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Abstract: This study reports the structural and magnetic properties of Mn-doped Bi2Te3

thin films grown by magnetron sputtering. The films exhibit a ferromagnetic response
that depends on the Mn doping concentration, as revealed by X-ray magnetic circular
dichroism measurements. At an Mn concentration of ∼6.0%, a magnetic moment of
(3.48 ± 0.25)µB/Mn was determined. Structural analysis indicated the presence of a sec-
ondary MnTex phase, which complicates the interpretation of the magnetic properties.
Additionally, the incorporation of Mn ions within the van der Waals gap and substitu-
tional doping on Bi sites contributes to the observed complex magnetic properties. In-
triguingly, a decrease in magnetic moment per Mn was observed with increasing Mn
concentration, which is consistent with the formation of the intrinsic magnetic topological
insulator MnBi2Te4.

Keywords: Mn-doped Bi2Te3; magnetic topological insulator; nanocrystalline topological
insulator; magnetron sputtering; X-ray magnetic circular dichroism

1. Introduction
Topological insulators (TIs) such as Bi2Te3 have attracted the attention of the condensed

matter physics community due to their topologically protected surface states, which result
in rather unique electronic properties [1–5]. For applications in spintronics, however,
these materials must break time-reversal symmetry (TRS) to induce a bandgap at the
Dirac point, giving rise to phenomena such as the quantum anomalous Hall effect [6].
TRS breaking is typically achieved by introducing ferromagnetic order into the TI via
transition metal doping [7]. This process induces an exchange interaction between the
surface states and the spontaneous magnetization, leading to the formation of a small
exchange gap [8]. To date, ferromagnetic doping has been successfully demonstrated
in single crystals and molecular beam epitaxy (MBE)-grown thin films of various TIs.
Elements such as Mn [9–19], Cr [20–25], Fe [25–29], and V [21,24,30] have all been explored
as magnetic dopants, yielding promising results.

Despite these advancements, fully realizing the topological properties of TIs remains
challenging, largely due to their bulk electronic properties [31]. Intrinsic defects introduce
high bulk conductivity, often dwarfing the desired topological surface states [20]. Efforts
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to eliminate these defects in ultra-pure systems are ongoing, but progress has been slow,
prompting alternative approaches. One such strategy involves the use of nanocrystalline
films, where grain sizes are optimized to suppress bulk conduction by essentially eliminat-
ing the bulk while maintaining the surface states [32,33]. This approach aligns well with
the characteristics of magnetron sputtering, yielding granular material with tunable grain
sizes controlled via the growth conditions.

In this work, we investigate Mn-doped Bi2Te3, one of the first TIs shown to exhibit
TRS breaking [9]. From bulk Bi2Te3 bulk crystals, it is known that Mn doping induces
ferromagnetic order at Mn concentrations of 2% (substituting for Bi), with a Curie tempera-
ture (TC) in the range of 9–12 K [9]. Angle-resolved photoemission spectroscopy (ARPES)
studies of MBE-grown Mn:Bi2Te3 thin films have further demonstrated a bandgap opening
at the Dirac point, accompanied by a higher reported TC of 45 K [34]. This study aims to
explore the structural, magnetic, and topological properties of nanocrystalline Mn:Bi2Te3

films, utilizing magnetron sputtering as a scalable and industry-compatible deposition
method to optimize film quality and grain size. We begin with a discussion of the growth
methods employed to synthesize Mn-doped Bi2Te3 thin films. The results of structural
analysis are then presented, focusing on the distribution of the Mn dopant within the Bi2Te3

crystal structure. Following the structural analysis, the magnetic properties of the films are
explored through superconducting quantum interference device (SQUID) magnetometry
and X-ray magnetic circular dichroism (XMCD). The paper concludes with a discussion of
the relationship between Mn concentration, magnetic ordering, and structural features.

