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Sputter-Grown MnBi,Te, Thin Films: Magnetic Ground

States and Phase Control

Joshua Bibby, Emily Heppell, Jack Bollard, Ethan L. Arnold, Javier Herrero-Martin,

Gerrit van der Laan, and Thorsten Hesjedal*

The synthesis and magnetic properties of the intrinsic magnetic topological
insulator MnBi,Te,, grown by magnetron sputtering, are investigated. While this
growth method enables smoother morphologies than molecular beam epitaxy
and is compatible with scalable processing, the metastable nature of MnBi,Te,
presents considerable challenges in phase control and magnetic uniformity. By
systematically varying the relative sputter powers of Mn, Bi,Tes, and Te targets,
conditions that favor the formation of near-stoichiometric MnBi,Te,, as sup-
ported by X-ray diffraction, atomic force microscopy, and energy-dispersive X-ray
spectroscopy, are identified. These films exhibit reduce surface roughness and
lower twin-domain density compared to Mn-rich counterparts, which show
evidence of phase separation and structural disorder. Magnetometry and X-ray
magnetic circular dichroism reveal that both film types exhibit sizable Mn
moments, although signatures of antiferromagnetic order are only weakly
expressed and appear sensitive to composition and morphology. Despite pro-
ducing structurally well-ordered films, clear linear dichroism attributable to A-type
antiferromagnetic ordering is not observed, suggesting magnetic inhomogeneity

as time-reversed counterparts of the quan-
tum Hall effect, effectively realized by two
copies of the Haldane model with opposite
spin, while their 3D counterparts represent
a bulk generalization of this quantum
spin Hall state.”) When interfaced with
magnetic layers or directly doped, these
materials offer a platform to realize novel
quantum phases such as the quantum
anomalous Hall effect (QAHE), axion insu-
lators, or Majorana edge states."!

Despite progress in tuning topological
surface transport via doping and gating,
many challenges remain. In binary chalco-
genides such as Bi,Te; and Bi,Se;, bulk
conduction from native defects!® often
dominates over surface transport,>® and
attempts to reduce this via counter-
doping or alloying”*! often lead to dimin-

or suppression of interlayer coupling. These results highlight the compositional
sensitivity of sputtered MnBi,Te, and underline the difficulties in stabilizing the

intrinsic magnetic topological phase in thin-film form.

1. Introduction

Topological insulators (TIs) have emerged as a new class of quan-
tum materials with potential for dissipationless and spin-
polarized surface transport.”! In these systems, strong spin-orbit
coupling and time-reversal symmetry protection lead to spin-
momentum-locked surface states that are robust against non-
magnetic scattering.””) TIs in two dimensions can be understood

ished mobility and structural disorder.”
Magnetic doping!'® has shown promise
in breaking time-reversal symmetry,
enabling access to Chern insulator phases
with dissipationless edge conduction.™
However, transition metal doping often
results in inhomogeneous phase forma-
tion, magnetic clustering, or poor reproducibility at higher
dopant levels.!'*13]

The compound MnBi,Te, (MBT) offers a compelling alterna-
tive, as it incorporates Mn atoms directly into the crystal lattice,
forming an intrinsic magnetic TL."*"2% MBT consists of septuple
layers (SLs) composed of Te-Bi-Te-Mn-Te-Bi-Te stacking, with
ferromagnetic ordering within each SL and antiferromagnetic
coupling between SLs. This A-type antiferromagnetic structure
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makes MBT the first example of an intrinsic magnetic TL!">?"

MBT supports time-reversal symmetry breaking and hosts a
variety of topological phases depending on the number of
SLs and stacking configurations.”?*! For an odd number of
layers, a net uncompensated magnetization supports the
QAHE,”*?! whereas an even number yields a zero Hall
plateau consistent with the axion insulator state [>%*26]
Moreover, recent studies have linked MBT heterostructures to
platforms for realizing Majorana fermions via topological
superconductivity.?”!

These discoveries have renewed interest in Mn-doped Bi,Te;
systems, where varying Mn content leads to magnetic transi-
tions, secondary phase formation, and transport anomalies.['*'?
Our previous work demonstrated that Mn doping of Bi,Te; via
magnetron sputtering leads to grain-size-tunable films but
suffers from phase inhomogeneity and limited magnetic coher-
ence at high Mn concentrations.™™*! At sufficiently high Mn con-
tent, spontaneous formation of the MBT phase was observed,
offering a route to stabilizing magnetic topological order in sput-
tered films.

