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Enantiomorph conversion in single crystals of the
Weyl semimetal CoSi
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Aimo Winkelmann 2, Ulrich Burkhardt 1✉ & Yuri Grin1

Chiral intermetallic phases may show unusual chemical and physical properties with non-

trivial structure-property relationship. It is therefore of particular interest to study the

structural conversion between domains of different handedness. Here, the atomic decoration

of the enantiomorph exchange area within single crystal of the Weyl semimetal CoSi is

determined by a combination of atomic-resolution scanning transmission electron micro-

scopy imaging, single crystal X-ray diffraction and quantum chemical analysis of atomic

interactions. Two-atomic [CoSi] units are shown to be the bonding base for the FeSi-type

structure and may be considered as ‘pseudo-molecules’, thinking of molecular organic

crystals. Tiny reorganisation of atomic interactions within these units results in the appear-

ance of sequence ‘faults’ in the structure pattern i.e. in a different structural motif in the

enantiomorph exchange area, which – contrary to the A and B enantiomorphs of CoSi –

contains an inversion centre and allows a local enantiomorph ‘conversion’. Due to the special

features of atomic interactions, the reorganisation of multi-atomic bonds leads to slightly

higher total energy. This appears within one and the same grain which is prepared by the

short distance chemical vapor transport.
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Materials having two states with different handedness, i.e.
left- and right-handed have recently attracted a huge
attention in the solid-state chemistry and physics due to

their prospective to reveal novel properties. As for solid state
physics, it was shown since the 80 s of the last century, that the
intermetallic representatives of the FeSi (B20 in the Strukturber-
icht notation) structure type - MnSi and FeGe - show the
Dzyaloshinskii-Moriya interaction which causes a modulation of
the ferromagnetic structure as a consequence of the lack of
inversion symmetry1–5. The handedness of disilicide crystals
induces spin polarization over macroscopic distances6. Appear-
ance of non-collinear anti-ferromagnetism and anomalous Hall
effect is also connected with the handedness of the crystal
structures7. The handedness may be considered even as a quan-
tum number for chiral phenomena on different scales of the
matter8.

The left- and right-handed organic molecular enantiomers
show in general similar but in details different properties, starting
with the basic ones, like optical activity, i.e. polarisation rotation
or circular birefringence9, via catalytical performance10 to bio-
logical activity11. The transformation from one enantiomer into
the other is called enantiomer conversion12. For molecular
enantiomers, this is usually a non-direct process, it requires
several stages often including formation of diastereomers,
solubility-assisted use of so-called receptors, e.g. for synthesis of
amino acids with given handedness13, solid-state conversion of
stereoisomers14 or enantio-convergent catalysis on a chiral
catalyst10.

Coming to the solids, the conditions for formation of left- and
right-handed molecular crystals, i.e. the symmetry conditions
under which such crystal structure can or cannot be chiral, are
currently under debate15. In particular, the systems with the space
group P213, among others, have recently been discussed in
detail16,17. The formation of molecular crystals with different
handedness seems to be based on interplay between the symmetry
of the molecule and the conditions of crystallization. The left- and
right-handed structures can be formed by chiral and achiral
molecules. If such a crystal has the symmetry of a Sohncke space
group, the crystal structure is chiral17. Not very much is known
about the enantiomorph conversion within such crystals.

The same conditions should be valid for inorganic crystals. The
historically known example of enantiomorph materials is quartz.
Its enantiomorph structures are formed by achiral building units
– [SiO4] tetrahedra. Interestingly, here the low-temperature
(α-quartz) and high-temperature (β-quartz) modifications of
the compound belong to the chiral pairs of Sohncke groups P3121
(P3221) and P6222 (P6422), respectively. This temperature-driven
α↔ β phase transformation - called quartz inversion – may reveal
a handedness change similar to the enantiomorph conversion.
Structurally, it involves a rotation of the tetrahedra with respect to
each other without changing their linkage18. This leads to a
volume change during the transition and usually results in the
cracking of single crystals and bulk (ceramic) materials contain-
ing quartz. This handedness change is discussed as one of the
reasons for damages and reactions in the earth crust19. The real
enantiomorph conversion is observed in quartz twins18. While
difference in the properties of the molecular enantiomorphs or
enantiomorph molecular crystals is already described in the lit-
erature, the properties of the solid enantiomorphs, in particular
intermetallic ones are still under debate.

