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ABSTRACT

Weyl semimetal thin films with excellent crystalline quality are of great interest for antiferromagnetic
spintronics. Mn;Sn is one Weyl semimetal with great properties and promise for exciting science and
applications. It has proven very challenging, however, to grow Mn,;Sn thin films with smooth surfaces,
negligible strain, and excellent crystallinity. In this work, we discuss the successful preparation of epitaxial
Mn;Sn (0001)-oriented thin films via molecular beam epitaxial growth on c-plane wurtzite GaN which was
grown by MBE on Al,0; (0001). We present the reflection high energy electron diffraction analysis along
with x-ray diffraction in order to demonstrate the crystalline quality of the film, and we give atomic models
to explain the epitaxial orientation relationships between the crystal lattices of the substrate, GaN layer, and
Mn;Sn layer. Importantly, we discuss the film lattice parameters as compared to expected values, demonstrating
negligible strain both in-plane and out-of-plane. Atomic force microscopy reveals an epitaxial columnar growth
mode characterized by flat-top-mesa islands, while scanning tunneling microscopy shows the atomically smooth
surfaces of the mesa-top structures. Finally, Rutherford backscattering informs the stoichiometry of the film
as well as the layer thicknesses.

1. Introduction

There has been intensive interest in the spintronic applications of
Weyl semimetal Mn;Sn owing to its chiral antiferromagnetic properties
while at the same time having a tiny, residual magnetic moment which
is affected by strain. Multiple Weyl points near the Fermi level as well
as resultant Fermi arcs at the surface were theoretically predicted by
Yang et al. [1] Experimentally, there have been observations of large
anomalous Hall effect at room temperature,[2,3], anomalous Nernst
effect, magneto-optical Kerr effect, and magnetic spin-Hall effect [4-6].
Even exchange bias has been reported [7]. What makes Mn;Sn so
interesting for spintronics is not that these effects can be seen in an
antiferromagnetic semimetal, but that they can be seen at very small
applied magnetic field owing to its very weak and soft octupole mo-
ment [2,8]. Impressively, Higo et al. reported the use of perpendicular
spin current to fully switch the magnetic octupole moment (with all
Mn spins flipping in the process) for a 30 nm-thick Mn;Sn thin film by
spin-orbit torque, but critical to achieve a net octupole moment was
the presence of 0.2% tensile strain along 1120 (ascribed to substrate
lattice mismatch) which was enough to induce perpendicular magnetic
anisotropy of the octupole moment [9]. Yoon et al. further discuss
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the spin-orbit torque switching of the octupole moment in terms of
a handedness anomaly [10]. In all cases of interest, it is important
to quantify the material quality, strain of the thin film, and surface
properties. A lot of efforts have been made to fabricate thin films with
excellent and controlled phase purity, crystallinity, orientation, and
strain. In fact, strain in Mn;Sn is a material property which is being
used to engineer the spintronic device properties [9-11].

Different methods and substrates have been used to grow Mn;Sn
including both MBE and sputtering on Al,05; and MgO. In our previous
work, we used molecular beam epitaxy in order to grow Mn;Sn thin
films on Al,0; (0001) substrates, and we reported two qualitatively
different results. In one case, we observed the growth of mainly c-plane
oriented Mn;Sn (0001) with low strain [12], while in the other, under
different conditions we observed growth of a-plane oriented Mn;Sn
with large amounts of strain [13]. In both cases, the growth involved
both a deposition step and a time delay step (to allow the film time
to crystjillize). In fact, the largeomismatch (+19.0%) between ayy,,, 5,
(5.665 A) [4] and a0, (4.759 A) [14,15] could be one reason for the
difficulty in growing smooth epitaxial Mn;Sn films on this substrate. As
such, finding a more ideal substrate is desirable. One possibly better
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candidate is c-plane GaN. A c-plane GaN substrate, besides having a
lattice mismatch (after 30° axis rotation) of only +2.63%, could have
the added advantage of combining a wide band-gap semiconductor
with an antiferromagnetic Weyl semimetal for spintronics applications.
In this work, we report the successful growth of Mn;Sn (0001) with
excellent film and surface quality on c-plane wurtzite GaN as grown
on c-plane Al,0;. We review first the growth of c-plane GaN on Al,O;
(0001) and then introduce the growth of Mn;Sn on c-plane GaN.