MBT thin films have primarily been grown by molecular beam
epitaxy (MBE), which enables atomically precise layer control.
However, MBE-grown MBT films have so far failed to exhibit
the key phenomena predicted for intrinsic magnetic TIs.
Despite their high structural quality, no experimental reports
have conclusively demonstrated QAHE or axion insulating
behavior in such films, with all high-quality data to date obtained
from exfoliated single crystals. Additionally, the step-flow mor-
phology and surface roughness inherent to MBE growth compli-
cate element-specific spectroscopy, such as X-ray magnetic
circular and linear dichroism (XMCD/XMLD), as surface inho-
mogeneity averages out the signal from alternating magnetic
layers. 222834

Magnetron sputtering, in contrast, offers a scalable, CMOS-
compatible deposition technique capable of smoother film
morphologies through kinetic energy tuning and post-growth
annealing.*> Our original aim was to exploit this growth mode
to stabilize MBT with sufficiently low roughness to enable
clear observation of even-odd XMLD signatures associated
with the layered antiferromagnetic structure. While Lu et al.?*!
have demonstrated sputtered MBT exhibiting antiferromagnetic
order and spinflop transitions, detailed phase analysis and
element-specific magnetic studies remain lacking. Moreover,
in our own experiments, no trustworthy XMLD signal could
be extracted, even from the smoothest films, suggesting signifi-
cant local magnetic disorder or suppression of interlayer
coupling.

In this work, we investigate the structural and magnetic prop-
erties of MBT thin films grown by magnetron sputtering. We
explore the role of sputter power ratios in determining phase
purity and magnetic response, and we identify regimes where
MBT forms stoichiometrically and exhibits coherent magnetic
order. Using X-ray diffraction (XRD), atomic force microscopy
(AFM), and energy-dispersive X-ray spectroscopy (EDS) in an
scanning electron microscope (SEM), we assess crystallinity
and morphology. Magnetic properties are investigated via super-
conducting quantum interference device vibrating sample
magnetometer (SQUID-VSM) magnetometry, complemented
by element-specific X-ray absorption spectroscopy (XAS) and
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X-ray magnetic circular dichroism (XMCD) at the Mn L, 5 edges.
Our results establish magnetron sputtering as a viable route for
synthesizing MBT thin films and provide key insight into the
growth—composition—magnetism relationship in this promising
class of materials.

2. Results and Discussion

2.1. Thin Film Growth and Composition

A series of MBT thin films were synthesized by magnetron sput-
tering with systematically varied Bi,Te;, Mn, and Te fluxes to
tune stoichiometry and assess phase stability. Table 1 summa-
rizes the sputter power settings and resulting atomic composi-
tions, determined by SEM-EDS. Throughout this work, we
compare two representative samples: a stoichiometric MBT film
(hereafter sMBT) and a Mn-rich variant (eMBT). Both were
grown using the same cosputtering and post-annealing proce-
dure described in Section 2, with the only distinction being
the relative sputter powers applied to the Mn and Te targets,
as summarized in Table 1. The sMBT film corresponds to con-
ditions that yield a near-nominal Mn:Bi:Te stoichiometry
(~=1:2:4), while the eMBT film is produced with a higher Mn flux,
leading to an Mn concentration exceeding 30 at %. Both films
were annealed under identical conditions (375 °C, 3 h) to ensure
comparable crystallization.

A clear nonlinearity is observed between the Mn sputter
power and resulting Mn concentration, particularly in response
to the Te power. For instance, increasing the Te power from
5 to 8 W while keeping Mn at 4 W results in a net increase
in Mn content, despite constant Mn flux. This suggests that
the Mn incorporation is not determined solely by the target
power but is mediated by excess chalcogen, possibly through
phase stabilization or suppression of competing phases such
as MnTe,.

We will show below that films with Mn concentrations above
20at.% (atomic-%) display markedly different crystallographic
structures compared to those near stoichiometry, indicating a
threshold beyond which the MBT phase destabilizes or phase
separation occurs. These trends are consistent with earlier obser-
vations in Mn-doped Bi,Te; systems, where excess Mn is known
to cluster or form secondary phases rather than incorporating
uniformly into the lattice.™*!

Table 1. Sputter power settings, P, and elemental compositions of
selected ~12-nm-thick MBT films, determined by SEM-EDS. Two
representative samples, eMBT (Mn-rich) and sMBT (stoichiometric),
are highlighted and analyzed in detail. A nonlinear dependence of Mn
incorporation on sputter power is observed, with Te flux modulating
Mn uptake.

