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The defect structure of polycrystalline SrFelsO27 and BaFelsO27 (ferrous W) was investigated by TEM 
using lattice fringe imaging. Various extended defects were identified in the MS sequence along the 
hexagonal c direction of the W structure (M = magnetoplumbite, S = spinel). These are isolated 
(extra) M blocks, isolated S blocks, and in a few cases isolated S 2 and S s blocks, running throughout a 
whole W crystallite along the basal plane. These defects serve to accommodate a local deviation from 
the stoichiometric W composition. In regions of large concentrations of isolated S blocks or M blocks, 
they tend to order, forming new compounds M2S 3, M4S 5, or M4S 3. A frequently occurring defect with 
which no local composition deviation is associated is due to a locally inverse MS sequence. It is 
proposed that this sequential fault originates from a growth accident. 

Introduction 

In the B a O - M e O - F e 2 0 3  system, where 
M e  stands for a divalent transition element 
(Fe, Ni, Co, or Zn) and where BaD may 
also be replaced by SrO or PbO, several 
compounds with long-period structures oc- 
cur. These compounds  are called the hex- 
agonal ferrites. The most well-known ex- 
ample is BaD • 6Fe203 with the 
magnetoplumbite (M) structure which is a 
basis material for the production of  perma- 
nent magnets. Other compounds  are 
Ba2Me~Fe1202~ (Y), BaMe2Fele027 (W) ,  
Ba3Me2Fe24041 (Z), Ba2Me2Fe2sO46 (X), 
and Ba4Me2Fe36Oeo (U). Although the 
chemical formulas of  these compounds  are 
complex and seem to be unrelated, their 
crystal structures are closely related. Actu- 
ally they can be built up from three basic 
building blocks S, R, and T, by stacking 
these in certain ways on top of  each other 
along a common c axis (2). These blocks 
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have a common hexagonal a parameter  of 
5.88/~ but different hexagonal c axes (Fig. 
1) and consist of hexagonal arrays of  oxy- 
gen ions. Two oxygen layers can be distin- 
guished, one with four oxygen ions, the 
other with three oxygen ions and a barium 
ion. The M e  n and the Fe In cations are 
located in the interstices between the oxy- 
gen ions. It  is further helpful to distinguish 
two types of  S blocks. One has the spinel 
stoichiometry A,~. li~oiii~ . . . .  2L'~,4 VS, designated by 
S O , which has no net charge. The other one 
is FeenIOs with a net charge of +2,  desig- 
nated by S 2+. An R block has the formula 
(BaFeenlO10 2- and is always found in com- 
bination with a charged S block, forming an 
R2-S 2+ unit of  BaD • 6 F e 2 0 3  (M). A T block 
has the stoichiometry Ba2Fe~IIO14 and has 
no net charge; when it is combined with a 
neutral S O block one obtains a TS ° unit 
which is the fundamental  block of the Y 
phase. Table I shows how the above-men- 
tioned compounds  can be symbolized by 
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FIG. 1. Schematic construction of fundamental 
building blocks S, R, and T in the hexagonal ferrites 
(after (3)). 

their stacking order and lists the c axes of 
their constituent blocks. It is to be noted 
that the complete unit cell of the phases M, 
W, and Z along the c direction comprises 
two blocks resulting in a hexagonal struc- 
ture, whereas the complete unit cell of the 
phases X, Y, and U along the c direction 
comprises three blocks resulting in a rhom- 
bohedral structure. Apart from those men- 
tioned, other compounds with more com- 
plex stacking sequences have been 
identified (3-7). In fact the hexagonal fer- 
rites can be divided into an MnS series with 
n = 1 (W),n = 2(X);n =4 ,  n = 6, andn = 

(M); and a large Mn Yp series (with n even 
up to n = 8, p = 27). In contrast to the 
members of the MnS series, those of the 
Mn Yp series may show polytypism due to 
permutation of blocks leading to the same 
chemical formula (3-7). 

