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Abstract

The Kagome antiferromagnet Mn3Sn has garnered a lot of attention due to the presence

of interesting properties such as anomalous Hall effects and Nernst effects. Until now, few

papers have been reported to grow using molecular beam epitaxy with a buffer layer or on other

substrates. In this paper, we discuss the synthesis of crystalline Mn3Sn layers, prepared on Al2O3

(0001) without a buffer layer using molecular beam epitaxy. The growth is monitored in-situ

using reflection high energy electron diffraction and measured ex-situ using X-ray diffraction,

Rutherford back-scattering, and cross-sectional scanning transmission electron microscopy. The

samples were deposited at 524 ± 5 ◦C, with an Mn: Sn atomic flux ratio of 3.2:1 for 90 minutes.

Orientation relationships between the Mn3Sn films and the sapphire substrates are determined

from in-plane and out-of-plane measurements. Our analysis indicates that the resulting film is

predominantly c−plane oriented. Lastly, the samples prepared in this way were found to be

discontiguous, showing a 3-dimensional morphology. According to first-principles calculations, the

Mn3Sn exhibits a displaced Kagome structure in the very first stages of growth, for 2ML and 4ML

growth on Al2O3 (0001). This result is corroborated by calculating the surface formation energies

and explains the observed RHEED patterns.

Keywords: Kagome, Molecular beam epitaxy, surface formation energies
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INTRODUCTION

Topological materials with kagome structures have garnered a lot of attention because

of their physical properties in real and momentum space. These kagome structures have a

broken time-reversal symmetry and large Berry curvature, which results in the rise of strong

anomalous Hall effect (AHE) [1]. Recently, transition metal stannides are being extensively

studied to probe these exotic properties of the kagome structures. For example, for CoSn and

Fe3Sn2 kagome structures, topological flat bands and quasi-two-dimensional Dirac cones were

observed respectively, using angle-resolved photoemission spectroscopy [1, 2]. Therefore, it

is important to investigate the magnetic and electron transport properties of these kagome

materials.

Moving forward, it would be interesting to have the possibility to tune the magnetic

and topological properties and to achieve this, it is important to grow high-quality thin

films. Several recent reports have shown the high-quality growth of kagome systems using

molecular beam epitaxy (MBE). For example, using MBE, Hong et al. demonstrated the

layered Kagome-structured growth of FeSn thin films on LaAlO3 (111) substrates using

MBE [3]. Then Cheng et al. reported the controlled growth of a superlattice consisting of

Fe3Sn2 and Fe3Sn using a modified method referred to by the authors as atomic layer MBE,

demonstrating the ability to modulate the sample structure at the atomic level[4].

Mn3Sn is a non-collinear kagome antiferromagnet that has shown large anomalous hall

effect [6, 7] and additional advantages such as zero stray field, high precession frequency, and

small damping coefficient [8]. Fig. 1(a) shows the reproduced 2D crystal model of Mn3Sn

consisting of a kagome lattice with an ABAB stacking with a 120-degree spin order[9]. The

top two c layers are shown where 1st layer atoms are solid blue (Mn) and red (Sn) and 2nd

layer atoms are faded blue (Mn) and faded red (Sn) [21]. In this model, the Sn-Sn a-spacing

is shown as 5.665Å. The Mn-atoms sit at the rhombus unit cell center and edge centers and

can also be viewed as an Mn hexagon centered at every Sn lattice site.
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FIG. 1: (a) 2D-model of c-plane Mn3Sn (b) Overlay of Mn3Sn on Al2O3(0001).