Sample Pgi,te, W] Pre [W]  Pun [W] Bi (at. %) Te (at. %) Mn (at. %)
576 (eMBT) 20 5 10 18.7 49.2 32.2
586 (sMBT) 20 5 4 36.5 50.0 13.5
589 20 8 4 34.5 51.8 13.6
593 20 8 4 325 522 15.3
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2.2. Structural Characterization

The structural properties of the MBT films were characterized by
XRD using both symmetric 6-26 scans and asymmetric RSM,
shown in Figure 1 and Figure 2, respectively. Symmetric scans
reveal well-defined (003]) peaks in both samples, consistent with
c-axis-oriented layered structures. The main (009) reflections occur
near 20°, with the calculated c-lattice parameters exceeding the bulk
value of 40.9 A in both cases: 41.6 A for the Mn-rich eMBT film and
42.4 A for the stoichiometric SMBT film. The expanded interlayer
spacing is attributed to epitaxial strain from the sapphire substrate
and possible Mn intercalation in the van der Waals gap.

Although the peak positions suggest a layered phase, the prox-
imity of the (003)) reflections in Bi,Te; and MBT makes phase
separation difficult to distinguish in symmetric geometry alone.
As shown in Figure 2, asymmetric RSM provides additional
insight: the Mn-rich sample (Figure 2a) exhibits reflections con-
sistent with a Bi,Tes-like phase, while the stoichiometric film
(Figure 2b) displays features attributable to MBT. This contrast
suggests that excess Mn may inhibit the formation of the
septuple-layer MBT phase, potentially through competition
with MnTe,-type secondary phases or amorphous clustering.
Interestingly, despite previous observations that high Mn content
can suppress Bi,Te; formation,'*) our results indicate that the
sputtering pathway allows Mn incorporation into non-MBT con-
figurations beyond a threshold concentration.

To assess the in-plane domain orientation and detect stacking
faults, azimuthal (¢) scans were performed on asymmetric reflec-
tions, as shown in Figure 1b. The Mn-rich film shows sixfold
rotational symmetry, consistent with significant twinning,
whereas the sMBT film shows the expected threefold symmetry
of the rhombohedral MBT structure. Twinning in van der Waals
materials is a common consequence of weak interlayer bonding
and substrate symmetry mismatch,*®! and is often exacerbated
during nucleation. That it is absent in the stoichiometric film
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Figure 2. Asymmetric reciprocal space maps of the same films shown in
Figure 1. a) The excess-Mn sample (eMBT) shows features matching
Bi,Tes, suggesting incomplete formation of the septuple-layer structure.
b) The stoichiometric sample (sMBT) displays well-defined reflections cor-
responding to MBT, confirming the successful stabilization of the desired
phase. Peak indices denoted with an asterisk (*) are best-effort estimates
based on the expected symmetry and lattice parameters.

suggests that the annealing step promotes domain coalescence
and ordered stacking when the composition is optimal.

The surface morphology and grain structure were character-
ized by tapping-mode AFM, shown in Figure 3. The Mn-rich film
displays large, round grains with an average diameter of 160 nm
and high surface roughness (5.6 nm). In contrast, the stoichio-
metric film exhibits more irregular grain shapes and substan-
tially reduced roughness (1.3 nm), indicative of improved film
uniformity. The difference in morphology is consistent with
the enhanced crystallographic coherence and lower degree of
twinning observed in the sMBT sample. While the average grain
size in the stoichiometric sample could not be reliably extracted
using watershed-based segmentation, line profile analysis
yielded an estimated lateral feature spacing of ~115nm.

(@7

0012 MBT
-0021 MBT

0024 MBT

log,o(counts) (arb. units)

20 40 60
Diffraction Angle 26 (°)

— eMBT
— sMBT]

0
E=
S5
£
S0 60 120 180 240 300 360
z ¢ (°)
5 . . . . .
8s —— sMBT
55
[e]
=4
3
2

Figure 1. a) XRD patterns for the two eMBT and sMBT films grown on c¢-plane sapphire. Both exhibit pronounced (003/) peaks consistent with the layered
structure. The peak shifts are attributed to lattice strain from substrate mismatch. b) Azimuthal ¢-scans for the (036) Bi,Te; and (0225) MBT reflections,
showing sixfold symmetry in the Mn-rich sample and threefold symmetry in the stoichiometric sample, are consistent with stacking fault (twinning)

suppression.
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Figure 3. Tapping-mode AFM images of the eMBT and sMBT films. a) The
excess-Mn film shows large, round grains (=160 nm diameter) and high
roughness (5.6 nm). b) The stoichiometric film shows more irregular grain
morphology and significantly lower roughness (1.3 nm), indicative of
improved surface uniformity across the sample.

