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Mullite, an extremely useful ceramic material, is doped with transition metal ions. The 
changes in the electronic properties of these doped materials have been studied by positron 
annihilation lifetime spectroscopy as well as Doppler broadened line shape analysis. The 
results on the positron annihilation parameters are characteristic of ionic size, oxidation 
state and the "d"-electron configuration of the respective transition metals doped in the 
parent lattice of the mullite. These results, along with the resistivity measurements are 
suggestive of transition of the parent mullite from an insulator to a semimetal in the 
modified structure. 

1. Introduction 
Mullite, an aluminosilicate of normal composition, 
3A1203.2SIO2, is endowed with many excellent prop- 
erties [1-3]. It has well established applications both 
in low and high temperature environments due to its 
low thermal expansion, high creep resistance and high 
mechanical strength. An important review work by 
Davis and Pask [4] incorporated the details of its 
thermodynamic, chemical, mechanical and electrical 
properties. In another review work Schneider [5, 6] 
dealt with its crystal structure, composition and the 
effect of incorporation of 3d transition metal ions at 
different oxidation states. 

Mullite is built up of chains of aluminium oxygen 
octrahedra linked by double chains containing alumi- 
nium oxygen and silicon oxygen tetrahedra, in a ran- 
dom sequence [7, 8]. Some of these tetrahedral chains 
are misordered in such a manner that replacement of 
Si 4 § ions by A13 + ions occurs in the tetrahedra result- 
ing in the removal of 02 ions to preserve electroneu- 
trality of the structure. This phenomenon introduces 
two oxygen vacancies in each unit cell of mullite 
rendering its structure more open for accommodating 
a host of cations, e.g. Mn 2+, Fe 3+, Cr 3+, Ti 4+, V 4+, 
Zr 2 +, etc., as a substitutional or as an interstitial solid 
solution [9]. So, many non-stoichiometric mullite 
may be possible with A1203 in solid solution, and 
a change in electron density in the parent structure 
can be brought about by doping cations of different 
valency states. Both the oxygen vacancy defect and the 
effect of dopant cations are expected to cause a signifi- 
cant increase in the electrical conductivity of mullite at 
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room temperature and particularly at elevated tem- 
peratures. 

In the recent past some experimental knowledge 
on atomic defects and vacancy formation has been 
acquired in the case of metal oxides and ceramics 
through positron annihilation techniques [91. In addi- 
tion to this, yttria doping on ZrO2, which is expected 
to generate oxygen vacancies, has been used as a test 
for the trapping capability of positrons at anion va- 
cancies [10, 11]. Also, the annealing behaviour of elec- 
tron irradiated A1203 has been studied to elucidate 
kinetic properties of the defects [12]. 

In the present work, the deviation of electronic and 
electrical properties of doped mullite from the parent 
mullite has been sensed by employing positron anni- 
hilation techniques and by electrical conductivity 
measurements. Positron annihilation lifetime spectro- 
scopy (PALS), to probe the electronic environment as 
a function of doping concentration, and also Doppler 
broadened annihilation radiation lineshape analysis 
(DBARLA), to probe the possible change of elec- 
tron momentum distribution as a function of the 
doping concentration, have been done. The electrical 
property has also been evaluated by conductivity 
measurements on the parent and doped mullite 
samples. 

To substitute transition metal ions in the octahedra, 
ions with radii close to that of A13 + and identical ionic 
charge are best suited. Ions with higher ionic charge, 
e.g. Ti 4+, or lower ionic charge, e.g. Mn 2+, are less 
favourable since in this situation simultaneous tetra- 
hedral substitution of silicon by aluminium is required 
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T A B L E  I The ionic properties [8, 13, 14] of transition metals 
doped in mullite crystal, in comparison to A13+ in the chains of 
A1-O octahedra 

Metal Electronic Size of the Preferred site 
ions configuration ions (nm) of incorporation 

Fe ~+ [Ar]3d54s ~ 0.064 Octahedral 
Tetrahedral 
(in small amounts) 

Cr 3 + [Ar]3d34s ~ 0.064 Octahedral 
Mn 2+ [Ar]3d54s ~ 0.083 Octahedral 
Ti 4+ [Ar]3d~ ~ 0.068 Octahedral 
A13+ [Ne]3s~ ~ 0.052 Octahedral 

within an oxidizing atmosphere. The discs (25 mm 
diameter x 5 m m  height) are finally ground and 
polished. 

