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Several members of the family of Nowotny phases with compositions MnSi;_, are studied by means of
electron diffraction and high-resolution electron microscopy. The diffraction patterns exhibit spacing
as well as orientation ‘‘anomalies.”” From the corresponding high-resolution images it is concluded
that the compounds exhibit a particular type of disorder. The spacing anomalies result from the fact
that the manganese and silicon arrangements have different and to some extent independent periods
along the ¢ direction of the tetragonal structure. The orientation anomaly is due to the fact that the
silicon helices can be shifted longitudinally along the ¢ axis of the manganese sublattice. Dislocation-

like arrangements of lattice fringes can consistently be explained by means of this model.

Academic Press, Inc.

1. Introduction

High-resolution electron microscopy has
recently contributed significantly to our un-
derstanding of ‘‘incommensurate’’ diffrac-
tion patterns. In particular, it has become
possible to distinguish between patterns
due to ‘‘pseudoincommensurate’’ struc-
tures, for which the incommensurate nature
of the diffraction pattern has to be attrib-
uted to the presence of a regular mixture of
commensurately spaced interfaces, and
genuine incommensurate structures, such
as deformation-modulated structures with
a modulation wave vector, which varies
continuously with temperature. It is the
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purpose of this paper to discuss the origin
of the incommensurate nature of the dif-
fraction pattern of some of the Nowotny
phases or chimney-ladder structures (/).
These phases have already been studied us-
ing electron diffraction and one-dimen-
sional lattice fringes (2); a preliminary ac-
count of a recent high-resolution study of
MnSi,_, (x = 0.25) was given in Ref. (3). In
particular, the high-resolution images will
allow us to derive an unambiguous interpre-
tation in terms of structural features of the
moiré-like fringes observed at lower reso-
lution.

2. Crystal Structures

The structure. of the manganese silicides
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has been determined by Nowotny and co-
workers (1). Atomic positions were pub-
lished for four of these phases Mn,Si; (4),
Mny;Sise (5), MnysSize (6), and Mny;Sis (7).

The building principle is the same for all
of them, however. The transition metal at-
oms form a S-tin-like arrangement with a
tetragonal subcell with lattice parameters a
= 0.552 nm and cp, = 0.437 nm. The silicon
atoms form a coupled helical arrangement
with a period cs; equal to approximately 4
times ¢y, and occupying interstices in the
tetragonal manganese sublattice. The man-
ganese atoms form the chimneys within
which the silicon atoms are arranged in a
“ladder.”” It is to be expected that the man-
ganese arrangement will be slightly posi-
tion-modulated as well with the same pe-
riod (2).
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FiG. 1. Models for two Nowotny phases Mn;;Sijg
and Mny;Siy; as viewed along the [010] zone. Manga-
nese atoms are represented as full @ng;-.‘They form a
body-centered tetragonal lattice . #ilicon atoms are
represented as open dots; they occupy interstices in
the manganese sublattice (after Ref. (/)).
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F1G. 2. Structure of the chimney ladder structures as
related to the TiSi, structure, (a) The transition metal
atoms are situated at four different levels; (b) the sili-
con atoms are situated on helices which project as the
dotted circles in the [001] projection shown in (a); (c)
in TiSi, the helices degenerate into planar zigzag con-
figurations, parallel with the (110) planes, destroying
the tetragonal symmetry; TiSi, is orthorhombic.

Models for two of these structures are
represented in Fig. 1 (after (/)) and a more
schematic representation is introduced in
Fig. 2 emphasizing the relationship with the
TiSi, structure. As we shall see the ¢ pa-
rameter is the smallest common multiple of
¢Mn and cg;; for some of these phases the ¢
parameter may become as large as 20 nm.
We shall see also that in some phases ¢,
and cs; may be incommensurate.

Three projections, respectively, along
the [100], [110], and [120] zones of the
structure of a typical phase Mn,sSiy are
represented in Figs. 3A, B, and C [after
(6)].

The large dots represent the projections
of manganese columns whereas the small
dots represent silicon columns. In the [110]



10 YE AND AMELINCKX

projection the Mn columns form a quasi-
hexagonal arrangement; in the other projec-
tions the manganese columns form close
pairs. The silicon columns form a wavy ar-
rangement which is clearly the projection of
the helical arrangement in space. In the
[110] and in the [120] projections this leads
to pronounced maxima in the electron den-
sity localized along lines perpendicular to
the ¢ axis and with a spacing equal to cg;.
These projections will be used as the input
data for image simulation.

The structures of these compounds with
general formula M,Si,,—, can also be re-

lated to the TiSi, structure. The transition
metal atoms are arranged on 3¢ nets on
(110) planes of the tetragonal subcell; these
planes are stacked in the 1234 stacking se-
quence which occurs in TiSi, and which we
have described above as the B-tin-like ar-
rangement (Fig. 2).

Whereas in the tetragonal MnSi,_, struc-
ture the silicon atom positions are situated
on helices projecting as circles along the
[100] zone (Figs. 2a and b), these circles
degenerate into planar zigzag arrangements
in TiSi; (Fig. 2¢) reducing the symmetry to
orthorhombic.
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FiG. 3. (A) Comparison of the projected structure model, the computer-simulated image, and the
experimental image of Mn,sSiy as viewed along [100] zone. The bright dots represent close pairs of

manganese columns for Af = —97.5 nm and ¢

5.5 nm or Af = —150 nm and ¢ = 16 nm. (B)

Comparison of the projected structure model, the computer-simulated image, and the experimental
image of Mn,;Siy as viewed along the [110] zone. The bright dots represent single manganese columns
(Af = —150 nm, ¢ = 6 nm). The bright bands occur where silicon and manganese columns coincide
approximately. Their separation is very closely the pseudorepeat distance of the silicon arrangement.
(C) Comparison of the projected structure model, the computer-simulated image, and the experimental
image as viewed along the [120] zone. The elongated bright dots have to be associated with open
channels in the structure (Af = —128.7 nm; ¢ = 7.5-10 nm). The bright bands occur where silicon and
manganese columns roughly coincide; their separation is equal fo the pseudoperiod of the silicon
arrangement cg;. The brightest dots correspond to open channels.
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FiG. 3—Continued.
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Chemical bonding in these materials was
discussed by Jeitschko and Parthé (8); they
noted in particular the importance of the
electron concentration per transition metal
atom.

