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ABSTRACT

MnSb is a metallic ferromagnet with a high Curie temperature (~587 K) and strong spin-orbit coupling, making it attractive for room-
temperature spintronic and magnetic sensing applications. We report heteroepitaxial growth of MnSb on GaAs (111) by molecular beam
epitaxy, yielding locally epitaxial, strain-relaxed island structures with multiple dominant crystallographic orientations. Structural analy-
sis reveals the coexistence of basal-plane- and pyramidal-plane-oriented domains, enabling investigation of magneto-crystalline anisotropy
in an orientationally inhomogeneous ferromagnetic system. Room-temperature magnetic characterization using magnetic force micro-
scopy, scanning nitrogen-vacancy center magnetometry, and angle-dependent ferromagnetic resonance demonstrates a strongly anisotropic,
orientation-dependent magnetic response across multiple length scales. Correlating these magnetic responses with crystal structure and local
stray fields reveals the role of structural inhomogeneity in governing magnetic anisotropy and spin dynamics in MnSb thin film. These results
establish MnSb thin films as a promising platform for vector magnetic-field sensing and orientation-encoded spintronic device concepts.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0325583

INTRODUCTION

Binary Mn-pnictides constitute an important class of mate-
rials owing to their intriguing magnetic properties. Compared to
other Mn pnictides, MnX (X = P, As, Sb, and Bi), which often
exhibit multiple complex magnetic phases, MnSb undergoes a single
second-order ferromagnetic to paramagnetic transition at ~572 K,
which is characterized by a continuous vanishing of the spontaneous
magnetization at the Curie temperature (Tc)."” At room tempera-
ture, the easy direction of magnetization in MnSb lies in the c-plane,

while at 520 K, the easy direction moves along the c-axis.” MnSb
exhibits strong magnetocrystalline anisotropy (MCA), as evidenced
by ferromagnetic resonance (FMR) measurements showing a first-
order anisotropy constant of K; = —12.99 x 10* ] m~> at 300 K,
with a sign reversal above about ~520 K, indicating a temperature-
driven spin-reorientation transition.” Multilayer MnSb shows a
much stronger planar Hall response, increasing from about 2.5% in
single-layer films to about 41% in multilayer structures.*

The epitaxial growth of ferromagnetic materials on semicon-
ductor substrates is of considerable scientific and technological
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interest, as it offers a pathway for tailoring material properties that
are essential for next-generation electronic and spintronic devices.””
Among such materials, MnSb is especially promising because it can
be grown epitaxially on technologically relevant III-V semiconduc-
tor platforms, particularly GaAs and InGaAs, enabling direct inte-
gration into hybrid ferromagnet/semiconductor heterostructures.”
MnSb/GaAs(111)B film exhibits a nearly abrupt interface with Ga
surface segregation and a Schottky barrier height of about 0.93 eV.”
The saturation magnetization of MnSb typically ranges from 85
to 110 emu/g, corresponding to ~590-760 kA/m when converted
using the bulk density of MnSb, and its magneto-optical effects
make it a prime candidate for use in magnetooptical devices.”"’
MnSb has already been used in a GaAs-based spin light-emitting-
diodes (spin-LEDs), where side-emitted electroluminescence exhib-
ited 2.1% circular polarization at 30 K without an auxiliary exter-
nal magnetic field.!! Furthermore, MnSb has been identified as a
promising material for spintronic devices, including hole spin injec-
tors, magnetic tunnel junctions (MTJs), and nanoscale quantum dot
structures.”

Previous reports of MnSb epitaxial growth on various sub-
strates have revealed diverse growth modes governed by sub-
strate choice and growth parameters.”'”'” However, the anisotropic
magnetic response of epitaxially grown, structurally inhomoge-
neous MnSb remains largely unexplored. Such inhomogeneity
can be beneficial by enabling spatially tunable magnetic prop-
erties and anisotropies that are useful for spintronic and mag-
netic sensing applications. Epitaxial growth modes are governed
by the interplay of substrate, film, and interfacial energetics.!
When the combined film and interface energy exceeds that of the
substrate, three-dimensional island growth occurs, corresponding
to the Volmer-Weber mode. In contrast, layer-by-layer growth
(Frank-van der Merwe mode) is favored when this balance is
reversed.'’

