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Location of interstitial Cr in mullite by incoherent channeling patternsfrom
characteristic X-ray emission
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ABSTRACT

The use of adirect crystallographic technique is reported for locating Cr atomic sitesin amullite
containing 11.5 wt% Cr,O; by monitoring variations in characteristic X-ray emission rates as a func-
tion of fast electron beam orientation. Systematic examination of two dimensional incoherent chan-
neling patterns (ICP), formed from characteristic X-ray emissions from Al, Si, and Cr, and recorded
near low index zone axis orientations, has enabled the preferred lattice position of Cr in mullite to be
identified as the interstitial site 0, 0.25, 0. Although the method of atom location by channeling en-
hanced microanalysis (or ALCHEMI) generally has been applied in situations where introduced mi-
nority atom species are accommodated in substitutional atomic positions, this study illustrates the
identification of an intergtitial site of an introduced dopant species. This result does not coincide with
that derived from X-ray Rietveld refinement. The |CP method is anaytically robust and, unlike Rietveld
refinement, does not require a highly accurate model of the host lattice framework and composition.
ICP analysis therefore may be more appropriate for this particular application.

INTRODUCTION

Mullite belongs to the aluminum silicate group of minerals
with the general formula Al 4:2Si 2-2Opo (Cameron 1977).
Although Burnham (1963) mentioned that, from a structural
point of view, acomplete solid solution can be expected in the
compositional range between x = 0 (50 mol% Al,Os, or silli-
manite) and x = 1 (100 mol% Al,Os, or iota-Al,Os), this has
not been observed experimentally. Compounds of x = 0 com-
position with mullite-like structures are sillimanite and an-
dalusite; both occur at elevated temperatures and pressures only.
At aformation pressure of 1 atm, mullite is the only stable
phase. Mullites generally have compositions between about x
= 0.25 (stoichiometric or 3:2-mullite) and x = 0.4 (or 2:1 mul-
lite). Syntheses using the sol-gel route below ~1000 °C (single
phase or type | precursors, see Schneider et al. 1993) yield
mullites with higher Al,O; contents, up to x » 0.6. Recently
Fischer et al. (1994) described mullites with extremely high
Al,O; contents, corresponding to x = 0.9. In spite of earlier
predictions (Saalfeld 1962; Perotta and Y oung 1974), it has
not been possible as yet to synthesize the x = 1 compound (or
iota-Al,O3) with the mullite or sillimanite structure. The [001]
projection of the mullite structure is shown in Figure 1, and can
be described by an orthorhombic cell consisting of chains of
edge-sharing AlQ; octahedra running along the c axis, with the
point M1 chosen as the unit cell origin. These octahedral chains
are cross-linked by (Si,Al)O, tetrahedral double chains (desig-
nated as T). The compositional change of mulliteisthe result of
Al substitution for Si, which produces a composition related to
the number of oxygen vacancies in the tetrahedral double chains
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that run along the ¢ axis. Associated with these oxygen vacan-
ciesisthe formation of anew tetrahedral site (designated as T*)
that is cross-linked to two other T tetrahedra over acommon
oxygen atom (or tetrahedral triclusters).

Synthesis experiments on various mullites doped with tran-
sition metals were carried out by Schneider and coworkers (see
Schneider et al. 1994 and references therein). The kind and
amount of transition metal incorporated into the mullite struc-
ture depends on both the cation radius and valence, as well as
the synthesis temperature and atmospheric environment. Mul-
lite structures that include various additions of Ti,Os, TiO,, V.03,
VO,, Cr,0;3, MNO, Mn,O;, FEO, Fe,0;, and CoO have been de-
scribed. Highest degrees of accommodation within the crystal
| attice have been observed for V,0;, Cr,Os;, and Fe,Os;, whereas
only low or very low amounts of Mn,Os, TiO,, and Ti,Os, and
MnO, FeO and CoO, respectively, enter the mullite structure.

Rager et al. (1990) performed EPR studies on Cr-doped
mullites, and found spectra consisting of two sharp signals near
Oar = 5 and abroad asymmetrical peak near gy = 2.2. The former
was attributed to Cr in a strong crystal field with orthorhombic
character. Referring to EPR data from sillimanite, Rager et al.
(1990) correlated the EPR peaks near g« = 5 to the occurrence
of Crin slightly distorted regular octahedral M1 positionsin
mullite (the M1 position is chosen as the unit-cell origin). The
broad EPR signal at g« = 2.2 was assigned to Cr cations most
probably occurring in pairs, groups, or clustersin interstitial lat-
tice sites. Rager et al. (1990) pointed out that Cr incorporation
in regular M1 octahedra sitesis preferred at low bulk Cr,05
contents, whereas the signal assigned to interstitial Cr gradually
becomes predominant at higher Cr,O; contents (especialy above
5 wt% Cr,Os; see Fig. 3in Rager et a. 1990).