Nakatsuji et al. reported that Mn3Sn single crystal growth using the arc melting method

gave a large AHE of 20 Ω−1 cm−1 at room temperature and more than 100 Ω−1 cm−1 at

low temperatures, reaching the same order of magnitude as compared to some ferromagnetic

metal such as Fe, Co or Ni [5]; they observed that the weak ferromagnetic moment of 0.002

Bohr magneton per Mn atom could be switched with a small magnetic field of around 100

Oe [6]. Furthermore, Matsuda et al. observed a large anomalous Hall conductivity at THz

frequencies at room temperature for Mn3Sn (0001) deposited on SiO2. They further showed

the temperature dependence on the breaking/recovery of spin textures[10]. Reichlova et

al. observed magnetic contrast in c-oriented Mn3Sn grown on MgO (111) using a magnetic

imaging technique based on a laser-induced local thermal gradient. They also provided an

algorithm to prepare well-defined domain patterns at room temperature based on the heat-

assisted recording principle [11]. Ikeda et al. reported epitaxial growth of c-plane oriented

Mn3Sn on MgO (111) using sputtering at room temperature. After the growth, the film

was annealed at 500 °C to promote crystallization, after which the film was capped with a

Ta layer. They further reported that the cross-sectional transmission electron microscope

(TEM) indicated that the film was crystallized but not atomically flat [12].

Figure 1(b) shows the direct overlay of an Mn3Sn (0001) crystal lattice on an Al2O3

(0001) lattice. As seen, there is a large lattice mismatch of 19 % and many authors, in
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order to get a better lattice match and improve the film quality, have used a variety of

different buffer layers. For example, Cheng et al. grew a Pt(111) buffer layer on the c-

oriented sapphire substrate followed by in-situ growth of Mn3Sn using off-axis sputtering.

They reported the topological Hall effect (THE) over a temperature range from −63 ◦C to

+92 ◦C by tuning the thickness of the Mn3Sn films [13]. The presence of THE was likely

due to the Dzyaloshinskii-Moriya interaction (DMI) at the Mn3Sn/Pt interface [13]. Higo

et al. reported a large anomalous Hall effect (AHE) at room temperature on a single phase

Mn3Sn film grown on a Si buffer layer on SiO2 by sputter deposition[9].

In this work, the goal is to explore the interfacial structure and crystallinity for direct

growth of Mn3Sn (0001) films on Al2O3 (0001) without buffer layers using molecular beam

epitaxy (MBE). The material is deposited at 524 ± 5 ◦C on c-plane sapphire substrates and

monitored both in-situ using reflection high energy electron diffraction (RHEED) and sub-

sequently ex-situ using x-ray diffraction (XRD), scanning transmission electron microscopy

(STEM), Rutherford backscattering (RBS) and other measurements. We determine the epi-

taxial film-substrate orientation relationships and crystal models for the film and substrate.

We also carefully analyze the lattice parameters as a function of thickness and discuss the

strain in the samples. First-principles calculations were performed to investigate and deter-

mine the structural atomic arrangement in the first stages of the Mn3Sn growth process. The

surface formation energies formalism was employed to study the thermodynamic stability of

the structures.

EXPERIMENTAL

The sample was deposited in a custom-designed ultra-high vacuum (UHV) MBE cham-

ber equipped with Mn and Sn effusion cells (SVT Associates), a quartz-crystal thickness

monitor (Inficon STM-2 with internal crystal oscillator), and an RHEED system (STAIB

Instruments). The chamber vacuum is maintained with a base pressure in the 10−8 to 10−9

Torr range using a UHV Cryoplex 8 cryopump on a 10-inch CF flange (Trillium). The

RHEED data is acquired using a kSA-400 RHEED data acquisition system (k-Space As-

sociates, Inc.). Crystalline Mn3Sn films were deposited on commercially available Al2O3

(0001) substrates which are single-side polished and grown by the Czochralski method with

a miscut of ± 1
2
◦ and surface roughness RA < 5 Å (MTI Corporation). The (0001) substrates
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are cleaned using solvents (acetone and isopropanol) in an ultrasonicator and then mounted

on 3-inch bayonet-style sample blocks and introduced into the MBE chamber where they are

annealed at 1000 ◦ C for 60 mins on a custom MBE growth stage having a graphitic heater

and built-in thermocouple (SVT Associates). The temperature (read out by a Eurotherm

2416 temperature controller) was calibrated using a Fluke single-color pyrometer (model

number E2MH-F0-V-0-0), using a wavelength of 1.6 µm, emissivity at 0.7, transmissibil-

ity at 0.93 and has a focus range 7.5 to 12”. After the substrate annealing, the substrate

temperature is lowered to the deposition temperature.