Growth temperature introduces kinetic effects that strongly
influence morphology. At lower growth temperatures, limited
adatom mobility constrains surface diffusion, promoting epitaxial
growth that closely follows the substrate structure. At higher temper-
atures, enhanced surface diffusion allows atoms to rearrange locally,
leading to the formation of smooth, flat-topped islands that grow
in a layer-by-layer fashion within each island. This temperature-
dependent behavior explains how direct island formation can occur
while preserving an ordered, layered internal structure within the
islands themselves."*

In this study, we demonstrate heteroepitaxial growth of MnSb
(0001) on GaAs (111), in which the MnSb islands are locally epi-
taxial and exhibit well-defined orientation relative to the substrate.
However, the film remains globally discontinuous on the microm-
eter scale. GaAs (111) provides both an epitaxial template and a
device-relevant platform for studying orientation-dependent mag-
netic behavior. Scanning electron microscopy and atomic force
microscopy reveal the characteristic morphology of a MnSb thin
film grown in a Stranski-Krastanov growth mode.'”'* X-ray diffrac-
tion and transmission electron microscopy measurements show that
the resulting local epitaxy gives rise to island-growth exhibiting
two dominant crystallographic orientations: basal-plane-oriented
MnSb (0001) regions and pyramidal-plane-oriented regions asso-
ciated with the {IOTI} family of planes. Energy-dispersive x-ray
spectroscopy (EDS) confirms that these islands are phase-pure
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MnSb. This unique combination of dominant crystallography set the
stage for probing of MnSb’s strong (NIOOk#) magneto-crystalline

anisotropy (MCA) for potential device applications.'””’ MCA is
an inherent property of magnetic materials driven by spin-orbit
coupling effects, and it can exist even in perfect single crystals.”’
However, the effective magnetic anisotropy observed in real thin
films is influenced by additional factors such as strain, shape effects
(demagnetization),”” surface or interface anisotropy, and defects,
which can significantly change both the strength and the preferred
direction of magnetization.”

We investigated our unique MBE-grown, multi-oriented MnSb
crystals using a comprehensive suite of magnetic characterizations
spanning the micro- to atomic scales. Magnetic force microscopy
(MFM) was employed to visualize the magnetic texture, scan-
ning nitrogen-vacancy (NV) center magnetometry was used to
map local stray-field distributions, and angle-resolved ferromag-
netic resonance (FMR) spectroscopy was performed to probe the
MCA.”" These combined characterizations enabled us to establish
a correlation between the crystallographic structure and the asso-
ciated magnetic response observed in FMR measurements, thereby
allowing qualitative analysis of the resonance components through
Dysonian line-shape fitting. Overall, this study establishes the phys-
ical basis for new device concepts, including magnetic tagging for
identification, magnetic gyroscopes, and other spin-based sensing
technologies.

RESULTS AND DISCUSSION

The epitaxial growth of MnSb on GaAs (111) is facilitated by a
favorable symmetry matching between the hexagonal MnSb (0001)

basal plane and the GaAs (111) surface (“C—\/%S =3.997 A), despite an

in-plane lattice mismatch of approximately ~3%. In addition, GaAs
(111) substrate is a thermally robust and technologically mature
MI-V platform for MBE growth. Prior MnSb/GaAs studies further
show that the interface chemistry actively influences growth where
Ga surface segregation can act as a surfactant, lowering surface
energy and promoting epitaxial growth.”*” Moreover, GaAs (111) is
attractive for spin-related heterostructures because of its relevance to
electro-optical devices with strong built-in electric fields and III-V
device integration.”®

MnSb film growth on GaAs (111) substrate was performed in
an ultrahigh-vacuum MBE chamber with a base pressure in the low
107" mbar range. During the growth, chamber pressure increased
to ~3 x 107 mbar range at a substrate temperature of 480°C
for 30 min under Sb-rich conditions, with an Sb to Mn flux ratio
(]%‘;) of ~4:1. At 480 °C, the enhanced surface mobility of adatoms
promotes three-dimensional island nucleation while simultaneously
enabling layer-by-layer growth within individual islands, resulting
in flat-topped morphologies with well-ordered internal structure
[Fig. 1(a)]. Atomic force microscopy and SEM reveal lateral island
dimensions ranging from ~0.1 to 1 ym and heights of ~40-100 nm
(see supplementary material, Fig. S1). The resulting height distribu-
tion indicates the presence of multiple island populations formed
at different growth stages, with continued surface diffusion dur-
ing deposition leading to preferential growth of larger islands, as
shown in Fig. 1(b). This growth behavior is characteristic of the
Stranski-Krastanov growth mode, as evidenced by the formation
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FIG. 1. Surface morphology and chemical composition of MBE-grown MnSb films grown on GaAs substrates, deposited with an Sb/Mn flux ratio of 4:1 at a growth temperature
of ~480 °C. (a) Scanning electron microscopy image showing the overall surface morphology with clear three-dimensional island formation. (b) Corresponding zoom-in view.
[(c)~(m)] Cross-sectional STEM images and the associated EDS elemental maps. The color intensity indicates elemental concentration, with black color signifying the
absence of the element. (c) Cross-sectional view from a FIB-prepared lamella, revealing three-dimensional islands of various sizes and shapes. Two representative areas
(yellow and green boxes) are examined in detail. [(d)—(h)] EDS maps from a well-formed crystalline region, confirming stoichiometric MnSb with uniform Mn:Sb composition.
[()—(m)] EDS maps from another area showing Sh-deficient growth in the central part of the crystal, indicating compositional inhomogeneity within the islands.