2. Methodology

The growth of Mn;Sn thin films was performed using a custom-
designed molecular beam epitaxy (MBE) system equipped with a radio-
frequency (RF) plasma source supplied with 6N ultra-high purity ni-
trogen gas (N,) and knudsen-type effusion cells filled with 4N purity
manganese (Mn), 5N purity tin, and 6N purity gallium, with precise
temperature control maintained by Eurotherm 2416 controllers. Real-
time monitoring of surface structural evolution was conducted using a
reflection high-energy electron diffraction (RHEED) system (KSA 400).
In RHEED, the observed diffraction pattern is directly linked to the sur-
face crystallography of the sample, particularly the in-plane periodicity
of lattice points. For hexagonal crystal structures, the RHEED pattern
provides insightful information when the electron beam is aligned
along specific azimuthal directions. Two commonly studied azimuths
are the [1120] (a-axis) and the [1010] (m-axis). These directions corre-
spond to 0° and 30° orientations of the incident electron beam with
respect to the hexagonal high symmetry axis.

Source flux calibration and thickness monitoring were performed
using a quartz crystal microbalance (QCM - Inficon STM-2). The base
pressure in the MBE growth chamber was maintained at 5.8 x 10~°
Torr. Basal (c)-plane sapphire (Al,0;) substrates (MTI Corporation,
10 mm X 10 mm x 0.5 mm, single-side polished) were back-coated
by titanium and then cleaned ex-situ using acetone and isopropanol,
followed by in-situ annealing at 770 °C for ~1 h under active N, plasma
at a chamber pressure of 2.0 x 10~> Torr to nitridate the surface prior
to GaN and Mn;Sn deposition.

A GaN buffer layer was deposited at ~498 °C using a Ga flux of
3.14 x 10'%/cm?/s, establishing a Ga:N flux ratio of ~1:1. Follow-
ing buffer layer growth, the substrate temperature was increased to
~660 °C for the deposition of the main GaN layer, which was grown for
approximately 50 min to achieve a thickness of ~200 nm. To remove
residual surface Ga adatoms prior to Mn;Sn deposition, the substrate
was annealed at ~851 °C for 90 min. The Mn and Sn effusion cell
temperatures were adjusted to achieve fluxes of 2.63 x 10'4/cm?/s and
7.30 x 1013 /cm?/s, respectively, establishing a Mn:Sn atomic flux ratio
of ~3:1. The substrate temperature was then reduced to ~300 °C for
Mn;Sn growth, during which both Mn and Sn shutters were opened
simultaneously for ~70 min, resulting in a film thickness of ~ 200 nm.

Post-growth structural analysis was performed ex-situ using high-
resolution X-ray diffraction (XRD) on a Rigaku MiniFlex II benchtop
XRD system. The resultant spectrum was calibrated from the sapphire
(0001) substrate peak. Peak fitting was performed using pseudo-Voigt
fitting functions in order to extract best peak positions and peak widths.

To obtain chemical composition, Rutherford backscattering spec-
trometry (RBS) was performed on the sample using the 4.5 MV tandem
Van de Graaf accelerator in the Edwards Accelerator Laboratory at Ohio
University. Because of the masses involved in this sample — Ga, Mn, and
Sn — various energies were tried to find one at which the three peaks
could be resolved as separate peaks. This occurred at 5.5 MeV (incident
4He++ particle beam energy) scattered through an angle of 168°. To
avoid channeling, the sample was oriented with its surface normal at
7.5° relative to the incident beam and with the sample rotated on the
sample holder about 20° so that the major planes of the sample were
not in the vertical or horizontal relative to the beam. RBS was also
performed at 2.2 MeV in order to compare to the simulated spectrum
from RUMP [16].
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Atomic force microscopy (AFM) measurements were performed us-
ing a ThermoMicroscopes Autoprobe CP research AFM system under
ambient conditions. The cantilever oscillated near its resonant fre-
quency of 320 kHz and interacted with the sample surface through Van
der Waals forces, with deflections detected via a laser beam reflected
into a photodiode. Variations in the reflected signal were converted into
high-resolution surface topography. Image flattening and quantitative
morphological analyses were performed using the WSxM software [17].