Before every experiment, the source fluxes were checked using the in-situ quartz crystal

thickness monitor (TM) to determine the ratio of Mn: Sn that would be used for the

experiment. The sample was deposited at 524 ± 5 ◦C for 90 mins, which ideally gives ∼

200 nm thick film (three samples were grown in total). The film deposition is monitored

using RHEED with an incident electron beam energy of 20 keV, providing information on

crystalline quality and the in-plane lattice parameter. Once the sample is removed from

the MBE chamber, it is investigated using XRD to determine the crystal structure and the

out-of-plane lattice parameter. To confirm the thickness and composition of the grown films,

we measured them using RBS.

A Thermo-Fisher Xe plasma G4 dual-beam focused ion beam (FIB) was used for in-situ

FIB lift-out preparation for the transmission electron microscopy (TEM) study with the final

beam condition setting as 5 keV and 10 pA beam current to reduce the FIB damage. Those

conditions were also used for SEM imaging. For element maps, Thermo-Fisher Talos F200

TEM with four 30 mm2 SSD X-ray detectors attached was used and was operated in scanning

transmission electron microscopy (STEM) and conventional TEM mode, respectively. A

JEOL JEM-3100R05 with double aberration correctors was used for high-resolution STEM

imaging which gave a spatial resolution better than 0.1 nm. When operated in STEM mode

using the two TEMs, high-angle annular dark-field (HAADF), low-angle annular dark-field

(LAADF), and bright-field images were collected simultaneously.

THEORETICAL

In order to study the first stages of Mn3Sn growth on sapphire, first-principles calcula-

tions are carried out based on the density functional theory (DFT) as implemented in the
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VASP package [14]. Exchange-correlation energies were treated in the generalized gradi-

ent approximation (GGA) by the Perdew-Burker Ernzerhof (PBE) [15]. The interaction

between the valence electrons and the core was described with the PAW pseudopotential

[16]. Plane waves are used to expand the valence Khon-Sham states with a cut-off energy of

520 eV. The atoms were relaxed within the threshold of the forces of 0.01 eV/Å, while the

energy conversion criterion is set to be 10−5 eV. The Brillouin zone was sampled by using

an 8×8×1 Monkhorst-Pack[17].To model the growth process, the super-cell method is used

with an empty space of 17.5 Åadjacent slabs was used to avoid inter-slab interactions. The

lattice parameter of the substrate (0001)S was taken from the experimental values, a= 4.759

Å and c= 12.992 Å with a surface periodicity of (1×1). Additionally, the non-collinear

behavior of Mn3Sn is considered in all calculations.

RESULTS

Before starting the deposition, the fluxes for Mn and Sn were measured, using the TM,

to be 1.5 × 1014 atoms/cm2s and 4.8 × 1013 atoms/cm2s respectively. This gave a ratio of

JMn/JSn = 3.1, which was used to deposit the materials at a sample temperature of 524 ±

5 ◦C. The sapphire substrate was annealed, and the resulting RHEED patterns are shown

in Figs. 2(a) and 2(b).
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FIG. 2: RHEED patterns of Al2O3 and growth of Mn3Sn at 524 ± 5 ◦C where the yellow

boxes show where the line profiles are taken and the dashed lines indicate the positions of

the sapphire streaks; (a-b) annealed Al2O3; (c-d) immediately after opening the shutter;

(e-f) after 90 mins of Mn3Sn growth at 524 ◦C; (g-h) Mn3Sn next day at 300 K; (i-j) Mn3Sn

after 5 days at 300 K.

Later, the growth stage temperature was lowered to the deposition temperature, the Mn

and Sn effusion cell shutters were opened simultaneously and the RHEED patterns quickly

turned spotty as shown in Figs. 2(c) and 2(d). This point pattern indicates island growth

and closely follows the in-plane spacing of the annealed Al2O3. In the initial stage of growth,

the surface is strained to the substrate as seen in the RHEED pattern where the in-plane

dot spacing matches the substrate spacing.