of discrete micrometer-scale islands rather than a continuous
film. In this islanded growth regime, we use the term “locally
epitaxial” to denote epitaxial registry maintained within individ-
ual MnSb islands, whose lateral dimensions are ~0.1-1 ym and
heights are ~40-100 nm, rather than continuous single-domain
epitaxy across the full substrate. Cross-sectional STEM imaging
[Fig. 1(c)], together with EDS mapping, reveals structural and chem-
ical nature of the MnSb islands, including crystallographic order-
ing and local composition. Well-formed regions [Figs. 1(d)-1(h)]
exhibit uniform Mn:Sb stoichiometry consistent with crystalline
MnSb, whereas other areas [Figs. 1(i)-1(m)] provide evidence of
Sb deficiency in the island cores. This compositional inhomogene-
ity seen in Figs. 1(i)-1(m) likely arises from kinetically limited Sb
incorporation during island growth, where local variations in flux
capture, diffusion length, and shadowing effects lead to nonuniform
stoichiometry within the individual islands. Together, these results
highlight that even under Sb-rich growth conditions, MnSb island
growth can produce local compositional variations. It should be
noted that in the Sb-deficient region shown in Figs. 1(i)-1(m), Ga
is detected without corresponding As, as shown in Fig. 1(j). Because
the TEM lamella was prepared by utilizing Ga-ion FIB milling tech-
nique, this signal is likely influenced by Ga incorporation during
sample preparation and, therefore, should not be directly inter-
preted as exposed GaAs substrate. Furthermore, the phase purity
of the MnSb layer is supported by a combination of composition
(see supplementary material, Fig. S3 and Table S1) and structural

analyses (Fig. 2). STEM-EDS map-sum spectra consistently detect
only Mn and Sb as the metallic constituents of the film, with no evi-
dence of additional elements or secondary metallic impurities within
the sensitivity of the measurements.

Although the EDS signal is dominated by the GaAs substrate
due to the thin, islanded nature of the MnSb layer, the repro-
ducibility of Mn and Sb concentrations across multiple mapped
regions indicates overall chemically homogeneous incorporation.
Complementary x-ray diffraction (XRD) measurements show no
additional diffraction peaks beyond those corresponding to MnSb
and the GaAs substrate, ruling out the presence of secondary
Mn-Sb phases or elemental Mn or Sb within the detection limit
of XRD [Fig. 2(b)]. Furthermore, high-resolution transmission elec-
tron microscopy reveals lattice fringes and crystallographic spacings
that are in quantitative agreement with the reported lattice para-
meters of hexagonal MnSb, providing direct, local confirmation of
the MnSb crystal structure. Taken together, these compositional and
structural results provide strong evidence that the film is phase-
pure MnSb with minor compositional inhomogeneity, as shown in
Figs. 1(i)-1(m).

MnSb crystallizes in the hexagonal NiAs-type structure [space
group P63/mmc, No. 194; Fig. 2(a)]. The unit cell contains two Mn
atoms occupying the 2a Wyckoff positions at (0, 0, 0) and (0, 0,
1/2) and two Sb atoms occupying the 2¢ positions at (1/3, 2/3, 1/4)
and (2/3, 1/3, 3/4). Mn atoms are octahedrally coordinated by Sb
atoms with a trigonal distortion, while Sb atoms are coordinated by
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FIG. 2. Crystallographic analysis of MnSb growth on GaAs (111) substrate: (a) Crystal structure of hexagonal NiAs-type MnSb (space group P63/mmc). (b) X-ray diffraction
pattern of MnSb/GaAs (111) measured with Cu Ka radiation (A = 1.5406 A), confirming phase-pure hexagonal MnSb in agreement with the ICDD reference (PDF 03-065-
9374). The diffraction pattern is dominated by pyramidal {10?1} and basal (0002)/(0004) reflections, with additional weaker prismatic (10?0) and ( 11§0) peaks. The sharp
reflections from the GaAs (111) and GaAs (222) substrates are also observed. (c) Cross-sectional HRTEM image of the MnSb/GaAs (111) interface showing coherent epitaxial
registry; The insets display magnified atomistic views with corresponding structural models. (d) Atomic-resolution TEM image of MnSb viewed along the [1210] zone axis,

revealing defect-free lattice ordering within a locally epitaxial island; (e) the corresponding indexed SAED pattern confirms the crystallographic orientation and phase purity.
The extracted MnSb lattice parameters are a = 4.112 A and ¢ = 5.747 A, consistent with the hexagonal structure.