2. Materials and Methods
2.1. Thin Film Growth

Mn-doped Bi2Te3 films were grown on 10 × 10 mm2 Al2O3(0001) substrates with a
thickness of 430 µm using magnetron sputtering. Prior to deposition, the substrates were
ultrasonically cleaned in acetone, isopropanol, and deionized water. The substrates were
then placed in the deposition chamber, which had a base pressure of 2 × 10−8 mbar. For
film deposition, 2′′ sputter targets of Bi2Te3 (99.999% purity), Mn (99.9% purity), and Al
(99.9% purity) were used. A well established two-step growth process was employed to
fabricate the Mn:Bi2Te3 films [35]. First, a nucleation layer with a thickness of ∼1–2 nm
was deposited at 200 ◦C using a sputtering power of 30 W, a deposition rate of ∼0.32 nm/s,
and a growth pressure of 1.2 × 10−2 mbar. This was followed by deposition of the main
layer at an elevated substrate temperature of 250 ◦C while maintaining the same deposition
parameters. The main layer was grown to an equivalent thickness, typically of 25 nm of
Bi2Te3, with the additional Mn flux contributing further to the total film thickness.

Doping was achieved via co-sputtering of Mn and Bi2Te3, with the Mn sputtering
power ranging from 1 to 8 W. Two methods were employed to control the incorporation of
Mn, namely, continuous co-sputtering and pulsed co-sputtering [36]. Given the growth
rate ratio of Mn to Bi2Te3 (∼0.0057 vs. 0.0105 nm s−1 W−1), pulsed co-sputtering involved
periodically opening and closing the Mn shutter to achieve lower Mn concentrations. While
this approach could result in alternating layers with varying Mn density, the known high
mobility of Mn at the elevated growth temperature of 250 ◦C together with the relatively
rough surface morphology and the low growth rate was expected to even out this effect,
leading to a uniform Mn distribution throughout the film [37]. Additionally, the elevated
temperature was anticipated to allow for Mn diffusion into the seed layer, effectively
merging it with the main layer. To prevent oxidation, a 3–4 nm layer of amorphous Al
was deposited, which naturally oxidizes in air to form a protective AlOx layer. The Al
layer was deposited at room temperature to minimize the risk of interfacial reactions with
the underlying ferromagnetic film. Deposition was performed at a low power of 10 W
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with a controlled deposition rate of 0.0373 nm/s, ensuring a uniform and stable coating.
The elemental composition of the films was determined using energy-dispersive X-ray
spectroscopy (EDS) (AZtec EDS, Oxford Instruments, High Wycombe, UK) in a scanning
electron microscope (SEM) (JSM-6610LV, JEOL, Tokyo, Japan). Due to the low Mn content
in some samples, precise Mn quantification was challenging; thus, the calibration relied
on the two highest-doped samples. While SEM-EDS can be less reliable for thin films,
particularly for elements that are present in small concentrations, potential errors were
minimized by performing extended scans and taking measurements at multiple sites on
the same film across different magnifications.

2.2. Structural Characterization

Structural analysis of the films was performed on an X-ray diffractometer (SmartLab
II, Rigaku, Tokyo, Japan) using Cu Kα radiation. The system was configured with a parallel
beam setup employing incident optics consisting of a 2.5◦ Soller slit, a 5 mm horizontal
slit, and a 1 mm vertical slit. After diffraction, the beam passed through a Kβ filter and a
2.5◦ Soller slit before reaching the detector, which was positioned 300 mm from the sample.
Measurements were conducted over a 2θ range of 5–80◦.

The X-ray diffraction (XRD) data allowed for the calculation of Mn dopant concen-
tration by measuring the shifts of the (00l) peak and determining changes in the lattice
parameters induced by Mn incorporation. However, common out-of-plane XRD does not
allow for the detection of secondary phases that are oriented differently with respect to
the film’s surface normal. To detect these phases, grazing-incidence XRD (GI-XRD) was
employed. For GI-XRD, we utilized the same experimental setup as the standard XRD
measurements but with the incident angle fixed at 4◦. This allowed for the identification of
any secondary phases formed during growth that might have been missed by the c-plane
diffraction measurements.