This point pattern is visible until a thickness ∼ 15 nm, after which the RHEED pattern
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begins gradually fading towards a non-crystalline pattern. Eventually, the growth reaches

the patterns shown in Figs. 2(e) and 2(f) after 90 minutes. After the completion of growth,

the surface is non-crystalline, which crystallizes once the surface is allowed to anneal at

room temperature over a few days (annealing at elevated temperatures for shorter period

was tried, which resulted in a dot RHEED pattern,suggesting a rough surface).

Figs. 2(g) and 2(h) shows the RHEED pattern the next day at room temperature,

indicating a high degree of crystallinity. The crystallinity is clearly measurable by the

streak pattern, and no polycrystallinity is observed. Furthermore, the patterns appeared

more and more crystalline after five days, as seen in Figs. 2(i) and 2(j). Similar RHEED

patterns to those shown in Figs. 2(i) and 2(j) were seen at 60-degree azimuthal intervals of

the sample. This indicates that the film has a 6-fold crystalline symmetry.

Line profiles were taken across Figs. 2(a) and 2(b) for annealed Al2O3 and Figs. 2(i)

and 2(j) for Mn3Sn, as shown in Fig. 3, to derive the lattice constant. We see that the

streak spacing is narrower for the Mn3Sn as compared to the Al2O3 in both directions,

which indicates that the lattice parameters of Mn3Sn are larger than those of Al2O3 in

the in-plane directions. Note that the additional small peaks in the sapphire line profile

along the [11̄00]S direction are due to Kikuchi lines, therefore they are not considered in the

calculations.
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FIG. 3: Line profile of the RHEED patterns for annealed Al2O3 and Mn3Sn in both (a)

[112̄0]S and (b) [11̄00]S directions. The red arrows point to small peaks that are due to

Kikuchi lines.

Since Al2O3 is a hexagonal structure, the primary streak spacing along [112̄0]S is 4π√
3aS

where we define aS = aAl2O3 ; along [101̄0]S the RHEED streak spacing is 4π
aS
. Therefore, the

streak spacing of the two azimuths differs by a factor of
√
3. From the RHEED patterns

for the Mn3Sn, we can see that the same
√
3 ratio exists. Therefore, we conclude that the

Mn3Sn surface is hexagonal and thus is the c-plane. As such, the in-plane lattice parameter

of Mn3Sn corresponding to the primary streak spacings can be calculated using the equation:

aM = aS × WS

WM

, (1)
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where WS and WM are the first order streak spacings of Al2O3 and Mn3Sn respectively, and

aM and aS are the in-plane lattice constants of Mn3Sn and Al2O3 respectively. Using aS

= 4.759 Å, we calculated aM = 5.672 ± 0.012 Å along [112̄0]S and aM = 5.688 ± 0.011 Å

along [101̄0]S. The average lattice constant is therefore aM = 5.680 ± 0.012 Å, which is in

excellent agreement with bulk Mn3Sn value of 5.665 Å [9, 18]. The small difference of 0.015

Å (0.26%) is close enough to 1 sigma that the RT-annealed film seems to be fully relaxed.

FIG. 4: SEM image of the deposited sample. HFW (or field of view) = 41.4 µm.

STEM was carried out to characterize the morphology of the sample and elemental map-

ping was carried out. Figure 4 shows the SEM image of the sample. We can see that the

surface appears to be lumpy with 3D structures present having a characteristic size of several

micrometers. The cross-sectional STEM in Fig. 5(a) shows the presence of 3D domes with

an average height of ∼ 225 nm. There are also some smaller-sized 3D domes in between

the larger ones. This indicates that a process of Ostwald ripening has most likely occurred.

