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Defects in monoclinic Fe,TiOg were studied by electron microscopy and diffraction. The monoclinic
structure found, which is isostructural with V305, can be derived in a simple way from a hexagonal
close-packed structure and can be considered as a member of the family of crystallographic shear
structures, derived from rutile. Two different slips corresponding to two hexagonal basal ones, were
found to cause stacking faults, antiphase boundaries, and two different crystallographic shear planes.

Introduction

In part I of this paper (/) the preparation,
structure, and some magnetic properties of
monoclinic Fe,TiO; were described. The
structure is a polytype of pseudobrookite
(2) and is metastable at room temperature.
A rather high R factor in the X-ray analysis,
as well as the line broadening of Mossbauer
spectra, is indicative of a certain disorder in
the arrangement of TiOg and FeOgq octahe-
dra in the structure. In this part a more
detailed description of the structure in rela-
tion to other oxide structures will be given,
in order to understand better the electron
microscopic observations, which will be
presented later.
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Description of the Structures

The monoclinic structure Fe,TiOjy is iso-
structural with V305 (3), TigOs (4), and
FeCrTiO; (5, 6). It is projected onto the
(020),, plane in Fig. 1 and onto the (201),,

Fi1G. 1. The structure of monoclinic Fe,TiO4 with the
unit cell vectors for both the monoclinic and the
related hep structure. Vectors A and C correspond to
the possible slip directions. The deformation of the
hexagonal basal planes is indicated by the angle 8.
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plane in Fig. 2a. These projections empha-
size two structural relations. The first
shows that the anions form a distorted
hexagonal close-packed (hcp) sublattice.

Considering an ideal hcp, it is possible to
relate the monoclinic and hexagonal unit
cells with the following transformation ma-
trices:

planes
an b, Cm | ay by Ch
an % 0 % an 1 0 2
by | —1 -3 -1 by | ~1 -2 0 (la
Ch % 0 -3 Cm!l 2 0 -1
vectors
am b Cm I ay by Ch
a | 1 -1 2 am| % —t ¥
b, 0 -2 0 b,| O —3% 0 (1b)t
e | 2 0 -1 Cm| & -1 -1
1 The threefold hexagonal indices should be further transformed into the fourfold notation.
. . -Ti-0-Ti-O-Ti-0O- TiO,,
The cations partly fill the octahedral in —Fe—Fe—[)—Fe—Fe—Fe_Fe_ ALO,.

terstices in the hcp array. In each column,
three out of five face-shared octahedra are
filled, which gives the following ideal se-
quence for each column: —~Fe-Fe-[-Ti-
O-Fe-Fe-O-Ti-0O-, etc. This indicates
that the structure is related to that of rutile
on one hand and to that of corundum on the
other (7):

The projections of Fig. 2 clarify this
relation. The structure can be derived by
means of a crystallographic shear (CS) op-
eration from the rutile structure (8), where
the relationship between the hexagonal and
the rutile structures is given by the follow-
ing transformation matrices:

planes
l ah bh ch I ar br Cr
a | 0 0 1 a, | 0 3 e
b |2 1 0 b,| 0 0 1 (2a)
¢ |0 1 0 el 1 0 0
vectors
Lah b, Chn l a, b, Cr
a |0 0 | a, ! 0 2 0
b, | % 0 0 b, | 0 1 1 (2b)
o |—1 1 0 o | 0 0
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Fic. 2. (a) The structure of monoclinic Fe,TiO;
projected onto the (201),, plane. Dotted lines indicate
the rutile CS slabs 3,3,3,3. (b) The structure of TisO,
projected onto the (i11), plane. The dotted lines
indicate the rutile CS slabs 5,5,5,5.

Therefore this structure fits into the
scheme of a homologous series of Ti,0z,—,
structures, obtained from rutile by regu-
larly repeated CS operations. The displace-
ment vector is $[011], and the CS planes are
of the type (hkl), = p(121), + q(011),, where
the first is the CS and the second the
antiphase boundary (APB) component (8-
10). It has a slab sequence 3,3,3,3, and can
be compared with the structure of TizO,
with a slab sequence §,5,5,5, which is pro-
jected onto the (111), plane in Fig. 2b (11).