Reciprocal space mapping (RSM) was also performed using two approaches. The first
method utilized the same optical setup as the XRD measurements. To observe changes in
reciprocal space due to Mn doping, this involved a sweep in ω and 2θ/ω around the (006)
peak, which was the most intense (00l) peak. Additionally, asymmetric RSM was conducted
to investigate off-axis peaks and gain insight into secondary phase formation within the
films. This method employed the same instrument but with the diffracted beam optics
removed, allowing the detector to operate in 2D mode. Measurements were taken over a
parameter space spanning −5◦ to 65◦ in χ and 0◦ to 100◦ in 2θ. This approach enabled the
confirmation of secondary phase compositions by exploring regions of reciprocal space
outside the c-plane.

The morphology of the films was analyzed using atomic force microscopy (AFM)
in tapping mode (Nanoscope III), with the primary goal of assessing the grain size and
distribution along with the surface roughness.

2.3. Electron Microscopy

To complement the XRD and surface morphology measurements, cross-sectional
transmission electron microscopy (TEM) specimens were prepared using focused ion
beam (FIB) milling (Nova 200 NanoLab, FEI, Hillsboro, OR, USA). Prior to FIB processing,
a protective carbon layer was thermally evaporated onto the film outside of the FIB chamber.
To further protect the film from Ga-ion implantation and beam damage during milling,
sacrificial AuPd and Pt layers were deposited using the FIB system’s electron and ion
beams. Bright-field (BF) scanning transmission electron microscopy (STEM) images and
EDS elemental maps of the samples were recorded using a latest-generation S/TEM (Talos
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F200A, ThermoFisher, Waltham, MA, USA) equipped with Super-X EDS detectors and a 4k
CMOS TEM camera (CETA, ThermoFisher, Waltham, MA, USA).

2.4. Magnetic Characterization

Magnetic characterization of the samples was conducted using SQUID magnetometry
(MPMS3, Quantum Design, San Diego, CA, USA). The measurements included out-of-plane
magnetic hysteresis loops at multiple temperatures and magnetization as a function of
temperature M(T) curves. To enhance the signal-to-noise ratio, particularly given the small
magnetic moments of these samples, the instrument was operated in vibrating sample
magnetometer (VSM) mode. This setup provided improved sensitivity and reliability in
detecting the magnetic properties of the Mn-doped Bi2Te3 thin films.

2.5. X-Ray Spectroscopy

Element-specific XMCD provides a powerful tool for probing the magnetic ground
state of materials using circularly polarized X-rays [38]. Measurements at the Mn L2,3 edge
were performed on the I10 (BLADE) beamline at Diamond Light Source (Didcot, UK) at the
base temperature of ∼2.5 K. A superconducting magnet was used to apply magnetic fields
of up to 14 T along the incident beam direction. The X-ray absorption spectra (XAS) were
recorded in total-electron yield (TEY) mode, which yields surface-sensitive information
with a 1/e probing depth of ∼3–5 nm. The XMCD signal is provided by the difference
between XAS spectra acquired with right- and left-circularly polarized light. Previously,
XMCD has been successfully used to unambiguously determine the electronic and magnetic
state of the magnetically active dopants in TIs [31,39–41].

3. Results
3.1. Thin Film Growth and Structural Characterization

XRD analysis of the films at room temperature confirms a Bi2Te3 structure with the
R3̄m space group (Figure 1a). The Mn concentrations of the films and their general stoi-
chiometry was determined by SEM-EDS. A summary of the produced samples is provided
in Table 1. Note that the nominal Mn concentrations in Table 1 represent the ratio of
growth rates for Mn and Bi2Te3. For the undoped sample, the calculated c lattice parameter
is 31.4 Å. This value decreases slightly with increasing Mn concentration, reaching 31.1
and 30.6 Å at 0.8% and 6.0% Mn, respectively. However, beyond 6% Mn incorporation
this behavior shifts and the c-lattice parameter begins to increase, reaching 31.9 and 32.3 Å
at 8.5% and 11.7% Mn, respectively. This trend suggests a critical concentration beyond
which the dopant exhibits behavior different from the desired substitutional doping on
Bi sites, possibly occupying sites in the van der Waals gap or forming a structure akin to
MnBi2Te4, where an MnTe bilayer is incorporated in the joint unit cell with Bi2Te3 unit
cell. Additionally, extra peaks can be seen where the intensity increases as the doping
concentration increases, suggesting the formation of secondary phases within the doped
Bi2Te3 matrix.