Additionally, Mn and Sn elemental mapping is shown in Fig. 5(b) and Fig. 5(c) respectively,

where there appears to be a uniform composition of Mn and Sn within the domes. To get

a numerical Mn: Sn ratio, we performed RBS on this sample, resulting in a global average

(over the RBS spot size of 1 × 2 mm2) of Mn: Sn = 2.47:1 and the thickness of the film was

calculated to be ∼ 170 nm. It is surprising that our aM value is so close to the expected

value despite the stoichiometry of the sample being much less than 3:1. Furthermore, the

grown surface is Sn rich which is because of the low sticking coefficient of Mn at this growth

temperature. These results show that in future growth, a higher flux ratio needs to be used

11



in order to reach the desired stoichiometry.

FIG. 5: STEM elemental mapping indicating the composition of Mn and Sn for the sample.

(a) is the dark field reference image taken before the elemental mapping; (b) and (c) show

the elemental composition of Mn3Sn in that region.

To further explore the crystalline orientation of the film, XRD was carried out as shown

in Fig. 6. To calculate the d -spacing, the average Kα wavelength of λ = 1.542 Å is used.

In order to obtain the most accurate d-spacing values for the sample, we calibrated the

spectrum by forcing the sapphire 0006 peaks to lie at precisely 2θ = 41.72◦, which gives a

d -spacing = 2.165 Å, resulting in cS = 6d = 12.991 Å, the most precise known value for cS

at 300 K [19]. Then, the first largest Mn3Sn peak lies at 39.92° and gives a d spacing =

2.259 ± 0.012 Å and therefore we get c̄M = 4.517 Å ± 0.011 Å. The standard deviation of

the mean (c̄M value) is derived from the standard deviation of the distribution (or a single

value) by dividing the latter by
√
N [20]. The mean value is smaller by 0.3% compared to

the c value reported by Higo et al. and by Tomita et al. = 4.531 Å [9, 18]. The difference

is much greater than the estimated uncertainty; therefore, this is a real difference, and it

implies that the measured out-of-plane lattice constant is smaller for this sample having a

2.47:1 Mn-to-Sn atomic ratio, as compared to the value reported for the 3:1 ideal ratio. It

is consistent with a lattice constant arising from the Mn deficiency, but it is interesting that

a 17.7% Mn deficiency results in only a 0.3% change in the c-value.

Since the Mn3Sn 0002 peak is the dominant Mn3Sn peak, this sample is predominantly c-
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oriented. However, the XRD spectrum in Fig. 6 also shows several additional much smaller

peaks including e.g. Mn3Sn 112̄0, Mn2Sn 0002, and some others.

FIG. 6: X-ray diffraction pattern of Mn3Sn/Al2O3 (0001) deposited at 524 ± 5 ◦C. X-rays

are Cu Kα. The sapphire 0006 peak intensity is 55338 counts but is truncated to zoom in

on the manganese-tin peaks.

Furthermore, the substrate-film orientation relationship is found to be [112̄0]M ∥ [112̄0]S,

[11̄00]M ∥ [11̄00]S, and [0001]M ∥ [0001]S from the RHEED as the streak spacing ratio

between [112̄0]S and [11̄00]S is the same
√
3 for both Mn3Sn as well as sapphire. Using

these orientation relationships, it’s possible to overlay the Mn3Sn model onto a sapphire

substrate model to see how the Mn- and Sn-atoms will align with the Al-atoms. Based on

the RHEED patterns shown in Figs. 2(c) and 2(d), in which the Mn3Sn lattice spacing

matches initially the sapphire Al-Al spacing, therefore in the model shown in Fig. 7, we

show a pseudomorphic overlay in which a single Mn3Sn layer is aligned on top of an Al2O3

bilayer.
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FIG. 7: Pseudomorphic overlay of Mn3Sn on c (0001) Al2O3 is shown.

The model shown in Fig. 7 explains the observed RHEED data at the initial stage of

growth in which we see an approximately pseudomorphic growth with a large amount of

strain. The average lattice constant calculated from Figs. 2(c) and 2(d) is 4.575 ± 0.013

Å which when compared to the reported aM = 5.665 Å indicates a compressive strain of

19.2 %. This strain then releases as additional layers are deposited which then leads to the

formation of faceted dome-like structures. This behavior is similar to that observed in Ge

growth on silicon substrates [22, 23].