3. Experimental results
3.1. Wurtzite GaN (0001) growth on sapphire (0001)

The lattice mismatch between wurtzite GaN(0001) and basal plane
Al,05 (0001) is well known, as illustrated in Fig. 1(a), clearly showing
the poor lattice matching when the two materials have their crystalline
[1120] axes aligned. Nevertheless, Al,05(0001) (also known as corun-
dum), with lattice constants a = 4.759 A and ¢ = 12.992 A [14,15],
serves as a widely adopted substrate for III-nitride heteroepitaxy owing
to its high thermal stability, chemical inertness, and ready commercial
availability. The basal plane of sapphire presents a hexagonal-like, but
distorted, close-packed arrangement of O sublattice atoms, with 1 x 1
unit cell. Al lattice points are represented in Fig. 1(a) by large red-filled
circles exhibiting 6-fold rotational symmetry about the [0001] axis
(Note: the Al atoms of Al,O; are arranged in a rhombohedral pattern
within the hexagonal framework, resulting in a periodic distortion
which repeats every 6 layers along the c-axis) [18,19]. In fact, due to
the rhombohedral structure, the nearest neighbor oxygen spacing in the
bulk is just ~ 2.748 A, and the hexagonal-like O sublattice (gray-filled
circles) is actually 30°-rotated relative to the sapphire unit cell lattice,
as can be seen by comparing the red-fill circles hexagon with the gray-
filled circles hexagon [20]. Overlaid on the Al,O; (0001) surface lattice
is the c-plane GaN 1 x 1 unit cell lattice (¢ = 3.189 A, ¢ =5.185 A),
shown as smaller solid blue circles and having a (0001)-polar Ga surface
termination with triangular lattice symmetry. In-plane crystallographic
alignment between the Al,0; and GaN lattices is indicated by their
parallel red and blue direction vectors, respectively; for example, in this
alignment, [1120] of Al,O5 || [1120] of GaN. In this case, there would
be a large lattice mismatch of —33% between the GaN and sapphire
lattices. This mismatched alignment, if it occurred, would result in large
interfacial strain and would be energetically unfavorable.

The large mismatch problem can be partially solved if the crystalline
axes of GaN are rotated 30° about the Al,0; [0001] axis as illustrated
in Fig. 1(b). In this case, the [1120] of GaN is now aligned with the
[1010] of Al, 05, and the [1100] of GaN is now aligned with the [1210]
of Al,0; (Note: in the hexagonal Miller-Bravais index system, [1100]
1 [1120] whereas [1010] £30° [1120]). The advantage of doing this
is seen in that the lattice spacing for GaN is now much more closely
matched to the lattice spacing of Al,0;, and this advantage was empha-
sized in early GaN on sapphire growth papers [21]. Numerically, this
works out to equal (5.52 - 4.759)/4.759 = +16.0% lattice mismatch.
Therefore, the mismatch is reduced (in magnitude) by a factor of 2 x ,
from —33.2% to +16.0%, while the strain switches sign from tensile
(negative strain) to compressive (positive strain). That this occurs upon
GaN growth on Al,0; (0001) is clearly seen in the RHEED patterns
shown in Fig. 1(d-g). Here, Fig. 1(d,e) show RHEED patterns for Al,O;
(0001), while Fig. 1(f,g) show RHEED patterns for GaN. We can see
that the (1120) and (1010) crystal vector directions interchange going
from Al,O; to GaN. For example, the streak spacing ratio (1: \/5) for
(1120) relative to (1010) becomes (/3 :1) between Figs. 1(d,e) (Al,05)
and Figs. 1(f,g) (GaN).

It has been well understood that the lattice mismatch problem is
further reduced by nitridation of the Al,0; (0001) substrate surface
prior to GaN growth, for example using a radio frequency (RF) acti-
vated nitrogen plasma source (RF N-plasma). And the advantages of
nitridation for substrate preparation for GaN growth has been well



H. Hall et al.

(a @A Qo (b

@® Ga

[1120]

Journal of Crystal Growth 676 (2026) 128426

@ Al 1stlayer O O 1%t layer (C) @ Alltiayer @ Al2layer

@ Gain GaN layer

@ NonOsite @ GainGaN layer

/

. > T4y . 1120]
8% AIN
[0001]
[1100] [0001] g,y [1T00]
(d ) <1120>A1203 ( 1010) AlHO3
Fig. 1. Modeling GaN growth on sapphire with and without lattice rotation and plasma nitridation: (a) GaN lattice (ag,n(oo = 3.189 A) on sapphire lattice

(aa1,0,0001 = 4759 R), illustrating a lattice mismatch of —33.0%; sapphire and GaN surface unit cells are shown by dashed lines. Only 1st layer Al sites are shown
to indicate the surface unit cell lattice of Al,O;; the O sublattice is 30° misaligned to the Al sublattice as well as with the Ga (of GaN) sublattice overlaid; (b)
GaN(0001) lattice rotated 30° on Al,O; (0001) reduces the lattice mismatch to +16.0% with a AL0;0001) = 4759 A and \/5 Aganooory = 5-524 A; sapphire and GaN
surface unit cells are shown by dashed lines; (c) after rf plasma nitridation of the Al,O; substrate surface, illustrating the formation of an AIN-like surface and
subsequent reduction of lattice mismatch to +2.49% with a1, = 3.111 A; both 1st and 2nd layer Al atom are shown as well as N atoms on O sites; sapphire,
AIN, and GaN surface unit cells are shown by dashed lines; (d,e) RHEED patterns of nitridated Al,O; surface before GaN growth; and (f,g) RHEED patterns along

the same beam directions after GaN growth.

discussed in the literature [22-26]. Heinlein et al. and others have
discussed that plasma pre-conditioning of the sapphire surface results
in the formation of a surface nitride [24]. One of the earliest reports
of Al,O; nitridation was by Kawakami et al. who used NH; gas to
nitridate the surface at 1200 °C prior to AIN growth with flat surface
and good crystallinity [27]. Formation of an AIN-like surface layer can
be accomplished by substituting N atoms for O atoms in the first layer,
and the N atoms bonding with both 1st and 2nd layer Al atoms. This
is shown in Fig. 1(c) where the AIN surface unit cell vectors lie at 30°
with respect to Al,0; and with increased atomic spacing, going from
0-0 distances of ~ 2.75 A to N-N (and Al-Al) distances closer to 3.11 A.