As standard XRD primarily probes crystal structures in the c-plane, GI-XRD was
used to investigate off-axis structures. GI-XRD has a fixed incidence angle, allowing it
to reveal the presence of MnTex phases within the films (Figure 1b). These secondary
peaks, while inconsistent across samples, align with MnTex diffraction patterns, suggesting
random orientation of MnTex growth within the films. This randomness aligns with the
granular growth characteristic of magnetron-sputtered thin films and further supports the
hypothesis of secondary phase formation at higher Mn concentrations.
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Figure 1. (a) X-ray diffraction patterns of Mn-doped Bi2Te3 thin films with increasing doping
concentration (from top to bottom; offset for clarity). The primary Bi2Te3 and Al2O3 substrate peaks
are prominent, but secondary peaks are also visible, likely corresponding to MnTex c-plane reflections.
These secondary peaks are challenging to identify due to overlapping peaks and minor peak shifts
from lattice mismatch with the substrate. However, their relative intensities increase with increasing
Mn concentration compared to the Bi2Te3 (00l) peaks. (b) GI-XRD patterns for the Mn:Bi2Te3 doping
series, revealing diffraction peaks corresponding to crystal planes that are not parallel to the c-plane.
The positions of peaks corresponding to Bi2Te3, MnTe, and MnTe2 are indicated above the x-axis.
The lack of consistent secondary peaks across all Mn concentrations suggests that MnTex grows with
varying preferred orientations in the different films.

Table 1. SEM-EDS analysis of the chemical composition for the series of Mn-doped Bi2Te3 thin
films. The nominal Mn concentrations represent the ratio of growth rates for Mn and Bi2Te3. At
low concentrations, the measured Mn incorporation into the film closely follows the nominal values.
However, at concentrations exceeding ∼5%, a reduced fraction of Mn is incorporated into the films.
Note that the two 3.5% films were produced using different methods: (1) by lowering the Mn power,
and (2) by pulsed deposition (via periodic shuttering) at twice the power. These methods demonstrate
that similar Mn concentrations can be achieved within the margin of error of the EDS measurements.

Nominal Mn
Concentration

(at. %)

Measured Mn
Concentration

(at. %)

Measured Bi
Concentration

(at. %)

Measured Te
Concentration

(at. %)

0.8 0.8 ± 0.1 38.7 ± 0.4 58.8 ± 0.5
1.7 1.6 ± 0.1 40.1 ± 0.4 58.3 ± 0.5

3.5—low power 3.5 ± 0.4 39.5 ± 0.2 57.0 ± 0.3
3.5—pulsed 3.8 ± 0.3 38.4 ± 0.1 56.8 ± 0.1

7.0 6.0 ± 0.5 38.0 ± 0.5 56.0 ± 0.5
10.6 8.5 ± 0.1 38.2 ± 1.0 53.4 ± 1.0
17.7 11.7 ± 0.1 36.7 ± 0.1 51.6 ± 0.1

To gain deeper insights into the effects of Mn doping on the crystal structure and the
formation of secondary phases, RSMs were acquired over χ and 2θ ranging from −5◦ to 65◦

and from 0◦ to 100◦, respectively. The resulting RSM plots are presented in Figures 2 and 3.
Analysis of these plots confirms the appearance of additional peaks with increasing Mn
concentration, consistent with the presence of MnTex within the samples at higher doping
levels. These findings corroborate the hypothesis of secondary phase formation as the Mn
concentration exceeds a critical threshold, further supporting the observations from the
grazing-incidence XRD data.

Reciprocal space mapping in the Qx–Qz plane was carried out by scanning the ω and
2θ/ω axes. The plots for four samples are shown in Figure 3. Analysis of the full width at
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half maximum (FWHM) of the peaks reveals a general broadening in both axes, predomi-
nantly along the Qz axis. For instance, the 0.8% Mn-doped sample shows a 22% increase
in peak width along Qz, while the 6.0% Mn sample exhibits a pronounced 104% increase.
This trend indicates an increase in grain size for higher Mn concentrations. Additionally,
as the Mn doping crosses a threshold between 6% and 12%, the peak amplitude decreases
by a factor of ∼3 and undergoes significant broadening. This sharp change in amplitude
and peak shape highlights the structural breakdown of the Bi2Te3 phase at high doping
levels, aligning with the emergence of secondary MnTex phases observed in XRD and
GI-XRD measurements.