The present paper concerns the com- 
pounds ferrous Sr-W and Ba-W, in which 
the divalent transition metal is Fe". The S 0 
blocks here consist of two molecules of 
FeaO4. These compounds can be prepared 
either as single crystals from the melt (8) or 
in polycrystalline form by a solid state 
reaction between SrO(BaO) and Fe203 un- 
der an appropriate oxygen partial pressure. 
Whereas crystallization from the melt also 
gives rise to the formation of other related 
compounds, it has been shown by X-ray 
diffraction that the solid state reaction may, 
depending on firing conditions, lead to the 
formation of pure W (9, 10). It was thought 
interesting, therefore, to investigate by 
transmission electron microscopy (TEM) 

the presence o f  secondary phases on a 
microscopic scale and the perfectness of 
the W crystallites in sintered samples. We 
made use of lattice fringe imaging by inter- 
ference of 00.1 diffraction spots to reveal 
stacking sequences along the c direction. 
The usefulness of this technique in deter- 
mining stacking sequences in the hexagonal 
compounds has been demonstrated previ- 
ously by van Landuyt et al. ( l l ,  12) and by 
Hirotsu and Sato (13). In this paper we 
report on the occurrence of some typical 
defects in W crystallites as well as on the 
existence of some new compounds in the 
M-S series that have not been identified so 
far. 

Experimental Procedure 
Sample Preparation 

Polycrystalline BaFe18027 was obtained 
from a previous investigation by Lotgering 
et al. (14), who described the details of the 
sample preparation. Polycrystalline 
SrFelsO27 was prepared using similar tech- 
niques. After milling the prereacted com- 
pact, the powder obtained was either sin- 
tered at 120&C at a reduced oxygen partial 
pressure, or was hot-pressed at 95&C in 
pure N2. The following samples were stud- 
ied: 

Sample I. Sintered SrFelsO27. X-Ray dif- 
fraction showed predominantly Sr-W with 
a small amount of Sr-Z. 

Sample H. Hot-pressed SrFe~sO27, which 
contained Sr-W and some a-Fe~Oa accord- 

TABLE I 
BLOCK CODES AND BLOCK SIZES OF VARIOUS 

HEXAGONAL FERRITES 

Phase Block code 

Total block 
size 
CA) 

M R2-S  ~+ 11.6 
W R~-S~+S ° (MS  °) 16.4 
X R~-Si+RZ-S2+S ° ( M M S  ° = M W )  28.0 
Y TS ° 14.5 
Z R2-S2+TS ° ( M Y )  26.1 
U R2-S~+RZ-S~+TS ° ( M M Y  = M Z )  37.7 
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ing to X-ray diffraction and light micros- 
copy. 

Sample 111. Sintered BaFelaO~r, contain- 
ing Ba-W with some FeaO4. 

TEM specimens were obtained as 3- 
mm dia disks, by sawing and polishing to 
a thickness of 35 /~m, followed by ion 
beam thinning. 

Microscopy 

The investigation was done with a Philips 
EM-301 electron microscope (100 kV) with 
goniometer stage, using a double-tilt speci- 
men holder. To obtain a 00.l lattice fringe 
image the incident electron beam should be 
parallel to the basal planes of a particular 
crystallite under study. This was achieved 
by orienting the crystallite in such a way 
that in the diffraction mode a systematic 
row of closely spaced diffraction spots of 
the type (00./) was visible over its whole 
length. Bright-field (BF) lattice fringe im- 
ages were obtained by admitting the trans- 
mitted beam and the (00.2) and (00.4) dif- 
fracted beams of the W compound through 
the aperture. Dark-field (DF) lattice fringe 
images were obtained using beam 
deflection and selecting five adjacent 
reflections of the (00.l) row. The observed 
fringes in perfect W correspond to the 00.2 
planes with a spacing of 16.4 A. The dark 
field image of a particular area is roughly 
the negative of the bright-field image and 
usually produced the better contrast. 

For the W compound (00.l*) reflections 
with I* = odd are forbidden, but may be 
excited due to double diffraction of, e.g., 
(10./*) reflections. Since these double-dif- 
fraction spots may give rise to double-width 
fringe images (d = 32.8/~) which can make 
the interpretation of fringe images difficult, 
their occurrence on the (00.l) row was 
avoided by appropriate tilting of the speci- 
men. 

Results 

All specimens contained W as the major 

phase, as evidenced by the electron diffrac- 
tion patterns and the spacing of lattice 
fringe images. In sample III the X phase 
was occasionally found, in coexistence 
with and oriented parallel to the W phase 
inside the same grains. The M4S, M6S, and 
M phases were not detected, presumably 
due to the fact that their compositions 
deviate too much from that of W. 