The increased effective lattice constant may be attributed to the
larger atomic radius of nitrogen (56 pm) relative to that of oxygen (48
pm), creating compressive strain within the surface. But it may also
be related to the tetrahedral bonding favored by N atoms versus the
octahedral bonding favored by O atoms. The increased in-plane lattice
spacing is directly observed in the RHEED pattern shown in Fig. 1(d)
by the fact that the streaks are unevenly spaced. This uneven spacing
is an indication that the surface has been nitridated.

It is interesting to note a recent paper by Hiitner et al. who
present atomic resolution images of high-temperature-annealed sap-
phire (0001) by means of atomic-resolution (qPlus force sensor AFM)

studies and combine that with computational modeling (density func-
tional theory with machine learning) [28]. They argue that the high-
temperature-annealed sapphire (0001) surface, which reconstructs
upon annealing in vacuum (to ~ 1000° or higher) to a more en-
ergetically favorable \/ﬁ X \/ﬁ)R + 9° structure, is stabilized by
increasing Al coordination at the surface. They model the surface
layer as being slightly oxygen deficient (as compared to bulk) with
an average surface Al-Al spacing of ~ 3.04 A [28], and surface O-O
neighbors share the same, or in some cases smaller, spacing. However,
the high temperature annealing conditions are quite different compared
to the plasma nitridation used in our study, and with the nitridated
surface we do not observe the complex RHEED pattern seen for the \/ﬁ
X \/ﬁ)R + 9° reconstruction as seen by Smink et al. [29]; instead, our
nitridated Al,O3 (0001) surface has just a 1 x 1 structure.

A careful RHEED pattern analysis for the nitridated Al,O5 surface
and the overgrown GaN surface are shown in Fig. 2. As shown in
Fig. 2(a) and 2(b), the original Al,O; streaks are still visible for both
azimuths. Upon high-temperature (770 °C) annealing plus nitridation
of the sapphire substrate, an epitaxial AIN-like buffer layer is formed, as
evidenced by the emergence of new first-order RHEED streaks marked
with cyan dashed lines Fig. 2(a-b). The Al,O; streaks are indicated by
the red dashed lines and labels, while the AIN-like streaks are indicated
by the cyan dashed lines and labels. The streak spacings are given in
terms of multiples of the reciprocal lattice spacings from fundamental
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30° beam: (1010),, o,

(b)

(d)

Sapphire-like lines — 4.759 A (16.0% mismatch with GaN)
AIN-like lines — 3.044 A, 3.044 A (-4.55% mismatch with GaN)

Fig. 2. RHEED patterns before (a,b) and after (c,d) GaN growth on nitridated Al,O; (0001). (a,b) RHEED shows 1st-order primary streaks corresponding to
original Al,0; (0001) (red dashed lines) lattice but also 1st-order AIN-like streaks (cyan dashed lines) indicating a 30° lattice rotation; (c,d) overgrown GaN RHEED
streaks slightly closer together compared to the AIN streaks. Reciprocal lattice streak spacings given in terms of inverse lattice constants. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

formulas. The Al,0; [1120:1010] streak spacing ratio is 1: \/5, but
the AIN-like streaks spacing ratio is inverted to become \/5: 1. This
inversion of streak spacing, when viewed in the same crystallographic
reference frame of the sapphire, directly indicates a 30° in-plane ro-
tation of the AIN epilayer relative to the sapphire crystalline lattice.
And we conclude that the nitridated surface has an effective (diagonal)
lattice constant close to 5.272 A and that the surface has become AIN-
like with a lattice spacing of 3.044 + 0.028 A, not far from the value
recently reported by Nilsson et al. for homoepitaxial AIN layers grown
by metalorganic chemical vapor deposition at high temperatures, a4,
=3.11131 + 0.00016 A [30].