The samples are checked by X-ray diffraction, X-ray 
fluorescence and wet chemical analyses for their purity 
and A1203:SIO2 stoichiometry. The samples have 
been found to be 99.9% pure mullite having composi- 
tions of 3A1203"2SIO2. The amount of dopant present 
in each of the doped samples is checked by X-ray 
fluorescence and wet chemical analysis. 

to compensate for the excess positive charge. In the 
present studies Fe, Mn, Cr and Ti have been used as 
dopants in mullite. Table I shows their charge states 
and radii. From this table it can be seen that, of these 
four ions, Fe and Cr are more favourable compared to 
Mn and Ti ions. 

2. Experimental procedure 
2.1. Chemical preparation of the samples 
An aqueous solution of analytical reagent (AR) grade 
Al(NO3)3"9H20 and AR grade Si(OC2Hs)~ solution is 
mixed thoroughly in an ammoniacal medium (pH 
--- 9.3) to coprecipitate hydroxides of A1 and Si. Each 

of the four dopant ions is incorporated in four differ- 
ent concentrations by adding its water ~oluble salt 
into the medium during coprecipitation. After filtra- 
tion and drying, the coprecipitate is calcined at 500 ~ 
for 3 h. This reactive powder is then moistened with an 
organic binder and then pressed into discs which are 
finally sintered at 1600 ~ for 3 h in an electric furnace 

2.2. Positron annihilation lifetime 
measurement  

The source of positron (2aNa-4 gCi) is deposited on 
a thin Mylar film (400 lag cm-2) and sealed using an- 
other identical Mylar film on top of it. This source is 
sandwiched in between the two discs of the specimen 
and placed between the two scintillation detectors. 
The positron lifetime distribution measurements 
have been done using a conventional arrangement 
with a time to amplitude converter and a multichannel 
analyser. Two tapered Pilot U scintillators (2.5 cm 
diameter x 2.5 cm height) coupled to two RCA 8850 
photomultiplier tubes constitute the two counters. 
The fast pulses are processed in constant frac- 
tion discriminators before being fed to the time to 
amplitude converter. This arrangement has a prompt 
time resolution full width at half maximum (FWHM) 
of 240 ps for the prompt 6~ y-rays at the positron 
experimental window settings, with the upper 60% of 
the respective compton continuum of the 1.28 and 
0.511 MeV y-rays. A total of one million peak counts 
have been accumulated in each case. 
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Figure 1 (*) A typical background subtracted positron lifetime spectrum for parent mullite; ([]) the prompt curve giving F W H M  ~- 240 ps. 
Calibration: 40.00 ps per channel. 
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2.3. S - p a r a m e t e r  m e a s u r e m e n t  

The DBARLA study is done using a 40 cm a high 
purity Ge detector having a resolution (FWHM) of 
1.12 keV at the 475 keV ?-ray from a ~~ source 
and of 1.16keV at the 514keV 7-ray from a SSSr 
source. A total of 10 million counts is accumulated in 
each case. Two sources (Ba-133 and Bi-207) have been 
used for energy calibration of the DBARLA system 
and the channel constant is set at 60 eV per channel. 
All the measurements have been done at the normal 
room temperature of 20 ~ 

2.4. Data analysis 
The data pertaining to the lifetime spectra are ana- 
lysed with the help of the standard computer program 
PATFIT-88 [15]. The variance of fit in the analyses 
lay between 0.9 and 1.1. The line shape parameter, S, 
defined [16] as the sum of counts over a fixed number 
of channels around the centre of the annihilation peak 
divided by the peak area, is evaluated in connection 
with the DBARLA measurements. This parameter 
gives a measure of the narrowness of the annihilation 
line. 

Typical lifetime and Doppler broadened annihila- 
tion spectra of doped mullite samples are shown in 
Figs 1 and 2, respectively. 

