7283 after the sintering. 

The xf value in the nonstoichiometric composition of the 

TbOi.7283-^' can be calculated by the similar way based on 

the weight change of the sample at the range of 600 to 1000 

°C under each oxygen partial pressure. Thus, the x value 

for the nonstoichiometric chemical formula, TbOis+x, can be 

determined from the 妒 and xf values and is listed in Table

1. The x values for several temperatures under various oxy

Temperature Under Various Oxygen Partial Pressures*

Table 1. The 1.5+x Values of 나le TbOi5+x as a Function of

Temperature

CO

Oxygen partial pressure (atm)

2XW1 1X10T 1X10'3 1X10-4 1X10-5

600 1.6964 1.6799 1.6658 1.6480 1.6297

700 1.6853 1.6667 1.6509 1.6297 1.6089

800 1.6729 1.6515 1.6331 1.6089 1.5847

900 1.6644 1.6387 1.6191 1.5915 1.5644

1000 1.6488 1.6257 1.6026 1.5712 1.5478

Maximum deviation = ± 0.0001.

pressures.

Log P02 (atm)
Figure 2. Plot of log xf vs log Pg at various temperatures.

gen partial pressures were not included because thermody

namic equilibria could not be obtained in the temperatures 

even after several hours. Plot of log xf vs 1000/T and of 

log xf vs log Po2 are linear as shown in Figures 1 and 2, 

respectively. The enthalpies of formation of the nonstoichio- 

metric compositions calculated from the slopes of the Arrhe-
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Oxygen Partial Pressures

Table 2. Enthalpies of Formation of TbOi.7282i，Under Various

Oxygen partial pressure 

(atm)

Enthalpy of formation 

(kcal mol-1)

2XW1 4.93

1X10-2 4.18
1X10-3 3.87

IX IO 4 3.70

1X10-5 3.40
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Table 3. 1/n V지ues of the Plot of log xr vs log P02 (or log 

x foc 1/w log P02)at Various Temperatures

Temperature (t：) 1/n vale

600 — 1/8.80

700 -1/9.68

800 -1/10.4

900 -1/10.5

1000 -1/11.8 -3.0

0.7 0.9 1.1
1000/T (KT)

Figure 3. Plot 逐 log conductivity vs 1000/T at various oxygen 

partial pressures.

nius plot are listed in Table 2. Table 3, which shows us 

the oxygen partial pressure dependence of the nonstoichio- 

metric compositions or the 1/n values obtained from the slo

pes of the plot of the log xf vs log P02 (or log x' oc 1/w 

log P02)- Since the xf value increases with increasing tempe

rature and decreasing oxygen partial pressure, the mole ratio 

of the excess oxygen content or the x value of TbOi5+x dec

reases with increasing temperature and decreasing oxygen 

partial pressure from 0.2283 of the TbOi.7283.

In general, nonstoichiometric rare earth oxides, LnOx> can 

be divided into />-type semiconductors for 1.50&KL75 and 

w-type semiconductors for 1.75&<2.00, respectively. In the 

present study, the x values of the TbOig might be positive 

at the experimental conditions and thus the TbOi.5+z should 

be a />-type semiconductor on the basis of the nonstoichiome- 

try. The metal oxides of the />-type semiconductor have the 

excess oxygen formed by the defects due to metal vacancy 

or oxygen interstitial. The enthalpies of formation(A//<) of 

the nonstoichiometric compositicns shown positive values co

rresponding to the endothermic formation process.

The oxygen partial pressure dependence of the nonstoi- 

chiometric compositions can be expressed as

TbOi.75(s)+ 1/w O2 TbOi.5(-x(s) 4- Vm + 2/w。(囱做)(1)

where Vm is the unionized metal vacancies and 0(园/)the 

interstitial oxygen. By the principle of chemical equilibrium, 

the constant, Kx, and the oxygen partial pressure, P。》are 

related as follows,

K=W”lPo/" ⑵

(3)

Now the x' values are proportional to and thus,

oc [VJ (4)

From equations (3) and (4) we obtain,

4
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Log P02 (atm)
Figure 4. Plot of log conductivity vs log P02 at various tempera

tures.

/oc KxPo2Vn (5)

Therefore, the x values are proportional to the Po21/n value동 
and the oxygen pressure dependence or 1/w values increases 

with increasing the temperature.

Plot of log conductivity vs 1000/T under various oxygen 

pressures and of log conductivity vs log Po2 at several fixed 

temperatures are linear as shown in Figures 3 and 4, respec

tively. The activation energies are obtained from the slopes 

of the Arrhenius plot. The 1/n values are calculated from 

the slopes of the plot of log conductivity vs log P& The 

average activation energy for electrical conductivity was 

found to be 0.86 eV close to 0.95 eV reported by Subba 

Rao et 씨. 8 The difference between the activation energies 

is attributed to the sample preparation conditions, impurity 

effects, and the ionic contribution to the conductivity.

The electrical conductivity for terbium oxide might be ex

plained in terms of the nonstoichiometry as the main factor. 

The lower the oxygen pressure, the less lattice oxygen is 
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formed in the terbium oxide: conversely at the higher oxy

gen pressures more terbium vacancies are formed. The ioni

zation of metal vacancy to a trivalent positive ion follows 

the reactions:

7/8 O2 = 7/4 Q + V，" + 아 (6)

ViZ스 W + ・ (7)

where (f0 is the oxygen atom at a lattice site, Vmh the metal 

vacancy ionized to a trivalence and h the positive hole. Appl

ying the mass action law to equation (6) and (7), and assu

ming the charge neutrality as like,尸=［%］ = 3［*尸］+4 

［卩m'"］, it may be written as Allows:

F=(3K火4 Pom2 for ［VV'］》邙當］ (8)

F=(3K火5 R/4。 for (9)

Thus the electrical conductivity is given by the Allowing 

relationship,

o = |n*P*e (10)

where 卩 is the hole mobility and P the positive hole concent

ration. If p is assumed constant, the conductivity a can be 

expressed:

log ox 1/4.6 log P02 for ［卩財”］》邙%严］ (11)

log ooc 1/5.7 log Po2 for『%严］》"饥 (12)

As shown in Figure 4, the electrical conductivity increases 

with oxygen pressure at a given temperature. The oxide 

shows the typical 力-type characteristics. The 1/m values are 

1/4.4-1/5.2 close to the theoretical value of 1/4.6 . The diffe

rence of the values is ascribed to the ration of

Therefore, we concluded that Tb4O7 is a positive 

hole type semiconductor based on the defect model of the 

ionized metal vacanvcy. The result is consistant with the 

nonstoichiometric compositions.

Conclusively, the predominant defects contributing to the 

nonstoichiometric composition, or the x value in TbOi.5 七, 

are the ionized metal vacancies and the nonstoichiometric 

conduction mechanism is explained by the hopping model8 

and samll polaron theory of the positive hole. Thus, in the 

electrical conductivity of the terbium oxide system, the 4f 

electrons are not the conduction particles12, but the positive 

ion in the 5d band(conduction band) and the negative ions 

in the 2p band(valence band) provide the charge transfer 

mechanism.
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