The result is a nitridated substrate with a lattice mismatch of only
~ —4.55% with respect to the GaN reported lattice constant (3.189 /0\).
GaN growth on the nitridated Al,05 (0001) proceeded under optimized
conditions. The resulting RHEED streaks, marked by the dashed and
labeled streaks in Fig. 2(c,d), are slightly closer together than those
of the nitridated AIN-like lines, indicating coherent epitaxial growth
with the same in-plane rotational alignment and resulting, for the thick
layer of GaN, in a lattice constant ¢ = 3.180 + 0.008 f\, in excellent
agreement with the accepted value (a = 3.189 f\). Collectively, these
results demonstrate the critical role of high-temperature annealing plus
nitridation of the Al,O; substrate surface plus the in-plane 30° lattice
rotation in accommodating lattice mismatch and enabling high-quality
GaN heteroepitaxy.

3.2. Weyl semimetal Mn;Sn epitaxial growth on wurtzite GaN

Fig. 3 presents a comparative lattice analysis illustrating possi-
ble epitaxial alignments between kagome Mn;Sn(0001) and wurtzite
GaN(0001). In the simple triangle-on-triangle configuration seen in Fig.
3(a), the hexagonal Mn;Sn lattice (a = 5.665 A), represented by an array
of large magenta circles, is aligned on top of the wurtzite GaN lattice

(a = 3.189 A), represented by an array of smaller solid blue circles; here,
Mn;Sn [1120] || GaN [1120]. However, this simple alignment would
have an epitaxial lattice mismatch of approximately —11.2%, and if it
was accommodated by elastic strain, there would be large elastic tensile
strain which would be energetically unfavorable.

In exactly the same way that the mismatch is reduced for GaN on
Al,0; (0001) by a 30° lattice rotation, the mismatch between Mn;Sn
(0001) and GaN (0001) is reduced by rotating the Mn;Sn lattice 30°
in-plane, as shown in Fig. 3(b), in which the [1120] direction of Mn;Sn
is now aligned with the [1010] direction of GaN. In this orientation,
Mn atoms (green dots) in the kagome lattice at the ideal interface
are located at bridge sites of the Ga lattice (blue dots) of the last
GaN bilayer. This rotated alignment is shown by the magenta and
blue direction vectors, where the [1120] of Mn;Sn is rotated 30° with
respect to the [1120] of GaN. Given the hexagonal symmetry, this ro-
tation matches the a-spacing of Mn;Sn (5.665 A) with the \/Ea spacing
of GaN (5.524 A), reducing the in-plane lattice mismatch to (5.665-
5.524 A)/5.524 A= +2.63%. This rotational alignment significantly
improves lattice match and is anticipated to reduce interfacial strain
energy.

The diagram shown in Fig. 3(c) illustrates the epitaxial alignment
anticipated for the full heterostructure stack, consisting of Mn;Sn
(0001)/GaN(OOOT)/A1203 (0001). Since the Mn;Sn lattice is rotated
30° to the GaN lattice and the GaN lattice is rotated 30° to the Al,0,
lattice, the Mn;Sn lattice is aligned with the underlying Al,O; lattice.
To show that this definitely occurs during growth, Fig. 4 presents the
evolution of the RHEED streak patterns acquired during the entire
epitaxial growth process for Mn;Sn/c-plane GaN/c-plane Al,0;. The
left and right panels correspond to the sapphire [1120] and [1010]
azimuths, respectively, probed using the 0° and 30° incident electron
beam directions.
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Fig. 3. Growth schematic of Mn;Sn (0001) on c-plane GaN with (a) in-plane axes aligned resulting in —11.2% lattice mismatch with ay;, syo001) = 5-665 A and 2

X aganoor = 2 X 3.189 A = 6.378 A; GaN and Mn,Sn surface unit cells are shown by dashed lines; (b) With in-plane 30° rotation on c-plane GaN, reducing the
lattice mismatch to +2.63%; GaN and Mn;Sn surface unit cells are shown by dashed lines; (¢) combined schematic lattice overlay of c-plane Mn;Sn on GaN on

nitridated sapphire.

RHEED streak images of the nitridated Al,O; substrate shown in
Figs. 4(a,b) display sharp streaks characteristic of a well-ordered sur-
face. As mentioned, the 30° crystalline rotation is already present after
the nitridation, and the GaN growth shown in Figs. 4(c,d) maintains
crystalline alignment with the rotated AIN-like lattice of the nitridated
Al, 05 surface. Just after opening the Mn and Sn shutters, nucleation of
the Mn;Sn lattice occurs, with the RHEED patterns shown in Figs. 4(e,f)
exhibiting emerging streaky + spotty Mn;Sn diffraction streaks indi-
cating a fast transition to Mn;Sn but imperfect epitaxial growth. After
3 min of deposition, the Mn;Sn RHEED signatures (Figs. 4(g,h)) become
even more spotty alongside the disappearance of some fractional spots
seen initially. But the later RHEED patterns, especially those obtained
at the final thickness of ~ 200 nm Mn;Sn, and after cooling down to
room temperature (T;g ~ 19 °C), exhibit well-defined streaky streaks
along both azimuths (Figs. 4(i,j)). Overall, the RHEED streak patterns
demonstrate a transition from an initial 3D growth mode to a 2D epi-
taxial growth mode in the later stages of growth, for Mn;Sn on c-plane
GaN, while maintaining lattice coherence across the 2 heterointerfaces
and with the final epitaxial orientation relationships as follows:

(11201 57,5 | 110101y Il [1120] 4,0,

(10101 yy,, 5 Il (11201, | [1010] 4,0,

[0001] 7, 5 |l [000T]g,n I (00011 4,0,

A comparative RHEED analysis of the final Mn;Sn streak pattern
with the GaN streak pattern at 300K is presented in Fig. 5. The GaN
surface exhibits well-defined RHEED streaks along [1010] (Fig. 5(a) and
[1120] Fig. 5(b)), and the first-order diffraction streaks are delineated

by dark blue dashed lines. (Note the weak 5x reconstruction streaks
just visible in the [1010] streak pattern (Fig. 5(a)); this may correspond
to the Ga-polar 5 x 5 reconstruction as reported by Smith et al. [31];
MBE growth on nitridated Al,O; is expected to give N-polarity, but
Ga-polarity or mixed polarity could be caused by impurities.) The
final Mn;Sn surface exhibits sharp and regularly spaced first-order
diffraction streaks which are marked by dashed magenta lines. It can
be seen that the Mn;Sn lines lie inside the GaN lines (smaller k-value),
corresponding to the a for Mn;Sn being ~ 2.5% larger than V/3a for
GaN (5.524 10\). Using the GaN streak spacings for calibration, the in-
plane lattice parameters of Mn;Sn are measured to be 5.655 A along
[1120] and 5.673 A along [1010]. These numbers differ by only 0.32%,
and their average (5.664 A) differs by only —0.018% from the accepted
Mn;Sn bulk c-plane value (¢ = 5.665 f\) [2,4,9], excellent agreement.
The 0.32% difference between 1120 and 1010, and especially the
—0.018% difference between the average and expected, are well within
our RHEED system precision of ~ 0.43% [32] and can be attributed to
statistical error. Therefore, we cannot detect any in-plane strain.
Another check we can do of the crystalline symmetry of the surface
is to examine the full azimuthal RHEED map. Shown in Fig. 6 is the
azimuthal map of the Mn;Sn surface with full 360° rotational viewing.
It is seen that there are just 2 characteristic patterns - [1120] and
[1010] - which alternate every 30°. The patterns consistently show
streaky streaks all around in every direction. (Note there are 2 blocked
beam directions where we could not get a pattern.) The azimuthal
symmetry is indicative of a Weyl semimetal surface with excellent
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Fig. 4. RHEED patterns captured during epitaxial growth of Mn;Sn (0001) on c-plane GaN on Al,0; (0001): (a,b) nitridated Al,O; substrate; (c,d) GaN after
growth of a thick layer; (e-h) Mn;Sn during the initial stages of growth; (i,j) Mn;Sn after growth of a thick layer and cooling to room temperature.

crystalline orientation. The streaks indicate the surface is very smooth,
in fact atomically smooth, and having the c-plane crystalline structure.

Fig. 7 shows the XRD pattern of the Mn;Sn/GaN/Al,0; (0001)
heterostructure film. Three strong peaks, and a variety of tiny unknown
peaks (u.p.’s), are clearly seen. The four largest peaks, including the
Al,03, GaN, and Mn;Sn peaks plus u.p.4 to the left of the Mn;Sn peak,
were fit with pseudo-Voigt fitting functions in order to extract peak
centroids and peak widths. The spectrum was first calibrated by setting
the Al,0; 0006 peak to be precisely at 41.720°, corresponding to an
interplanar spacing of 2.165 A (¢ = 64 = 12.992 A) in agreement
with best accepted values for Al,0; [14,15]. After this, the GaN 0002
peak is seen at the angle 34.575° corresponding to an interplanar
spacing of 2.594 A (¢ = 5.189 A) which differs by only +0.077% from
the well known accepted value (5.185 10\) [33]. And then the most
prominent peak in the whole spectrum, the Mn;Sn 0002 peak, is seen
at angle 39.810° corresponding to an interplanar spacing of 2.265 A (c
= 4.529 i\). This differs from the expected value (¢ = 4.531 f\) [2,4,9]
by only —0.044%, much less than our estimated peak uncertainty (o)
of 0.57%, and therefore we cannot detect any out-of-plane strain.