3. Electron Diffraction Patterns

As already pointed out in earlier pages
(2) the diffraction patterns exhibit a wide

variety of ‘‘anomalies’” which we shall now
describe in some detail. Three typical dif-
fraction patterns, respectively, along the
zones [110], [120] and [010] are reproduced
in Fig. 4, while Fig. 5 shows a number of
central rows of the diffraction patterns of
different members of the family MnSi,_,,
along two different zones [110] and [120].
The most intense spots coincide with, or
oceur in the vicinity of those spots of the

FIG. 4. Diffraction patterns of MnSi,_, taken along different zones: (a) (110] zone; (b) [120] zone; (c)

[010] zone.
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F1G. 5. Central [001] rows of the diffraction patterns of a number of compounds Mn,Si, along the
[110] and the [120] zones. The values of x and y are indicated on the left. Commensurate as well as
“incommensurate’’ diffraction patterns, exhibiting spacing and orientation anomalies are shown.

sequence which are due to the centered te-
tragonal sublattice of manganese atoms,
i.e., 002, 004. With each of these ‘‘basic”’
spots a linear sequence containing up to 10
satellite spots is associated. As opposed to
what happens in interface-modulated long-

period superstructures these sequences of
“‘shifted’” with respect to

satellites are not ‘‘shifte ith respect

£~

the basic spots (2). The spacing in direct
space corresponding with the satellite spac-
From the large number of sharp satellites
and their slow decrease in intensity with
increasing order, i.e., with distance away
from the ‘‘basic’’ spots, one can conclude
that the lattice ivi

that the eriod giving rise to the sat-
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ellite sequence is well defined. This period
is determined by the repeat period cg; of the
helical arrangement of silicon atoms.

In most cases the sequences of satellites
associated with different basic spots do not
match where they meet (see, e.g., Figs. 5a
or d). In a number of cases it is possible that
a relatively small common multiple for cyq,
and cg; can be found; it is then justified to
describe the structure as commensurate.
The theoretical composition can then be de-
rived from the diffraction pattern provided
certain assumptions are made. This will be
discussed in Section 8.

In certain cases the smallest common
multiple would become excessively large
and it is then justified to consider the struc-
ture as ‘‘incommensurate.’”’ Moreover, in a
number of cases the sequences of satellites
may have directions which enclose a small
angle with the direction of the rows of spots
due to the basic manganese sublattice. We
have called this an ‘‘orientation’” anomaly
(Fig. 5a). The structure is then no longer
tetragonal.

Heat treatment of manganese silicides by
means of the electron beam may bring
about changes in the electron diffraction
pattern; commensurate patterns may be-
come incommensurate and may acquire an
orientation anomaly. Such changes are usu-
ally irreversible. These experiments show
that different diffraction patterns may be
produced by specimens with the same bulk
composition.

In the compound MoGe,-, which also
has a chimney ladder structure it was found
that specimens producing an ‘‘anomalous’
diffraction pattern could be transformed by
heat treatment into specimens presenting a
“‘normal’’ diffraction pattern (2).

4. Structural Principle

For MnSi,, i.e., for m = 0 one (001) layer
contains one manganese and two silicon at-
oms, forming a pair at the same level along

the ¢ direction. When m # 0, i.e., when
there is a silicon deficiency, the silicon at-
oms are still assumed to be arranged in
pairs at the same level; however, the aver-
age number of pairs per unit cell will be
smaller. The lacking silicon pairs are still
assumed to be spaced evenly along the ¢
direction since this is probably the configu-
ration of minimum energy. In the structure
of the phase with composition Mn,Si,_,,
the silicon pairs will thus occur in m groups
along the ¢ axis, which can be regarded as
pseudocells. Along the ¢ direction of the
superstructure one will thus find in one unit
cell » manganese subcells and m silicon
subcells. The ¢ parameter is then the small-
est common multiple of ¢y, and cs;, i.€., ¢
= ncwmn = Acsi. Assuming that the described
structural principle is correct one can de-
duce the chemical composition from a mea-
surement of cma, Csi, and ¢. A geometrical
analysis of the diffraction pattern allows us
to obtain this information; in fact, one re-
ciprocal lattice row is sufficient. We shall
discuss this in some detail in Section 8.

5. Lattice Fringes and Moiré-like Fringes

Observations at moderate resolution al-
low us to visualize the lattice fringes corre-
sponding with the satellite sequences, i.e.,
the silicon spacing (2). Such fringes are ob-
tained when successive satellite spots be-
longing to the same basic spot are made to
interfere as shown in Fig. 6 (mode 2). The
fringes are perpendicular to the satellite se-
quences, and their spacing corresponds
with the silicon period (Fig. 7b). Spots be-
longing to two different satellite sequences,
such as those surrounded in Fig. 6 (mode
1), which occur in the part of the diffraction
pattern where two satellite sequences meet
or overlap, can also be used to make an
image. Such images consist of broad, often
wavy fringes which are the more widely
spaced the closer the collected spots. These
fringes are perpendicular to the segment Ag
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F1G. 6. Schematic representation of one row of spots of the diffraction pattern exhibiting an orienta-
tion and a spacing anomaly. Three different imaging modes are indicated by circles enclosing the
beams which are used. The meaning of a number of notations is illustrated as well.

connecting the two interfering satellite
spots (Fig. 7c) and this distance is inversely
proportional to |[Ag. This has been verified
experimentally by means of dark-field im-
ages made in such spot pairs. The direction
and spacing A of these fringes is found to
vary over the area of the specimen suggest-
ing that Ag changes locally. It should be
noted that the direction of AZis very sensi-
tive to small changes in the direction of the
satellite sequences. These moiré-like
fringes provide in fact a map of the vector
Az, and thus of the spacing and orientation
anomalies.

Finally, one can collect several spots be-
longing to two interleaving satellite se-
quences (Fig. 6, mode 3). The image now
exhibits both types of fringes simulta-
neously (Fig. 7a) and it is clear that the two
sets of fringes enclose an angle which var-
ies over the specimen area. Whereas the
narrowly spaced ‘‘silicon’’ fringes are prac-
tically straight, the more widely spaced
moiré-like fringes are wavy and intersect
the silicon fringes under the angle ¥ = 6 +
¢ (Fig. 7a).

The relation between 0, ¥, and ¢ can be

found from Fig. 6. One has A = 1//Ag|
(Ag)? = 4q°d* + D?* — 4qdD cos ¢

2qd sin ¢
|D — 2qd cos ¢|
V=0+¢

tgf = (N

using the notation indicated in Fig. 6; g is
the number of satellites on one side of the
basic spot.

From Eq. (1), noting that 1/cs; = d cos ¢
and csi = (¢ + &)cmn; D = s/cma one finds

2¢ sin ¢/csicos ¢
(s/cmn) — (2q cos ¢/csicos @)

tg 0 = tg &/l(s12g)(g + &) — 1].

For s = 2, this becomes

tg 6 = (q/eg ¢. )

In direct space the generation of an ‘‘ori-
entation anomaly’’ can be visualized as in
the simple model of Fig. §.

A systematic shift upward over ec, was
given to the pattern of dots with respect to
the pattern of bars leading to a shear over
an angle ¢ of the dot pattern. This can alter-

g6 =
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natively be described as a translation down-
ward over gCa. The coincidence pattern is
then sheared over an angle 6. It is quite
clear that tg ¢ = eCx/a and tg § = gC,la
and thus tg 8§ = —(g/e)tg ¢ where the minus
sign expresses the opposite sense of ¢ and
6.

