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Shattered crystallites of BasFe,,.S; ( = x < §) were examined by electron microscopy. Both 8-
Ba,Fe,S;; (x = 0.333) and Ba,Fe,Sys (x = 0.40), previously reported members of Ba,, Fe S, series,
were identified by electron diffraction patterns, and supercell periodicities, 25.5 A (=3a,) and 42.0 &
(==5a,), respectively, were resolved as lattice fringes. Some crystals with intermediate compositions
showed electron diffraction patterns with diffuse superlattice reflections. Their lattice fringe patterns
showed a microscopic disordered intergrowth structure consisting of three periodicities, 3a,, 5a,, and
4qa,. The intergrowth structure is a disordered one and can be analyzed based on the one-dimensional
disorder model of Fe occupation in the hexagonal rings of the Ba,S; framework. It is also characteristic

of the **microsyntactic’’ intergrowth.

Introduction

Two homologous series of compounds,
Ba,,Fe,S;, (1, 2) and Bay(Fe,S,), (3, 4) (p,
q: integer), have been reported in the ter-
nary Ba-Fe-S system. The compounds in
both series have complex long-period su-
perstructures and many compounds with
different supercell periodicities exist nearly
continuously in a narrow composition
range, i.e., 0 = x = 0.40 for Ba,Fe,, .S and
0.0625 = x = 0.143 for Ba,, Fe,S,. In this
sense, both series are known as examples
of “‘infinitely adaptive’’ series, a term re-
cently coined by J. S. Anderson (5, 6). To
characterize such complex phases, electron
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microscopy is a powerful tool, but no such
work has been reported for these series yet.
We report here (Part II) the results of
electron diffraction and electron micro-
scopic observations for BayFe,,,S;. The
results for Ba,,.Fe,S, will be published
elsewhere in the near future (Parts 111, IV).

Structure Aspect of Bay,Fe S, Series

Three members of the Bay, Fe,S;, series
have been confirmed by single-crystal X-
ray studies (1, 2), that is, Ba;FeS; (x = 0),
B-Ba,Fe,S;5 (x = 1), and Ba;sFe, S5 (x = §).
The structures of B-BagFe,S;; and
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F1G. 1. Schematic representation of the supercell of
the Bay,Fe S;, series. The Ba,Ss framework (hexago-
nal rings) is shown by solid lines and the unit cell of
superstructure is shown by dashed lines. The Fe atoms
in the hexagonal rings are represented by circles and
the number of Fe atoms in a ring « is also shown in the
figure. For the detail of the structure, see Refs. (/, 2).

Ba,;Fe,S,, are superstructures based on the
structure of Ba;FeS; (high-pressure phase).
They are shown schematically in Fig. 1.
The basic structure is described based on
the articulation of BaS, trigonal prisms in a
manner similar to the description of other
compounds in the Ba-Fe-S system (7, §).
BaS, trigonal prisms share their edges
and triangular faces, and create hexagonal
enclosures (hexagonal rings). Within the
rings are additional Ba and S and, thus,
tetrahedral interstices are created that can
be filled with Fe atoms (Ba,S, frame-
work). There are six available sites for Fe
in a ring and a group of three tetrahedra
link by face sharing. Judging from the
structure analyzed by Steinfink and co-
workers (I, 2), there exist only three
types of Fe occupancy. a, the number of
occupied Fe sites can take on the value
2, 3, or 4. In a ring with two Fe, two
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central tetrahedral interstices are occu-
pied. In Ba,FeS;, Fe occupancies are all
of this type. In a ring with four Fe, four
outside ones are occupied. In a ring with
three Fe, one central and two outside op-
posite ones are occupied. The variation
of the Fe occupancy in the successive
rings gives rise to the phases, 8-BayFe,S,;
and Ba,;Fe,S,;. The sequence of Fe occu-
pation numbers « along the a axis is 2-3-
3 in pgB-BayFe,S,; and 2-3-4-3-2 in
Ba, Fe,S,;. Then the unit cell dimension
a is close to 3a, and 5a,, respectively,
where a, is the a dimension of the Ba,S;
framework or the ¢ dimension of the
Ba,FeS; cell. The unit cell contains two
arrays (A, B: see Fig. 1) of hexagonal
rings. The ‘‘phase” of the sequence of Fe
occupation number o differs in these two
neighboring arrays of hexagonal rings by
half of the unit cell dimension, a. How-
ever the orientation of occupied Fe sites
is different between the A and B array
and the relationship is that of the space
group. Pnma. Cohen et al. (2) predicted
the existence of many compounds in the
composition range 3 = x = 1 based on
the above structure principle, and called
them an ‘‘infinitely adaptive’’ series. The
low-temperature form of BasFe,S,; («
form) was also reported (2) but its strcu-
ture is a more complex one that cannot
be described by the above structure prin-
ciple.