The widths of the 3 main XRD peaks are characterized in terms of
their FWHM values which, for Mn;Sn, GaN, and Al,O; , were calcu-
lated from the results of the pseudo-Voigt fitting using the Thompson—
Cox-Hastings formula, resulting in FWHM;,,. 5, = 0.56°, FWHMg,y =

0.54°, and FWHM;,, = 0.47°. We see that the Mn;Sn peak is almost
as sharp as the GaN peak which is only a little less sharp compared to
the Al,O; peak.

Unknown peaks present in the XRD spectrum include: u.p.1) a tiny
peak near 31.1° which might correspond to a strained Mn;Sn 1120
ideally expected at 31.59°; u.p.2) a tiny peak near 35.8° which does
not quite match the position for Mn;Sn 2020 expected at 36.64°; u.p.3)
a tiny peak near 37.5°; and u.p.4) a small and wide peak at 39.02°
which could correspond to a strained Mn,Sn 1120 expected at 40.00°
corresponding to the lattice constant 4.508 A as given in the Mn,Sn
dataset from the Materials Project [34]. Aside from these residual
phase/orientations, the large amplitude of the primary Mn;Sn 0002
peak shows that the film has predominant Mn;Sn (0001) crystallinity.

In fact, if we assume that the peak at 39.02° does correspond to
Mn,Sn, then the peak amplitudes can be used to estimate volume
fractions for Mn;Sn and Mn, Sn. The results from the pseudo-Voigt peak
fitting then give Mn;Sn fraction = 81.5% and Mn,Sn fraction = 18.5%.
These numbers can be compared to the RBS results.

At 5.5 MeV incident beam particle energy, the RBS spectrum was
obtained, as seen in Fig. 8(a), in which the peaks are sufficiently
separated to measure the number of counts in each peak. The numbers
of counts were determined by numerical integration after background
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Fig. 5. RHEED patterns of c-plane GaN and Mn;Sn films along different azimuths. (a,b) RHEED patterns of c-plane GaN before the growth of Mn,Sn; (c,d) RHEED
patterns after the completed growth of Mn;Sn, where it is observed that the crystal lattice vector directions have interchanged. Measured in-plane lattice spacings

are indicated.

subtraction. The results were used to determine the ratio of Mn:Sn
for the film as a whole which works out to 2.85:1 + 4%, with the
error estimate based on \/ﬁ statistics. We can use the volume fractions
estimated from XRD to determine a weighted Mn:Sn ratio using the
following formula:

Mn: Sn=3: Dfpuysn+ Q@ D pnysn €Y

Using the XRD derived fractions (81.5% Mn;Sn and 18.5% Mn,Sn),
we estimate the Mn:Sn overall ratio in the film to be 2.82:1 which
compares very well with the RBS overall ratio 2.85:1.

The ratio of Ga:Sn was determined to be 1.08:1 with an uncer-
tainty of ~ 4%. Using these ratios, the 2.2 MeV incident beam energy
RBS spectrum can be compared to a simulated RBS spectrum using
the RUMP software [16]. Although it is not possible to simulate this
sample in detail, the deviation from the spectrum for an ideal layered
sample structure indicates a 3-dimensional morphology. Combining
the information from the 2.2 and 5.5 MeV spectra, it is possible to
calculate the total Mn, Sn, and GaN contents of the sample, and we
find areal densities of ¢,,, = 9.00 x 10!7 atoms/cm?, 6, = 3.16 x 1017
atoms/cm?, and o5,y = 3.57 x 1017 GaN molecules/cm?, respectively.
Assuming lattice constant values as measured from RHEED and XRD
for the sample, these areal density numbers yield GaN and Mn;Sn layer
thicknesses of 81.1 nm and 198.8 nm, respectively.

Using AFM, we have imaged the Mn;Sn sample surface, and the
images shown in Fig. 9(a,b) reveal a mesa-valley growth morphology.
The individual mesas suggest micro-crystalline growth structures with
highly aligned crystalline orientations. Line sections are plotted in
Fig. 9(c-e) with successively smaller lengths. The line sections in Fig.
9(c,d) show the steep sides of the mesa structures, extending from
presumably the GaN surface to the mesa tops, but also their smooth

tops. The line section in Fig. 9(e) shows the nanometer-scale flatness
of the mesa tops, suggesting that the mesa tops are atomically smooth.
Although overall the film has large rms roughness (44 nm) on account
of the mesa-valley morphology, not only do the micro-crystallites have
typically very flat mesa tops, but also their in-plane shapes reflect the
hexagonal in-plane crystalline structure of Mn;Sn(0001). For example,
one cay see clearly hexagonal side edges with 3 characteristic edge
directions, opposite edges being parallel to each other, as indicated in
Fig. 9(f). This indicates that the mesa structures have highly in-plane
and out-of-plane crystalline alignments.