2.5. Resistivity m e a s u r e m e n t  

To measure the electrical resistivity, the samples are 
prepared in the form of discs. The discs are coated on 
both sides with Pt paste, dried and fired at 1000~ 
for 15 min. A disc to be used in measurements is then 
placed in a Teflon sample holder inside a vacuum 
chamber electrically connected to ground. A very 
short coaxial cable is used to connect the sample to the 
electrometer input for minimizing electromagnetic 
and radio frequency interferences. A constant voltage 
(1.50 V) is applied and the current flowing through the 
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Figure 2 A typical Doppler broadened positron annihilation 
spectra from ([~) parent mullite; (*) Fe 3+ ion doped (1 wt %) 
mullite. Peak counts have been normalized. Calibration: 60 eV per 
channel. 

sample is measured by the electrometer. Resistivity of 
the sample is then calculated. 

3. Results and discussion 
The positron lifetime spectrum recorded [17] in the 
mullite samples has been resolved into three different 
components 

1. za, characterized by a short lifetime which arises 
from the free residence positrons [12], 

2. z2, a component with a somewhat longer lifetime 
which may be attributed to the partial trapping of 
positrons at residual extrinsic vacancy defects (impu- 
rity metal ion induced) or reduced electron density 
region in the crystal structure, and 

3. an additional third component, r3, with long 
annihilation lifetime of ~ 2 - 3  ns with a very weak 
signature of average intensity of 2-3% which can be 
separated and ascribed to a pick-off component of the 
orthopositronium triplet [18]. 

The mean positron lifetime, ~, defined as ~ = Zi'c~I~ 
where I is the intensity, would be better suited here 
[17] to describe the change in the annihilation rate 
within the crystal (Fig. 3). 

However, it is to be noted that the second longest 
lifetime component, ~2, is the one which is most sensi.- 
tive to the presence of the dopant element and its 
concentration. This component, therefore, can be as.- 
sociated with the trapping of the positrons by the 
lattice defect, or trapping in a region where the elec- 
tronic charge density is fluctuating [18]. From the 
data (Fig. 4), it is evident that the annihilation rate 
increases as the "d" electron enters the system. 
Schaefer and Forster have [12] quantitatively corre- 
lated the annihilation rate of positrons with the elec- 
tron densities of the materials. The same effect is 
corroborated from the present data, which shows that 
the annihilation rate increases as the dopant concen-- 
tration increases; the associated intensity component 
also shows a similarly increasing trend. Morever, the 
annihilation properties are manifested here according 
to the number of "d" electrons of the dopant metal 
ions present, their ionic size and their respective capa- 
city to be incorporated in the mullite structure [5, 6] 
(Table I). 
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Figure 3 Variation of mean iifetime, ~, with concentration of differ- 
ent dopants in parent mullite. Curves labelled (a), (b), (c) and (d) are 
for dopants Mn 2+, Ti 4+, Fe 3 + and Cr 3 +, respectively. The few error 
bars shown indicate typical error in the measurement. 
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Figure 4 Variation of z2 and lz with concentration of different 
dopants in parent mullite. Curves labelled by M, F, C and T are for 
dopants Mn 2+, Fe 3+, Cr 3+ and Ti 4+, respectively. The few error 
bars shown indicate typical error in the measurement. 

It turns out that the amount of transition metals in 
mullite is strongly dependent on the ionic radius and 
oxidation state of the cation. The highest incorpora- 
tion is observed if the radius and oxidation state of 
a given cation correspond to those of A13 +. The rela- 
tively large cation sizes and higher octahedral but 
lower tetrahedral crystal field splitting parameters of 
most transition metal ions oviate their preference for 
octahedral co-ordination [14]. Fe 3+ and Mn ~+ ex- 
hibit d 5 half filled stable electronic configuration with 
a spherically symmetric charge distribution, their in- 
corporation being solely controlled by size distribu- 
tion. In fact, highest incorporation is found for Fe 3 § 
and Cr 3 +. An extensive survey of the work on mullite 
[5,6] supports the existence of a small amount of 
Fe 3 + in the oxygen tetrahedra at high temperature, in 
addition to its occupancy in the octahedral positions. 
The Cr 3 + ions are distributed in the oxygen octahedra 
and in the interstitial lattice positions. In the present 
positron parameter results one finds a pronounced 
manifestation of the incorporation of these metals 
over the other two (Figs 4 and 5). The maximum 
amount of Ti 4 § ions entering the mullite structure is 
about half of Cr 3 + and Fe 3 § Only a small or a very 
small amount of Mn 2+ ions enter into the mullite 
structure. The effect of this elemental ionic property is 
thus well exhibited by the positron annihilation para- 
meters. In the parent mullite sample, the S parameter 
has a larger value compared to those in the doped 
ones; which means that the annihilation site 
corresponds, on average, to a low momentum region 
of the electrons. With the entry of the "d" electrons 
in the crystal lattice of the mullite, a decrease in 
S parameter starts; which reaches a minimum 
around 1% concentration in general, in case of the 
metal ions studied here and then rises again 
(Fig. 5). The nature of the curves is characteristic of 
the individual dopant metal ions studied in the present 
experiments. 
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Figure 5 Variation of S parameter with concentration of different 
dopants in parent mullite. Curves labelled (a), (b), (c) and (d) are 
for dopants Mn 2+, Ti 4+, Cr 3+ and Fe 3+, respectively. Errors, being 
very small (0.0005), have not been shown. 