The reduction in surface roughness is particularly relevant for
synchrotron-based XMLD measurements, which are highly
sensitive to magnetic anisotropy averaging across the beam
footprint (typically on the order of 150 pm). As such, the struc-
tural improvements in the sSMBT film make it a better candidate
for probing layered antiferromagnetism using X-ray linear
dichroism.

2.3. Magnetic Properties—Magnetometry

The magnetic properties of the films were assessed using
SQUID-VSM magnetometry, with both field-dependent [M(H)]
and temperature-dependent [M(T)] measurements shown in
Figure 4. Out-of-plane M(H) loops at 5 K (Figures 4a,b) show
low coercivity and an unsaturated, near-linear magnetization
behavior at high fields, characteristic of weakly coupled or para-
magnetic Mn moments. Such behavior is commonly observed in
Mn-doped TIs and is attributed to continuous reorientation of
magnetic domains in the presence of competing ferromagnetic
and antiferromagnetic interactions.*”*®! In Subsection 3.4, we
present complementary XMCD hysteresis measurements using
a 14 T magnet, which show a nonsaturated paramagnetic behav-
ior, in agreement with the SQUID-VSM data.
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To obtain the magnetic moments per Mn from the SQUID-
VSM data, the magnetization values were first normalized by
the total Mn content as determined by SEM-EDS analysis in con-
junction with XRR-based film thickness measurements. Note
that due to the unsaturated paramagnetic response, the weak
magnetic contribution of the film, and the presence of competing
paramagnetic and disordered contributions in the film, the dia-
magnetic subtraction using a reference substrate did not yield
physical values for the magnetic moments. Therefore, in order
to resolve this issue, the magnetic moment values (right-hand
side axes in Figure 4a,b) were scaled to the spin moments at
5T as determined by XMCD sum rules analysis. The sMBT film
appears to approach saturation more readily in contrast to the
eMBT film, indicating a more uniform magnetic environment
and possibly more effective interlayer coupling, albeit still far
from ideal A-type antiferromagnetism.

Temperature-dependent M(T) measurements (Figure 4c,d)
provide further insight into the magnetic ground states. In both
films, a broad feature appears near 30-40 K, but with notable dif-
ferences in character. In the eMBT film, a weak discontinuity is
observed near 30 K, consistent with the onset of partial magnetic
ordering. In contrast, the sMBT film displays two features: a shal-
low increase in moment around 35-40K followed by a subtle
anomaly near 8 K. The higher-temperature feature likely corre-
sponds to residual interlayer coupling, while the lower-temperature
kink may suggest a distinct secondary magnetic phase, such as the
antiferromagnetic phase, or spin reorientation transition.

These findings support the picture of compositionally driven
magnetic disorder in the eMBT film, where excess Mn may form
weakly interacting ferromagnetic regions or magnetic clusters,
thus elevating the moment without establishing coherent
long-range order. In contrast, the sMBT film, while structurally
superior, remains magnetically ambiguous, consistent with a
scenario in which A-type antiferromagnetic coupling is sup-
pressed by residual disorder or incomplete stacking coherence.

In-plane field-dependent magnetometry was also performed
on the sMBT film (data not shown) but yielded a similar unsatu-
rated response without any discernible spin-flop or anisotropic
behavior. This is consistent with the absence of XMLD contrast
and further supports the interpretation that robust antiferromag-
netic order is not established.

2.4. Magnetic Properties—Spectroscopy

To complement bulk magnetometry and probe the magnetic
behavior of Mn at the atomic level, synchrotron-based magnetic
X-ray spectroscopy were performed at the Mn L, ; edges for both
representative eMBT and sMBT films, as shown in Figure 5. All
measurements shown were conducted in TEY mode at ~2 K
under an applied field of 6 T aligned parallel to the beam direc-
tion in normal incidence. Both samples exhibit XAS line shapes
consistent with Mn*" in a chalcogenide environment, with no
evidence of oxidation or Mn in metallic bonding configura-
tions.*?!] The corresponding XMCD spectra reveal distinct
dichroic signals in both films, indicative of net Mn magnetiza-
tion. Notably, the relative size of the XMCD is larger in the
Mn-rich sample, consistent with the higher total magnetization
observed in SQUID measurements.
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Figure 4. Field- and temperature-dependent magnetization data for both films. a,b) Field out-of-plane M(H) curves at 5 K show low coercivity and
paramagnetic behavior at high fields. The Mn-rich film in (a) exhibits a higher moment than the stoichiometric film (b), which, on the other hand,
shows signs of saturation above 5T. The insets highlight the low-field part of the hysteresis as indicated. c,d) M(T) plots (above) measured in an
out-of-plane field of 100 Oe, and their derivatives (below), reveal a weak transition near 30 K in both samples, and the sMBT film additionally shows

in (d) a subtle feature at ~8 K (both indicated by dashed vertical lines).

