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Chemical diffusivity of BaTiO 3Àd : Defect chemical analysis
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The chemical diffusivity of undoped BaTiO32d which was measured in Song and Yoo@Solid St. Ionics120,
141 ~1999!# is analyzed on the basis of the defect structure proposed and Wagner’s classic theory of chemical
diffusion. It is confirmed that a maximum of isothermal chemical diffusivity around the stoichiometric com-
position (d50) is of thermodynamic origin. The combination of the isotherms of both electrical conductivity
and chemical diffusivity enables one to evaluate, without recourse to any assumption at all, the concentration
product of electrons and holes,Ki(5np), as well as the mobilities of electrons and holes,mn and mp ,
separately.
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I. INTRODUCTION

In a previous paper,1 we have determined by a conducti
ity relaxation technique the chemical diffusion coefficie
(D̃) of ‘‘undoped’’ @meaning not intentionally doped bu
containing background~acceptor! impurities#. BaTiO32d
against oxygen partial pressure (PO2

), in the widest ever

range of 10216<PO2
/atm<1 at elevated temperatures

800, 900, 1000, and 1100 °C, respectively. The result,D̃ vs
log10 PO2

, is as shown in Fig. 1. The equilibrium, total co
ductivity ~s! of the same specimens is also shown in Fig.
Upon comparison, it is seen that, over then-to-p transition
region ofPO2

across the conductivity minimum on a condu
tivity isotherm, the corresponding chemical diffusivity vari
convex upwardly with log10 PO2

, leaving a maximum ap-
proximately at the oxygen partial pressure where the cond
tivity minimum falls. This sort of behavior ofD̃ has never
been observed in oxide systems.

In this paper, we will analyze the chemical diffusivity o
Fig. 1 in the light of Wagner’s classic theory of chemic
diffusion2 and the defect structure3 of BaTiO3 proposed. The
present analysis consequently enables one to evaluate
concentration product of electrons and holes~i.e., np5Ki!
and the mobilities of electrons and holes (mn ,mp) separately,
without having recourse to any assumption at all. We w
begin by briefly reviewing the defect structure and transp
properties of the system.

II. DEFECT STRUCTURE AND TRANSPORT PROPERTIES
OF UNDOPED BaTiO3

A. Defect structure

The irregular structure elements in undoped BaTiO3 may
be electrons (e8), holes (h"), oxygen vacancies (VO

""), cation
vacancies~VBa9 andVTi99!, and acceptor-type background im
purities (AC8 ), as the possibility of interstitial disorders a
ruled out from a structural viewpoint.3–5 In order to calculate
the equilibrium concentrations of these defects as functi
of the thermodynamic variables of the system, tempera
(T), the activity of oxygen (aO2

[PO2
/atm), and the activity
PRB 610163-1829/2000/61~6!/3975~8!/$15.00
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of a metallic component, say, BaO (aBaO), at atmospheric
pressure, one may consider the two external equilibria:

Oo
35VO

""12e81
1

2
O2~g!; KR5@VO

""#n2PO2

1/2, ~1!

BaO5BaBa
3 1Oo

31VTi9912VO
"" ; KB5

@VTi99#@VO
""#2

aBaO
~2!

and the two internal equilibria:

05e81h"; Ki5np, ~3!

05VBa9 1VTi9913VO
"" ; Ks5@VBa9 #@VTi99#@VO

""#3, ~4!

along with the charge neutrality condition:

n12@VBa9 #14@VTi99#1@Ac8#5p12@VO
""#, ~5!

FIG. 1. Chemical diffusivity of undoped BaTiO3 against oxygen
partial pressure at different temperatures. The solid lines are
best fitted to Eq.~24! in the text.
3975 ©2000 The American Physical Society
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where@ # denote the concentration of the irregular structu
elements therein~n[@e8# and p[@h"#!. The mass-action
law constant of the relevant reaction is denoted asK j ( j
5R,B,S,i ), which may be represented as

K j5K j
0 expS 2

DH j

kT D , ~6!

whereK j
0 is a preexponential factor andDH j the enthalpy

change of the relevant reactionj.
At a given temperature, seven majority disorder regim

can thus be distinguished depending onaBaO and PO2
as

shown in Fig. 3.3 It is noted that when@AC8 #→0, the regimes
(h",AC8 ) and (AC8 ,VO