Table I summarizes the detailed results of the calculated lattice parameters from RHEED,

composition, and thickness from RBS. The XRD results show the list of all the lattice

orientations present in the film along with their 2θ values. The relative intensity for a given

Mn3Sn peak was calculated by normalizing the peak’s intensity to the sum of all the Mn3Sn

peak intensities, as shown in the table. The results shown in Table 1, therefore, indicate

that the grown film is predominantly (79 % relative intensity) c-plane Mn3Sn with a 2.47:1

Mn: Sn ratio.

THEORETICAL STUDY

Considering the experimental results, we have modeled the Mn3Sn first stages of growth

on Al2O3 (0001). Calculations were carried out to first understand the Mn-only and Sn-only

14



XRD RHEED RBS

2θ Peak label Relative

Intensities

Lattice parameter Average lattice

parameter

Composition and

thickness

31.62 Mn3Sn 112̄0 4%

32.62 Mn2Sn 0002 7% Mn3Sn 0002: Mn:Sn = 2.47:1

37.62 Mn3Sn 202̄0 3% c = 4.517 ± 5.680 ± 0.012 Å Thickness ∼ 170 nm

39.92 Mn3Sn 0002 79% 0.011 Å

49.12 Mn3Sn 213̄0 3%

51.72 Mn3Sn 112̄2 4%

TABLE I: Summary of the results of the sample deposited at 524 ± 5 ◦C. Relative

intensities of different orientations of MnxSn show predominant c-plane Mn3Sn orientation.

adsorption on sapphire cases, which are discussed in the Supplementary material. In these

calculations, the L3 site (obtained when the ad-atom is placed on top of the third layer

aluminum, see Supplementary) was the most stable in the Mn-only and Sn-only adsorption

cases. On the other hand, depositing two or four monolayers (ML) of Mn3Sn on sapphire

resulted in the H3 site (obtained when the ad-atom is placed on top of the second layer of

oxygen) being the most stable configuration. In this configuration, the Sn atoms are bonded

with the first layer of oxygen atoms.

The optimized structures are depicted in Fig. 8 where (a),(b) correspond to the two

Mn3Sn layers case and (c),(d) correspond to the four Mn3Sn layers case. The bond length

between Sn and sapphire (O) is 2.49 Å. It is noted, as displayed in Fig. 8, that in both the

2 and 4 ML cases, Mn3Sn layers do not exhibit a perfect kagome structure. However, if we

view the Mn3Sn structure in the top view, as shown in Figs. 8(b) and 8(d), we find that Mn

still has a triangular structure with a 3-point basis in each layer, implying Mn3Sn is growing

in the kagome structure with vertical and lateral displacements away from the ideal bulk-like

Mn3Sn structure. This behavior is attributed to substrate-induced compressive strain, and

therefore the interatomic distances within the kagome plane become inequivalent. Hence,

the presence of displacements causes the Mn atoms in the kagome structure to be highly

distorted, and the Sn atoms do not cohabitate within the Mn layers, as seen in the side

views [Figs. 8(a) and 8(c)]. From the above explanation, the growth of Mn3Sn is initialized
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by forming a displaced kagome structure which explains the crystalline spot-like RHEED

pattern shown in Figs. 2(c) and 2(d).

FIG. 8: (a), and (b) is the side and top view for the two bilayers Mn3Sn case on sapphire,

respectively. (c) and (d) is the side and top view for the four bilayers Mn3Sn case on sapphire,

respectively. The faded atoms correspond to the bottom layer.