The intermetallic representatives of the FeSi structure type
attracted quite early a large attention due to the wide spectrum of
interesting physical properties20,21. Some representatives of the
FeSi type were shown to belong to the so-called Weyl semimetals
due to the symmetry of their crystal structure yielding multifold

degenerate band crossings with large Chern numbers22. Among
them, cobalt monosilicide CoSi attracted the most attraction23–25.

The crystal structure of the FeSi type can be derived from the
NaCl one (Supplementary Note S1) and belongs to the Sohncke-
type cubic space group P213, i.e. there exist two enantiomorph
forms, called A and B26, which – in contrary to quartz – belong to
the same space group. The assignment of the enantiomorph for
such materials was usually made by a full crystal structure
determination, employing the Flack-Bernardinelli strategy for the
definition of the absolute structure27,28. A recent study using the
electron backscatter diffraction (EBSD) method, demonstrated
that the absolute structure of CoSi crystals (grown by chemical
vapour transport, CVT) was correctly assigned and confirmed by
single crystal X-ray structure refinement29. Further investigation
of CoSi crystals prepared by the micro CVT (mCVT, cf. Methods)
revealed the presence of both enantiomorphs within one and the
same single crystalline grain (crystallite). Similar behaviour was
recently observed in CoSi nanowires30,31. The purpose of the
present study is the determination of the atomic structure of the
border region between the enantiomorphs.

Results
EBSD and XRD investigations. Single crystals and agglomerates
of CoSi (inset Fig. 1a) were grown via micro chemical vapour
transport, embedded into a conductive resin, crosscut and
polished (cf. Methods). Most of the crystallites are formed by two
or more grains which show significant orientation contrast in the
SEM images (Fig. 1a). The selected crystallite 1 (red circle in
Fig. 1a) reveals grains in three crystallographic orientations, the
largest one oriented approximately along [100] (Fig. 1b). EBSD
pattern simulations accounting for dynamical electron scattering
and its comparison with experiment by a full pattern matching
approach29,32 allows to assign the absolute structure of A and B
enantiomorph forms of the FeSi (B20)-type structure to the dif-
ferent grains. The A- and B- forms are defined according to the
values of the coordinates for the Co and Si, both in the Wyckoff
site 4(a) xxx: for the A form x(Co) ≈ 0.15 and x(Si) ≈ 0.85, for the
B form x(Co) ≈ 0.85 and x(Si) ≈ 0.1526,29.

Somehow unexpected, regions with different absolute structure
were observed within one and the same single grain (Fig. 1c). For
the verification of the assignment, three specimens of ca. 20 μm
size were cut from the grain by focused ion beam (FIB) technique
(Fig. 1d), employing the enantiomorph distribution map from
electron back scatter diffraction (EBSD), and subjected to the
single crystal X-ray diffraction experiment (XRD) (Supplemen-
tary Note S2).