Due to the strong preference of Cr for octahedral coordina-
tion (Wells 1984), Rager et al. (1990) suggested that intersti-
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FIGURE 1. Projected [001] mullite structure showing M1, T, and
T* sites, and oxygen tetrahedra and octahedra.

tial Cr cations are positioned at distorted octahedral environ-
ments. Starting from a crystallochemical approach, Rager et
al. (1990) believed that possible interstitial sites occur near
oxygen vacancies at 0.1, 0.25, 0 (designated as 11) or, aterna
tively, in the open structural channels running parallel to the c-
axisat 0.2, 0.5, 0 (designated as |12). The occurrence of both
regular octahedral M1 and interstitial Cr in mullite has been
supported by optical absorption measurements (Ikeda et al.
1992), emission spectroscopy (Piriou et al. 1996), and EXAFS
(Bauchspiess et al. 1996).

In this paper, a direct crystallographic techniqueis used for
locating Cr atomic sites within the mullite lattice by monitoring
variations in characteristic X-ray emission rates as a function of
the orientation of afast electron beam. This technique of atom
location by channeling enhanced microanaysis (ALCHEMI) was
described initially by Taftg and Spence (1983), and has been
applied mostly to situations where introduced minority atom
species are accommodated in substitutional atomic positions
(Rossouw et al. 1996a, 1996b), although some studies have been
performed for more complex situations where introduced spe-
cies occupy interstitial positions (Krishnan et a. 1985). In this
study, two-dimensional incoherent channeling patterns (ICP),
formed from characteristic X-ray peaks of Al, Si, and Cr, are
recorded near low index zone axis orientations.

Recent developments in the theory of ionization under dy-
namical electron diffraction conditions (Allen and Rossouw
1989, 1993; Josefsson et al. 1994) have shown the influence of
dechanneling (forming a“kinematic” background contribution
to ICP contrast) to be very important, whereas fine detail in the
shape or delocalization of the ionization potential provides a
relatively small effect. Dechanneling is critically dependent on
the localized inelastic scattering potential V' (r) for thermal dif-
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fuse scattering (TDS) and, together with the elastic potential
V(r), isused in conjunction with asimplified model for ioniza-
tion (namely athermally smeared delta-function; see Rossouw
1995) to predict contrast from various possible interstitial sites
in various projections. These cal culated channeling patterns are
correlated with experiment to determine (from pattern recog-
nition) the most likely set of lattice sites occupied by the intro-
duced Cr atoms.

EXPERIMENTAL METHODS

Sample synthesis

The Cr,0s-doped mullite was produced from 52 wt% Al,O,
(VAW, 302), 38 wt% SiO, (Ventron, 88316), and 10 wt% Cr,O;
(Merck, 2483). The carefully admixed starting powders were
uniaxially pressed to provide samples 20 mm in diameter and
5 mm in height. These discs were annealed in alaboratory fur-
nace at 1650 °C for 12 h. After reaction sintering, the material
consisted of mullite crystals up to 20 pm in size and a minor
amount of a coexisting silicate glass. Microprobe analysis
yielded a mullite composition (in wt%) of 60.0(4) Al,Os, 28.4(3)
SiO,, and 11.5(2) Cr,0s, which corresponds to a formula of
Al 3.920C"0.505§ 1.57509.788-

ICP experiments

The disks of Cr,0s;-doped mullite were cut to 3 mm and
then ground to 0.2 mm in thickness prior to dimpling and ion-
beam thinning procedures. These were mounted in a Gatan low-
temperature double-tilt stage in a Philips CM 30 analyticd trans-
mission electron microscope. An electron beam voltage of 201.5
keV was used, together with a temperature of 100 K during
data acquisition to reduce TDS and to optimize channeling ef-
fects. A focussed probe with a 1.8 mrad total convergence angle
and 0.4 um diameter was aligned close to various zone axes on
specimen areas up to 0.5 pm thick. Beam rocking and X-ray
count acquisitions were controlled externally by computer, ac-
quisition times being 1 s/pixel. The full X-ray spectrum was
stored for each pixel, using an energy-dispersive X-ray (EDX)
detector with atake-off angle of 20°.