In order to determine the stability of the different configurations, the surface formation

energy (SFE) formalism has been employed since each model has a different number of atoms

by cell.[25] The SFE can be written in the following form:

ESF = Eslab − Eref − nMnµMn − nSnµSn (2)

Here ESF is the surface formation energy of the system at hand, Eslab is the system total

energy of each model, ni and µi are the number of atoms, and the chemical potential of the

ith species, respectively. The SFE is independent of the number of atoms but depends on

the chemical potentials of the structural components. Therefore, the SFE is plotted as a

function of the Mn chemical potential, with a lower limit of µMn = µMn (bulk) (namely Mn-

rich conditions) and an upper limit of µMn = µMn (bulk)−∆H (corresponding to Mn-poor
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conditions or Sn-rich conditions) where ∆H is the enthalpy of formation of the Mn3Sn bulk

structure with a value of ∆H = −0.15 eV. The Mn and Sn chemical potentials are obtained

by modeling the α−Mn phase with 58 atoms per unit cell and the β−Sn phase with 4 atoms

per unit cell, respectively. The results are illustrated in Fig. 9.

FIG. 9: Surface formation energies (SFE) for the most representative structures.

According to the results as seen in Fig. 9 for the Sn or Mn-only adsorption cases, the Sn

adsorption is more energetically favorable than the Mn adsorption. On the other hand, the

SFE’s for two and four Mn3Sn layer models are much higher, with the 4 ML model being

slightly higher in energy as compared to the 2 ML model. This suggests that with increasing

Mn3Sn thickness, the Mn3Sn kagome lattice does not increase in stability. Therefore, the

theoretical results suggest that in the first stages of Mn3Sn growth on sapphire (0001),

Mn3Sn does not form a stable and perfect kagome structure, consistent with the observed

RHEED patterns shown in Figs. 2(c) and 2(d).

As growth continued out to the final thickness, the RHEED pattern became more and

more featureless (blank screen), as shown in Figs. 2(e) and 2(f). This is modeled theoretically
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as a semi-amorphous state. A similar behavior was observed previously in the case of ultra-

thin GeTe thin films.[24].

More importantly, the displacements away from the equilibrium kagome lattice structure

which we see theoretically at the initial stages of c-plane growth on sapphire may be of

significance to transport behavior. Very recently, Berthold et al. reported the discovery of

small displacements away from equilibrium seen in their Mn3SnN thin films, which they dis-

cuss in terms of the relevance to the observed anomalous Hall effect. Furthermore, they also

showed that the Mn displacements away from their equilibrium positions decrease with in-

creasing film thickness [26]. This is apparently what we also observe, that the displacements

away from equilibrium decrease as the number of atomic layers increases up to a limiting

thickness, and the (0001)M thin film relaxes from the compressive strain toward that of the

bulk behavior (aM = 5.680 and a perfect kagome structure).

CONCLUSIONS

In conclusion, we performed MBE growth of Mn3Sn directly on c-plane sapphire (0001)

substrates, and as we have shown, the material followed the substrate crystal lattice. The

sample was grown at 524 ± 5 ◦C which led to a predominantly c-plane oriented film. The

average in-plane lattice constant calculated using RHEED was 5.680 ± 0.21 % and is within

0.27 % of the reported bulk value of 5.665 Å [9, 18], and therefore is in good agreement

to within almost 1 sigma. From the XRD results, the out-of-plane lattice constant was

calculated to be 4.517 ± 0.24 % and is within 0.30% of the reported bulk value of 4.531

Å [9, 18], and therefore is in good agreement to within almost 1 sigma. Furthermore, the

STEM results indicate the presence of dome-like structures which may be responsible for

relaxing the strain from the sapphire substrate. More studies need to be carried out by either

changing the growth protocol, or by choosing substrates with a lower lattice mismatch, for

example using LaAlO3 with a 6% in− plane lattice mismatch with Mn3Sn.

Additionally, the initial stages of growth were investigated by density functional theory to

compare with the experimental results. The results show that a displaced kagome structure

of Mn3Sn is formed for two or four atomic layers due to the substrate strain. The SFE shows

that the Mn3Sn kagome structure is not thermodynamically stable in these initial stages

of growth with a separation of the Mn and Sn sub-lattices which explains the observable
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RHEED pattern. More studies will be required to understand how the structures at the

initial stages of growth transition to the kagome structure at large layer thicknesses and

whether or not the first few layers form a wetting layer prior to the formation of the dome-

like structures.
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“Precise measurement of the lattice parameters of sapphire in the temperature Range 4.5 K
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