Figure 2. Asymmetric RSMs of Bi2Te3 thin films at various Mn doping levels: (a) undoped,
(b) 0.8%, (c) 6.0%, and (d) 11.7%. The undoped sample exhibits only Bi2Te3 and Al2O3 peaks.
In (b,c), the secondary phase peaks that were observed in the 1D XRD measurements (Figure 1) are
below the detection threshold in the RSM data. Broadening of the Bi2Te3 peaks in (c) suggests an
increase in grain size. In (d), the Bi2Te3 peak intensity significantly decreases, with multiple peaks
attributed to MnTex and MnBi2Te4 appearing, indicating a shift in the doping mechanism at higher
Mn concentrations.

To investigate the grain size and surface morphology of the films, AFM was performed.
Representative images for an undoped Bi2Te3 thin film and a Mn-doped sample (3.5% Mn)
are shown in Figure 4a and 4b, respectively. The nanocrystalline nature of the film is
evident, with no clear anisotropy in grain orientation observed in either samples. The
introduction of Mn significantly alters the surface morphology, resulting in increased
roughness and larger grain sizes compared to the undoped film. Grain size analysis was
conducted by setting a threshold depth of 5 nm and analyzing the top layer of grains.
Two distinct grain size distributions were identified, i.e., grains measuring 60–70 nm and
110–120 nm across. These findings support the conclusion from XRD that multiple growth
modes are present within the doped films, likely reflecting variations in Mn distribution
between the two different grain types. In contrast, the undoped Bi2Te3 sample grown
under the same conditions exhibits significantly smaller grain sizes. This indicates that Mn
doping influences the growth mode even at low concentrations, potentially enhancing grain
coalescence and promoting clustering. Grain boundaries are localized regions of strain and
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disorder; as such, they play a significant role in influencing magnetic coupling. A reduction
in their density in films with larger grains could lead to notable modifications in magnetic
interactions. Future studies will focus on exploring how these morphological changes affect
magnetic coupling, with particular emphasis on the transition between ferromagnetic and
antiferromagnetic behavior.

Figure 3. RSMs of the (006) peak for Bi2Te3 films at various Mn doping levels: (a) undoped, (b) 0.8%,
(c) 6.0%, and (d) 11.7%. Peak broadening in both the Qx and Qz directions is observed as the Mn
concentration increases to 6.0%, indicating structural changes such as increased lattice distortion and
reduced crystalline coherence. In (d), the 11.7% doped sample shows a significant loss of intensity,
suggesting a transition from substitutional doping to a structure resembling MnBi2Te4. These results
align with observations from c-plane XRD, confirming a doping-dependent shift in film properties.

Figure 4. AFM images of (a) an undoped Bi2Te3 thin film and (b) a 3.5% Mn-doped sample. The
dopant introduces significant changes to the surface morphology, with increased roughness and
larger grain sizes. The grain size distribution was analyzed by setting the threshold to 5 nm. Two
dominant grain sizes of 60–70 and 110–120 nm were observed. These distinct grain sizes suggest the
presence of multiple growth modes within the film.

3.2. Electron Microscopy

STEM EDS elemental mapping was used to investigate the spatial distribution and
incorporation of Mn dopants in Bi2Te3 thin films, while HAADF-STEM imaging provided
insights into the film’s structure. Note that determining the spatial distribution of Mn
dopants at the nanoscale in the Bi2Te3 film is challenging due to the low atomic number (Z)
of Mn (25) compared to Bi (83) and Te (52) as well as to the low overall concentration of Mn
in the film. This makes direct imaging of Mn dopants at atomic resolution using Z-contrast
in HAADF-STEM particularly difficult.

Cross-sectional STEM images, shown in Figures 5 and 6 for nominal Mn concentrations
of 1.6% and 3.8%, respectively, confirm that the films are composed of oriented grains and
exhibit the characteristic quintuple-layer structure of Bi2Te3, indicating a high degree
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of order within the grains. In principle, these observations underscore the successful
integration of Mn into the Bi2Te3 matrix without compromising the layered structure,
consistent with conclusions drawn from the XRD analysis.