Experimental

The samples were prepared by heating
powder mixtures of BaS, Fe, and S, which
were enclosed in graphite crucibles to avoid
reaction with silica, inside evacuated silica
tubes. Mixtures with starting composition,
x = 0.33, 0.40, 0.43, and 0.50 in Ba,Fe, . _S;,
were heated at 350°C for i day and then at
900°C for 2 weeks. A slight excess of sulfur
was added following Cohen er al. (2). Ob-
tained products were crushed, pressed into
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pellet form, and again annealed at 900°C for
2 weeks. Another mixture with x = 0.40
was heated at 1000°C in order to investigate
the effect of annealing temperature. Ob-
tained products were identified by X-ray
powder diffraction. No strong reflections
indicating the existence of a second phase
were observed. X-Ray powder diffraction
patterns showed no appreciable difference
due to the difference of starting composi-
tions. They showed the strong reflections
related to the basic BaFeS; cell and super-
cell reflections were too weak to analyze.

For electron microscopic observation,
samples were finely crushed between two
glass plates and dispersed into methyl alco-
hol. Then, they were collected on a Collo-
dion microgrid with small holes, coated by
carbon and mounted on a copper mesh.
Electron diffraction patterns and images
were observed using a JEM-7A electron
microscope equipped with a goniometer
stage operating under 120-kV electron radi-
ation. Very thin crystals were selected and
tilted so as to give the diffraction containing
a* in reciprocal space.

Results

1. Two Members of the Bay,Fe,Ss, Series:
ﬁ'BagFe4S15 and BalsFe7525

Many of the obtained electron diffraction
patterns were those of two previously re-
ported members of the Bay, Fe,S,, series, 8-
BayFe,S,; and Ba,;Fe,S,;. Most of the sam-
ple with starting composition x = 0.43 and
0.50 gave electron diffraction patterns of
Ba,;Fe;S,5. Those of 8-BagFe,S,s were ob-
served most often in the sample with x =
0.40 annealed at 1000°C. Typical examples
of the (010)* reciprocal plane are shown in
Fig. 2a. Some basic spots related to the
BasFeS; basic cell are marked by arrows.
Along the a* axis, diffraction spots show
arrays with the spacing corresponding to
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the lengths 25.5 and 42.0 A in real space,
which are the ¢ dimensions of 8-BayFe,S,;
and Ba,;Fe,S,;, respectively. The superlat-
tice spots divide the distance between the
two basic spots along the a* axis into three
and five equal parts, respectively, which
indicates the supercell periodicity to be 3a,
and Sa,, respectively. The violation of the
extinction condition, hkQ; h =2n + 1 (I, 2),
in the A00 row is due to the double dif-
fraction effect. Also, the violation of the
extinction condition, Okl; k + 1 = 2n + 1
(1, 2), in the 001 row is due to the same
effect. Bright-field images of the crystal
showing these diffraction patterns are
shown in Fig. 2b. The incident beam is
parallel to the b axis and the diffraction
spots used for imaging are indicated in
the figure. The lattice fringes were ob-
served with the spacing 25.5 and 42.0 A,
respectively.