This relation is clearly equivalent to Egs.
(1) and (2) obtained from reciprocal space
considerations.

Since

csi = (n/m)ewn = (@ + e)ewn (27)
one can rewrite Eq. (2) as

tgd = —qtgd/l(n/'m) —ql. ()

It should be noted that in Mn,Si;, £ = 0 and
thus 6 = 90° provided ¢ # 0. In MnysSiz: g
=3;e=%and tgf = 41g ¢ (using Ag, in
Fig. 6)); using A% in Fig. 6 one has g = 4;

F1G. 7. One-dimensional lattice fringes in manganese silicides obtained from the same area by using
different imaging modes. (a) Mode 3: moiré-like fringes superposed on silicon fringes. The moiré
fringes map the spatial variation of AZ. (b) Mode 2: the fringes represent the period of the silicon
arrangement. (¢) Mode 1: only moiré-like fringes are produced.
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FiG. 8. Schematic illustrating that a small systematic shift of the dot pattern over an angle ¢ with
respect to the line pattern, leads to a much larger change in orientation of the coincidence lines along 1
and 2. The relevant diffraction vectors Ag, and Ag are shown in the correct relation with the line-and-

dot pattern.

g = —i,tg 0 = 16 tg ¢. The angular amplifi-
cation factor can thus be considerable.

If is, of course, possible to select other
spot pairs such as the gth satellite in one
sequence and the (g + 1)th satellite in the
other sequence and then obtain moiré-like
fringes with a wave vector such as Ag; in
Fig. 6.

It is possible finally to collect the four
spots forming a parallelogram in Fig. 6. One
thus obtains the silicon fringes and super-
posed on this a crossed grid of moiré-like
fringes with wave vectors Ag, Az, and
Ag. The characteristics of such fringes can
be calculated by the use of formula (1) pro-
vided the correct value of g is taken for Ag;,
q = 3;for A%, q = 4. For Ag the formula
has to be adapted slightly.

Similar sets of superposed lattice and
moiré-like fringes have been observed in

Aus.Zn (9), where the latter fringes reveal
the true period.

6. High-Resolution Images

6.1. Methods

High-resolution images were obtained for
a number of members of the MnSi,_, fam-
ily, using different imaging modes and
viewing along different zones: [110], [120],
and [100] (Figs. 3A, B, and C, respec-
tively).

Use was made of a 200-kV high-resolu-
tion electron microscope with a ¢, value of
1.2 mm. The computer-simulated images
were obtained along the same zones but
only for the phase on which the most de-
tailed structural information is available,
i.e., Mn,sSix (4), of which the structure is
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represented along three different zones in
Fig. 3. Use was made of the well-known
multislice method (10).

The following values of the different pa-
rameters were adopted: electron wave-
length 2.51 x 1072 nm (corresponding to
200 kV); ¢, = 1.2 mm; incident beam diver-
gence 0.75 x 1073 rad; defocus due to the
chromatic aberration 7 nm; objective aper-
ture radius 7 nm~!, The slice thickness was
different in the three cases: [100] zone—
0.55 nm; [110] zone—0.39 nm; and [120]
zone—0.62 nm.

We shall first comment on the images of
the simplest ‘‘commensurate’’ materials
and discuss the corresponding simulated
images.

6.2. [110] Zone

The left side of Fig. 3B is a schematic
view of the structure of MnsSiy as seen
along the [110] zone. This is compared with
the corresponding simulated image repre-
sented at the same scale and in the correct
spatial relationship with the model, and
computed using the parameters given
above. The defocus value and the thickness
are, respectively, Af = —150 nm and t = 6
nm. Only half of the unit cell is shown and
compared with the indicated area of the ob-
served image. It is clear that the promi-
nently bright dots occur at positions along
which manganese and silicon atoms project
along the same columns and thus give rise
to sharp peaks in projected potential. When
the distribution of projected potentials is
more uniform, less pronounced bright dots
occur at the positions of the manganese
columns and the broad darker fringes
result. The modulation period corresponds
with the quasiperiod of the overlap pattern
of the manganese and the silicon arrange-
ments which we have called cg;, since it is
directly related to the larger period of the
silicon arrangement.

Figure 9 shows the bright- and dark-field
images of the compound Mny;Siy; viewed

along the [110] zone which is the most in-
formative one. The dark-field image (Fig.
9b) was taken by including four basic spots
forming a lozenge as well as their associ-
ated satellite spots. This is the minimum
information required to image the manga-
nese sublattice. The configuration of bright
dots in this zone should be compared with
the scheme of Fig. 3B; this suggests that the
bright dots image the manganese sublattice
since their configuration and scale in Fig. 9
are the same as those of the dots represent-
ing the manganese columns in Fig. 3B.

Although Fig. 3 represents a different
member of the family, namely Mn;sSiy,
this comparison is valid since the manga-
nese sublattice is very nearly the same for
all members.

Figure 9a shows the corresponding
bright-field image made by collecting the di-
rect beam and two sets of basic reflections
around it, together with their satellites;
here again the bright dots have the correct
geometry to represent the manganese sub-
lattice as can be seen by comparing with
Fig. 3B.

In both images the brightness of the dots
is modulated with a period c¢s; which is
equal to the period of the silicon helices.
Referring to the schematic projection of
Fig. 3B along the same zone, this can easily
be understood since also the distribution of
atom columns is modulated with the same
period. At one level silicon and manganese
atoms form mixed columns and hence the
columns are relatively widely spaced; at a
level differing by #cs; the columns are more
uniformly spaced and contain either Mn or
Si and are thus much less densely popu-
lated.

Also the computer-generated images ex-
hibit this periodic modulation of the dot
brightness with period cs;. In Fig. 9b we
have marked the repeat period of the man-
ganese sublattice cy, deduced from the
bright-dot pattern and that of the silicon
sublattice cg; derived from the dark fringes.
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F1G. 9. Bright- and dark-field images of the compound Mn,;Si,; viewed along the [110] zone. (a)
Bright-field image-—BF; (b) dark-field image—DF. The silicon and the manganese spacings are indi-
cated on the dark-field image, as well as the ¢ parameters.

The smallest common multiple ¢ is indi-
cated as well. The corresponding theoreti-
cal composition is thus Mn,;Sis; (see Sec-
tion 8).

From Fig. 3B it is clear that in a row
along the c¢ direction, three or, at most, four
columns are sufficiently well defined, be-
cause the projections of Mn and Si columns
are sufficiently close to be imaged as a sin-
gle somewhat broadened bright dot; this is
consistent with the experimental images.