A zoom-in to one of the flat Mn;Sn (0001) mesa tops was acquired
with UHV-STM showing an atomically smooth surface with atomic
height steps as seen in Fig. 10(a). This image was acquired in constant
tunneling current mode. One sees in the image an atomically flat region
at the top terrace together with atomic steps running from upper left
to lower middle of the image area. As indicated by the line profile
displayed in Fig. 10(b), the heights of the steps are consistent with
monolayers of Mn;Sn of height ¢/2 (2.264 A).

The implications of the observed morphology as revealed by AFM
and in-situ UHV-STM are that while the Mn;Sn (0001) on c-plane w-
GaN grows epitaxially smoothly in the later stages of growth, there
exists at the onset of growth a low density of Mn;Sn (0001) nucleation
sites rather than a uniform nucleation layer, leading to the formation of
the mesa-valley morphology we see. This implies the existence of epi-
taxial columnar growth which is characterized by discrete, well-aligned
crystalline islands, atomically-smooth mesa tops, but deep valleys in-
dicating a lack of island coalescence [35]. In our case, the (0001)
Mn;Sn surface is energetically favorable as evidenced by the atomically
smooth AFM and STM images of the mesa tops suggesting high surface
atom diffusion. To further improve the overall film morphology, we
would need to do further growth studies aimed at inducing a much
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Fig. 6. 360° RHEED azimuth map for Mn;Sn (0001). The patterns exhibit well-defined streaks, indicative of a well-ordered crystalline surface. A clear six-fold
rotational symmetry is observed, consistent with the hexagonal crystal structure of Mn,Sn. The primary crystallographic orientations, [1120] and [1010], are
marked for reference. The 90° and 210° azimuths are blocked by the sample holder clips.
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Fig. 7. X-ray diffraction pattern of Mn;Sn/c-plane GaN/Al,O;. The primary peaks seen are the 0002 for Mn;Sn, the 0002 for GaN, and the 0006 for Al,O;. Other
minor unknown peaks (u.p.’s) are seen and described in the text.
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Fig. 8. (a) RBS data at 5.5 MeV showing the separated peaks for Mn, Ga, and Sn; (b) RBS data at 2.2 MeV together with a RUMP simulation.

higher density of nucleation sites, possibly using a low-temperature
buffer layer method.

4. Conclusions and outlook

It can be concluded that the growth procedures used here result
in epitaxial columnar growth of Weyl semimetal Mn;Sn(0001) thin
films with smooth mesa-top surfaces, showing that wurtzite GaN/Al,O5
(0001) is an ideal substrate for the growth of Mn;Sn (0001). The
measured lattice constants for the Mn;Sn thin film (¢ = 5.664 A and
¢ = 4.529 A are in excellent agreement with expected relaxed values
(—0.018% diff in-plane and —0.044% diff out-of-plane, respectively),
with the differences being smaller than the measurement uncertainties.

Consequently, we cannot determine that any strain exists in these films.
These results are very good and show outstanding promise for both
spintronic applications and fundamental properties studies including
surface investigations of pristine Mn;Sn (0001) surfaces.

The open questions remaining include a) whether or not there is any
causal relationship between the observed epitaxial columnar growth
mode and the strain-free film; (b) what are the detailed atomic models
for the interfaces between Mn;Sn (0001) and c-plane wurtzite GaN;
and c) how to achieve closer to 100% phase purity. As the RBS data
suggests that the sample overall is Mn-poor with respect to an ideal
3:1 stoichiometry, therefore a higher Mn flux during growth could
potentially improve the phase purity. And more work should be done
to clearly determine the effect of wurtzite GaN lattice polarity on the
growth of Mn;Sn (0001) layers.



H. Hall et al.

Journal of Crystal Growth 676 (2026) 128426

X2

L J

/‘\m
1 15 2 2 335 4

053 : 5 3
x [um] (f)
,N120°
N -
1
1
~
B g
SR, 1
1
1 1 L 1 i IX6 l’ b
0 100 200 300 400 500 600 e

X [nm]

Fig. 9. (a) AFM images acquired ex-situ after growth and removing from the MBE chamber. (a) 10 pm size image; (b) 4 pm size image, zooming in on mesa-valley
topography; (c) line profile (green) from x1 to x2, corresponding to profile line (green) shown from image in (a); (d) line profile (blue) from x3 to x4, corresponding
to profile line (blue) from image in (b); (e) line profile (red) from x5 to x6, corresponding to profile line (red) from image in (b); (f) zoom-in view of one mesa
top, revealing the 120°-angled side edges of the hexagonal growth structure. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 10. (a) In-situ UHV-STM image of Mn;Sn/GaN/Al,O; showing atomically smooth terraces and atomic layer height steps. The cross-section line profile A-B

at the gray line is displayed in (b); model atoms are not to scale.
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