2. Miscroscopically Disordered
Intergrowth Structure

In some diffraction patterns (=20% of
obtained diffraction patterns) superlattice
spots showed diffuse streaks, while the
main spots corresponding to the Ba,S
framework did not show such behavior, as
shown in the inset of Fig. 3. These diffrac-
tion patterns were observed most often in
the sample with starting compositions x =
0.33 and 0.40 annealed at 900°C, in which
those of 3-BayFe,S;; and Ba,;Fe,S,; were
also observed with nearly equal probabili-
ties. This fact shows that the Fe composi-
tion x of the crystal showing diffuse streaks
is intermediate between those of g-
BayFe,S;5 (x = 0.333) and Ba,;Fe,S,5 (x =
0.40).

The diffuse streaks usually showed their
intensity maxima near the main spots. It
seems that these diffraction patterns indi-
cate the coexistence of different structure
variants in a crystal. Bright-field images of
the crystals giving such diffraction patterns
showed disordered lattice fringes or many
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FiG. 2. Electron diffraction patterns and lattice fringe images of 8-BayFe,S,; and BaFe,S,. (a)
(010)* electron diffraction patterns. Some basic spots corresponding to the Ba,S; framework or
Ba;FeS; cell are marked by arrows. (b) Bright-field images of thin fragment ((010) incidence).
Diffraction spots used for imaging are shown in (a).
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defects. Their interfringe spacings were the
mixture of three periods, 42 A (=5a,), 25.5
A (=3a,), and 33 A (=4q,). Often, bundles
of lattice fringes with a different shade were
observed and the bundle with the different
shade had different interfringe spacings.
Figure 3a shows a two-dimensional lattice
fringe image of the crystal, indicating one-
dimensional disordered lattice fringes par-
allel to the a axis. Interfringe spacings
perpendicular to the a axis, however, were

bl

F1G. 3. Two examples of lattice fringe patterns with
disordered interfringe spacings. The inset shows the
corresponding (401)* diffraction patterns. (a) Two-
dimensional lattice fringe image. Interfringe spacing
along ¢ axis is constant (12.5 A = ¢) while that along a
axis is disordered. (b) An example of ordered inter-
growths of 44, and 5a, layers. The region of ordered
intergrowth structure is shown in the figure. Arrows
indicate the stacking faults in the 94, structure.
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FiG. 4. Enlargements of diffraction patterns with
diffuse streaks. Note the change in the position of
intensity maxima. The schematic representation of
the 4.5 a, diffraction pattern is shown in (h).

constant (12.5 A = ¢) and no defects were
observed.

The positions of intensity maxima of dif-
fuse streaks are seen to vary slightly from
one diffraction pattern to another when
carefully measured, as shown in Fig. 4
where they are compared with superlattice
spots of B-BagFe,S,; (3a,) and Ba,sFe,S,
(5ay). The corresponding lattice fringes
(bright-field image) are shown in Fig. S. In
the structure images of the crystal giving
the diffraction patterns (b) and (c) of Fig. 4,
interfringe spacings are an irregular mixture
of three periodicities, 3a,, 4a,, Sa,. In some
regions bundles of fringes with a 3a,
periodicity appear but such regions are
narrow. As a whole, the sequence of in-
terfringe spacings is random.
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FiG. 5. Enlargements of lattice fringe images corresponding to the diffraction patterns (a), (c), (d),
(e), and (g) in Fig. 4. Interfringe spacings are shown as the multiple numbers of a, (=8.5 A). Another
possible stacking is also shown in parentheses. The two lattice images corresponding to one diffraction
pattern are those of different areas of a fragment.