The high-resolution image of Mn;oSis3
along the same zone is reproduced in Fig.
10; we have again indicated separately the

repeat periods for the silicon and for the
manganese sublattices.

Finally, one of the simplest members of
the family, namely Mn,Si;, is represented
in Fig. 11, with separate indications of the
manganese and of the silicon periods: cg; =
dcmp = ¢ = 1.78 nm.

6.3. [120) Zone

Figure 3C reproduces the [120] view of
the compound Mn;sSis, whereas a more
extensive area is presented in Fig, 12. The
modulations of the spot brightness are also
present in this view although in a somewhat
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less pronounced manner than in the [110]
view. The image can be compared with the
schematic representation of Fig. 3C and
with the computed image along the same
zone. A [120] view of the MnySiz; com-
pound is reproduced in Fig. 13,

The [120] zone schematic view of Fig. 3C
is drawn at the same scale and in the cor-
rect spatial relationship with the simuiated
images made along the same zone of the
phase Mn;sSiy (with Af = —128.7 nm and a
thickness ¢t = 7.5-10 nm). This in turn is
compared with the observed image of
which the area within the rectangle corre-
sponds with the simulated image. The in-
tensity modulation of the bright dots is
quite obvious and one notes again that the
prominently bright dots occur at places
where silicon and manganese atoms project
along the same column and as a conse-
quence leave open channels. The bright
dots are slightly elongated in the ¢ direction

IIillllilllliI'!IIllllll

and have to be associated with the channels
in the manganese framework which occur
in these parts of the structure where the
projections of manganese and silicon atoms
coincide.

The ¢ period of the manganese sublattice
CMmn in the [110] and [120] images is much
smaller (~4 times) than that of the silicon
arrangement and it contains moreover four
rows of manganese atom columns per pe-
riod. As a result the quasicoincidences of
the atom columns which give rise to the
pronounced intensity modulations in the
image occur with a pseudoperiod cs; pri-
marily determined by the silicon arrange-
ment,

6.4. [100] Zone

A [100] view of the compound Mn;5Siy is
reproduced in Fig. 3A. In this zone the con-
figuration of the bright dots is the same in
scale and orientation as that of the pairs of

0.391nm
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FiG. 10. High-resolution bright-field images of Mn;sSis; along the [110] zone. The repeat periods of
the manganese and silicon arrangements have been indicated separately.
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FiG. 11. High-resolution bright-field image of the simplest member of the family Mn,Si; along the
[110] zone. The repeat periods of the manganese and silicon arrangements have been indicated.

manganese columns suggesting that each
bright dot represents a pair of manganese
columns. However, this configuration is
also the same as that of the channels in the
structure and simulated images are required
to decide between these two possibilities.

A comparison of the simulated (Af =
—128.7 nm; ¢t = 5.5 nm) and the observed
(Af = —100 nm) images in Fig. 3A repre-
sented at the same scale and in their correct
spatial relationship allows us to conclude
that the prominently bright dots have to be
associated with pairs of manganese
columns, rather than with channels in the
structure.

The brightness modulation is hardly visi-
ble, but it is nevertheless present. It be-

comes evident especially at lower magnifi-
cation. The dark lines between the rows of
bright dots alternate in intensity in Fig. 14;
this is particularly visible when looking at
grazing incidence along the modulation.
Also the schematic view of the silicon
columns in Fig. 3A exhibits to a good ap-
proximation a double periodicity; two sili-
con configurations alternate along the c¢
axis.

Figure 14a shows the [100] zone of an-
other phase than Mn;sSiy and at a some-
what smaller magnification; the modulation
can now better be observed and hence it
has been possible to indicate separately the
spacings cs; and cumg; it is found that this
phase must be rather complicated because
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FiG. 13. Hi_gh-rewlulinn image along the Iilﬂj zone of MnySiy,.
22
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F1G. 14. (a) [100] View of MnSi,_, exhibiting clearly the modulation of the intensity of bright dots. In
this case the distance cg; contains two pseudoperiods of the silicon arrangement, i.e., two bands of the
modulation pattern. The periods cu, and cg; have been indicated separately in (b). The ¢ parameter
must be larger in this case since coincidence between the two ‘‘verniers’’ is not achieved within the
considered rectangle.

no coincidence is found within a reasonable 7. Orientation Anomalies

distance for the ‘‘vernier’’ formed by the

two spacings. It should be noted that in this We shall now discuss a few examples of
projection the distance cs; corresponds to images made from parts of the specimen
two interfringe distances as a result of the which give rise to diffraction patterns ex-
particular atomic arrangement along this hibiting a visible orientation anomaly. Fig-
zone, as is evident from Fig. 3A. ures 15a and b are such images viewed
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along the [120] zone. One clearly observes modulations which we have related to the
an orientation difference between the rows silicon period. The angle between these two

of bright dots, which we have attributed to sets of fringes is equal to the angle ¢ de-
the manganese subiattice, and the broad duced from the diffraction pattern (Fig. 6).
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FiG. 15. (a) High-resolution image along the [120] zone of a region exhibiting an orientation anomaly
in the diffraction pattern. The angle ¢ between the “‘silicon’ fringes and the ““manganese’” fringes is
indicated. (b) The angle ¢ is larger in this case. Note the intensity modulation of the silicon fringes,
revealing the broad moiré-like fringes along the arrows.
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The direction of the fringes, which we as-
sume to be the average orientation of the
planes of ‘‘equal phase’’ of the modulation
due to the silicon arrangement, is thus not
perpendicular to the ¢ axis. This suggests
that the helical configurations of silicon at-
oms may be shifted along the ¢ axis in adja-
cent rows of manganese unit cells or possi-
bly stepwise every nth row of manganese
unit cells, If this shift is systematic and
gradual, as represented schematically in
Fig. 8, the planes of equal ‘‘phase’” of sili-
con helices are still plane but no longer per-
pendicular to the ¢ axis of the manganese
sublattice. The shift of the Si helices may
change nonsystematically along the speci-
men giving rise to spatially varying orienta-
tion anomalies and hence to moiré-like
fringes of arbitrary shape, as described in
Section 5 ( see also (3)). The angle ¥ of
these moiré-like fringes with the *‘silicon”’
fringes is related to the angle ¢ of the sili-
con fringes with the manganese fringes by
the relations (1) and (2).

8. Image Simulation of Orientation
Anomaly

We have also attempted to simulate the
high-resolution image of a crystal area con-
taining an orientation anomaly such as in
Fig. 15. We are then faced with the problem
of first proposing a detailed model, which
implies the determination of a large number
of atomic positions in a suitably chosen unit
cell, in view of the application of the
method of periodic continuation. This unit
cell has to be sufficiently large in order to
represent a realistic situation, but still small
enough to be tractable by the computer.
Taking these limitations into account we
have chosen to make the calculation for the
simplest among the phases: Mn,Si; as
viewed along the [120] zone. Since we have
no observations of orientation anomalies in
a specimen which ean with certainty be at-
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tributed to the Mn,Si; phase and since
Mn,Si; is in fact an exceptional case as far
as orientation anomalies is concerned, no
detailed comparison is possible but at least
we can make our interpretation plausible.