The W crystallites frequently exhibited 
extended defects, running parallel to the 
basal plane throughout a whole grain. It will 
be shown that a local deviation of composi- 
tion is associated with these defects due to 
the insertion or the absence of an M block 
or of one or more S o blocks. We call these 
defects compositional faults. When these 
defects are ordered in some fashion, one 
may speak of a compound, although these 
were found mostly on a very local scale. 

Another type of extended defect was 
observed, with which no local deviation of 
the composition is associated. One may call 
them polytypic or sequential faults (12). 
These defects were found to terminate in- 
side a grain. 

Defect Analysis 

When one has a regular stacking of 
blocks containing a defect of deviating 
block size, the defect is imaged either as 
two light fringes or as two dark fringes at a 
distance differing from the spacing of the 
perfect fringe system. Thus to identify a 
defect in a given lattice fringe image one 
has to decide which "image code" to take. 
It was observed that the image code re- 
verses sign when going from BF to DF 
lattice imaging, and also gradually when 
passing a thickness contour. In the DF 
images of the present investigation the im- 
age code was such that the size of a defect 
corresponds with the distance between two 
dark fringes which is either smaller or 
larger than the fringe spacing of perfect W. 
This was decided by comparing the image 
widths of the defects for the two image 
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codes with the theoretical sizes of M, MSz, 
orMS3 blocks. In no case were defect sizes 
corresponding to that of single R, S, or T 
blocks found. From a micrograph showing 
a large number of defects of the same type, 
sometimes even occurring in an ordered 
array, the defect width could be accurately 
determined by simply averaging. The width 
of isolated defects was measured from a 
microdensitometer profile across the defect 
or by using an eyepiece. 

Compositional Faults 

The defects which were observed most 
frequently in sample I could be identified as 
isolated S O blocks, whereas sample III con- 
tained predominantly extra M blocks. The 
isolated S O blocks are not imaged sepa- 
rately, but together with an adjacent W 
block as WS units. In some cases, double 
sets of S O blocks, imaged as WSz units or 
triple sets ofS ° blocks, imaged as WS3 units 
were also observed. Figures 2 and 3 are 
examples where these three defects, indi- 
cated by 1, 2, and 3 respectively, and the 
isolatedM blocks occur in the same crystal- 
lite of W. The heavy faulting in the grain is 
also evidenced by streaking of the 00.l 
diffraction spots (see inset of Fig. 2). 

Fro. 2. DF image of W crystallite (fringe distance 
16.4 .~) in sample I with extended defects: (1) WS unit 
of 21.2/~; (2) WSz unit of 26.0/~; (3) WSa unit of 30.8 
A. M indicates four extra M blocks of 11.6 A. Inset 
shows 00.1 diffraction spots. 

FIG. 3. DF image of W crystaBite (sample I) with 
extended defects and, at the right, an area showing 
W~S ordering. 

These isolated faults are called composi- 
tional faults because a local change of com- 
position is associated with them. Invariably 
they were found to run through the whole 
crystallite from grain boundary to grain 
boundary. 

It is noticed that in the WS, WS~, and 
WS3 stripes no fine structure due to inser- 
tion of extraS is observed. This may not be 
so remarkable since the lattice image of 
perfect W does not show a fine structure of 
S and M, or even of R blocks either. 
This is in contrast to the lattice image of 
pure X, which shows an alternating se- 
quence of M and W fringes. Probably the 
presence and location of the highly scat- 
tering Ba or Sr ions determine which 
blocks are imaged. Another reason for 
the absence of S-block fringes in our in- 
vestigation could be the use of too small 
an objective aperture, not admitting dif- 
fracted rays from the relatively small (4.8 
]k) S blocks. 

New Phases 

In some cases the WS defects or the 
isolated M blocks were locally found to be 
present in an ordered array with W blocks. 
As an example, Fig. 4 (sample I) shows an 
ordering of WS blocks after each three W 
blocks, giving rise to a new compound, 
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FIG. 4. DF image showing ordering of WS units (1) 
into W4S. The image also shows two isolatedM blocks 
and two adjacent WS units (indicated by 1.1). 