The intensity maxima of diffuse streaks
in the diffraction patterns (d), (e), and (f) of
Fig. 4 are relatively intense ones, compara-
ble with main spots. Their positions are
irrational, that is to say, a spacing anomaly
or an incommensurate spacing was ob-
served. The corresponding periodicity is
4.5a, as shown in the figure. In general,
incommensurate spacings are considered to
be due to the presence of the regular mix-
ture of two different periodicities (9, 10). In
this case, a 1:1 mixture of 4q, and 5a,
periodicities is expected. In fact, observed
lattice fringes show the intergrowth struc-
ture of 4a, and 54, periodicities. Often, the
arrangement of interfringe spacings is dis-
ordered and the ratio of the number of

layers with 4q, periodicity to that with 5a,
periodicity is nearly 1: 1 as shown in Fig. 5.
In some crystals, however, a region with an
ordered arrangement of 4aq, and S5q, was
observed as shown in Figs. 3b and 5. Such
regions consist of alternating 4q, and 5aq,
layers and the total periodicity is 75 A
(=9a,). The regions did not extend over a
wide range and are at most 20-30 layers. In
this region, also, some defects were ob-
served as shown in Fig. 3b.

Discussion

1. A Model for the Intergrowth Structure

Electron microscopic observations show
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a complex intergrowth structure in
Ba,Fe,, ,S; with a composition x intermedi-
ate between those of 0.33 (8-Ba,Fe,S,;) and
0.40 (B,sFe;S,;). The intergrowth structure
consists of three structure variants, 3a,,
4a,, and 5a,. The 3a, and 54, layers corre-
spond to the structure of 8-Ba,Fe,S,; and
Ba, Fe,S,;, respectively. The 44, layers ap-
pear as defects or stacking faults in the 3a,
and Sa, structures as shown in Fig. 5(ii,
vii). The region of 44, layers in the inter-
growth structure is very narrow up to 4 or 5
layers. The observed intergrowth structure
can be, basically, interpreted as the random
intermingling of 3a, and 5a, structures.
However, the existence of 4a, layers pre-
cludes the interpretation of the intergrowth
structure by the simple intermingling
model. The problem to be solved is the
appearance of the structure with 4aq,
periodicity in the disordered intergrowth
structure. The superstructure of the
Bay,Fe,S;, series occurs due to the varia-
tion of Fe occupation number o« in suc-
cessive rings of the BasS; framework
along the a axis. The sequence of « in
the 4a, layer must be closely related to
that in B-BagFe,S;; (3a,) and Ba,;Fe,S,
(5a,); that is, the random intermingling of
3ay and 5a, structures seems to cause the
exclusion or insertion in the sequence of
o and, as a result, the 4aq, structure ap-
pears.

As a model for the microscopic disor-
dered intergrowth structure, we postulate
that the intergrowth structure may originate
from the ‘‘random’ sequence of « within
the limit of a rule based on the intermingling
of 3a, and 54, structures. It is reasonable to
assume that the rule can be derived from
the crystal structures of g8-Bay,Fe,S,; (3a,)
and Ba;Fe,S,s (54,) and that the resultant
sequence must correspond to the composi-
tion intermediate between those of the two
structures. These conditions will minimize
the free energy of the system.

From the sequence of «a in B-BayFe,S,,
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and Ba,Fe.S,;, i.e., -2-3-3-2-3-3-- - -
and -2-3-4-3-2-2-3-4-3-2—-- - a rule
for the sequence along the a axis can be
deduced. When the o in two successive
rings is determined, the « in the next ring
along the a axis is determined as follows:

« in the two successive

rings « in the next ring

4-3 2

3-4 3

3-3 2

3-2 Jor2

2-3 4or3

2-2 3
Moreover, we have to consider the

configuration of Fe in a near-neighboring
array (the B array in Fig. 1) of rings along
the a axis. For example, a ring with four Fe
in the A array has four rings with two Fe in
each ring in near-neighbor B arrays. There
are six types of fundamental blocks as
shown in Fig. 6a, which appear in the 3aq,
and 5a, structures. Each of these is hereaf-
ter to be denoted as 242,332,233 323 324 423

From the consideration of the con-
figuration of Fe in near-neighbor arrays of
rings, the random arrangement of lattice
fringes originates from the random stack-
ing of six blocks within the limit of a rule
that is represented in Fig. 6b by a map.
The left cycle (thick line) corresponds to
the 5a, structure and the right one (thin
line) to the 3a, structure. The sequence
of the blocks in a crystal is determined
by the random walking along the direc-
tion of the arrows in the map. It is noted
that this map satisfies the above-men-
tioned rule derived from the a sequence
only in the A array.