Mn atoms in a trigonal prismatic geometry.”” XRD measurements
using Cu Ka radiation (A = 1.5406 A) confirm that MnSb films adopt
this hexagonal NiAs-type structure, in agreement with the ICDD
reference pattern (PDF 03-065-9374) [Fig. 2(b)].

As shown in Fig. 2(b), the XRD 6-20 curve of the MnSb/GaAs
(111) heteroepitaxial film is dominated by reflections from the
pyramidal and basal plane families, indicating their primary con-
tribution to the crystallographic texture of the MnSb film. Strong
pyramidal-plane reflections are observed from the (1011) reflec-
tion at 20 ~ 29.59° and the (2052) reflection at 20 ~ 61.41°, while
the basal-plane reflection (0002) appears at 20 ~ 31.1°, together
with its higher-order reflection (0004) at 26 ~ 64.41°. In addition,
weaker reflections associated with prismatic planes, including the
(1010) at 26 ~ 25.38°, (1122) at 260 ~ 54.3° and the (1120) at 26 ~
44.56°, are also detected. Sharp substrate reflections corresponding
to GaAs (111) and GaAs (222) appear at ~27.3° and 56.3°, respec-
tively. The presence of strong pyramidal- and basal-plane reflec-
tions, together with the absence of significant secondary reflections
from prismatic planes, indicates that the MnSb film exhibits only
two dominant crystallographic orientations throughout the sample.
No additional diffraction peaks associated with secondary Mn-Sb

phases or elemental Mn or Sb were detected within the experimen-
tal sensitivity, confirming the phase purity of the MnSb layer. A
similar growth-temperature-dependent trend was reported by Tat-
suoka ef al.,'* where elevated growth temperatures promoted island-
structured MnSb growth. In our films, the coexistence of basal-plane
and pyramidal-plane domains is, therefore, consistent with a high-
temperature growth regime that favors strain-relaxed island growth
and yields orientationally inhomogeneous MnSb crystals.

Figure 2(c) presents a cross-sectional HRTEM image of
the MnSb/GaAs (111) interface, demonstrating coherent epitaxial
growth of MnSb on the GaAs (111) substrate. The inset images
provide magnified atomistic views of the interface, accompanied by
schematic cartoons identifying the corresponding atomic species,
highlighting the local atomic registry across the heterointerface.
Figure 2(d) shows an atomic-resolution TEM image of a MnSb
crystalline plane viewed along the [1510] zone axis, revealing defect-
free lattice ordering within a locally epitaxial MnSb island. This
observation confirms well-ordered local crystallinity within individ-
ual MnSb islands, despite the overall islanded growth morphology.
The corresponding selected-area electron diffraction (SAED) pat-
tern is indexed, further validating the crystallographic orientation

APL Electron. Devices 2, 036107 (2026); doi: 10.1063/5.0325583
© Author(s) 2026

2,036107-4

0€ 8% :€T 9202 AInr 8T


https://pubs.aip.org/aip/aed

APL Electronic Devices ARTICLE

and phase purity. From the diffraction analysis, the MnSb lattice
parameters are determined to be a = 4.112 A and ¢ = 5.747 A,
consistent with the hexagonal crystal structure of MnSb [Fig. 2(a)].

Figures 3(a) and 3(c) show the topography of the as-grown
MnSb films on the GaAs substrate, measured using atomic force
microscopy (AFM). The surface reveals the presence of micro-
scale islands distributed across the film. These micro-islands have
typical lateral dimensions ranging from ~0.1 to ~1 ym and vary-
ing heights (~40-~100 nm), as determined from height profile
histogram analysis [see supplementary material, Figs. S1(a)-S1(c)].

Magnetic force microscopy (MFM) measurements were per-
formed to explore the nanoscale magnetic texture of the films.
MFM measurements are often influenced by nonmagnetic inter-
actions, including electrostatic forces arising from capacitive cou-
pling between the tip and the sample”*”* as well as van der Waals
interactions at small lift heights. These contributions can lead to
significant crosstalk between the surface topography and the mea-
sured magnetic signal, complicating quantitative interpretation.”
We compensated for electrostatic interactions due to the contact
potential difference (CPD) by applying an appropriate tip—sample
bias,”"" while van der Waals interactions were minimized by using
an optimal lift height in MEM measurements.”*’* The optimization

a. AFM height profile b. MFM Phase

(.
123 nm (R

e. NV-Experimental Setup  f. Height Profile

~rr

readout

RF
antenna

. AFM Height Profile

9.3 deg NN

pubs.aip.org/aip/aed

details for suppressing nonmagnetic contributions are provided in
supplementary material, Fig. S2.