The refinement of the crystal structure using single-crystal X-
ray diffraction data shows - in full agreement with the EBSD
information – the FeSi-type form A for the crystal 1 and FeSi-type
form B for the crystal 2. The assignment is confirmed by the
lower residual values for the correct absolute structure (cf.
RF= 0.0144 for the form A and RF= 0.0311 for the form B in
case of the crystal 1) and the values of the Flack parameter being
close to zero for the correct form for both crystals (Supplemen-
tary Table S2). These results are in full agreement with the
previous study on enantiomorphs in CoSi29. The structure
refinement for crystal 3 yields the lowest residual values obtained
applying the model of inversion twining, i.e. assuming the
presence of both forms in the same single crystal with full overlap
of their diffraction reflections, well in agreement with the EBSD
characterization of the crystals before lift-out. The refinement
yields the volume A/B ratio of 0.655 to 0.345 (Supplementary
Table S2). This result as such is not rare for crystal structure
refinements in general, the inversion twin model allows often to
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reduce the residuals. In the present case, this observation overlaps
with the fact, that specimen 3 was cut out from the region of the
initial single crystalline grain, which a priori includes an
enantiomorph exchange border. This finding raised the question
about atomic decoration of this border, which would allow a
mutual ‘conversion’ of absolute structures by preserving the
geometry of the diffraction pattern. This situation was success-
fully resolved applying high-resolution scanning transmission
electron microscopy (HR-STEM).

HR-STEM investigations. For this study, the EBSD character-
ization was performed on crystallite 2 (Fig. 1a), which is built up
by several grains with different crystallographic orientation (cf.
Supplementary Note S3). For the grain with its surface almost
perpendicular to [001] direction, two domains of the B form of
the CoSi are found to be separated by a slab of the A form with
approx. 30 µm width (Fig. 2 and Supplementary Figure S3). Three
lamellae that include the A | B boundary were cut by the FIB
technique with different tilt angle for the TEM and STEM
investigations (Supplementary Note S4) along the zone axes
[00�1], [10�1] and [101]. The A | B region appears in the TEM
image as a straight, dark line perpendicular to the surface (Fig. 3).
It allows the clear relation of the boundary in the TEM images
and the EBSD-determined handedness of the domains on the
sample surface.

At low magnification in the TEM image along 10�1
� �

(Fig. 3a),
the enantiomorph exchange region in CoSi is visible only at the
thinner top (ca. 20 nm) of the specimen due to small internal
stresses (Fig. 3a). The brightness contrast in the TEM images
fades with increasing thickness of the sample material. Also, the

resolution of the HR-TEM image (Fig. 3b) was relatively low, so
that the image does not allow the atomic decoration using the
crystal structure projection, mostly due to multi-beam dynamical
effects that affect the modules and phases of the diffracted
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Fig. 2 Microstructure of the twinned CoSi crystallite. Scanning electron
micrograph (fore-scattered electron detector) of the CoSi crystallite 2
(Fig. 1a). The grain with (001) orientation (bluish) is formed by two
domains of the B-form separated by the section of the A- form (s.a.
Supplementary Figure S3). FIB cut areas 1, 2, and 3 (dashed yellow
rectangles) for preparing lamellae for the TEM studies along the zone axes
[00�1], [101] and [10�1], respectively. The black lines represent tops of
protection platinum layers. These areas are located along one of the two
absolute structure exchange areas. The enantiomorph exchange regions
(red dashed lines) can be recognized due to the small differences in crystal
morphology as a result of metallographic finishing.
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Fig. 1 Microstructure of polycrystalline CoSi. a Microstructure of the mCVT-prepared crystallites of CoSi pictured with the fore-scattered electron
detector; (inset): irregular shaped, partly agglomerated CoSi crystallites (light optical image). b Inverse pole figure z (IPFZ) of crystallite 1; (inset): color
code of the unit cell direction perpendicular to the sample surface; c enantiomorph distribution map with areas assigned to the A- form (red) and B- form
(blue); d FIB-cut areas (white squares) of the single crystals 1, 2, and 3 used for single crystal X-ray diffraction.
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intensities which yield a TEM image (Supplementary Figure S4).
Therefore, most of our present results are based upon HR-STEM
imaging using a high-angle annular dark-field (HAADF) detector.
The annular dark-field HR-STEM images are less sensitive to
sample thickness and have atomic number-dependent contrast
(~Z2) allowing clear identification of Co and Si columns. Co-
dominated columns are represented by well localized, bright
spots, while Si-dominated columns are less bright, less localized
and appear in the images due to the brightness colour coding as
yellowish, blurred spots (Fig. 4). The atomic-resolution STEM
HAADF images in three crystallographic directions (Fig. 4) show
the periodicity of 4.45 Å along [010], which is consistent with the
EBSD-based orientation of the (010) plane, being parallel to the
enantiomorph exchange region. The images on the left and the
right sides of each panel can be easily understood as the pristine
matrix of the CoSi B and A forms, respectively (cf. light blue- and
red-marked unit cells), as this is established by EBSD on the
microscale level. The striking difference is visible in the middle
part of each image. Overlaying of the image with the projection of
the crystal structures of both enantiomorphs, one recognizes that
in the middle region the A and B lattices do not match (bottom
part of each panel in Fig. 4). A shift of Δ ≈ 0.2aCoSi parallel to
[100] appears between the lattices of the A- and B- form (all three
panels). The arrangement of the atomic columns in this region is
not found in the regular A- or B-form regions.