The atomic positions in a specimen con-
taining an orientation anomaly are not
available from X-Ray diffraction results. A
reasonable first approximation for such
data can be obtained by shifting the silicon
helices along a rigid manganese ‘‘chimney’’
over a repeat distance of the manganese
sublattice. Of course restrictions are im-
posed by the fact that the interatomic dis-
tances should have realistic values and fur-
thermore the building principle of these
compounds must be obeyed as closely as
possible.

Empirically it is found that the shortest
Mn-Si distance in Mn;sSiy is 0.23 nm; fur-
thermore, also the Si-Si separation along
the chimneys must be conserved as closely
as possible. By drawing arcs of circles
around the manganese atoms at different
levels along the chimney one can select
small triangular areas, formed by circular
segments, and which enclose allowed posi-
tions for the projections of silicon columns.
This was done in Fig. 16a where such areas
have been indicated for one single chimney
and for different levels. As a resuit the pro-
jections of silicon columns are limited to
positions roughly projecting along the dot-
ted square in Fig. 16a. The actual allowed
positions were chosen along a square which
rounded corners, shown in Fig. 16b.

There are four such chimneys in one unit
cell. The idealized positions in space are
situated on four cylindrical surfaces, which
can be approximated by the square prisms
I, I, I, and IV as in the spatial view of
Fig. 16c. The successive positions along a
helix in one manganese subcell are con-

"nected by line segments. It should be noted

that as required the silicon atoms clearly
systematically avoid the manganese atoms
which are present at the corners and in the
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Fi1G. 16. (a) Schematic representation of one of the ‘*chimneys’’ in the MnSi,_, structure. The arcs of
circles have radii equal to the shortest distances Mn-Si and Si-Si. The small triangular areas are
““allowed”’ regions for the projection of silicon sites. (b) The projections of Si sites are shown as dots.
(c) Spatial arrangement of the helical-like configuration of silicon atoms in the four chimneys of the

manganese sublattice.

side faces of the tetragonal prism in eccen-
tric positions.

The building principles of these com-
pounds now require that if one pair of sili-
con atoms occupies positions on the prisms
I and III the silicon pair in the next level has
to occupy positions on the prisms II and
IV. The arrangements in II and III and in I
and IV are related by symmetry.

In the selected model a Mn,Si;-like struc-
ture was assumed to contain four manga-

nese subcells of the type represented in Fig.
16 and 14 pairs of silicon atoms.

In order to simulate the structure respon-
sible for the orientation anomaly the silicon
helices in successive manganese chimneys
were shifted along the [001] directions over
a distance of about 0.02 nm which is some-
what more than 1% of the cg; distance and
which leads to a uniform ‘‘shear’” of the
silicon arrangement over an angle of about
4.6° which is within the observed range as
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deduced from the diffraction pattern and
from the high-resolution images. In each
level the silicon atoms were assumed to oc-
cupy the most likely positions, as deduced
above, after the shift was applied. This
small shift in the positive sense of the heli-
ces relative to the manganese matrix results
in a much larger shift in the opposite sense
of the overlap configuration of the manga-
nese and silicon arrangements. This is a
consequence of the well-known ‘‘vernier”
effect illustrated schematically in Fig. 8.
Consequently, the traces of the bands of
“coincidence’’ columns which are imaged
as widely spaced diffuse fringes undergo an
orientation change which is much larger
than the ‘‘shear angle’” of the silicon ar-
rangement; in the particular case consid-
ered it becomes of the order of 30°. This is
demonstrated schematically in Fig. 17
where the manganese sublattice, repre-
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sented as full dots, has been kept unde-
formed, whereas the arrangement of open
dots, representing silicon atoms, has been
shifted downward along the vertical direc-
tion when going from left to right while the
arrangement was after every shift adjusted
to represent the equilibrium positions de-
duced above. The orientation of the traces
of the bands of coincidence (the moiré-like
fringes) can be observed by looking along
the single arrows; they are sloping upward
when going from left to right.

Half of the area shown in Fig. 17 was
used as the artificial unit cell for the image
simulation of which the results are shown in
Fig. 18. It is clear that the diffuse band is
sloping upward from left to right over an
angle of about 30° in accordance with the
model. This calculation, although only rep-
resenting approximately the real situation
and in particular exaggerating the angular
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F1G. 17. Projected atom positions in a crystal area of the Mn,Si; type whereby the silicon helices
have suffered a small systematic shift in successive vertical “‘chimneys.” The manganese sublattice
remained undeformed. The “‘coincidence’’ sites are situated on an inclined band enclosing an angle of

30° with the horizontal direction.
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FiG. 18. Image simulation of the model of Fig. 17 demonstrating that the small shift of the silicon
helices leads to a much larger change in orientation of the moiré-like fringes which are formed along
the coincidence band of Fig. 17 and are indicated by single arrows. The doubie arrows indicate the

silicon fringes.

differences makes it plausible that the ori-
entation anomaly should be attributed to
systematic shifts of the helical arrangement
of silicon atoms along the ‘‘chimney’” in
the manganese sublattice. The ‘‘silicon
fringes’ also related to the coincidence
columns have changed very little in orienta-
tion. They are indicated by the double ar-
rows in Figs. 17 and 18. The area covered is
somewhat too small to see clearly the peri-
odic brightness variation of the bright dots
along the silicon fringes; but some indica-
tion of this can nevertheless be noticed.
The moiré-like fringes are indicated by sin-
gle arrows in Figs. 17 and 18.

At low resolution one can observe simul-
taneously the silicon fringes and the moiré-
like fringes (Fig. 7a); the manganese sublat-
tice is not revealed. The dark moiré-like

fringes are in fact imaged as the intensity
minima in the silicon fringes which they in-
tersect.

The high-resolution images on the other
hand reveal the silicon fringes and the man-
ganese arrangements, but the moiré-like
fringes usually are too broad to be ob-
served. Also, since many beams contribute
to the image, they are not well defined since
several formation modes operate simulta-
neously. In Fig. 15b it is nevertheless possi-
ble to observe weak broad bands formed by
the locus of the intensity maxima and min-
ima in the silicon fringes (look along the
arrows!). They enclose an angle of about
75° with the manganese rows; the silicon
rows enclose an angle of about 8—10° with
the manganese rows. A detailed interpreta-
tion is not possible in this particular case
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since we do not know the values of m and
n.