Experimental

Specimens for transmission electron mi-

croscopy were prepared either by argon-ion
erosion of thin crystals or by grinding the
crystals into fine pieces, which were then
dispersed onto holey carbon films. Some of
the crystals were already transparent for
100-keV electrons and these were observed
without additional thinning. A Philips EM-
301 electron microscope equipped with a
goniometer stage was used.

Results and Discussion

In general the electron diffraction pat-
terns taken from monoclinic Fe,TiO5 were
compatible with the X-ray analysis. How-
ever, some characteristic features were al-
ways observed in the diffraction patterns of
certain zones. Figure 3a shows the charac-

b

FiG. 3. (a) The diffraction pattern of the {102],, zone.
Note the split streaking at one-third of the distance of
the [201]% spacing. (b) The diffraction pattern of the
[201],, zone. Note the hexagonal symmetry.
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FiG. 4. Irregularly spaced APBs paraliel to the
(020),,, planes. The electron beam is along the [100],,
zone axis. Magnification 40,000 .

teristic split streaking at one-third of the
distance of the [201]% = [00.1]% spacing in
the diffraction pattern of the [102], =
[21.0], zone. The streaking is due to stack-
ing faults perpendicular to the hexagonal
[00.1], direction. This means that locally
fcc instead of hcp stacking is formed by
three different slip systems, (201),.4[0101..,
(201)y 951 356];m, and (201),,45{356],,, corTeE-
sponding to three equivalent (00.1);3
(10.0), hexagonal ones. These stacking
faults are formed because the monoclinic
structure is unstable with respect to the
room temperature structure of pseudo-
brookite. The origin of the split streaking is
the slight deformation of the hcp anion sub-
lattice, where most of the octahedra planes
form an angle 8 with respect to the (00.2),
planes. This angle is indicated in Fig. 1 as
well as in the diffraction pattern of Fig. 3a.
Another prominent zone, the [201], =
[00.1], one, is shown in Fig. 3b. The hexag-
onal symmetry of the diffraction pattern is
evident.

Besides these stacking faults several
other types of planar defects were ob-
served. Analyzing the oxygen—oxygen vec-
tors in the hexagonal structure one finds six
possible equivalent slip vectors: = 4[21.0],,
+4[12.0],,, and *4{11.0],. Using the matrix
(1b) these can be transformed into the
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monoclinic vectors +#102],, *=#&{152],
and +#&[152],, where only the first two
can take place because of the cation vacan-
cies present. When the slip vector is paral-
lel to the plane it operates on, the result is
an APB. However, when the slip is in a
plane which is nonparallel to the slip vector
the result is a CS operation (slip plus
shear). The last operation can account for
nonstoichiometry (8, /0).

Figure 4 represents the electron micro-
graph and the corresponding diffraction
pattern, with the beam parallel to the [100],
zone axis, of a region containing parallel
planar defects. The strong streaking along
[020]% is due to irregularly spaced faults
parallel to the (020), planes, as evi
dent from the micrograph. These defects
can be produced by (020),3102], =
(01.0),3{2 1.0], slip operation and can con-
sequently be characterized as APBs (/3).
These were usually observed in thermally
untreated specimens. Using the transfor-
mation matrices (2) it is evident that these
APBs correspond to the rutile (011)3{011];
ones, which are the APB components in the
CS structures derived from rutile (10).

In Fig. 5 the same [100],, zone is shown,
but the streaking is now along [002]}. The
CS operation producing these defects is

FiG. 5. DF image taken with the (002),, reflection,
showing CS planes parallel to the (002),, planes. The
electron beam is along the [100], zone axis.
Magnification 40,000x .
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F16. 6. DF image taken with the (111),, reflection, of
the CS planes, shown edge-on in Fig. 5. The electron
beam is along the [101), zone axis. Magnification
20,500x.

