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Abstract 

MnSi is a prototypical chiral cubic magnet, in which swirling magnetic 

objects referred to as magnetic skyrmions appear. It is expected that the thin film of 

MnSi may expand the range of magnetic skyrmion lattice phase in the 

temperature-magnetic-field diagram. On the other hand, the MnSi film on an achiral 

Si (111) substrate may suffer from chiral twin formation. We succeeded in visualizing 

the domain structure about the chirality and axis-orientation of a MnSi thin film by 

using the combination of transmission electron microscopy and X-ray reflectivity 

(XRR) measurement. Only two types of domains were found on a Si (111) substrate. 

The information is essential for the challenge toward the homochiral film fabrication. 
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Magnetic skyrmions have been extensively studied due to possible applications for 

new data storage [1-4]. They are observed in chiral magnetic materials with 

Dzyaloshinskii-Moriya interaction [5-11], dipolar magnets [12-14], interfaces between a 

paramagnetic metallic layer and a ferromagnetic layer [15-19], and so on. Cubic magnets with 

a chiral structure are known to host magnetic skyrmions in a magnetic field. However, the 

thermally equilibrium magnetic skyrmion lattice appears only in a narrow temperature range 

just below the magnetic transition temperature. In thin films, in contrast, the temperature 

ranges are observed to expand [20-24].  

 There are several reports on the growth of thin films of B20-type chiral intermetallic 

compounds such as FeGe and MnSi on achiral Si (111) substrates [25-32]. Although Si crystal 

has a large advantage of low defect concentration, the achiral structure may introduce 

enantiomorphic twins in the thin film. Because a magnetic skyrmion cannot move across the 

chiral domain boundary, the characterization of chiral twin structure in the film is important 

for exploring skyrmion functions. Although the atomic displacements and arrangements near 

the interface were studied by using x-ray and scanning tunneling microscopy (STM) [33], the 

possible domain structure was not discussed.  

In the case of a bulk single crystal, the determination of spin chirality is enough for the 

determination of crystal chirality, especially for B20-type chiral compounds, because of 

one-to-one correspondence between crystal chirality and spin chirality [34-37]. However, in 

the case of chiral twin state, spin helicity determination using a probe with a spatial resolution 

worse than the typical size of domains such as neutron scattering cannot determine the 

chirality for each single domain. A useful method to determine the crystal chirality in the 

thin-film form with a nano meter resolution is electron diffraction. A chirality determination 

and a chiral-domain analysis were performed by using transmission electron microscopy 

(TEM) [25] and/or electron back scatter diffraction (EBSD) [38] so far. In principle, EBSD 

can also identify the crystal-chirality domain by a comparison with simulation using 

dynamical scattering theory. The difference in EBSD between crystal chirality twins should 

only appear in the Kikuchi patterns [39]. In the case of TEM observation, a quantitative 

comparison is needed to determine the chiral structure. However, no evidence was provided in 

the report that the observed dark-field TEM images should be attributed to the enantiomorphic 

twins. Karfu et al. first reported the chiral domain structure in a MnSi thin film [25]. However, 

this report included an error for indexing and a misunderstanding for the origin of contrast in 

dark-field TEM images. In principle the positions of diffraction spots are not related with the 
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crystal chirality. The information on the chirality is only included in the intensities of the 

spots. Convergent-beam electron diffraction (CBED) is another tool for investigating the 

chirality. Nonetheless, it is difficult to distinguish the handedness of a MnSi thin film grown 

on a substrate with [111] incidence [40, 41] because the intensity of the electron diffraction 

from the thin film is strongly affected by the substrate. The specimen must be thicker than 

several tens nanometer to detect a significant difference between the two enantiomers [42]. It 

should also be noted that the crystal-axis orientation could be rotated by 60 degrees. In fact, a 

previous study reported the chiral domain structure with rotated crystal axes [43]. Table 1 

compares some methodologies to determine the crystal chirality, domain structure, and 

interface in plane-view of a thin-film on a substrate. Each of them has advantages and 

disadvantages. Some limitations are explained at the capture. In this paper, we discuss how to 

analyze the crystal orientation and chirality in a B20-type MnSi thin film grown on a Si (111) 

substrate. We investigate whether the diffraction pattern taken with one crystal chirality can 

be reproduced by using different crystal chirality with the other crystal orientation [40]. 

A MnSi thin film with 10-nm thickness was grown on a Si (111)-(7×7) substrate by 

solid phase epitaxy [30]. We first deposited 4-monolayer (ML) Mn atoms at room temperature 

on the Si substrate followed by annealing for 4 minutes at 200℃ to form a seed layer. Then, 

5-ML Mn and 5-ML Si atoms were alternately deposited at room temperature until the 

prescribed thickness was reached, which was followed by an annealing procedure for 5 

minutes at 300℃. The crystal axes of the MnSi thin film show a +30° or −30° rotation around 

the [111] axis from those of the Si substrate and the in-plane tensile strain was introduced 

from the difference of lattice parameters between Si = 5.431 Å and MnSi = 4.703 Å. The 