9. Relationship between composition,
diffraction pattern, and images

Assuming the model described in Section
3 to be valid it is possible to establish a
simple relationship between the ideal com-
position Mn,Sis,—,,, the diffraction pattern
and the high-resolution image. We shall
only consider the case where no orientation
anomaly is present; the central row of the
diffraction pattern is then as represented
schematically in Fig. 19 along the [120] and
[110] zones. Figure 5 shows actual exam-
ples; the indices indicated on the photo-
graphs refer to the Mn sublattice.

Let the spacing anomaly be represented
by p/m’ expressed as a fraction of ¢g;. We
first consider the [120] zone. Let there be g
satellites associated with the origin be-
tween 000 and 001. If the distance between
two basic spots, i.e., Qgm’ + 2m’ — p)/2 is
integral m = m’ and n = [2(q + )m — p)/2;
ifnotm =2m’' and n = 2(q + U)m — 2p.

In the [110] zone there are extinctions
and the relation is slightly different; if (2gm’
+ 2m’ — p)/4 is integral, m = m' and n =
[2(g + 1)m — p]/4. Knowing n and m the
lattice parameter c follows from ¢ = neyg =
mcs;j.

It should be noted that the intensities of
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the spots due to the Mn sublattice are very
sensitive to small orientation differences;
the 002 and 004 spots are therefore not al-
ways the strongest in the sequence. It is
therefore necessary to determine unambig-
uously the positions of the 002 and 004
spots when indexing the diffraction pattern.

The high-resolution images allow us to
determine directly the numbers m and n, by
looking for a coincidence of the ‘‘vernier’”’
formed by the scales of the cg; and of the
cumn spacings, deduced as mentioned above
and indicated on some of the images, such
as Figs. 9 and 12. If m widely spaced fringe
spacings match with n rows of bright dots
the composition is Mn,Siy,—,.

Using the methods outlined here we have
determined the composition of seven differ-
ent compounds for which we have obtained
commensurate diffraction patterns as well
as high-resolution images; their characteris-
tics are represented in Table 1. For four of
the six compounds X-ray studies had been
performed previously; good correspon-
dance is found for the ¢ parameters deter-
mined from the images with those known
from X rays.

In the absence of an orientation anomaly
there is also a simple relation between the
spacing A of the moiré-like fringes and the
composition. Let us assume that the two
central spots form the moiré-fringes (mode 1
in Fig. 6). From Fig. 19 one can conclude

s o o o o @ O [i0]

004

[120]

FiG. 19. Schematic representation of spacing anomalies along the [110] and [120] zone patterns.
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TABLE |
OBSERVED COMMENSURATE STRUCTURES Mn,Sis,

Image
Chemical  Atom Electron MCsi = NCpn C parameter
formula ratio diffraction pattern
Mn,Si, xly Orientation (spacing anomaly) m n Image X-Ray
002
Mn,Si, 1.75 110 . . . 0 1 4 17.79 17.46
| oo
Mn;Si;» 1.714 120 . . . . . v 1 7 2
| w2
Mn,<Sis, 1.733 110 . . - . e 1 4 15 65.38 65.55
ool
120 e ey 4 15 65.75  65.55
Lo
. e
MnSis: 1.737 110 B A H 5 19
120 e e e e o e % S 19
1 001
Mn,Siys 1.731 120 N . 5 7 7 26 113.8 113.36
| oo
Mn,;Siy 1.741 110 < ° -8 s 3 7 27 117.56  117.94
| o
Mn3Sigg 1.744 120 AR R 3 10 39
that n/(2n — m)
(2q/cs;) — (1/A) = (s/Cwmp) (4) = [8 — (cs/A)[14 — 2csi/D)].  (6)
and since mcs; = nomy, this can be writtenas  From (5) it follows further that
(1/4) = [2q — s(n/m)](1/csy), &) A = [1/2gm — sm)]c. )

where ¢ = 4 and s = 2 for the [120] zone
and g = 8 and s = 4 for the [110] zone. This
relation shows that A goes to infinity if n =
4m. This is consistent with the fact that
there is no ‘‘spacing anomaly’’ for Mn,Si;.
In MnyySis; one finds (for the [120] zone)
that A = $cg; in MnsSix, A = 2¢s; and
finally in MnySiy; one has A = Zcgi. The
relation (5) between A and cg; is illustrated
by means of several examples in Fig. 20. It
is clear that by measuring the ratio A/cg;
one can derive the ratio n/m from relation
(5), i.e., for the [120] zone:

nim =4 — (c/24)
and

For the [120] zone this expression becomes
A = [1/(8m — 2n)]c. ®

For all components studied in detail 8m —
2n = 2 except for Mn,Si; which does not
produce moiré-like fringes (A = =). The
moiré-like fringes thus have a spacing A =
1c which is simply related to the ¢ parame-
ter; they provide a map of the ¢ spacing also
in cases where an orientation anomaly is
present.

In such cases where the angle 6 is small
the relation A = $c is still valid with a good
approximation; in general it becomes A =
1c cos 6. When using the eccentric pair of
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spots, mode 2 in Fig. 19, one obtains a
moiré spacing A’ given by 1/A" = l/csi —
1/A.

Using the formula (6) we can derive the
local composition for the compounds of
which the moiré-like fringes are reproduced
in Figs. 7a and 20. The spacing of these
fringes can easily be measured in units of
csi, in areas where the two sets of fringes
are approximately parallel, i.e., where
there is no orientation anomaly.

For the part of Fig. 7a where the two sets
of fringes are parallel one finds A = 2¢s; and
hence the composition is Mn;sSiz.

In the right part of Fig. 20a the moiré
spacing A is alternatively 3 and 4, leading to
an average value of 3.5¢s;. Using formula
(7) this leads to the composition Mny;
Sig; in the top left part one has A = 3cg;
leading to a composition Mny;Siy - (y/x =
1.7391).

In Fig. 20b the moiré spacing is approxi-
mately 10 times the silicon spacing; it is not
well defined since the moiré fringes are
broad and ragged; the composition corre-
sponding with A = 10cg; is MneSij3g (x/y =
1.7468). In Fig. 20d finally A = 12¢s; and the
composition MngsSijes (y/x = 1.7473).

In Fig. 20c the moiré fringes enclose a
large angle with the silicon fringes and the
simple analysis leading to formula (7) is no
longer justified.

From Fig. 6 it is clear that a small rota-
tion of the sequence of satellites in the
clockwise sense results in a rotation of Ag
in the opposite sense, assuming that cg; re-
mains unchanged. This behavior is illus-
trated in Fig. 20a where the directions of
the silicon fringes are indicated by means of
black lines, seen to rotate in the opposite
sense of the moiré fringes.

Small rotations of the satellite sequences
away from the parallel orientation (i.e., ¢ =
0) result in an increase of Ag, i.e., in a de-
crease of the fringe spacing A. This behav-
ior is illustrated in Fig. 20e where the spac-
ing of the moiré fringes is indicated for the

parallel (¢ = ¢ = 0) orientation and after
rotation over a small angle (¥ # 0).