"") shrink to a point and a vertical line
respectively, rendering the regimes (VO

"" ,VBa9 ) and (VO
"" ,VTi99)

to directly neighbor with each other. In the intermedia
range ofPO2

~between then-type andp-type regimes!, one

finds the three ionic disorder regimes@VBa9 #'@VO
""#, @AC8 #

'2@VO
""#, and 2@VTi99#'@VO

""# in turn asaBaO increases. In all
these regimes, the oxygen vacancy concentration is es
tially fixed and the concentrations of electrons and holes v
with PO2

asn}PO2

21/4 andp}PO2

11/4 as can be shown by solv

ing Eqs. ~1!–~4! in association with each of these limitin
neutrality conditions.3 It, however, has never been unam
biguously determined which type is really predominant
the PO2

region where the electronic conductivity varies

sel}PO2

61/4.3,4 Furthermore, none of the exclusivelyp-type

regimes, (h",AC8 ), (h",VBa9 ), and (h",VTi99) have ever been
revealed themselves for the system of BaTiO3 up to
PO2

51 atm. For simplicity, we thus introduce the effectiv

concentration of monovalent acceptors,@A8#([2@VBa9 #
14@VTi99#1@AC8 #), to rewrite Eq.~5! as1

n1@A8#5p12@VO
""#. ~7!

FIG. 2. Total electrical conductivity of undoped BaTiO3 against
oxygen partial pressure at different temperatures~Ref. 1!. The solid
lines are the best fitted to Eq.~18! in the text.
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One can, then, simplify, without loss of generality, the co
figuration of Fig. 3, neglecting the exclusivelyp-type re-
gimes (h",A8), only with two disorder regimes (e8,VO

"") and
(A8,VO

""). The defect concentrations of present interest
each regime are calculated by using Eqs.~1!, ~3!, ~4!, and~7!
as follows:

~i! In the regime (e8,VO
""),

@VO
""#5

n

2
5S KR

4 D 1/3

PO2

21/6. ~8!

~ii ! In the regime (A8,VO
""),

@VO
""#5

@A8#

2
, ~9!

n5AKiS PO2

PO2

0 D 21/4

, ~10!

p5AKiS PO2

PO2

0 D 11/4

, ~11!

wherePO2

0 is such thatn5p5Ki
1/2 or

PO2

0 5S 2KR

@A8#Ki
D 2

. ~12!

These defect concentrations are plotted against oxygen
tial pressure, e.g., at 1000 °C in Fig. 4.

FIG. 3. Configuration of the majority disorder types depend
on the thermodynamic variables log10 PO2

andaBaO at a given tem-
perature when@AC8 #@KS

1/2,Ki
1/2, wherem denotes the oxygen par

tial pressure exponent of electronic carrier densities such thap
}PO2

m andn}PO2

2m(m>0).3 A dotted line presents a possible pa
as observed experimentally along which the activity of a meta
component is kept constant.
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B. Electrical conductivity

It is reported that the self-diffusion coefficients of O a
Ba are 4.58310212 and 5.28310216cm2 sec21, respectively,
e.g., at 1000 °C~the former in an atmosphere ofPO2

50.5 atm and the latter presumably in air atmosphere!,6,7 and
that the migration enthalpy of Ti ions is about 5 times larg
than that of Ba ions.5 We may thus assume that the cation
Ba21 and Ti41, are practically immobile compared with th
oxide ions at temperatures of present interest and regard
oxide anions O22 ~or, equivalently,VO

""! and electrons~or,
equivalently,e8 andh"! as the mobile, charged componen
~or, equivalently, structure elements!. We may further as-
sume that the mobilities of these charge carriers are inde
dent of oxygen partial pressure. The total conductivitys is
then given in each of the defect regimes in Fig. 4 as follow

~i! In the regime (e8,VO
""), becausen@p and mn@mVO

~wheremn andmVO
are the mobility ofe8 andVO

"" , respec-
tively!, the total conductivity in this regime is essentially th
same as the conductivity of electrons (e8), sn , or, due to
Eq. ~8!,

s'sn5nemn5emn~2KR!1/3PO2

21/6. ~13!