Background-corrected characteristic X-ray counts subsequently
were displayed as 79" 58 pixel maps, corresponding to ICP with
an angular range of 95 mrad along the x-axis. Backscattered elec-
tron (BSE) channeling maps were used primarily for setting up
experimental conditions prior to allocating control to the com-
puter, BSE contrast being closdly related to contrast formed from
X-ray emissionin ICP (Rossouw et a. 1994).

ICP contrast

The undoped mullite structural data, atomic positions, and
distributions as well as Debye-Waller factors were taken from
Angel and Prewitt (1986), conforming to the orthorhombic
Pbam (D92h) structure (no. 55 in the International Tables for
X-ray Crystallography, Ibers and Hamilton 1974). L attice con-
stants used for the Cr,0Os-doped structure were a = 7.5674 Ab
=7.7089 A, and ¢ = 2.901 A, respectively, as measured by
Rager et al. (1990). ICP from M1, T, and T* sites, aswell as
ICP for interdtitial positions, were calculated using athermally
smeared d-function for an undoped mullite crystal assumed to
be 0.4 ym thick. ICP for Al and Si atoms distributed over these
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sites were calculated from the formulae Al = 0.42 M1+ 047 T
+0.11T*,and Si =0.81 T + 0.19 T*, using the structural data
of undoped mullite (such arepresentation is necessary because
each calculated ICP is normalized to one atom per site). Using
Doyle and Turner (1968) X-ray scattering factors, converted
viathe Mott formulato electron-scattering factors, the mean
inner potential V, is calculated to be 15.15 volts.

Calculated |CP were generated by a rastered scan of test po-
sitions within the projected unit cell for both the [100] and [010]
zone axis projections and, from changesin contrast as afunction
of atomic position within the unit cell, aresolution of about 0.3
A appearsto be possible. The best match with the experimental
Cr ICP occurs when the site 0, 0.25, 0 is occupied, this position
being designated hereafter asthe interstitial site .

[100] zone

The projected [100] structurein Figure 2 (2~ 2 unit cells)
shows that the M1 sites form arectangular lattice, whereas T
and T* sites form well-defined {001} planes. The interstitial
site| forms alattice similar to M1 but displaced by 0, 0.25, 0.
Experimental 1CP formed from characteristic Al, Si, and Cr X-
rays are shown in Figure 3. Here the reciprocal space scan pat-
tern isaligned such that g, = 020 and g, = 001: Vertical Brillouin
zone (BZ) boundaries correspond to exact Bragg orientation of
n g« beams, and similarly horizontal lines of contrast indicate
loci of exact Bragg orientation for n g, beams. A horizontal
scan from the center to the edge of the ICP crosses approxi-
mately eleven higher order 020 BZ boundaries. The first pair
of numbers in each caption gives the maximum and minimum
X-ray counts or, for the case of calculated patterns, the maxi-
mum and minimum in the dynamical enhancement factor. The
second pair of numbers give contrast settings with 16 gray lev-
els on alogarithmic scale between max and min, expressed as
apercentage of (max - min), the first number representing the
white level and the second number the black level.

Calculated ICP formed by characteristic X-rays from at-
oms occupying M1, T, and T* site responses are shown in Fig-
ure 4, together with calculated ICP for Al and Si. In detail, the
M1 response close to the zone axis orientation has vertical ex-
cess bands between the second and third BZ boundary aong g,
and within the first order BZ along g,. Horizontal excess bands
occur in the region bounded by the first and second order g,
BZ and the first order g« BZ. These enhanced regionsin recip-
rocal space change to deficit bands for emission from the T*
Site, whereas the T site displays enhanced emission in the cen-
ter of the pattern within second order gy and first order g, BZ

<001>

FIGURE 2. Projected [100] mullite structure showing M1, T, and
T* sites, together with interstitial sitel.
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FIGURE 3. Experimental [100] ICP showing (a) Al with counts
between 1681 and 908 (max, min) contrast settings of 90 and 15% (white,
black), hereafter referred to as (max,min and white%o,black%); (b) Si
counts (769,324 and 90,15); and (c) Cr counts (633,186 and 80,10).