In Fig. 20f the orientation of the moiré
fringes changes over a larger angle, and it is
quite obvious that their spacing decreases
correspondingly; it is also evident that the
silicon fringes, of which the orientation is
indicated by black lines, rotate in the oppo-
site sense of the moiré fringes, of which the
orientation is indicated by white lines.

9, Insertion Defects

The combination of high-resolution im-
ages, electron diffraction, and computer
simulation has made it possible to under-
stand the origin of the anomalies observed
in a number of electron diffraction patterns
and which suggest some deviations from
the ideal structure as determined by X-ray
analysis of the compounds of the type
Mn,Si,,—,, with m < n.

It turns out that the helical arrangement
of silicon atoms in neighboring columns of
the Mn sublattice may be shifted one rela-
tive to the other in the ¢ direction. This can
be understood if the interaction between
neighboring helices is considered to be
weak as compared to the interaction with
the manganese sublattice. It is then possible
that the helices in neighboring chimneys, or
in regularly spaced ‘‘chimneys,” are
shifted over cy, along the ¢ axis or over any
other among the symmetry translations of
the Mn sublattice. Such a translation brings
the manganese sublattice into coincidence
but shifts the helices over a translation
which is not a symmetry translation for the
silicon arrangement. If such shifts occur in
a systematic way the average direction of
the planes of equal phase are no longer per-
pendicular to the ¢ axis.

The form of disorder considered here
may also give rise to the dislocation-like
configurations observed in some specimens
(Fig. 21). A dislocation-like configuration
(such a defect could perhaps be called a
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sublattice dislocation since only the silicon
lattice is dislocated) can formally be gener-
ated by removing a single half plane (half
row in projection) of silicon atoms in the
lower part of the diagram of Fig. 22 fol-
lowed by a slight rearrangement of the heli-
ces by longitudinal shifts in the ¢ direction,
i.e., in the chimneys. This small shift is di-
rected to the right in the lower left part and
to the left in the lower right part. The man-
ganese sublattice remains undisturbed dur-
ing the operation. Although the geometry

10nm

Mn,; Siy;

10nm

resembles that of a dislocation the defect so
formed is not a dislocation; in particular,
the supplementary silicon half plane is lo-
calized where the dislocation-like configu-
ration presents a lacking half fringe and,
moreover, the manganese sublattice re-
mains undislocated.

Although no image calculation could be
performed because of the very large num-
ber of atoms to be taken into account, we
can confidently conclude that the configura-
tion represented in Fig. 22 would give rise

30 nm

F1G. 20. (a-d) Four examples of moiré-like fringes superposed on *‘silicon™ fringes. The angle ¥
enclosed between the two types of fringes is different in the four cases, and variable over the area.
Also the spacing of the moiré-like fringes is different and somewhat variable. (e) The moiré-like fringes
change orientation; note that the spacing decreases as they rotate away from the parallel orientation.
(f) The moiré-like fringes change orientation over a larger angle; note the change in orientation of the
silicon fringes in the opposite sense as well as the change in spacing of the moiré-like fringes.
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Fi1G. 20—Continued.

to an image such as the one of Fig. 21. This
conviction is based on the results of the cal-
culations described in Section 6.1 which
clearly shows that the bright ‘‘silicon
fringes’’ image near coincidence patterns
between the two sublattices whereas the
dark fringes correspond to noncoincidence
regions. The image of the defect is highly

magnified and broadened as compared to
the atomic image of an ordinary disloca-
tion. This is somewhat similar to the Moiré
image of a dislocation revealed by the su-
perposition of a perfect foil and a foil con-
taining a dislocation, at low resolution. In
fact the present dislocation images are com-
parable to such moiré images since they



w

A
A
<

result from the coincidence pattern of a per-
fect lattice (the manganese sublattice) and
an interpenetrating dislocated one (the sili-
con sublattice).

Such ‘‘dislocation-like”> configurations
have also been observed at moderate reso-
lution, revealing the silicon fringes only
(Figs. 21a and b, inset). The weakness of
the strain contrast in the vicinity of such
defects shows that they are not disloca-
tions; on the other hand this is consistent
with our interpretation in terms of the inser-
tion defects suggested here.

HOnm

10. Relation between Moiré-like Fringes
and High-Resolution Images

Figure 23a is an exceptionally informa-
tive high-resolution image in that it exhibits
simultaneously all different types of
fringes, as well as a ‘‘dislocation” in the
silicon fringes. The viewing zone is [120].
At the edges of the specimen the resolution
is sufficient to determine the composition.
One finds very closely n/m = g + £ = 3.5,
1e., from Eq. (2') the composition is
Mﬂ7Si12 (Flg 23b)

Fic. 21. (a) High-resolution, small magnification image. The bright silicon fringes are prominently
visible. One supplementary half fringe is present giving rise to a dislocation-like feature. (b) Moderate-

resolution image revealing only the silicon fringes; three ‘‘dislocations’

* are visible in the areas sur-

rounded by circles. (c¢) High-resolution image of dislocation-like configuration in the silicon fringes as
viewed along the [110] zone. (d) Dislocation-like configuration viewed along the [120] zone. Note that

in both cases the manganese lattice is continuous, i.e.,

dislocation-free. This can best be observed by

looking at grazing incidence along the lattice rows (of dots).



HIGH-RESOLUTION ELECTRON MICROSCOPY OF MnSi,_,

35

ap 00 OQ o9 .90 89 QQ o9 .qo 9 QO _090,.Q0 €0 QO
°99 .-,pp.o... Q o’ "21{0» o.. *% gzio”o".do
o}> '4°”.° oo o } “ ﬁ ' Scto [ .dd¢%5’l{o».o.'®
L) m{ o s m'so op ea 8- o0 eo
§ l ° Gul Q oo ea e oh3dt, Ay ogégiou..nw
oj:c w 0: Qu g. tcp ..“‘:5&:@ »"..““%}‘:’Es’::o oo”oa@
opa d do oo oét °§§g g OO. “tﬁin.‘ﬂ 839%@ w“..“d‘p
."o},d LN P 8e an e am, o} 530 ey 4B ob
(1) o§ °go o!n Qo LIS o)c.go ©d a0 _obs
3¢ gp oo, " ato.’ 0% “acs dh@ 4“’ e ‘M?g%
oo °3=l ’400 *®ee Ob: -qm :. “u@, § °'p’bb .o°>§>°98?.§o
oo Qu ;§ o.p no ea 064 tdo () oomo!:' z{omoo. *a o}? azio
k ; 1o n"o{»gl{ta::oo..ao::;§-%{o¢oo:.¢o optsqoboo
(1 6o
oo Ql 3342 lb e od3 :Qo pe ao p{.u{o ®® 4o o}. gc0 ,
’oo“m« '4 Ww ooqao eo. owu”‘ow be Sdow’ o”«“ }ogqo&w
i 324 o]
u cnoh§ :(o np. “ea ¥ ‘iq:"» 'co"’o§.|4o oo ¢ 83
@ 038 ;30 . &b 90 _o oo P .00 %D c&e

‘oo e 09 Qc;@ua ) ‘:9 g{o"bo..oowo?. $do Ib’. *a0 “go ,b:o

o0° & og?u{o > ea o%'gﬁo (N oo: :c{o oo .ca o§.§6’o°

'oo ca:azzag' at{ ‘tw .o¢®2§é adowm o oo

©9 83 q%bop o3% o§. 204

F1G. 22. Atomic model for the dislocation-like configurations observed in MnSi,_,. The configura-
tion results from the introduction of a supplementary half row of silicon atoms in the top ‘‘half,”
followed by small shifts of the silicon helices in an undeformed manganese sublattice.