~ii ! In the regime (A8,VO
""), the partial conductivities of

electrons and holes,sn andsp , may be represented, due
Eqs.~10! and ~11!, as

sn5
sel,m

2 S PO2

PO2
* D 21/4

, sp5
sel,m

2 S PO2

PO2
* D 11/4

, ~14!

wheresel,m is the minimum of the electronic total condu
tivity sel(5sn1sp) andPO2

* the corresponding oxygen pa

tial pressure such thatsn5sp5sel,m/2. These are given as8,9

FIG. 4. Defect concentrations against oxygen partial press
for undoped BaTiO3 at 1000 °C. For the calculation the followin
values were used:Ki /cm2652.7231032, KR /cm29 atm1/253.98
31048, and@A8#/cm2359.3431018 in accordance with the presen
analysis.
r
,

ly

n-

:

sel,m52eAmnmpAKi , ~15!

PO2
* 5S 2KR

@A8#Ki
D 2S mn

mp
D 2

, ~16!

respectively, wheremp is the mobility of holes.
The ionic conductivity by oxygen vacancies,s ion , can be

expressed due to the Nernst-Einstein equation as

s ion5
4e2@VO

""#DVO

kT
, ~17!

whereDVO
is the diffusivity of oxygen vacancies. It is re

garded as constant in thisn/p mixed regime because@VO
""# is

practically fixed by the effective acceptors@A8# at a given
temperature.

The total electrical conductivity~s! may then be repre-
sented as

s5sn1sp1s ion5sel,m coshF1

4
lnS PO2

PO2
* D G1s ion .

~18!

C. Chemical diffusivity

When oxide ions and electrons are mobile in BaTiO3, the
chemical diffusivity is given in accordance with Wagner a2

D̃52
DVO

tel

2 S ] ln@VO
""#

] ln PO2
D 21

~19!

or, due to Eq.~17!,

D̃52
kTs iontel

8e2 S ]@VO
""#

] ln PO2
D 21

, ~19a!

wheretel(5sel /s) denotes the electronic transference nu
ber. We call the factor within the parentheses a thermo
namic factor. In order to evaluate the chemical diffusivi
one has first to identifytel and the thermodynamic factor i
each defect regime.

~i! In the regime (e8,VO
""), Eq. ~8! yields the thermody-

namic factor as

] ln@VO
""#

] ln PO2

52
1

6
~20!

and tel'1 due to Eq.~13!. Equation~19! thus takes a famil-
iar form

D̃'3DVO
. ~21!

~ii ! In the regime (A8,VO
""), by substituting Eqs.~10! and

~11! into Eq. ~7!, one obtains

@VO
""#5

@A8#

2
1

1

2
~n2p!5

@A8#

2
2AKi sinhS 1

4
ln

PO2

PO2

0 D .

~22!

Thus the thermodynamic factor takes the form

re
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S ] ln@VO
""#

] ln PO2
D 21

'2
2@A8#

AKi coshS 1

4
ln

PO2

PO2

0 D . ~23!

Even if @VO
""# is practically fixed by acceptor impurities o

@VO
""#'@A8#/2 in thisPO2

region, itsPO2
dependence is given

as that of the difference between the minority carrier conc
trations,n2p.

Accordingly, due to Eq.~19! or ~19a!,

D̃5
D̃0tel

coshS 1

4
ln

PO2

PO2

0 D , ~24!

where

D̃05
kTs ion

2e2AKi

. ~25!

III. RESULTS

A. Electronic transference number

The equilibrium total conductivity of undoped BaTiO3
has been repeatedly reproduced as shown in Fig. 2: it va
ass}PO2

11/4,PO2

21/4,PO2

21/6 asPO2
decreases from 1 atm at th

temperatures of interest, which is in accordance with the
fect structure in Fig. 4. The conductivity data around t
minimum at each temperature that obviously belong to
defect regime (A8,VO

"") have earlier been fitted to Eq.~18! as
depicted by the solid lines in Fig. 2 and the results,sel,m ,
PO2

* and s ion , reported elsewhere.1 Nevertheless, the latte

are reproduced in Table I for immediate reference.
By using the values fors ion in Table I, one can readily

calculate the electronic transference number (tel[1
2s ion /s) in the regime of (A8,VO

""). Outside this regime,
obviously tel'1; see Eq.~13!. The result,tel vs log10 PO2

is
as shown in Fig. 5, where the solid lines are the best fi
@see Eq.~18!#. These best-fitted values will be employe
later on. As is seen, the electronic transference number a
minimum conductivity decreases~i.e., tel50.8– 0.55 at
1100–800 °C! with decreasing temperature. It is noted, ho
ever, thattel at 800 °C appears to be somewhat too sm
compared to what would be expected from the trend at
higher temperatures.