Using optimal tip-sample bias and lift height, MFM measure-
ments were acquired in both attractive [Fig. 3(b)] and repulsive
[Fig. 3(d)] modes. Figure 3(b) shows a complex, irregular magnetic
texture, with the MFM phase varying from 0° to 9.3°, where the
spatial pattern differs from the topography in Fig. 3(a). This phase
contrast results from grain-dependent stray fields, with island size
and shape influencing the observed magnetic textures. The magnetic
contrast was further examined by reversing the tip magnetization
[Fig. 3(d)]. The phase shift again ranges from 0° to about 9.4°, align-
ing with the contrast in Fig. 3(b) [Figs. 3(b) and 3(d) were taken from
different scan areas because the exact sample position could not be
reidentified after reversing the tip magnetization].

In some cases, spatial variation in magnetic properties can
result from insufficient Sb incorporation during MBE growth, lead-
ing to regions with locally varying Mn: Sb stoichiometry that exhibit
distinct magnetic behaviors, as confirmed by cross-sectional TEM
and EDS analyses shown in Figs. 1(i)-1(m). However, these spa-
tially varying MFM phase gradients and domain formation can
also be attributed to effective magnetic anisotropy arising from
shape-dependent demagnetization effects from the micro-islands.*

d. MFM Phase

g. Total B Field

(o))
B (mT)

FIG. 3. Nanoscale mapping of magnetization in our MnSb films. Panels (a) and (c) are the AFM topography of the film, while (b) and (d) are the corresponding MFM phase
images acquired with optimized tip-sample bias and lift height, measured in the attractive and repulsive modes, respectively. Complex magnetic texture with phase contrast
ranging from 0° to 9.3° observed in (b), which is distinct from the topography in (a). The phase gradients reflect grain-dependent stray fields influenced by island size and
shape. MFM phase image obtained after reversing the tip magnetization (d), exhibiting a similar phase range (~0°-9.4°). Panels (b) and (d) were acquired from different
scan areas due to drift in position after tip reversal. Spatial variations in magnetic contrast either arise from local Mn:Sb stoichiometry variations or from shape-induced
magnetic anisotropy of the micro-islands. [(e)-(g)] Quantitative nanoscale magnetic imaging of MnSb using NV-center magnetometry. Schematic of the NV scanning probe
setup for non-perturbative magnetic field sensing (e). AFM topography of the MnSb film showing granular surface morphology (f). NV-based stray field map measured using
scanning NV magnetometry, which reveals nanoscale magnetic ordering and spatial fluctuations in the MnSb thin film (g).
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We further investigated the MnSb film with scanning nitrogen-
vacancy center magnetometry [SNVM, Figs. 3(e)-3(g)] to quanti-
tatively measure the stray fields in the sample non-perturbatively.
Using SNV, at a total NV-sample separation of 204 nm and bias
field of 4.35 mT out-of-plane, we find large (up to nearly 10 mT)
stray fields across the grainy sample surface, suggesting a domain
structure determined predominately by sample geometry. Unlike
with scanning NV measurements on more ordered systems, such
as relatively flat, single crystal films characterized via bulk measure-
ments, the magnetization reconstruction problem is ill defined here
because of the disorder in the material and our inability to suffi-
ciently constrain the magnetization direction.’” Instead, we estimate
saturation magnetization using micromagnetics. We model a 1 by
1 ym, 40-100 nm thick film with 150 nm grains. For these oth-
erwise uniform-thickness films, we find comparable stray fields to
our experimental results at 100 kA m™ for the ~100 nm thick film
and 500 kA m™" for the ~40 nm thick film. The value obtained
for the thinner film is close to the saturation magnetization of
elemental Ni (~485 kA m™!) and remains within the same order
of magnitude as reported MnSb saturation magnetization values
(~590-760 kA m™"). """

As discussed in Fig. 2, our sample exhibits a unique combina-
tion of dominant pyramidal (1011) and basal-plane (0001) orien-
tations, creating a platform for a unique combination of magneto-
crystalline anisotropy. To probe this anisotropy and evaluate the
potential of MnSb for sensing both the orientation and magnitude of
magnetic fields, we perform angle-dependent FMR measurements,
which probe the magnetization of a ferromagnet via microwave
absorption in a magnetic field, providing insight into magnetic