Discussion
Chemical bonding analysis. By combined analysis of the images,
a model for the enantiomorph exchange region was derived
(Supporting Note S5). It has the symmetry of the centrosym-
metric monoclinic space group P21/c.

For simplification of the calculations, a relatively small model
was constructed with a unit cell (a = acub, b = acub, c = 4acub)
containing one unit cell of the A and B form each, together with
two unit cells of a new motif, which can be understood as a kind
of stacking variation of the FeSi-type one (Supplementary Note
S5). Striking feature of this model is the presence of the inversion
centre in the latter slabs. This inversion centre originates from a
different centrosymmetric structural arrangement, similar to the
KHg-type one (cf. Supplementary Note S6). In contrary, the P21/c
model (Supplementary Table S5-6) used for the interpretation of
the enantiomorph exchange region represents a structure type,
which up to our best knowledge is not realized in any binary
system. The HR-STEM images close to the enantiomorph
transition region can be completely understood using the central
inversion-centre containing part of the P21/c model (unit cell of
P21/c model in yellow, top region of each panel in Fig. 4 and
Supplementary Figures S5-1, S5-2), which continuously turns into

the A- and B-type pattern on both sides (unit cells in red and light
blue, respectively, top region of each panel in Fig. 4).

Formation of a different structural pattern in the region
between the enantiomorphs in CoSi within the same crystallite
resembles the observation of phasoids found earlier (also by HR-
TEM) in the ternary oxide systems - intergrowth tungsten
bronzes33–35. Similar to the phasoids, the structural pattern of the
enantiomorph exchange area is not found as an independent
chemical object (compound). In contrast to the latter, the
phasoids were found to be more extended and the presence of
a symmetry element of the second kind (mirror plane or
inversion centre) is not a necessary feature of phasoids.

20 nm 5 nm[101] [101]

a b

Fig. 3 CoSi enantiomorph exchange area (TEM images). Low-resolution
TEM (a) and high-resolution HR-TEM (b) images of the enantiomorph
exchange area (prepared from area 3 in Fig. 2).
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Fig. 4 CoSi enantiomorph exchange area (HR-STEM images). Aberration-
corrected STEM images (HAADF) of the enantiomorph exchange area
(yellow 1) in the CoSi crystallite 2 (Fig. 2) as viewed along the direction (a)
[00�1], (b) [10�1], (c) [101]. The images are superimposed with the structure
models of CoSi form B (unit cell - light blue), CoSi form A (unit cell – red)
and P21/c model (unit cell - yellow, Co - orange, Si - green). The coordinate
system of Fig. 2 is used, the [010] direction is horizontal to the left in all
three panels.
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The understanding of atomic interactions in the FeSi-type
structure arrangement helps to shed light on the appearance of
the enantiomorph exchange area. Chemical bonding analysis in
the isotypic compound GaPd indicated already the quasi two-
atomic Ga-Pd bonding with essential tendency to enhance the
atomicity (as it was shown by analysis of the three-centre
delocalization indices)36. Evaluation of the electron density in
CoSi forms A and B, within the QTAIM framework20, shows
charge transfer according to Si+0.54Co−0.54, being similar to the
reported one for Ga+0.5Pd−0.5 36. Due to the enantiomorph
relation of both forms, the QTAIM shapes of the Co and Si atoms
in the A and B forms are enantiomorph to each other
(Supplementary Figure S7-1).