To extract quantitative estimates of the magnetic moments,
sum rules analysis was carried out based on the normalized
spectra.’? The derived spin and orbital moments per Mn atom
are Mgy = 0.870 pp and myy, = 0.021 pg for eMBT, and mgp,;, =
0.840 pg and mg, = 0.038 ug for SMBT. These values are consis-
tent with those reported for a 16.3-nm-thick, MBE-grown MBT
film.>*! (Note that the values reported in ref. [33] Mgpin = 1.64 pp
and mgy, = 0.16 ug, were recorded at 3 K in a field of 14 T; the
field-dependent plot of the magnetic moments shows values of
~0.75 and <0.1 pg/Mn for the spin and orbital moments, respec-
tively, at 5T). It is worth emphasizing that these extracted
moments for thin films are considerably lower than the ordered
moment of ~4 pg/Mn reported for bulk MBT single crystals at
10 K,*) pointing at the existence of structural defects and/or sec-
ondary phases.[*'*

The values derived from the sum rules give a mgy, /Mg ratio
0f 0.024 and 0.045 for eMBT and sMBT, respectively. According
to Hund’s third rule, this means that the occupation of the 3d
shell is slightly higher than half filled (Mn*" 34°), which hints
at hybridization between the Mn 3d and Te 5p orbitals. The latter
is further supported by the presence of the prepeak at 638.0 eV in
the XMCD spectrum.!**! The marginally higher orbital moment
in the sMBT film, despite its lower net magnetization, may
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suggest subtle differences in crystal field symmetry or Mn site
occupation. However, the interpretation of this trend is compli-
cated by the overlap of structural disorder and magnetic
inhomogeneity.

Attempts were made to detect XMLD in the same films, with
the goal of probing collinear A-type antiferromagnetic ordering
via anisotropic absorption. Despite the improved surface smooth-
ness and structural coherence of the SMBT sample compared to
typical MBE-grown MBT films, no genuine XMLD signal could
be observed under any polarization geometry or field condition.
This result likely reflects a combination of residual roughness,
stacking disorder, and partial magnetic decoupling between
Mn layers, all of which can suppress the XMLD response by spa-
tially averaging out uniaxial anisotropies over the beam footprint.

Figure 6 shows the XMCD hysteresis loop measured at the Mn
L; edge in TEY mode for a compositionally and structurally sim-
ilar film to the SMBT sample (sample 589; see Table 1 for details).
The asymmetry, defined as (u* —p7)/(u" +p )" increases
smoothly with applied field up to 14 T and exhibits no sign of
magnetic saturation, consistent with paramagnetic-like behavior.
This trend mirrors the magnetization response observed in the
SQUID-VSM M(H) data for the sMBT film shown in Figure 4b,
where the moment also increases linearly without a well-defined
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Figure 5. a,b) XAS and c) XMCD spectra measured at the Mn L, ; edges
for MBT films with high (eMBT) and stoichiometric (sMBT) Mn content.
Measurements were performed at 2 K in a 6 T out-of-plane magnetic field
using TEY detection mode. (a,b) XAS under positive and negative circular
polarization for the eMBT and sMBT samples, respectively. Both films
exhibit similar multiplet structures characteristic of Mn®" in a chalcogen-
ide environment. (c) The larger XMCD signal in the eMBT film reflects its
higher Mn moment per atom, while the overall spectral shapes suggest
comparable local environments across both samples.
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Figure 6. XMCD hysteresis loop at the Mn L; edge for sample 589, mea-
sured in TEY mode at ~7.5K. The XMCD asymmetry increases with
applied field but does not saturate even at 14 T, consistent with paramag-
netic-like behavior. At zero field, the TEY signal is too noisy to reliably
determine the presence of residual spin polarization. Sample 589 is com-
positionally similar to the sMBT film.

saturation field. Although the XMCD loop appears closed, the
signal-to-noise ratio near zero field is insufficient to determine
whether residual spin polarization persists in the remanent state.
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To evaluate whether surface-sensitive TEY data were represen-
tative of the bulk film properties, a subset of XAS measurements
was performed in bulk-sensitive LY mode. While the signal-to-
noise ratio was lower because the sample was much thicker than
ideal for LY detection, no qualitative differences in line shape or
energy position were observed, suggesting that the magnetic
behavior near the surface is broadly representative of the film
interior. XMCD confirms the presence of similar Mn moments
in both films, and sum rules yield consistent relative moment
sizes. The absence of XMLD highlights a lack of robust interlayer
antiferromagnetic coupling, consistent with the ambiguous tran-
sitions observed in SQUID magnetometry and structural indica-
tions of disorder.