TEM specimen was prepared by mechanical polishing and Ar ion sputtering with an 

acceleration voltage of 4 kV. All processes were applied only to the substrate side. Due to the 

lattice mismatch between Si substrate and MnSi, the area thinner than around 50 nm was 

heavily bending. We hence performed TEM experiments on a thicker part than 100 nm to 

avoid the bending effect. Electron diffraction patterns and TEM images were obtained using a 

TEM (JEOL JEM-2100F) at an acceleration voltage of 200 kV. For the simulation of electron 

diffraction patterns, we used a software MBFIT developed by Tsuda and Tanaka [44] based on 

the Bethe matrix method. Synchrotron X-ray experiments were performed at BL-3A, Photon 

Factory, KEK, Japan, on the same batch of thin film as the TEM experiment. In this paper, we 

defined the MnSi structure of P213 with xMn = 0.138 and xSi = 0.846 as right-handed and the 

one with xMn = 0.862 and xSi = 0.154 as left-handed, respectively [45].  
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 Figure 1(a) shows a selected area electron diffraction (SAED) pattern at room 

temperature with the [111] incidence. Indices labeled with Si are based on the Si substrate 

while others on the MnSi film. Reflections surrounded by yellow circles correspond to 

positions where reflections from Si substrate and MnSi thin film are expected to be 

overlapped with each other. Black circles indicate reflections of MnSi thin film, where Si fcc 

lattice does not satisfy the reflection condition. The diffraction pattern has no mirror 

symmetry with respect to the vertical [ 011̅ ]Si axis. Therefore, the clockwise and 

counter-clockwise rotations around the vertical axis are not equivalent with each other. Figure 

1(b) shows an electron diffraction pattern tilted by about 22° around the vertical axis. This 

diffraction pattern can be considered as the superposition of two diffraction patterns shown in 

Fig. 1(c). Under this condition, the Si substrate does not show any reflections except for 022̅ 

and 02̅2. Reflections surrounded by red (A) and blue (B) circles originate from MnSi with 

different orientations of crystal axes. Figure 1 (d) shows a convergent-beam electron 

diffraction pattern with the [111] incidence at room temperature. The observed profile is 

mainly attributed to the Si substrate because the MnSi thin film is only 10 nm thick in the 

total thickness of more than 150 nm. Figure 1 (e) shows a simulated CBED pattern of Si. 

Black and gray arrow heads are eye-guides to distinguish the crystal axis. From the intensity 

distribution, the crystal axis of Si substrate can be uniquely determined.  

 Figure 2 summarizes possible crystal configurations for each crystal chirality. It 

should be noted here that the chiral cubic system with the space group of P213 has no 

four-fold axis. As a consequence, [111]Si incidences have two kinds of non-equivalent sets; 

{[111], [1̅1̅1], [1̅11̅], [11̅1̅]} and {[1̅11], [11̅1], [111̅], [1̅1̅1̅]}, which is discussed in detail in 

terms of Bijvoet pair [36]. In the electron diffraction pattern shown in Fig. 1(a), the crystal 

principal axes of MnSi are rotated by +30° or −30° with respect to the Si substrate. Thus, 

there are four possible cases with different crystal configurations and zone axis for each 

crystal chirality. Simulated electron diffraction patterns with a thickness of 10 nm for the zone 

axis ([111] or [1̅1̅1̅] incidence) and the condition of 22° tilt are listed in Fig. 2. The tilt 

condition is the same as that in Fig. 1(b). The incidence direction after the tilting depends on 

the initial zone axis. For example, the [111] incidence is changed to the [312] incidence after 

the tilting if the MnSi crystal axes are rotated by +30° around the Si [111] axis. The 

diffraction patterns with the zone axis show a three-fold intensity distribution, which are 

marked as dotted triangles, while the reflection positions are six-fold. This feature is observed 

only if the sample is thinner than about 15 nm. It was impossible to determine uniquely the 
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chirality and the beam incidence direction based only on the zone-axis-incidence pattern, 

because reflections of a thin film were very weak, and their intensities were dependent on 

both of crystal-axis orientation and crystal chirality. The diffraction patterns under the tilted 

condition provide some information about the orientation of the crystallographic axis, which 

are highlighted by parallelograms. It is noteworthy here that domains rotated by 60 degrees 

show different intensity distribution both at [111] (or [-1-1-1]) incidence and at the tilted 

condition if the chirality is the same. When the domains have different chirality, the intensity 

distribution for the 60-degree rotated structure shows a similar tendency, and this situation is 

exactly what we observed experimentally. The comparison between the observed diffraction 

patterns and the simulated patterns for the zone-axis incidence and the tilted incidence clearly 

excludes two among four configurations for each crystallographic chirality. The 

crystallographic configurations which agree with the electron diffraction experiments are 

surrounded by red and blue rounded rectangles in Fig. 2. Hereafter, they are denoted as A1, 

A2, B1, and B2, respectively. Here it is of note that both the diffraction patterns of the 

zone-axis incidence and the tilted incidence are necessary to determine the relative 

orientations of the substrate and the thin film. 