Application of the electron localizability approach in the
chemical bonding analysis in position space37 to CoSi reveals only
two types of bonds in this compound (Figure 5 for the form A
and Supplementary Fig. S7-2 for the form B), both are four-
atomic involving one silicon and three cobalt atoms each. The
first one has its attractor on the three-fold axis (red bond basin,
Fig. 5c, d and Supplementary Fig. S7-2), the second one interlinks
the atoms along the shortest Si-Co bond on the three-fold axes
(yellow, orange, and pink basins in Fig. 5 and supplementary
Fig. S7-2). These four (1+ 3) basins together form a ‘super-basin’
with six characteristic plane faces (3 of enantiomorph form L+ 3
of enantiomorph form R, turquoise margin line in Fig. 5 and
Supplementary Fig. S7-2). In CoSi form A, the R faces are closer
to the Si core, the L faces - to the Co core (Fig. 5c, d), in CoSi
form B, the L faces are closer to the Si core and the R faces – to
the Co core (Supplementary Fig. S7-2). In combination with the
enantiomorph shapes of the QTAIM atoms (Supplementary
Figure S7-1), this makes up the enantiomorphism in the FeSi-type
structure from the bonding representation. The super-basins fill-
up the volume of the unit cell in the ELI-D representation (except
spherical atomic core regions), using the plane faces R and L as
contact surfaces.

Thus, from the bonding point of view, the basic building block
of the structure is the polar two-atomic Co-Si unit. In projection
along [100], such units form the characteristic zigzag patterns in
both enantiomorph forms of CoSi (Fig. 5g, h), which are also
recognizable in the HR-STEM HAADF images, if connecting
pairwise the spots with different intensity (Fig. 4a).

The two-atomic Co-Si units are also present in the models of
the enantiomorph exchange area. While in the peripheral regions
their zigzag-like arrangement agrees with that in the A and B
forms of CoSi, in the middle region a kind of sequence ‘fault’
appears (Fig. 6a). Analysis of the ELI-D distribution reveals three
types of super-basins. Two of them are equivalent to the one
observed in the A and B forms of pristine CoSi (Fig. 6d), if
comparing the shape and the atomicity of the bond basins. The
third one (Fig. 6b) reveals redistribution in the atomicity (3a-
SiCo2 and 5a-SiCo4 bonds appear instead of two 4a-SiCo3 ones).
This results in the appearing of the achiral planar faces A together
with L and R ones in the shape bond super-basin. In the
enantiomorph exchange area, such basin is condensed to the two
others via available R and L faces (Fig. 6c). The re-organisation of
R and L faces in the shape allows the new way of super-basins
condensation and the appearance of above-mentioned sequence
‘fault’ in the enantiomorph exchange area. Such bond reorganisa-
tion costs energy. The P21/c model of enantiomorph exchange
area shows 1 mHa per f.u. higher total energy in comparison to
the pristine CoSi.

Conclusion
Summarizing, the combined employment of high-resolution
STEM HAADF imaging, single crystal X-ray diffraction, and