2.5. Discussion

The structural and magnetic properties of sputtered MBT films
reveal a complex, nonlinear dependence on composition, with
strong coupling between Mn content, phase stability, and mag-
netic ground state. While the target phase can be stabilized under
near-stoichiometric conditions, deviations, especially excess Mn,
lead to the emergence of parasitic phases, degraded crystallinity,
and suppressed magnetic order. As indicated by both XRD and
RSM, the Mn-rich film does not adopt the characteristic MBT
stacking sequence and instead shows features consistent with
a Bi,Tejs-like phase. This observation contrasts with earlier stud-
ies on Mn-doped Bi,Te;, where increasing Mn content typically
destabilizes the host lattice and suppresses the parent phase.'> A
likely reason for the discrepancy lies in the fundamental differ-
ences in synthesis methodology. In this work, films are deposited
at room temperature and only crystallize during a subsequent
annealing step. This approach allows for greater mobility of
atoms during the anneal, which may promote phase segregation
and enable the host lattice to expel excess Mn beyond what can be
accommodated substitutionally or interstitially. Unlike prior
work on doped Bi,Te;, we also include an independent Te flux
during deposition, which may further stabilize Te-rich com-
plexes or facilitate the formation of MnTe,-type secondary
phases. These Mn-rich regions may remain amorphous or nano-
crystalline and are therefore more difficult to detect via XRD, yet
they can strongly influence the film’s magnetic behavior by dis-
rupting long-range ordering or by introducing paramagnetic
clusters.

The possibility of forming MnBi, a known ferromagnetic
alloy,[45'47] is also consistent with our EDS data, which show a
significant Bi excess and Te deficiency in the Mn-rich films.
During annealing, volatile Te may desorb from the film, leading
to further deviation from the ideal MBT stoichiometry and
enhancing the likelihood of MnBi formation. Such secondary
phases could explain the enhanced moment and paramagnetic
background (MnBi in the high-temperature phase) observed
in the eMBT sample, as well as the absence of any clear magnetic
transition.

The sMBT film, by contrast, shows reduced roughness,
minimal twinning, and structural fingerprints consistent with
the MBT phase. However, the magnetic measurements reveal
only weak features near 8 K and 35-40K, and the absence of
any reliable XMLD signal suggests that coherent interlayer
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antiferromagnetic coupling is not achieved. Note that due to the
lack of well-defined magnetic transitions, we did not carry out
Curie-Weiss fits and do not state Néel temperatures.
Although the XMCD-derived spin moments and the high-field
M(H) values normalized by Mn content are similar for both
eMBT and sMBT films, this does not imply equivalent magnetic
ground states. In the Mn-rich eMBT film, the excess Mn likely
forms magnetically active clusters or interstitials that contribute
to the total moment but do not participate in coherent interlayer
coupling. These regions may behave as paramagnetic or weakly
ferromagnetic inclusions, inflating the overall magnetic signal
while suppressing long-range A-type antiferromagnetic order.
By contrast, the sSMBT film, with smoother morphology and
reduced twinning, may support better stacking and magnetic
coherence, though long-range disorder still prevents robust
XMLD detection. The similar local Mn moment observed in both
samples thus reflects preserved atomic-scale magnetism, while
the differences in interlayer coupling and domain coherence
define the broader magnetic behavior. We emphasize that the
similar magnetization values in both samples, despite the
improved structural order in SMBT, suggest that long-range mag-
netic coherence is more easily disrupted than local moments. If
the Mn atoms in sMBT were significantly diluted or rendered
magnetically inactive, one would expect a lower total moment
per Mn ion, contrary to our XMCD and SQUID findings.
This implies that magnetic disorder in these films likely arises
from subtle disruptions in interlayer exchange pathways rather
than from a loss of magnetic Mn content.