(002),4[102],, = (42.2),3(21.0),. They al-
ways appeared immediately after slight
pulse beam heating. Further, they originate
at the surface and grow into the sample, as
can be seen from Fig. 6, where the nucleat-
ing knife-shaped shear planes are shown
with the sample tilted out of the above
mentioned zone. Only one of the surface
edges is straight, if these CS planes are
small. By growing, the defect plane reaches
the second surface, while the growth is
continued in the two perpendicular direc-
tions. Simultaneously, the lateral growth of

the sheared region is accomplished by gen-
erating successive CS planes. With the use
of the transformation matrices (2) these CS
defects were found to correspond to the
rutile (262),4[011], ones. These can be fur-
ther decomposed into two components:
(242)4[011), + 5(020),4{011],. The first one
is the well known CS component of the
defects found in the rutile [111], zone (/0),
while the second one was found to be stable
in the rutile structure above 1720K, forming
slabs of the NiAs structure (/2).

Another type of defect is U-shaped and
appears after prolonged pulse beam heating
(Fig. 7). During heating they propagate
parallel to the length direction, and can
reach the edge of the foil. Additional de-
fects often grow concentrically inside the
already existing ones, as described by Van
Landuyt and Amelinckx (/4) for hairpin-
shaped CS planes. The planes of the long
components form an angle of about +28°
with the (020),, planes as shown by tilting
experiments. These defects can be pro-
duced by (110),3[102],, = (13.2),3[21.0],
and (110),3[102],, = (12.2),4[21.0], CS op-
erations, respectively, and they were seen
edge-on by tilting the crystal around [002]%
until either (110), or (110), planes were
parallel to the electron beam. In Fig. 8 one

FiG. 7. U-shaped CS planes with the long compo-
nents parallel to the (110),, and (110),, planes, respec-
tively. The corresponding diffraction pattern is the
same as in Fig. 4. Magnification 20,500 .

FIG. 8. CS planes parallel to the (110),, planes. The
beam is along the [221], zone axis. Magnification
20,500x . Additional reflections from the [100],, zone
are also visible.
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FiG. 9. (a) BF image of CS planes as observed in
very thin regions. The beam is along the [101},, zone
axis. (b) DF image of the same region as under Fig. 9a,
using the (111)y, reflection, The corresponding diffrac-
tion pattern is the same as in Fig. 6. Magnification
40,000% .

set of these planes is seen edge-on in the
[221], zone. From the final thickness of
most of these defects it follows that the CS
planes are grouped. The two components of
this type of defect correspond to the
(213)4{011], and (242)3{011], rutile ones,
respectively. The first can again be decom-
posed into (242)3[011], —5(011)3{011],,
with a pure CS and a pure APB component,
while the second fits a CS component only
(10).

In very thin foils the appearance of all
these defects is slightly different, as seen
from Figs. 9a and b, which are the BF and
DF taken by the (111),, reflection, respec-
tively. The corresponding diffraction pat-
tern is, however, the same as in Fig. 6. It is
evident that the fringes of the longer com-

ponents are symmetrical in BF and asym-
metrical in DF, which are characteristics of
the « fringes. These longer components are
parallel to the (002),, planes. Some of these
defects are of finite thickness and change of
contrast takes place where individual
planes along the defects are terminated by
dislocations. The different form of the same
defects in very thin regions is supposed to
be due to an easier stress relief in such
regions.

The defects formed by CS are often of a
finite thickness, as shown schematically in
Fig. 10. It is evident that different mecha-
nisms are responsible for the growth of the
two kinds of defects. While in the knife-
shaped defects additional CS planes are
generated at one surface of the sample and
grow into the depth, the growth mechanism
of the U-shaped ones involves the move-
ment of the front of additional CS planes in
the [002],, direction. It is not clear as yet
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FiG. 10. Schematic representation of knife-shaped
(a) and U-shaped (b) defects formed by CS planes. The
directions of growth are indicated by arrows.
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why apparently more energy is needed to
generate the U-shaped defects.

Conclusions

It was shown that the structure of mono-
clinic Fe,TiO; can be derived from an hcp
structure, where the anion sublattice re-
mains a slightly distorted hcp one, while the
cation sublattice is obtained by removing
cations in an ordered way from such a
lattice.

Different defect formation mechanisms
were found to generate stacking faults in
the (201),, planes, APBs in the (020),
planes, and two different CS planes in
(002),, and (110),,/(110),, planes, respec-
tively. Very often the CS planes grow to-
gether, forming bulky defects of character-
istic shapes.

The monoclinic Fe,TiO; structure can
also be related to the rutile structure, de-
rived from the same hcp parent structure.
The defects observed fit well with some
known defects in the rutile structure.
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