TABLE I. Parameters,sel,m , s ion and PO2
* , as evaluated from

the isotherms of total electrical conductivity.1

T/°C log10(sel,m /V21cm21) log10(sion /V21cm21) log10(PO2
* /atm)

800 2(4.40160.008) 2(4.46360.089) 2(8.17460.020)
900 2(3.75660.008) 2(4.15560.065) 2(6.40060.020)

1000 2(3.19160.010) 2(3.68160.083) 2(4.77260.025)
1100 2(2.74060.015) 2(3.27260.100) 2(3.44760.041)
n-

es

e-

e

d
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e

B. Chemical diffusivity

Substituting the values fortel in Fig. 5 into Eq.~24!, one
can evaluate the chemical diffusivity in then-to-p transition
regime or (A8,VO

""). In order first to see the variation ofD̃ vs
log PO2

schematically and the effect of the mobility rat

b(5mn /mp), the normalized diffusivityD̃/D̃0 is plotted for
the cases of~a! b.1 ~or PO2

* .PO2

0 !, ~b! b51 ~or PO2
*

5PO2

0 !, and~c! b,1 ~or PO2
* ,PO2

0 !, respectively, in Fig. 6.

It is clearly seen that the chemical diffusivity varies conv
upwardly for the giventel in Fig. 5, and its maximum falls to
the left of PO2

0 whenPO2

0 ,PO2
* and to the right ofPO2

0 when

PO2
* ,PO2

0 . Whenb51 in particular,PO2
* 5PO2

0 and the mini-

mum of sel or tel and the maximum ofD̃ concur exactly at
the ~electronic! stoichiometric composition wheren[p and
@VO

""#[@A8#/2. It is pointed out that whenbÞ1, a chemical
diffusivity isotherm becomes asymmetric about its maximu
and can be even distorted locally if the minimum value fortel

at PO2
* is much smaller than the present one.

Upon comparison with the variation of the conductivi
isotherms in Fig. 2 and the defect structure in Fig. 4,
diffusivity data in the regions of log10(PO2

/atm),213,
211, and210 at 900, 1000, and 1100 °C, respectively,
Fig. 1 may be regarded as belonging to a transition towa
the defect regime of (e8,VO

""). They can, thus be fitted to
neither Eq.~21! nor Eq. ~24!. In addition, the two data in
log(PO2

/atm).21 at 800 °C in particular appear far off th
expected from the major trend of variation. It may be attr
uted to the trapping effect by acceptor-type disorders, as s
gested by Biegeret al.10 and Clauset al.11 for acceptor-
doped SrTiO3 or to the majority type of disorder alread
being in transition to another regime, say, (h",A8) @i.e., no
longer in the regime of (A8,VO

"")#. Those data are thus pre
cluded, and the rest of the data that obviously belong to
n/p mixed regime (A8,VO

"") are the best fitted to Eq.~23!.

FIG. 5. Electronic transference number against oxygen pa
pressure at different temperatures. The solid lines are the best fi
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FIG. 6. Normalized chemical diffusivity (D̃/D̃0) against oxygen partial pressure at 1000 °C for the cases of~a! b.1 ~or PO2
* .PO2

0 !, ~b!

b51 ~or PO2
* 5PO2

0 !, and ~c! b,1 ~or PO2
* ,PO2

0 !, respectively. The dashed and dotted lines are electronic transference number
PO2

-dependent part of thermodynamic factor, respectively.
h

pe

-

The results are as depicted by the solid lines in Fig. 1. T
fitting parameters,D̃0 and PO2

0 are listed in Table II and

plotted against reciprocal temperature in Fig. 7 and 8, res
tively. In the latter, the values forPO2

* such thatsn5sp are

TABLE II. ParametersD̃0 and PO2

0 , as evaluated from the iso
therms of chemical diffusivity.

T/°C log10(D̃
0/cm2 sec21) log10(PO2

0 /atm)

800 2(2.59060.038) 2(9.26960.151)
900 2(2.44660.019) 2(6.93460.080)

1000 2(2.36460.016) 2(5.14060.072)
1100 2(2.48460.015) 2(3.72560.066)
e

c-

FIG. 7. Evaluated values ofD̃0 at different temperatures.