Ca) ML) <1@a> <h>» T

FIGURE 4. Calculated [100] ICP for sites (a) M1 (3.3,0.37 and
90,5), (b) T (2.3,0.43 and 90,5), and (c) T* (2.2,0.42 and 90,5),
together with responses for interstitial sites| in (d) (3.4,0.44 and
90,5). Reconstructed responsesin (e) for Al (2.1,0.42 and 90,5), and
in (f) for Si (2.1,0.44 and 90,5).

boundaries. The ICP in Figure 4d, formed by characteristic X-
rays from atoms occupying site |, has the pair of horizontal
bands between the second and third order g, BZ boundaries
(similar to the M1 site pattern), but is enhanced further within
these bands within the first order g, BZ. A pair of “arrowheads”
occurs within the first order g, BZ boundaries between the third
and fourth order g, BZ boundaries.

Taking awider angle view, M1 and the interstitial site are
characterized by a pair of horizontal excess bands that lie be-
tween the first and second order g, BZ boundaries, whereas
one excess band occurs from T and T* sites within the first
order g, BZ. Vertical excess bands occur within second order
Ox boundaries, except for T sites, which are characterized by
vertical deficit bands away from the zone axis orientation. En-
hancement occurs on al sites within the crossed goy; BZ bound-
aries, except for T* sites, which display overall deficit scatter-
ing within these bands.

Calculated Al and Si responses show geometry similar to
experiment, detailed correlation being better for the Si re-
sponses. For Al, however, the calculated central rectangular
minimum is not present in experiment, possibly dueto asmaller
occupancy of the M1 site by Al. Correlation of experiment in
Figure 3c with calculation in Figure 4d indicates that Cr does
not favor substitutional sites M1, T, or T*, but substantially
occupies theinterstitial sitel.

[010] zone

The projected structure (2 2 unit cells) in Figure 5 shows
M1 sites retain arectangular lattice similar to the [100] projec-
tion, but that interstitial sites| now project onto this site. Once
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FIGURE 5. Projected [010] mullite structure showing M1, T, T*
and | sites.

more, the T and T* sites form well-defined {001} planes, with
T* coming closer together whereas the spacing of T sites re-
mains similar to the [100] projection in Figure 2.

Experimental [010] ICP are shown in Figure 6, and calcu-
lated ICP formed by characteristic X-rays from atoms occupy-
ing M1, T, T*, and | sitesin Figure 7, together with the overall
responses from Al and Si atoms. The scan directions are digned
such that g, = 200 and g, = 001. For the M1 site, vertical excess
bands occur between the horizontal second and third BZ bound-
ary along g,, and horizontal excess bands between the first and
second order g, BZ. Where these excess bands intersect, stronger
enhancement takes place. Enhanced lobes also occur within the
horizontal excess bands and within the first order g, BZ bound-
aries. For the T site, an excess horizontal band occurs within first
order g, BZ boundaries, and an excess vertical band within the
second order g, BZ. A similar horizontal band occurs for the T*
site, but apair of excess vertical bands now exists between third
and 4th order g, BZ boundaries. In this projection, | CP contrast
from interstitial sitel isidentical to ICP contrast from M1 sites,
these being indistinguishable in projection along [010].

Calculated Al and Si ICPin Figure 7 show good agreement
with experiment in Figure 6, although some distortion of experi-
mental |CP is evident due to beam shift and locd crystd bending.
The experimentd Cr pattern isremarkably similar to that expected
from M1 or | sites. Since correlation between experimenta and
caculated |CP for the [100] zone excludes the M1 position for Cr,
itisclear that interstitial position | isthe preferred |attice site for
incorporation of Cr within the mullite crystal.

DiIscuUssION

Variationsin characteristic X-ray emission rates under sys-
tematically scanned, strong zone axis diffraction conditions
have been used to identify the Cr site within a mullite crystal
lattice. This has been achieved by the inherent symmetries and
associated pattern recognition of two-dimensional |CP from
the constituent atoms. Correlation between experiment and
calculated ICP for Si and Al X-rays shows good evidence that
Siisredtricted to T and T* positions within the lattice. Although
Al occupiesM1, T, and T* positions, occupancies derived by
Angd and Prewitt (1986) appear to overestimate the occupancy
of M1 sites by Al in our particular mullite specimen.