Indeed, several possible contributing factors, i.e., stacking
faults, Mn intercalation into van der Waals gaps, or nonstoichio-
metric substitution on Bi/Te sites, have been shown to disrupt
the A-type antiferromagnetic structure in epitaxial MBT.[2%%34
In addition, excess carriers introduced by interstitial Mn or anti-
site defects may further destabilize the antiferromagnetic ground
state.*®! In other words, although magnetron sputtering offers
better surface morphology and scalable deposition, stabilizing
the intrinsic magnetic topological phase of MBT in thin-film
form remains a challenge. Nonetheless, the improved crystallin-
ity and morphological control observed in our stoichiometric
sputtered films, particularly the suppression of twinning and
smoother surface, are encouraging signs that further refinement
of growth parameters, including substrate choice and annealing
conditions, could help approach the magnetic order needed for
XMLD sensitivity. Given the absence of XMLD contrast and the
fragile magnetic response observed even in structurally well-
ordered films, we infer that magnetic coupling in sputtered
MBT is highly sensitive to subtle disorder. This fragility may
originate from residual Mn intercalation or stacking faults that
disrupt the van der Waals layer coupling, as well as from kinetic
segregation during annealing, whereby excess Mn or Te phase-
separates and stabilizes competing configurations. Additionally,
the independent Te flux introduced during growth, absent in pre-
vious MBE doping studies, may alter the Mn bonding environ-
ment or suppress Te vacancies, shifting the balance between
magnetic phases. Further improvements may be achieved by
optimizing the post-deposition annealing protocol, which is cen-
tral to crystallization in sputtered films. Since deposition occurs
at room temperature, excess Mn may segregate during
the anneal, particularly if the Te flux stabilizes competing
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MnTe,type configurations. Slower ramp rates or multistage
annealing may improve Mn incorporation and reduce intercala-
tion or clustering. Additionally, more precise in situ control of
relative fluxes could help maintain the narrow stoichiometric
window required for MBT stability. Finally, the use of alternative
substrates with better lattice match or van der Waals character
may reduce interfacial strain and promote coherent septuple-
layer stacking.

3. Conclusions

We have investigated the structural and magnetic properties of
MBT thin films synthesized by magnetron sputtering under vary-
ing stoichiometric conditions. While this growth method offers a
promising route to scalable, smooth, and compositionally tun-
able magnetic TI films, significant challenges remain in realizing
the intrinsic antiferromagnetic order required for accessing
exotic quantum phases such as the QAHE and the axion insula-
tor state.’>**2% Qur results show that while nominally stoichio-
metric films exhibit improved structural characteristics, such as
lower roughness, reduced twinning, and more defined diffrac-
tion signatures, this morphological improvement does not
straightforwardly translate into long-range magnetic order.
SQUID magnetometry and XMCD reveal that both stoichiomet-
ric and Mn-rich films host sizable Mn magnetic moments, but
only weak signatures of antiferromagnetic transitions are
observed, and no reliable XMLD signal could be extracted.
These findings are consistent with previous reports highlighting
the sensitivity of MBT magnetism to structural disorder, Mn
intercalation, and deviations from desired stoichiometry.[202%34
The absence of a robust XMLD signal, even in smooth films, sug-
gests that the anticipated odd—even layer effects, clearly visible in
exfoliated bulk samples,*®! may be suppressed by local magnetic
inhomogeneity, stacking faults, or incomplete formation of the
MBT septuple layer structure during sputtering. These effects
could also contribute to partial decoupling of Mn sublattices, dis-
rupting the A-type antiferromagnetic configuration.!*?”!

Future efforts should focus on a more detailed microscopic
analysis of sputtered films using high-resolution transmission
electron microscopy and X-ray photoelectron spectroscopy to
directly assess phase purity, interface quality, and local stoichi-
ometry. In parallel, refining the post-deposition annealing pro-
cess and exploring alternative substrate materials may help
reduce lattice strain and enhance interlayer magnetic coupling.
The implementation of optimized capping layers to suppress Te
desorption during annealing could further improve the struc-
tural and magnetic uniformity of MBT films. These steps will
be essential to fully evaluate whether sputtering can serve as a
viable alternative to exfoliation-based approaches for stabilizing
antiferromagnetic topological order in MBT. Overall, while the
realization of intrinsic magnetic topological behavior in sput-
tered MBT films remains elusive, our study provides important
insight into the interplay between growth conditions, structural
morphology, and magnetic response. This work helps to narrow
down the experimental parameter space to be probed and high-
lights the need for further refinement of growth protocols in the
search for scalable platforms that exhibit the full range of quan-
tum effects predicted for magnetic TIs.
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4. Experimental Section