-

o-
tri

a
m

sy

d

-

t

d
th
ia
ity

ni-
at

°C
ion

is

e
for

3980 PRB 61CHANG-ROCK SONG AND HAN-ILL YOO
also plotted for comparison. It is noted thatPO2
* .PO2

0 at all

temperatures of examination indicatingb.1 upon compari-
son with Fig. 6.

IV. DISCUSSION

One can recognize that the classic theory, Eq.~19! or Eq.
~24!, describes quite satisfactorily the measuredD̃ in the
n-to-p transition region ofPO2

. Referring to Fig. 6, the varia

tion of the chemical diffusivity withPO2
is clearly attributed

to that of the thermodynamic factor, Eq.~23!: A maximum
of chemical diffusivity stems from the fact that the therm
dynamic factor becomes maximum at the stoichiome
composition wheren[p. Beckeret al.12 have first reported
on the system ofa-Ag2S that its chemical diffusivity be-
comes maximum at the stoichiometric composition and
tributed it to the thermodynamic factor becoming maximu
there. A similar behavior has later been reported on the
tem ofa-Ag2Te too.13 Such behavior ofD̃ has actually been
predicted for the system of BaTiO3 and SrTiO3 in the light of
ambipolar diffusion theory,14 but has never been observe
experimentally. The present result is the first observation
oxides in general.

The parametersD̃0 andPO2

0 in Table II, which have been

evaluated fromD̃, now enable one to develop further in
sights into the defect structure of undoped BaTiO3. For this
purpose, we need beforehand to have a close look at
ionic conductivity evaluated from Fig. 2.

A. Ionic conductivity

The ionic conductivity values in Table I are plotte
against reciprocal temperature in Fig. 9. It is observed
the value at 800 °C is appreciably off the main trend of var
tion. Rejecting this particular datum, the ionic conductiv
may be best estimated as

s ionT/V21 cm21 K5~2.7860.16!3105

3expS 2
1.5260.01 eV

kT D . ~26!

FIG. 8. log10 PO2
* and PO2

0 vs reciprocal temperature.PO2
* and

PO2

0 are the oxygen partial pressures corresponding tosn5sp and
n5p, respectively.
c

t-

s-

in
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The activation energy for ionic conduction,DH ion , has been
reported as 1.1 eV for undoped BaTiO3.

9,15 The present
value of 1.52 eV is somewhat higher; however, the mag
tude of the ionic conductivity itself is comparable to th
reported9,15 in the temperature range of interest.

B. Electronic excitation equilibrium constant

Equation~25! is rewritten as

Ki5S s ion kT

2e2D̃0 D 2

. ~258!

By substituting the numerical values fors ion ~Table I! and
D̃0 ~Table II!, one can evaluate the equilibrium constantKi
for intrinsic electronic excitation reaction, Eq.~4!. The result
is shown in Fig. 10. It is again seen that the value at 800
is higher than the expected from the main trend of variat
at the higher temperatures~due to the higher value ofs ion at
800 °C!. Rejecting this specific datum at 800 ° C,Ki is best
estimated as

FIG. 9. log10 sion T vs reciprocal temperature. The solid line
the best fitted with the datum at 800 °C rejected.

FIG. 10. log10 Ki and log10 sel,m
2 vs reciprocal temperature. Th

solid lines are the best fitted with the datum rejected at 800 °C
Ki .
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TABLE III. Comparison ofKi values reported on undoped BaTiO3.

Author~s! Ki /cm26 Measurement Ref.

Song and Yoo
1.0631045 expS2 3.15 eV

kT D Conductivity
Chemical diffusivity

This work

Kim et al.
6.8031044 expS2 2.90 eV

kT D Conductivity
Thermoelectric Power

3

Seuter
3.9631046 expS2 3.15 eV

kT D Conductivity
Thermoelectric Power

16

Nowotny and Rekas
8.5531044 expS2 2.91 eV

kT D Conductivity
Thermoelectric Power

17
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Ki /cm265~1.0621.03
136.8!31045expS 2

3.1560.39 eV

kT D
~27!

in the temperature range 900<T/°C<1100. The band gap is
often evaluated from the temperature dependence of the
tronic minimum conductivity due to Eq.~15! or

Ki5
sel,m

2

4e2mnmp
, ~158!

disregarding the temperature dependence of the mobil
mn and mp . For the present system, the values forsel,m in
Table I yield a band gap of 3.2560.03 eV as shown in Fig
10, which is quite comparable to the present value, 3
60.39 eV. It implies thatmn andmp are very insensitive to
temperature in this temperature range.