Comparison of experiment with calculated | CP shows that
Cr occupies neither the regular lattice sites nor the interstitial
sites suggested by Rager et a. (1990) (i.e., 0.1, 0.25,0and 0.2,
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FIGURE 6. Experimental [010] |CP showing (a) Al (1441,705 and
90,15), (b) Si (606,235 and 90,15), and (c) Cr (433,152 and 80,10).

thy T

o) Tx

FIGURE 7.Calculated [010] ICP for sites(a) M1 (2.8,0.4 and 90,5),
(b) T (2.9,0.42 and 90,5), and (c) T* (2.6,0.4 and 90,5), together with
responses for interstitial sites1 in(d) (2.8,0.4 and 90,5). Reconstructed
responses are shown in (e) for Al (2.1,0.45 and 90,5) and in (f) for Si
(2.6,0.45 and 90,5).

FIGURE 8. Calculated [100] ICP for the interstitial site |, showing
the pattern expected from (a) 100% occupancy of | sites (3.4,0.44 and
90,5), (b) an occupancy ratio of 80:20 of 1:M1 sites (2.1,0.44 and 90,5),
and (c) aratio of 50:50 of 1:M1 sites (2.5,0.41 and 90,5).

0.5, 0, designated as 11 and 12, respectively). According to the
present systematic |CP analysis, most of the Cr occupies an
interstitial position | at 0, 0.25, 0 athough, as shown in Figure
8, some minor amount of Cr may be situated at M1 sites. The
possibility of large amounts of Cr at M1 sites (50% or more) is
discounted, since the calculated ICP is then significantly dif-
ferent from experiment. In fact, it should be pointed out that
the clear contrast in experimental 1CP indicates that Cr cations
occur in well-defined interstitial positions, and are not distrib-
uted randomly along structural channels within the mullite lat-
tice. Calculations for a variety of idealized mullite structures
(with composition parameter x in the range 0.2-0.6) showed
that, although the scattering potential of difference reflections
such as {020}, {200} and {001} is reasonably sensitive to x,
overall ICP contrast is not. Thus the ICP “fingerprint” from
different sitesislargely defined by the overall structural frame-
work, and (unlike scattering potentials for specific beams) is
insensitive to the fine structural detail and the x-dependence of
host atom site occupanciesin mullite.

X-ray Rietveld structural refinements on Cr,0Os-doped mul-
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lite (R.X. Fischer, unpublished data, 1998) lead to the conclu-
sion that Cr in the mullite lattice is located on the M1 site rather
than the | site as determined by ICP analysis. Indeed, Rietveld
refinements conducted in our |aboratories on the same sample
as was used for the ICP experiments (D. Hay, personal com-
munication, 1997) lead to a similar result, assuming the Angel
and Prewitt (1986) structure. However, Rietveld refinement
requires, as a starting point, a model that is a reasonable ap-
proximation to the actual crystal structure (Bish and Post 1989).
The ICP method is less sensitive to small variationsin crystal
structure, depending on a projected two-dimensional structure
for each pattern rather than the full three-dimensional struc-
ture. Here. two components of the full three dimensional Cr
site co-ordinates are retrieved from a single zone axis pattern,
and orthogonal [100] and [010] projections were used to ob-
tain a complete co-ordinate set. As previously noted, detailed
analysis of contrast in the ICP suggests that significant differ-
ences exist between the actua crystal structure of Cr,Os-doped
mullite and the modeled structure. The detailed defect struc-
ture of mullite has been investigated by Welberry and Withers
(1990) and Butler and Welberry (1994), using analysis of the
diffuse scatter of X-rays over all angles. The degree of short
range order of vacant oxygen sites may lead to an averaged
structure that is not representative of the detailed local struc-
ture and, in particular, the local environment of the introduced
Cr cations may be associated with surrounding defects in the
oxygen sublattice. Another possible source of the discrepancy
between Rietveld and ICP results is the fact that whereas pow-
der XRD diffraction methods sample many crystalites, the ICP
method is specific for a particular crystallite (10-20 pm in size).
The examination of many individual crystallites by ICP has
not yet taken place, and the possibility of more than one mode
of Cr incorporation within the lattice has not been precluded.
Thus, although we have shown that the ICP method may be
used to obtain the structural environment of Cr directly in mul-
lite, reasons for the discrepancy with results obtained from
Rietveld refinement are not yet clear. Possibilities include
anomalies introduced by sampling of individual grains by ICP
rather than a large number by Rietveld, or anomalies due to
greater sensitivity of Rietveld to the precise average structure
assumed for the lattice compared with ICP analysis. However,
on the proviso that the mode of Cr incorporation isthe samein
the two grains examined, the ICP result is unambiguous, i.e.,
Cr has been found to occupy the interstitial sitel =0, 0.25, 0,
rather than the M1 site as derived from Rietveld refinement.
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