Now, let us show the result of block
sequence obtained by the ‘‘random walk-
ing’’ in the map, as follows:



354

3 3 2 2 3 3 2 2 3 3 2 2 3 & 3 2 2 3 4 3 2 3 4 3 2 3 3 2
32/3432|3432[34322[34322/3322332]33

3 2 3 & 3 2 3 3 2 3 3 2 3 3 2 2 3 4 3
[3 32233233233 12134322|3

NAKAYAMA, KOSUGE, AND KACHI

3 3
2|
2 3 3 2
3 203

2 3 2 3 2

2 3 3
43 2]33 2|34

2 3 3 2 3 3 2 2 3 4 3 2 3 3 2 3 3 2 2 3 3 2 2 3 3 2 3 4 3 2 3
32033 2[34322[332[332]3432[3432[3322]33

3 4 3 2 3 3 2 3 3 2 2 3 3 2 2 3 4 3 2 3 3 2 3 3 2 2 3 4 3 2 2
22|33 2332|343 2]34322|332]332[34322]|34

2 3 3 2 2 3 4% 3 2 2 3 4 3 2 2 3 4 3 2 3 3 2 3 4 3 2 2 3 4% 3 2
32034 322(34322]34322332{3322]3432 2|3

2

3 4% 3 2 3 4% 3 2 3 3 2 2 3 % 3 2 3 3 2 2 3 4 3 2 2 3 3 2 2 3
22|33 2233 2/34322|332[34322[3432[3432

L

2 3 4 3 2 2 3 3 2 3 » 3 2 3 4% 3 2 3 4 3 2 3 4 3 2 2 3 3 2 3
4322|343 2[3322|3322|3322|3322]3432]|33

L

3 2 2 3 4 3 2 2 3 4 3 2 3 4 3 2 2 3 3 2 2 3 3 2 2 3 3 2 3 3
21374322343 22[3322]3432|3432[343 2|33 2]

3 2 3 4% 3 2 2 3 4 3 2 3 4 3 2 2 3 » 3 2 2 3 3 2 2 3 ¥ 3 2 3 3
1373 22134322]3322]34322|3432[34322]|33 2|

3 2 2 3 3 2 2 3 3 2 2 3 3 2 3 3 2 3 3 2 2 3 3 2 3 4% 3 2 2 3 4
137473 2[3 432|343 2]332]332]3432]3322[343°2

4 3 2 2 3 & 3 2 3 & 3 2 3 3 2 2
21374322332 2]332]/34°3

Here, for example, ———32423 3% —— is
abbreviated to —3242232__—_ The line divi-
sion between figures shows the unit cell of

3ay, Sa,, and 4a, The unit cell sequence
obtained in this case is as follows:

4455433433353434353344443345
3354555345544444444353545554
4443454545334433445543. ...

Thus, we could estimate the structure of
the 4a, layers appearing in the intergrowth
structure and hence the origin of the ran-
dom arrangement of lattice fringes shown in
Figs. 3 and 5 was understood in principle.
The block sequence in the 4q, layer is
3324?3329 or 3?3322}, which are the same
structure with a shift of origin as the only
difference. Its chemical formula is
Ba,,Fe,;S,y and its composition, x =
0.375, is intermediate between 0.33 (3a,)
and 0.40 (5ao). This 4a, structure corre-
sponds to the S5a, structure missing a 242
block or the 3a, structure with a 24? block
inserted.