 Figures 3 (a) and (b) show dark-field TEM images obtained using reflections A and B 

in Fig. 1 (b), respectively. These images show opposite contrast to each other and correspond 

to the chiral domains. In this sample, submicron-scale chiral domains are observed at all the 

specimen without any clear preferred orientation of the domain wall. The area of mono chiral 

domains is large enough to host magnetic skyrmion lattice. In a small area, the contrast is not 

reversed. The cause is probably a thin film defect or misorientation of thin film. 

To determine the domain set uniquely, we performed an x-ray reflectivity (XRR) 

measurement. The interference between scattering from MnSi thin film and truncation rod 

scattering from Si substrate includes the information about stacking manner of MnSi near the 

interface. Note that the structural factor for x-ray reflectivity depends on the atomic 

coordinates normal to the surface, but not on the in-plane structure [46,47]. Figure 4 shows 

the obtained profile of x-ray reflectivity compared with the calculated reflective profiles for 

the structural models of A1 (B1) and A2 (B2). The influence of the interference scattering is 

manifested in scattering intensity of the Laue oscillations around MnSi (111). As shown in Fig. 

4 (b), the configuration A2 (B2) reproduces better the experimental result than A1 (B1) does. 

Figure 5 schematically shows the crystal and chiral structures for A1, A2, B1, and B2 

with assuming of an interface structure. Yellow spheres are Si atoms of the substrate. The 
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atomic arrangement normal to the surface is different between A1 (B1) and A2 (B2). The 

distance between the bottom Si atoms of MnSi and the top Si atoms with a dangling bond of 

the substrate for A1 (B1) configuration is different from that for A2 (B2). In this schematic 

model, the distance is about 2.6 Å and 1.8 Å, respectively. It is expected that A2 and B2 

should have exactly the same energy because they are superimposed on each other by a mirror 

operation. One of such mirror planes is the (011̅) plane of Si substrate, which corresponds to 

the vertical flip in Fig. 5. In other words, the configurations of A2 and B2 can be regarded as a 

chiral twin pair. 

 In conclusion, we visualize the enantiomorphic twin domain structure of a MnSi thin 

film grown on a (111) Si substrate. By using SAED and x-ray reflectivity measurements we 

conclude that the observed domain structure should be attributed to chirality twins. Only two 

kinds of crystallographic domains are present, which are the mirror images of each other. 
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Figure caption 

 

Fig. 1.  (a) Selected area electron diffraction pattern of MnSi thin film on a Si (111) substrate 

with the [111]Si incidence. Reflections surrounded by black circles originate only from MnSi 

thin-film, while those surrounded by yellow circles arise both from MnSi thin film and from 

Si substrate. The electron diffraction pattern does not have mirror symmetry about the vertical 

line ([011̅]Si axis). Positive and negative rotations of the sample around the [011̅]Si axis are 

hence not equivalent.  (b) Electron diffraction pattern taken with a tilted condition of about 

22°. Reflections marked by red and blue circles are attributed to domains with different axis 

orientations. (c) Schematic drawing of diffraction patterns for the tilted condition at different 

domains. The observed diffraction pattern corresponds to their superposition. (d) 

Convergent-beam electron diffraction pattern with [111]Si incidence. Observed intensity 

distribution is mainly attributable to Si substrate. (e) Simulated convergent-beam electron 

diffraction pattern of Si. Black and gray arrow heads are for eye-guide to distinguish the 

crystal orientation. 

 

Fig. 2.  Possible configurations of a MnSi thin film on Si (111) substrate and corresponding 

electron diffraction patterns. Incidence directions are indexed with the MnSi thin film. Upper 

row shows two possible orientations of crystal axes for [111] and [ 1̅1̅1̅ ] incidences, 

respectively. Simulated electron diffraction patterns with the zone axis incidence and the tilted 

condition are shown for each configuration. The configurations surrounded by red and blue 

lines reproduce the result shown in Fig. 1 for domains A (A1 and A2) and B (B1 and B2), 

respectively. 

 

Fig. 3.  Dark-field transmission electron microscope (TEM) image with using (a) reflection 
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A and (b) reflection B in Fig. 1 (b), respectively. Bright parts in panels (a) and (b) correspond 

to domains A and B, respectively. 

 

Fig. 4.  X-ray reflectivity profile of a thin film of the same batch as the TEM experiment. 

The simulation using the stacking manner of A2 or B2 (blue line) in Fig. 2 shows better 

agreement with the experimental result than those of A1 or B1 (red line). 

 

Fig. 5.  Schematic drawing of atomic arrangement in A1, A2, B1, and B2. The stacking 

manner of a thin film of MnSi in A1 and B1 is opposite to that in A2 and B2. 
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Table 1 Comparison of several methodologies to determine the crystallographic chirality, 

domain structure, and interface in plane-view of thin-film form with substrate using 

several techniques. 

 

 
*1,2,3,4,5 

 

  

                                                   
1 Applicable only if the film is thinner than several nm. 
2 The intensity difference between two enantiomers is mainly observable in the Kikuchi 

pattern. 
3 Applicable only for the specimen without substrate. 
4 Combination of STEM and CBED can visualize the domain structure. 
5 Applicable only for the sample thinner than about 15 nm. 
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Fig. 5 

 