MBT thin films were deposited on 10 x 10 mm? Al,O5 (0001) substrates.
The 430-pm-thick substrates were cleaned sequentially in acetone, isopro-
panol, and deionized water using an ultrasonic bath. Film growth was car-
ried out in a magnetron sputtering system with a base pressure of
2 x 1078 mbar. Cosputtering was performed at room temperature using
2" targets of Bi,Tes (99.999% purity), Mn (99.9%), and Te (99.9%) under
an Ar atmosphere at a working pressure of 1.2 x 1072 mbar. The Al
(99.9%) target was used post-growth to deposit a protective capping layer.
The deposition rates of the individual targets were determined ex situ
using X-ray reflectivity (XRR) measurements on single-element calibration
films grown under identical sputtering conditions. The resulting rates were
~0.00612 nm/s/W for Bi,Te; (0.122nms™" at 20 W), 0.00357 nm/s/W
for Te (0.0179-0.0286 nms™"' at 5-8 W), and 0.00598 nm/s/W for Mn
(0.0239-0.0598 nm s~ at 4-10 W), with some variability due to chamber
conditions and target aging.

Following deposition, the samples were annealed in situ at 375 °C for
3 h to promote crystallization. Once cooled, a 3—4 nm-thick Al layer was
sputtered onto the film surface to protect against ambient oxidation, yet
allowing for soft X-ray spectroscopy. A series of films was fabricated with
varying relative sputter powers to identify conditions that yield near-
stoichiometric MBT, evaluated through structural and compositional
characterization.

XRD measurements were conducted in multiple geometries to probe
the crystallographic quality and texture. Symmetric 6-26 scans were used
to assess out-of-plane orientation. Note that a K filter was used to remove
additional peaks, notably distorting the substrate peaks. Reciprocal space
mapping (RSM) in asymmetric geometry was performed to access reflec-
tions outside of the c-axis and to distinguish between MBT and Bi,Tes
phases, which exhibit nearly overlapping (003/) peaks in symmetric geom-
etry. The angle y represents a rotation of the sample about the axis parallel
to the incident X-ray beam, enabling access to out-of-plane and tilted lat-
tice planes. This geometry effectively produces a 2D reciprocal space sec-
tion. To evaluate in-plane ordering and rotational domain structure,
azimuthal (@) scans were performed on selected asymmetric peaks to
detect twinning, a common defect in hexagonal-layered materials that
results in 60° in-plane rotations of the unit cell.

AFM was used in tapping mode to assess surface morphology and rough-
ness and to estimate grain size. Variations in microstructure and roughness
were correlated with composition and phase evolution derived from XRD.

Magnetic characterization was performed using a SQUID-VSM to mea-
sure both field-dependent and temperature-dependent magnetization. These
measurements were used to identify characteristic magnetic transitions,
assess hysteresis behavior, and guide the interpretation of synchrotron-
based spectroscopy. Both out-of-plane and in-plane magnetization curves
were recorded to assess anisotropy and magnetic ordering symmetry. To
isolate the weak magnetic signal from the film, the diamagnetic background
of a bare sapphire substrate from the same batch was measured under iden-
tical mounting conditions (straw) and subtracted from the raw data.

Element-specific magnetic information was obtained using X-ray mag-
netic dichroism techniques at the Mn L, ; absorption edges. Experiments
were conducted at the 170 (BLADE) beamline at Diamond Light Source
(Didcot, UK) and the BOREAS beamline BL29 at ALBA Synchrotron
(Barcelona, Spain). Measurements were carried out at base temperatures
of ~2 K in magnetic fields up to 14 T applied parallel to the beam direction.

XAS using circularly polarized X-rays was recorded in total electron yield
(TEY) mode to probe surface-sensitive magnetic moments, with an esti-
mated probing depth of 3-5 nm.?] To assess whether surface-sensitive
data reflected bulk-like behavior, selected measurements were also per-
formed in luminescence yield (LY) mode, which gives a measure for
the X-ray absorption of the sample along its entire thickness. In this
method, the X-rays that are transmitted through the sample are detected
by the X-ray excited optical luminescence (XEOL) in the substrate, where
the created optical photons are captured by a photodiode behind the sam-
ple. LY provides complementary information where TEY data may be lim-
ited by surface oxidation.
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XMCD was used to extract qualitative and semi-quantitative informa-
tion on magnetic moment magnitude and orientation. Measurements
under both polarizations were normalized to incident beam intensity
and corrected for linear background. Where applicable, sum rules analysis
was used to estimate spin and orbital moments.?? Attempts to detect
XMLD signatures of antiferromagnetic order were also made; however,
no reproducible signal was observed, likely due to residual roughness
and magnetic disorder.
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