It is obvious that the average composi-

tion of the crystal obtained by infinite ran-
dom walking is Ba,Fe,,sS;, i.e., 3a,:5a, =
1: 1. In order to specify the average compo-
sition, we have to determine the probability
of each path at the diverging points 232 and
332 For example, in the case of 5: 3 compo-
sition of 8-Ba,Fe,S;5s (3a,) and Ba,;;Fe,S;
(5ay), i.e., BagFe 3055 (x = 0.367), the path
probabilities are as follows:

B

32 830 g, =
N
39590 By = ¢
1395 38 B, = ¢
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)

<b>

F1G. 6 (a) Fundamental blocks in the structure of the
Ba,Fe,, .S, system. Each block is hereafter denoted as
328 34 428 3} 23 242 respectively. (b) The map of
possible stacking sequence of these six blocks derived
from the sequence in 8-BagFe,S;s and Ba,sFe;S;;. The
thick solid line route corresponds to the sequence in
Ba,Fe,S,; and the thin solid line to that in -
BagFe,S;;. B in the figure shows the path probability
to specify the average composition of a crystal,
which shows random lattice fringes.

The result of random walking under these
conditions is shown in Fig. 7, together with
the othertwocasesof 8; =8; =35 =8: =1
(BagFe, 4S5, x = 0.375) and B, = B, = 4, B
= By = % (BagFe 513S;5, x = 0.384). These
random sequences show great similarity
with the observed arrangement of in-
terfringe spacings. The alternate sequence
of 4a, and 54, periodicities partially appears
in Fig. 7c. This may correspond to the
observed ordered intergrowth structure
shown in Fig. 3b. Then, the block sequence
and the chemical formula of the 94, struc-
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ture were deduced as 73°2%2%3%4239292%3%
and BayFey;,,5S; (x = 0.389), respectively.
It is notable that the removal of 24* blocks
from every other layer of the 54, structure
gives us this block sequence for the 9q,
structure.

2. Infinitely Adaptive Nature

The disordered intergrowth structure
similar to that in Ba;Fe,, S5 has often been
observed in the narrow composition range
between two members of a homologous
series with different supercell periodicity,
constructed by a structure principle. For
example, in the V,0,,_, series, a syntactic
intergrowth structure of two neighboring
members, V,0,; and V,0,,;, on a unit cell
scale was recently reported (/2). Such in-
tergrowth structures are called ‘‘microsyn-
tactic”’ intergrowth structures (12, /3). In
BagFe,,,S;, intergrowth between g-
BagFe,S,; and Ba,;Fe,S,; is assumed to be
basically ‘‘microsyntactic.”” The unique-
ness of this system is the appearance of 44,
layers, which is due to the irregular se-
quence of Fe occupation in hexagonal rings
along the a axis as mentioned above.

[NRIVTAMDARETERNL .

54434353434244035434347424 5 4444344345 544431444444

MAARTRATIIARILL .

445547343335 74341533444 4334530545 5 534 55 444444 44353595 5 5444345454 53444

[

43555 5654543545 5335555 5584454544 53554555 55455454554 3341443435 543443354445

Fig. 7. Calculated stacking sequence under the
conditions 8, = B, =% B: = B3 =%(a), 81 =B, = Bs
=B;=4(b),and B, = B, =%, B, = B3 = $(c). The
chemical formulas are BagFe, S50 (x = 0.367),
Ba,,Fe, S, (x = 0.375), and BagFe sSq; (x = 0.385),
respectively. Compare with lattice fringe images
shown in Fig. 5.
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The ‘‘microsyntactic’’ intergrowth often
leads to the ‘‘adaptive’’ intergrowth (5, 6),
which is an ordered intergrowth of the two
members. The observed ordered inter-
growth region of 5a, and 44, layers suggests
the possibility of ‘‘adaptive’’ intergrowth in
the BagFe,,,S;. In this system, the
‘““‘infinitely adaptive’’ nature predicted by
Cohen et al. (2) was not observed, but it is
expected that ‘‘adaptive’’ intergrowth con-
sisting of three structure variants, 3a,, 4a,,
and 5a,, can be acquired after long-time
annealing at low temperatures in the nar-
row composition range between x = 0.333
and 0.40.
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