In the core of the ‘‘dislocation,”” magni-
fied in Fig. 23c, the manganese columns are
well resolved; it is clear that the manganese
sublattice exhibits no evidence for the oc-
currence of a dislocation.

The silicon fringes enclose an angle ¢
with the manganese rows which varies
somewhat between 3-5° (Fig. 23d). The
area exhibits moreover a crossed grid of
moiré-like fringes; one set has a spacing
which is the double of that of the other set.
The directions and spacings are indicated
by white lines on the photograph. The
moiré-like fringes with the smallest spacing
enclose an angle 6 of about 23-26° with the
manganese rows. The angular multiplica-
tion is in this case g/e = 7. These three
values are clearly consistent with the rela-
tion (3) since tg 4° = 0.0699 and tg 26° =
0.489. The direction of the set of broad
fringes is not well defined; it is roughly per-
pendicular to the manganese rows.

The different relevant wave vectors are

represented graphically in Fig. 24. The sili-
con fringes are perpendicular to OP (or RT)
and their spacing is 3.5 times the manga-
nese spacing. The narrowly spaced moiré-
like fringes have the wave vector Ag, = PS
which is approximately equal to 1/cg;; it is
twice as long as the wave vector of the
widely spaced moiré-like fringes Ag; = PR
or SQ, which is perpendicular to the normal
OT to the manganese fringes. The geometry
of the wave vectors of the different types of
fringes is thus fully consistent with the
composition determined from the high-res-
olution image.

The fact that there are only two visible
sets of moiré fringes is a consequence of the
decrease in intensity with increasing order
of the satellite reflections. Whereas Ag
results from the interference between two
third-order reflections, Ag; results from the
interference between a third- and a fourth-
order reflection. The wave vector RQ re-
sulting from two fourth-order reflections
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FiG. 23. (a) Low-magnification high-resolution image of a Mn,Si,; specimen exhibiting moiré-like
fringes and a dislocation-like configuration. The boxed areas X, Y, and Z are magnified in (b), (c), and
(d). (b) High-magnification of the area X; the high-resolution image allows us to identify the compound
as Mn;Si;,. (c) High-magnification of the area Y showing the manganese sublattice in the core of the
dislocation. (d) High-magnification of the area Z showing the orientation difference ¢ between the

manganese and the silicon fringes.
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moiré-like fringes are visible near the edge
of the specimen where they coincide with
the silicon fringes, which are themselves
parallel with the manganese rows there (see

Fig. 23).
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Fi1G. 24. Schematic representation of the different
wave vectors which operate in Fig. 23. Note that the
geometry of these wave vectors is fully consistent with
the observations of Fig. 23.

11. Phase Stability

Jeitschko and Parthé (8) formulated the
condition for the stability of compounds of
the type TM,. All such phases of a given
type should have the same value for the
number of valence atoms per transition
metal atom. The transition metal atom is
assumed to contribute a number of valence
electrons equal to the number of electrons
outside the next lower inert gas configura-
tion, i.e., seven for manganese; this num-
ber is equal to the group number of the tran-
sition element. For silicon the number of
valence electrons is four. For compounds
of the series Mn,Si,, this constant num-
beris thus N = [7n + 4Q2n — m)}/n = 15 —
4(m/n); its constancy implies the constancy
of the ratio m/n. For the ideal value 14 this
ratio would have to be m/n = ; and the
general formula of these compounds would
be Mn,,Sis,. The actual data for all com-
pounds observed either in this or in pre-
vious work are summarized in Table II; for
most of the compounds one has N = 15 —
(4m/dm — 1). The rule formulated by Jeit-
schko and Parthé is thus rather well obeyed
especially for large m.

12. Conclusions

The orientation and spacing anomalies
observed commonly in electron diffraction
patterns of the manganese silicides and of

related chimney ladder structures can con-
sistently be explained on the basis of the
structure, if a certain form of disorder is
allowed for. The disorder consists in a lon-
gitudinal shift of the helical arrangements of
silicon atoms within the tetragonal manga-
nese sublattice. This model also explains
the occurrence of ‘‘dislocation-like’” con-
figurations in the silicon lattice fringes.

The insertion defects can in a sense be
considered as frozen in ‘‘phasons.”” The
sliding of the modulation pattern along the ¢
direction within one ‘‘chimney’’” of manga-
nese atoms should be rather easy at high
temperature and to some degree only
weakly correlated with the sliding in neigh-
boring ‘‘chimneys.”

In an ideal crystal the modulation pat-
terns in neighboring chimneys would all be
correlated, i.e., they would all be in phase
and thus form a well-defined commensurate
structure, characterized in the electron mi-
croscope by the occurrence of straight
moiré-like fringes, parallel with the silicon
fringes and hence also with the manganese
lattice rows. Depending on the composi-
tion, the silicon helices may contain silicon
vacancies, resulting in a redistribution of
the silicon atoms along the chimneys and
facilitating the occurrence of phase shifts
between the modulation patterns in neigh-
boring chimneys and hence also leading to
local structures presenting ‘‘anomalies’ in
the selected area electron diffraction pat-

TABLE II
Electrons/T atom =
Compound n m 15 — 4(m/n)
Mn,Si, 4 i 14.00
Ml’hsiu 7 2 13.86
Mn”Silg 11 3 13.91
Mn5Siyg 15 4 13.94
MnlgSi33 19 5 13.95
Mﬂzﬁsi45 26 7 13.92
an7Si47 27 7 13.96
Mn1;Sieg 39 10 13.97
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terns. Some parts of the specimens may
thus present ‘‘incommensurate’’ areas next
to commensurate areas even after long an-
nealing treatments. Since often a continu-
ous transition between the two types of
structures is observed in going from one
area to another, as deduced from the dif-
fraction pattern and from the moiré-like
fringes, it must be concluded that at least in
some parts the structure must be incom-
mensurate.

The described sliding of helices may
clearly also give rise to the dislocation like
defects within a perfect manganese sublat-
tice.
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