W4S orM4Ss.  This phase  can be  considered 
as W with a missing M block every  fifth W 
block.  

Figure 3 (sample I) shows,  at the right, a 
small region where  some WS blocks alter- 
nate with W blocks to fo rm very  locally a 
phase  WzS orM2Sa. This can be  considered 
as W with a missing M block every  third W 
block.  

Figure 5 (sample III)  shows a region 
where  M blocks have  ordered with W 
blocks to give rise to the phase  W3M or 
M4S3. This phase  can be regarded as W 
with a missing S o block every  fourth W 

layer.  Here ,  at two sites, a deviation of  the 
WaM regularity occurs ,  with four  and 
two W blocks be tween  two M blocks.  

Sequential Faults 

A type  of fault which was obse rved  fre- 
quently,  especial ly in the hot-pressed sam- 
ple, is shown in Figs. 6a and b, which are 
bright- and dark-field images,  respect ively ,  
of  the same region in a W crystalli te of 
sample  II .  I t  is seen that  DF image of  the 
defect  is the negat ive of  its BF image.  
Identification of  this type of defect  pre- 
sented some difficulties. It  is observed  in 
Fig. 6 that these defects terminate inside 
the crystallite. By viewing along the W 
fringes directly adjacent  to the defect ,  i t  is 
seen that  they remain  straight near  the 
defect  edges. The  image of the defect  in fact  
consists of  two par ts ,  one with a smaller  
and the other with a larger fringe distance 
than that of  W, the sum of which is equal to 
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FIG. 5. DF image of W (sample III) showing ordering 
of extra M blocks into WzM. At 2 and 4 two and four 
W blocks, respectively, are observed between two M 
blocks. The image also shows two isolated M blocks. 

FIG. 6. (a) BF image of W crystallite in sample II 
showing two sequential faults. (a') Interpretation of 
Fig. 6a. (b) DF image of the same area. (b') Interpre- 
tation of Fig. 6b. 
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two W fringes. Thus the total defect has a 
size equal to t ha t  of two W blocks. By 
means of microdensitometer traces across a 
region containing the defect, and  after de- 
ciding which image code results in the best 
correspondence between the defect fringe 
distances and building blocks with a total 
width of two W blocks, i t  was concluded 
that the defects in Fig. 6 consist of an M 

block and a WS block next to each other, as 
indicated in Figs. 6a' and b'. 

In the same crystallite faults of the re- 
verse order, i.e., W S - M  were also ob- 
served. 

Three possible sequences of M and S 
blocks in a sequential fault can  be envis- 
aged: 

(a) . . . M S M S M S M S S M M S M S M S  . . . .  
( b ) . . .  S M S M S M S M M S S M S M S M S M  . . . .  
( c ) . . .  M S M S M S S S M M M S M S M S  . . . .  

In case (a), the fault can be considered to 
be caused by one inversion in the M-S 
sequence. It cannot be decided here how 
the defect is imaged, either as W S - M  o r M -  
S W .  In view of the M - S  sequence we 
tentatively prefer the first possibility. 

In case (b), which is the mirror image of 
case a, the fault is due to one inversion of 
the S - M  sequence and will also be imaged 
as W S - M  or M - W S .  Here we prefer the 
latter possibility. It is likely that the two 
image faults W S - M  and M - W S  which we 
observed in the same crystal are due to the 
symmetrical types (a) and (b). In case (c), 
the fault is more complex, not being due to 
a single M - S  inversion. We do not consider 
it likely that this fault is observed, because 
it is probably imaged as WS2-M-- -M.  

From the present observations it cannot 
be concluded what the precise stacking se- 
quence in the observed sequential faults is. 
This is only possible by means of a rigorous 
image computation and comparison with 
the observed image. It can only be said that 
these faults are associated M and WS 
blocks, the latter having either an M S S  or 
an S S M  stacking sequence. 