quantum chemical analysis of chemical bonding allowed to
establish the atomic decoration of the enantiomorph exchange
area within a single crystal of the Weyl semimetal CoSi. Slight
reorganisation of atomic interactions within the two-atomic
[CoSi] units, which may be considered as ‘pseudo-molecules’ (cf.
molecular crystals in the Introduction), leads to the sequence
‘faults’ in the structure pattern i.e. to an appearance of different
structural motifs in the enantiomorph exchange area, including
an inversion centre. The segment containing inversion centre is
completely described in term of the space group, unit cell para-
meters, and atomic coordinates of a hypothetic crystal structure
showing only the features characteristic for the central part of
enantiomorph exchange region, inclusive its similarity to the
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Fig. 5 Chemical bonding in CoSi. a Unit cell of the A form with the
interatomic distances <2.4 Å. b Positions of the ELI-D bond basins of the
four-atomic bonds around the shortest Co-Si contact of 2.31 Å (blue).
c, d Arrangement and electronic populations of ELI-D bond basins along
[111] and perpendicular to [111]; yellow, pink and orange bond basins are
symmetry equivalent; R and L types of plane face of the bond super-basin
are outlined in turquoise. e Unit cell of the A form with the shortest
distances of 2.31 Å in the Co-Si pairs. f ELI-D bond basins around two
neighbouring Co-Si units. g, h Schematic representations of the A and B
forms of CoSi by basic bonding blocks – Co-Si pairs.
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known structure type KHg (cf. supplementary note S6). The
presence of this segment allows the local conversion of the
enantiomorphs. The recently proposed model for the atom
arrangement near the (001) plane of the merohedral twin
boundary identified in CoSi nanowires30,31 contains an inversion
center, too. Detailed analyses by DFT calculation31 indicate that
the occurrence of the inversion centre should have detectable
influence on the transport properties of the merohedrally twinned
CoSi nanowires. It is reasonable to assume similar effects in the
concrete change from to A- to the B- form along the [010]
direction in CoSi bulk materials prepared by mCVT. Slightly
higher total energy of the system in this region allows to
understand, why the enantiomorph conversion can appear during
mCVT preparation within the same single crystal. During the
crystallization process, some atomic arrangements may form
already in the crystallization medium, e.g. gold nanoparticles in
liquid phase, but they also may change during the formation of

the crystallization front on the phase border38. Furthermore, due
to the reorganisation of multi-atomic bonds, the volume of the
bond super-basins in the two-atomic unit [CoSi] practically does
not differ between the enantiomorph-only and enantiomorph-
exchange regions. Thus, the enantiomorph conversion may pro-
ceed without volume increase, in contrary to the α↔β transfor-
mation in quartz18,19, where a rotation of the covalently bonded
SiO4 tetrahedra without changing the linkage is necessary for
enantiomorph conversion.

Methods
Preparation of single crystals. Single crystals of CoSi were grown
via micro chemical vapour transport (mCVT) using iodine as a
transport agent39,40. In the initial step, CoSi was synthesized by
isothermal reaction of the elemental cobalt (powder Alfa Aesar
99.998%) and silicon (powder Alfa Aesar 99.999%) in the pre-
sence of iodine (Alfa Aesar 99.998%) at 700 °C in evacuated fused
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Fig. 6 Chemical bonding within the enantiomorph exchange area in CoSi. a Schematic representation of the monoclinic structure model (Supplementary
Table S5-6) by basic bonding blocks – Co-Si pairs. The enantiomorph exchange region with the sequence ‘fault’ emphasized by red marks. c Unit cell of the
monoclinic structure model with the shortest Co-Si contacts (blue), and interconnection of three bond super-basins in the enantiomorph exchange area
(red marks in the top panel). b, d Bond super-basins in projection along and perpendicular to pristine cubic [111] direction; the colours of bond basins are
equivalent to Fig. 5; R, L and A types of plane faces of bond super-basins are outlined in turquoise.
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silica tubes during 120 h. In an additional step, CoSi was
recrystallized during 3 weeks by a chemical transport in a very
small temperature gradient (5 – 10 K) close to 700 °C, and a
transport agent concentration of 0.5 mg/cm3 iodine (Alfa Aesar
99.998%). In this special type of chemical transport reaction also
known as short distance transport, crystallization takes place via
the gas phase by microdiffusion in a small temperature gradient
(same degrees) over a short distance. The limiting case is the re-
crystallization or mineralization of the source material or as in the
present case, that the crystals grow on the source material.
Polished cross-sections of agglomerated crystals were prepared by
a metallographic technique and, after SiO2 finishing, allowed to
record high-quality EBSD patterns. In almost all cases, the CoSi
crystallites prepared by this process consist of several differently
oriented grains, which can usually be recognized by the fact that
the outer shape has re-entrant edges. Typically, both handedness
are represented, so that at least one grain has a handedness dif-
ferent from the majority. The crystallites shown in Figs. 1, 2 and
Supplementary Fig. S3 are typical representatives where in at least
one grain a twinning occurs which is associated with a change of
handedness.