ARTICLE pubs.aip.org/aip/aed

anisotropy and spin dynamics. Energy absorption in FMR is driven
by the Zeeman splitting (h v = gugB) in the external field,”> where g
is the effective g-factor, yp is the Bohr magneton, and B is the effec-
tive magnetic field, which is the sum of the external magnetic field
(Hext) and magnetization (M) of the sample. The Zeeman energy,
therefore, depends on the external field, magnetic anisotropy, the
spontaneous magnetic field, and the effective g-factor.’” Figure 4(a)
shows a schematic of the FMR instrument where the sample placed
in the cavity can be rotated such that the incident angle of Hext
(horizontal in this schematic) can be tuned between 0° and 90°.
We performed measurements at three specific angles and recorded
the first derivative of the microwave absorption with respect to the
applied magnetic field (dP/dH). The corresponding FMR spectra
are shown in Figs. 4(e)-4(g) for the Hy, Hyse, and H, configura-
tions, respectively, representing two limiting field geometries and
an intermediate orientation for tracking the angular evolution of
the resonance response. In these measurements, a strong angular
dependence of the resonance field is observed, arising from magnetic
anisotropy that leads to an anisotropic effective g-factor. While two
partially overlapping resonances are observed at H| and H, orienta-
tions, only a single resonance is observed at Hyse. This observation
can be explained by Figs. 4(b)-4(d), which shows how the distinct
orientations (0001) and (1011) of MnSb islands are exposed to the
external magnetic field (H) for different angular orientations. For
example, under the Hyso configuration, the applied magnetic field
has a similar crystallographic orientation with respect to both the
MnSb (0001) basal-plane and the (IOTI) pyramidal-plane domains,
as illustrated in Fig. 4(c). Consequently, the field projects similarly
onto the magneto-crystalline anisotropy axes of both domain types,
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FIG. 4. (a) Schematic of the angular-dependent FMR measurement setup, showing the MnSb sample mounted inside the microwave cavity and rotated relative to the applied
external magnetic field H. [(b)-(d)] Schematic illustrations of the relative orientation of the MnSb basal-plane (0001) and pyramidal-plane (10?1) domains with respect to

the applied magnetic field for the H, Hys., and H, configurations, respectively. [(e)—(g)] Normalized first-derivative FMR spectra (dP/dH) measured for the corresponding
field orientations. A strong angular dependence of the resonance field is evident, reflecting pronounced magneto-crystalline anisotropy and an anisotropic g-factor. The Hj
and H, configurations exhibit dual resonance features arising from contributions of the two dominant crystallographic orientations, whereas the Hyse configuration shows a
single dominant resonance due to similar projections of the field onto the magneto-crystalline anisotropy axes of both domains. In panels [(e)-(g)], black symbols present
the experimental data, solid red lines denote first-derivative Dysonian fits, and blue and green dashed lines correspond to the individual constituent resonance components.
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resulting in a single resonance feature. In contrast, for the H and
H, configurations, the applied field probes distinct anisotropy axes
associated with the two crystallographic orientations, leading to the
appearance of dual resonance features. Furthermore, a closer inspec-
tion of the XRD data in Fig. 2(b) reveals that the pyramidal-plane
reflections are significantly more intense than the basal-plane reflec-
tions, indicating a dominant pyramidal-plane contribution. The
microwaves interact with two distinct g-factors of respective planes,
producing asymmetric composite magnetic responses consistent
with the H, [Fig. 4(g)] and H) [Fig. 4(e)] field configurations. Since
XRD and TEM identify basal-plane and pyramidal-plane MnSb as
the dominant crystallographic populations, any additional orienta-
tions, if present, are expected to be minor and do not appear as
distinct resonance contributions.

To analyze the dual resonance peaks, the experimental spec-
tra are fitted with a Dysonian line shape (red solid lines) rather
than a standard Lorentzian function to account for the observed
peak asymmetry. Fitting the FMR response with a Dysonian func-
tion allows extraction of the resonance field and linewidth, as well as
insights into charge transport and spin-relaxation processes in the
material,”

dP/dH = “(%) +9b—3b (HAH;H)z

[+ ()|

where H, Hyes, and AH,.; denote the applied field, resonance field,
and linewidth, and a and b are the absorption and dispersion ampli-
tudes. The resonant fields, linewidths, and a/b ratios for the peaks
observed at the different orientations are presented in Table S2. The
extracted a/b ratios range from —3.5 to 13, consistent with Dysonian
behavior, confirming the conductive nature of the MnSb films.”*

Notably, there is a difference of ~500 mT between the major
peaks in H); and H, configurations, due to magnetic anisotropies,
such as shape and MCA. Being a moderate SOC system, MnSb
also has significant MCA.” Due to the limited experimental angles
(0°, 45°, 90°) and a single microwave spectrum with magnetic
field sweeps, the magnitude of the anisotropic field could not be
quantifiably estimated; however, this angle dependency qualitatively
shows the wide range of differences in H, and Hj resonances.
This observed difference of magnetic field resonances (~500 mT)
in MnSb thin film is significantly higher than isotropic materials,
such as NiFe, and is of a similar order of magnitude as high SOC
materials, such as Fe/FePt thin films.”””**" Moreover, experiments
performed (and repeated) over a period exceeding 1 year showed
little to no degradation in magnetic fields. Hence, our FMR measure-
ments demonstrate that heteroepitaxially grown, phase-pure MnSb
thin films are highly promising for ambient magnetic-sensing appli-
cations with sensitivity to external magnetic-field magnitude and
direction.