Up to now only a limited number of data ofKi have been
reported for undoped BaTiO3. We compare the present re
sult, Eq.~27!, with these reported in Table III. One can re
ognize that the present one is in general agreement with
reported. This fact strongly supports the validity of t
present analysis of chemical diffusivity in terms of Wagne
chemical diffusion theory.2

In the conventional evaluation ofKi of BaTiO3, one has
had to make assumptions, e.g., on electronic mobilities, d
sity of states, and others.3,16,17It is here emphasized that th
presentKi has been evaluated only from the experimen
dataD̃0 ands ion without recourse to any assumption at a

C. Mobilities of electrons and holes

By combining Eqs.~12! and ~16!, one obtains the mobil-
ity ratio b as

TABLE IV. Numerical values for mobilities of electrons an
holes.

T/°C mn /cm2 V21 sec21 mp /cm2 V21 sec21

800 0.06060.019 0.01760.005
900 0.12160.025 0.06560.013

1000 0.15160.036 0.09960.024
1100 0.11060.031 0.08060.023
ec-

ies

5

-
the

s

n-

al

b5
mn

mp
5APO2

*

PO2

0 ~28!

and, by combining Eqs.~15! and ~25!, the product of the
mobilities:

mnmp5S esel,mD̃0

s ionkT
D 2

. ~29!

Only with use of the experimental parameters given
Tables I and II, can one thus determine the two mobilit
separately. The results are listed in Table IV and plotted
Fig. 11. The separate determination of the mobilities h
been made without using any assumption at all.

In the entire range of temperature of examination,
mobility of electrons is always higher than that of holes
1.38<b<3.53. Amazingly, this range ofb is in excellent
agreement with the expectation 1,b,3 in the literature.9,15

As temperature increases from 800 °C, both mobilities fi
increase: however, considering their error bounds, one m
regard them as practically independent of temperature ab
900 °C. In this temperature range, the average values
mn50.1360.02 cm2 V21 sec21 and mp50.08160.017
cm2 V21 sec21. This is why the activation energy ofsel,m

2

has turned out to be essentially the same as the true band
as shown in Fig. 10. It further supports the truthfulness of

FIG. 11. log10 mn and log10 mp vs reciprocal temperature. Th
solid and dashed lines denote the average values ofmn and mp ,
respectively, at temperatures, 900<T/°C<1100.
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literature values for the band gap of undoped BaTiO3, which
were evaluated from the electronic minimum conductiv
via Eq. ~15!.

It is again of interest to compare the present values for
mobilities with the literature values for undope
BaTiO3: mn50.16 cm2 V21 sec21 ~by combining the elec-
trical conductivity and thermopower! in the temperature
range of 900<T/°C<1200,3 50.2cm2 V21 sec21 ~in the
same manner! at 1000 K;16 mp50.05 cm2 V21 sec21 ~in the
same manner! in the temperature range of 900<T/°C
<1200,3 50.2 cm2 V21 sec21 ~by Hall measurement! at 700
K.16

V. CONCLUSION

The chemical diffusivity of ‘‘undoped’’ BaTiO32d as a
measure of oxygen nonstoichiomery~d! reequilibration ki-
netics is quite well explained by Wagner’s classic theory
chemical diffusion or ambipolar diffusion of oxide anion
and electrons. The isothermal diffusivity exhibits a ma
mum approximately at the stoichiometric compositiond
50), which originates from the fact that the thermodynam
X

-

e

f

-

c

factor becomes maximum atd50. Combination of the elec-
trical conductivity and chemical diffusivity has enabled o
to evaluate, without using any additional assumption at
the intrinsic electronic excitation equilibrium constantKi
(5np) as

Ki /cm265~1.0621.03
136.8!31045expS 2

3.1560.39 eV

kT D
and the mobilities of electrons and holes in average as

mn50.1360.02 cm2 V21 sec21,

mp50.08160.017 cm2 V21 sec21

in the temperature range of 900<T/°C<1100. These results
are in fair agreement with those reported.
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