Single-crystal X-ray diffraction. The cubic specimens (size
40 µm) were investigated on a Rigaku AFC-7 diffraction system
equipped with a Saturn 724 CCD detector using the MoKα
radiation (λ= 0.71073 Å). The absorption correction of the
reflection intensities was performed by multi-scan routine41 in
the Laue class m3. All crystallographic calculations were per-
formed with the program packages WinCSD42 and SHELX43. The
results and experimental details are summarized in Supplemen-
tary Table S2.

Electron backscatter diffraction. The experimental electron
backscatter diffraction patterns were acquired using an EBSD
system (Bruker Nano, Berlin, Germany) attached to a scanning
electron microscope JSM7800 F (Jeol). All measured Kikuchi
patterns were saved for post-processing using custom data ana-
lysis software (Esprit Vers. 2.3, Bruker Nano). The quantitative
comparison between the experimental and the simulated pattern
of the A- and B- form of the CoSi phase is based on the cross-
correlation values rA and rB with higher r - value (0 ≤ r ≤ 1) for a
better match44. The consideration of dynamical electron scatter-
ing leads to significant differences in the simulated patterns of A-
and B- form. A best-fit pattern matching approach for each
experimental pattern was used to assign the orientation and the
chirality. The evaluation of the complete mapping provides the
grain orientation map and the distribution of both enantio-
morphs in the polycrystalline material. For more details see
Ref. 29,32.

FIB preparation for X-ray diffraction and TEM studies. X-ray
diffraction data sets were collected using single crystal cubes (size
40 µm) which were cut out form polycrystalline material by the
focused ion beam technique employing a FEI Helios G4 PFIB
machine (60 nA, 30 kV Xe-beam).

For the high-resolution scanning transmission electron micro-
scopy (HR-STEM) study, focused ion beam (FIB) thin lamellae
were machined by use of a FEI Quanta 200 3D ion/electron dual
beam device (FEI Company, Eindhoven, Netherlands) equipped
with an Omniprobe micro-manipulator. All selected areas for FIB
sectioning were positioned perpendicular to a (010) twin
boundary. For the FIB lamellae fabrication, first, the selected
areas (black lines on yellow rectangles positioned perpendicular
to the (010) twin boundary on the polished crystal in Fig. 2) were
covered with protective platinum layers (2 µm thickness),

applying an acceleration voltage of 30 kV and a current of
0.1 nA. Second, the oriented 2 µm thick FIB cross-sections were
cut of the twinned crystal area by the lift-out technique45 and
after being transferred to molybdenum half-rings were further
thinned down to electron transparency to a thickness of about
40 nm, using an acceleration voltage of 30 kV and currents of 3 −
0.1 nA. In the final stage, the FIB cuts were polished to a thickness
of about 20 nm by applying a low acceleration voltage of 5 kV and
a current of 0.3 nA. It should be mentioned that the defined
crystallographic alignment of the FIB cuts could be successfully
realized because of the previous knowledge of the crystal
orientation determined by the EBSD method29. Also, because
the required cross-sections were inclined to the sample surface,
after deposition of the protecting Pt layer, the polished sample
was rotated to different angles before FIB cross-section
manufacturing (to ~ −35° for [101] cut and to ~ 55° for [10�1]
cut). For the most inclined [00�1] FIB case, a nearly cubic
fragment ( ~ 20 × 20 × 20 µm) was manufactured in several stages,
first extracted, rotated 90°, transferred to a molybdenum half-
ring, covered with a Pt layer, further rotated ~ 10°, manufactured
to a 2 µm thin FIB cut, and moved to another molybdenum half-
ring for final thinning (s.a. Supplementary Note S4).