The incorporation of 3d metal ions in the mullite 
crystal can be viewed upon as the localization of 
electrons which tends to increase the total kinetic 
energy of the system [19]. In transitional group 
elements, the interaction of ion cores with incomplete 
"d" electron shells are characterized by high binding 
energy [19]. All these effects may contribute to higher 
momentum transfer to the annihilation e -e  + pair and 
consequently the S parameter decreases [16], i.e. the 
narrow component fraction under the Doppler 
broadened annihilation curve decreases. 

This gradual decrease in S parameter continues up 
to a concentration of ~-1% of the dopant element 
after which the 3d metal ion seems to make proper site 
specific interaction with the ionic core so as to stabil- 
ize the interatomic interaction within the crystal. The 
incorporated atoms in the crystal lattice must be 
bound in such a way that electrostatic attraction be- 
tween the valence electrons and the ion cores ultimate- 
ly attains an energetically stabilized configuration. In 
doing so, it may lower the potential energy of the 
system, but in such a way that the kinetic energy of the 
system does not increase much [19], As a result, vari- 
ation of the S parameters attains a shallow well 
shaped form, but the samples having metal incorpor- 
ated still show lower values of S than that in the 
parent mullite sample, It is also to be noted that the 
manifestation of the positron, S parameters exactly 
match those of the valence states, ionic size and the 
individual property of the dopant elements [5, 6, 14]. 

In addition to this, the increase in positron annihila- 
tion rates [17] suggests that there is a transition of 
mullite from the insulator region to a semimetal re- 
gion. Also the low S parameter values indicate the 
properties of the 3d valence shell or of the conduction 
electrons [16]. 

Comparison of the results of resistivity measure- 
ment (Table II) of the parent mullite sample with 
those of metal doped mullite samples shows a 
considerable decrease (about two orders) in 
resistivity. This effect again accounts for the incorpo- 
ration of 3d transition metals in the periodic lattice of 
the mullite crystal structure which emerges with the 



T A B L E  II Electrical resistivity of different mullite samples 

Doped cation Dopant  concentration Resistivity 
(wt %) (fa cm) 

Parent mullite - 9.320 x 1012 
0.5 1.055 x 101I 

Mn z+ 1.0 1.027 x 1011 
1.5 1.172 x 1011 
2.0 1.212 x 1011 

0.5 1.550 x 1011 
Fe ~+ 1.0 1.233 x 1011 

1.5 1.289 x 1011 
2.0 1.579 x 101 i 

0.5 1.325 x 1011 
Cr 3+ 1.0 1.187 x 10 ll 

1.5 1.661 x 1011 
2.0 1.754 x I0 ~1 

0.5 1.820• 1011 
Ti 4+ 1.0 1.799 x 101~ 

1.5 1.876 x 1011 
2.0 1.971 x 1011 

possibility of attaining a lower band gap structure 
[19]. This has a decisive significance in as much as it 
offers an explanation for the considerable lowering of 
resistivity at room temperature. 

4. Conclusions 
The positron annihilation results with the 3d 
transition metal ion doped mullite show much higher 
annihilation rates, unlike the parent mullite. The char- 
acteristics of the dopant elements, like ionic size, val- 
ence state, etc., are properly manifested in the annihi- 
lation parameters. 

The S parameter results also exhibit the properties 
of the specific metal ions incorporated. The decrease 
in the values of the S parameters is indicative of 
transition of the doped mullite samples from an insu- 
lator to a semimetal. The resistivity measurement also 
bears a close correlation to this behaviour. 
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