Discussion 

From the present study it appears that 
small deviations from the ideal ferrous-W 

composition along the M - S  composition 
line can be incorporated either as extra S O 
or as extra M blocks. The composition 
deviation may be such that the overall 
Fe /Ba ratio differs from the ideal value of 9 
or that the FeII/Fe m ratio is not equal to 
that of the stoichiometric W compound. A 
possible reason for the latter deviation may 
be that the oxygen partial pressure during 
heat treatment had not been the equilibrium 
one corresponding to stoichiometric W. 
Another reason for the composition devia- 
tions may be kinetic in origin in that the 
solid state reaction leading to the W com- 
pound was not completed. Evidence for the 
latter cause is the simultaneous presence of 
both extra S o blocks and M blocks inside 
the same grains. Consequently it cannot be 
decided whether the extra S o and M blocks 
are thermodynamically stable defects under 
certain conditions of temperature, oxygen 
partial pressure and composition. If this is 
indeed the case, one may regard W with 
extra S o or M blocks as being one-dimen- 
sional solid solutions of Fe304 or  
BaFe12019, respectively, in W. In this con- 
nection, it is noted that Neumann and Wijn 
(10) and Lotgering and Vromans (15), on 
the grounds of X-ray diffraction analysis 
and Fe~X/Fem-ratio determinations deduced 
the existence of nonstoichiometric W with 
FC u excess, which they wrote as 
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BaFen_~[2~Fe[~+2~O:r. In this description 
the deviation of stoichiometry is realized by 
extra F e m  ions and Fe 1~ vacancies on the Fe 
sublattice, similar to the spinel notation of 
y-FezOz. Whether this point defect struc- 
ture of ferrous W exists, or whether the 
Fem excess is incorporated instead as extra 
M blocks, cannot be decided yet. It may 
well be that the formation of extra M blocks 
occurs after a certain point defect satura- 
tion concentration (maximum x) is sur- 
passed. On the other hand, it is conceivable 
that at the same Fe11/Fe m ratio the micro- 
structure of W with extra M blocks and the 
point defect W structure are both stable, 
but at different conditions of overall com- 
position, temperature, and oxygen partial 
pressure. 

In very inhomogeneous W grains double 
S o and triple S o blocks have also been 
observed. It is questionable whether these 
are stable defects, or whether they are to be 
considered as small remnants of Fe304 or 
initial stages in the epitaxial precipitation of 
this phase. 

When the composition of a crystallite 
deviates strongly from that of pure W, the 
extended defects become more concen- 
trated and tend to order into distinct com- 
pounds, such a s  W4S and W2S ( F e  H s u r -  

p l u s )  or WzM (Fem surplus). These phases 
are probably stable under certain condi- 
tions, because they have been formed by a 
diffusion reaction. Our attempts, however, 
to obtain pure W4S by reaction between M 
(SrFenOg) and S (Fe304) failed, presumably 
because the reactions were carried out at 
the wrong conditions. The preparation of 
WS, starting from the appropriate amounts 
of M and S, was not successful either. 

The frequent observations of the polyty- 
pic or sequential faults deserves some con- 
sideration. It is hard to imagine that these 
faults originate from the association of ini- 
tially separated extra S 0 and M blocks. It is 
more likely that they have been formed by 
accidents in the growth of W and thus are 

real stacking faults. The ending of these 
faults inside a crystallite may be an indica- 
tion that the  adjacent WS and M blocks 
annihilate each other to form two perfectly 
stacked W blocks at the edges of the faults. 
At these edges there is no good fit of the 
stacking sequence in the fault with the 
adjacent perfect W stacking sequence. 
These regions may be considered as dislo- 
cations in which a rapid interdiffusion may 
lead to the rearrangement of the perfect W 
lattice, thus shortening the defect. This 
process could have started at the grain 
boundaries in an initial stage where the 
faults extend throughout a whole grain. 

Conclusions 

Small deviations from the ideal ferrous W 
composition along the composition line 
BaFe12O19 (M)-FeaO4 (S) are realized by 
the occurrence of extended defects. These 
compositional faults are either isolated (ex- 
tra) M blocks or isolated S blocks. In a few 
cases isolated double S 2 and triple S 3 blocks 
have also been observed. At larger compo- 
sition deviations the M or S blocks tend to 
order, forming new compounds M4S5, 
M~Sa, o r  M4S 3, depending on the local 
composition. In stoichiometric W sequen- 
tial faults may occur, due to the wrong 
insertion of M or S blocks in the MS 
sequence. These faults are proposed as 
being due to growth accidents. 
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