The unique resonant behavior arising from the multiple crys-
tallographic orientations of MnSb, together with its strong angular
dependence, provides a valuable platform for exploring functional
applications beyond homogeneous epitaxial growth. The variation
of ~500 mT in the resonant field over 90° (on average) makes it
a highly sensitive, low-cost, open-air detector of angular variations
in magnetic fields (sensitivity ~5 mT/deg). Conversely, under fixed,

>
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small external fields, this system can be used as a highly sensi-
tive angular-orientation detector with a sensitivity of ~0.2 deg/mT.
These heteroepitaxially grown MnSb films are, thus, attractive for
measuring vector magnetic fields and for precision angle detection,
particularly given their high air stability. Such multimodal sensors
for surface orientation and magnetic field direction are impor-
tant for diverse applications, including MRI, geospatial navigation,
and vector Gaussmeters. Moreover, the nonuniform variation in
the FMR spectra of our MnSb films, likely arising from inhomo-
geneities in the relative populations of pyramidal- and basal-plane
crystallographic orientations, is distinct for each film grown and
provides an additional attractive feature for smart physical tagging
applications.

Conclusion

We demonstrate heteroepitaxial growth of MnSb on GaAs
(111) via MBE, yielding locally epitaxial MnSb islands. Structural
characterizations using XRD, TEM, and EDS spectroscopy confirm
phase-pure MnSb with two dominant crystallographic orientations:
basal-plane-oriented MnSb (0001) and pyramidal-plane-oriented
(1011) domains, among others. This structural heterogeneity leads
to a unique combination of magneto-crystalline anisotropy axes
within a single film. Room-temperature magnetic characteriza-
tion using magnetic force microscopy, scanning nitrogen-vacancy
center magnetometry, and angular-dependent ferromagnetic res-
onance reveals a strongly anisotropic and orientation-dependent
magnetic response across multiple length scales. MFM visualizes
geometry-dependent magnetic domain structures, NV magnetom-
etry detects large local stray fields approaching 10 mT, and angular-
dependent FMR exhibits pronounced anisotropy, including single
or dual resonance features arising from the distinct crystallographic
domains. The Dysonian analysis of the FMR spectra further pro-
vides insight into the metallic nature and spin-relaxation processes
in MnSb. Together, these results establish a multimodal experi-
mental framework that directly correlates crystal orientation, local
magnetic stray fields, and resonance behavior in MnSb films. The
robust and anisotropic magnetic response observed at room tem-
perature highlights MnSb as a promising material platform for
vector magnetic-field sensing and orientation-encoded magnetic
devices.

EXPERIMENTAL METHODS
Growth

MnSb thin films were grown by molecular beam epitaxy in
an ultrahigh-vacuum system (model Lab 10, part of the Materials
Innovation Platform (MIP) manufactured by Scienta Omicron for
the Experiential Quantum Advancement Laboratories (EQUAL) at
Northeastern University’s Burlington Campus) operated at a base
pressure in the low 107'° mbar range. GaAs (111) substrates were
degassed in situ at ~200 °C for several hours, followed by a con-
trolled ramp rate of 5°C min™' and thermal desorption at 600 °C
for 1 h to remove the native oxide layer. MnSb deposition was per-
formed via heteroepitaxial growth of MnSb (0001) on GaAs (111)
under Sb-rich conditions. The substrate temperature during growth
was controlled using a manipulator thermocouple set to 420 °C,
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while an optical pyrometer indicated an effective surface tempera-
ture of ~480 °C during deposition. High-purity elemental Mn (5N)
and Sb (6N) were supplied from independent low-temperature
effusion cells (MBE-Komponenten), operated at ~830 and 400 °C,
respectively. The Sb shutter was opened before Mn exposure and
kept open throughout the growth. The effective MnSb deposition
time, based on the Mn shutter-open interval, was 20 min, and
the chamber pressure during growth was ~3 x 10™® mbar. X-ray
diffraction (XRD) characterization was performed using a Bruker
SmartLab instrument at the MIT nanofacility.