High-resolution scanning transmission electron microscopy.
Preliminary, the exact orientation of the FIB lamellae and posi-
tion of the twin interface was checked by conventional TEM
analysis carried out by the FEI Tecnai F30-G2 with Super-Twin
lens (FEI) with a field emission gun at an acceleration voltage of
300 kV. The point resolution amounted to 2.0 Å, and the infor-
mation limit amounted to about 1.2 Å. The microscope is
equipped with a wide angle slow scan CCD camera (MultiScan,
2k × 2k pixels; Gatan Inc., Pleasanton, CA, USA).

The HR-STEM analyses of the FIB samples were performed on
the double-corrected JEM-ARM300F electron microscope at 300 kV
(Dresden Grand ARM, JEOL Company). The spherical aberration
(Cs) of the condenser and the objective lens are corrected by
dodecapole correctors in the beam (STEM) and in the image (TEM)
forming system. The HR-STEM images were taken with a HAADF
detector. The STEM resolution for the dark-field modus is 0.5 Å. All
of the HR-STEM images reproduced in this article were Fourier
filtered applying a band-pass mask (Gatan Digital-Micrograph
software). The STEM image linear distortions (produced by
specimen and stage drift during image acquisition) were corrected
with the software tool STEM SI Warp46, which was inserted as a
plugin in Digital-Micrograph software.

High-resolution TEM analyses (TEM resolution about 0.7 Å)
were also performed but due to dynamical multi-beam effects the
TEM images did not correspond to the real structure. Lamellar
CoSi samples much thinner than 20 nm are necessary for better
TEM images. Therefore, we performed mainly a HR-STEM study,
which in general results in better images for ~20 nm thin FIB
samples. However, for the [10�1] case, the HR-TEM image of a
narrow region at the top of the FIB lamella was acceptable (cf.
Supplementary Fig. S4).

Quantum chemical calculations. Electronic structure calcula-
tions and chemical bonding analysis were carried out employing
the all-electron, full‒potential method local orbital (FPLO) within
the local density approximation47 and the Perdew‒Wang
parametrization48. The structures of A, B forms, the model of the
enantiomorph conversion region as well as the hypothetical
centrosymmetric cs-CoSi were optimized prior to further calcu-
lations. Because the Co-Si unit plays the key role in the structural
arrangement, the total energy is calculated for one formula unit
(f.u.) CoSi which allows to compare all the models above, which
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have different amounts of formula units per unit cell. For com-
parison of the models with different numbers of formula units in
the unit cells, we use the value of total energy difference per
formula unit CoSi, i.e. ΔEfu= E(total) nfu-1 – E(total)cub/4, where
nfu is the number of formula units per unit cell in the analyzed
model. The energy difference on the level of mHa are considered
as large and lead, in general, to the energetical unfavourability.

For the analysis of the chemical bonding in direct space the
electron density and the electron localizability indicator ELI-D
were calculated49 with a module implemented in the program
package50. The computed distributions of ELI-D and electron
density were analysed with the program DGrid51. For this
purpose, the electron density was integrated within so-called
basins, i.e., space regions confined by zero-flux surfaces of the
gradient field. This technique follows the procedure proposed in
the Quantum Theory of Atoms in Molecules (QTAIM52) and
provides electron counts for the basins of atoms (QTAIM
populations of the atoms) and bonds (bond populations). The
combined analysis of electron density and ELI-D constitutes a
basis for the description of chemical bonding37,53, especially in
intermetallic compounds54,55.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. Full sets of supplementary crystallographic data as well as
raw and evaluated EBSD data for this paper are available on request from the authors.
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