Magnetic force microscopy (MFM)

The magnetic domain structure of MnSb was investigated
using a Park Systems NX10 scanning probe microscope operated
in non-contact mode with a two-pass MFM technique, located at
Northeastern University’s Burlington Campus. In the first pass, sur-
face topography was acquired through short-range van der Waals
interactions that dominate at close tip—sample separations. In the
second pass, the oscillating probe retraced the recorded topography
at a fixed lift height (z-offset) to probe long-range magnetic inter-
actions while minimizing topographic crosstalk on the as-grown
MnSb/GaAs sample. A lift height in the range of 50-60 nm was
found to be optimal, consistent with values reported for similar
ferromagnetic systems.”” This dual-pass approach enables simulta-
neous acquisition of topographic and MFM phase images over the
same scan area. During the second pass, the phase shift of the oscil-
lating cantilever was recorded, with the phase signal reflecting the
magnetic force gradient between the tip and the magnetic domains
of the sample. A commercially available magnetic cantilever (PPP-
MFMR), coated on the backside with Al and on the tip with a
hard magnetic coating, was used. The cantilever has a nominal tip
radius of <50 nm, a tip length of 10-15 ym, a resonance frequency
of ~75 kHz, and a spring constant of ~2.8 N/m. Before measure-
ments, the tips were magnetized with perpendicular orientation to
the sample surface. AFM and MFM data processing and analysis
were performed using the Gwyddion software package.

Nitrogen-vacancy (NV)

Scanning nitrogen-vacancy magnetometry (SNVM) measure-
ments were performed using a commercial system (Qnami Pro-
teusQ) with a [110] diamond tip that contains a nitrogen-vacancy
(NV) center 10-20 nm from the apex of a parabolic tip (Quantilever
MX+). This system combines both optical accesses, allowing for
spin polarization and readout, with a microwave antenna manually
positioned nearby to drive NV center spin transitions. Measure-
ments were performed in two steps: first, an initial line scan of
the topography was performed. Then, a continuous wave optically
detected magnetic resonance (ODMR) measurement was performed
in a second scan at a lift height of 150 nm, bringing the total
NV-sample separation to 204 nm. In these measurements, the NV
is continuously illuminated by a 515 nm green laser, the NV pho-
toluminescence is read out, and the applied microwave frequency is
swept; a “dip” in the photoluminescence occurs when the NV cen-
ter |0) — |+1) spin transitions are driven. The lift height is added to
both increase optical contrast, which is reduced in the presence of
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large (>5 mT) off-axis fields, and to reduce the range of microwave
frequencies we need to sweep. By measuring both NV center spin
transitions, we can find the magnetic field strength both parallel and
perpendicular to the NV quantization axis using the equations from
Dozhenko et al.*! The norm of these results was used to calculate
the total magnetic field. The NV-sample separation and angle of the
NV center relative to the sample were calibrated with the protocol
outlined by Tetienne et al.*’ using a standard sample composed of
Ta(2 nm)/MgO/CoFeB(0.9 nm)/Ta(5 nm) with perpendicular mag-
netic anisotropy. The baseline NV-sample separation is 54 nm, the
azimuthal angle of the NV quantization axis was 44°, and the polar
angle of the NV was 63°.

Micromagnetic simulations

Micromagnetic simulations are performed using the MuMax3
software package.”” We simulate a 1 x 1 micron area with 2 x 2 nm
cells of varying thickness. Grains are generated using the built-in
Voronoi tessellation function with a grain size of 150 nm, and each
grain is assigned to a uniform, random magnetization direction. The
total stray field is then found using MuMax3’s built-in demagnetiza-
tion field variable, which necessitated simulating additional empty
space outside of the magnet geometry. We scanned a small para-
meter space of 100-1000 kA/m for saturation magnetization at 40
and 100 nm thicknesses.

FMR

Ferromagnetic resonance (FMR) probes the magnetic response
of materials having spontaneous magnetization in the microwave
spectrum. Ferromagnetic materials have magnetic moments that
precess at frequencies in the GHz (microwave) range when an exter-
nal magnetic field (Hex) is applied. The frequency of precession
is determined by the resonance condition hv = gugB, where v is
the microwave frequency, g is the effective g-factor, yp is the Bohr
magneton, and B is the magnetic induction or effective magnetic
field on the sample due to the sum of the Hex and intrinsic mag-
netization (M) fields. For this work, a Bruker EMX EPR (Electron
Paramagnetic Resonance) spectrometer equipped with a rectangular
TEM102 cavity was used to perform FMR with a single frequency
0f 9.51 GHz and a field sweep from 20.0 to 900.0 mT. Spectra were
recorded at room temperature with a field modulation of 1.5 mT
at 100 kHz to record the first derivative of the resonance peaks.
The sample could be rotated with respect to the static magnetic
field, allowing acquisition of the FMR spectrum at three selected
orientations.

SUPPLEMENTARY MATERIAL

The supplementary material includes AFM topography and
statistical analysis of MnSb island morphology (Fig. S1), MFM opti-
mization as a function of tip—sample bias and lift height (Fig. S2),
EDS mapping with quantitative elemental analysis from three inde-
pendent regions of the MnSb/GaAs sample (Fig. S3 and Table
S1), and the complete set of Dysonian fitting parameters extracted
from angle-dependent ferromagnetic resonance measurements
(Table S2).
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