Al O2 3

Bi Te2 3

Al cap

C

AuPd

Pt(b) (c)

(a)

10 nm

50 nm

Figure 5. BF-TEM images of a Bi2Te3 film doped with 1.6% Mn. (a) Cross-sectional view of the film,
showing the surface roughness. (b) Image of the full film stack, including protective layers of C, AuPd,
and Pt required for the specimen preparation. Roughness and discontinuities in the c-plane-aligned
layers are visible, particularly to the right of the highlighted section. (c) The magnified view of the
highlighted area in (b) reveals individual Bi2Te3 quintuple layers, demonstrating that the film is
textured and c-axis oriented.

Al O2 3

Bi Te2 3

Al cap

C

AuPd

Pt(b) (c)

(a)

20 nm 10 nm

50 nm

Figure 6. BF-TEM images of a Bi2Te3 thin film with 3.8% Mn. (a) Cross-sectional view of the film,
showing a reduced roughness compared to the 1.6% Mn film. (b) Image showing the full stack
including the protective layers needed for preparation. The highlighted section indicates the area
magnified in (c) and shows evidence of off-axis growth. (c) Enlarged view of the locally disordered
quintuple layer stack. A significant area of off-axis growth is observed, suggesting the potential
formation of a crystal structure with a different space group than Bi2Te3.

The HAADF-STEM overviews for the two concentrations shown in Figure 7a,d reveal
the characteristic (quintuple) layer structure of the Bi2Te3 film. Upon closer inspection,
the HAADF-STEM image intensity is found to vary across the film, with patches of lower
intensity (dark areas) interspersed throughout. Brighter areas correspond to Mn-rich re-
gions, while darker areas indicate Mn-poor regions. These variations suggest compositional
differences, possibly due to a non-uniform distribution of Mn dopants.

To test this hypothesis, EDS spectra were collected from both light and dark regions
of the film in the 1.6% Mn-doped sample shown in Figure 7g. The Mn peak at 5.9 keV
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was integrated and normalized to the total spectral integral, accounting for possible co-
dependencies with other elemental peaks. This analysis revealed that the Mn content
in the bright regions is ∼35% higher than in the darker regions, confirming significant
compositional heterogeneity. To further analyze the extent of Mn-rich areas, grayscale
HAADF images were thresholded based on brightness and the relative areas of bright
(Mn-rich) and dark (Mn-poor) regions were calculated. Across multiple images at varying
magnifications, it was determined that ∼68% of the film consists of Mn-rich regions,
with the remaining 32% being Mn-poor. This uneven distribution is consistent with the
XRD and GI-XRD findings, which suggest the presence of MnTex secondary phases.

Figure 7. (a) HAADF-STEM image of a Bi2Te3 thin film doped with 1.6% Mn. Light and dark
regions are visible across the c-axis-orientated layers. This indicates compositional variation, as the
signal intensity depends on atomic number. (b,c) Corresponding STEM EDS maps for Bi and Mn,
respectively. (d) HAADF-STEM image of a Bi2Te3 thin film doped with 3.8% Mn, showing similar
light and dark regions. (e,f) Corresponding EDS maps for Bi and Mn for the 3.8% Mn sample.
(g) While Mn appears evenly distributed in the EDS images, statistical analysis of the Mn peak
intensities normalized by the total spectral integral reveals that the lighter region (yellow rectangle)
contain 35% more Mn than the darker region (black rectangle).

Figure 7e,f provides further elemental mapping for the 3.8% Mn film, showing that
Mn is distributed across both the bright and dark regions, though most likely in differing
concentrations. Combined with structural data, these findings suggest that the Mn-rich
regions consist of a mixture of substitutionally doped Bi2Te3 and MnTex secondary phases.
The consistent Bi content observed in EDS maps supports the hypothesis that Bi2Te3

remains the dominant matrix, with Mn integrated as either a substitutional dopant or as
part of secondary phases.

3.3. Magnetic Characterization

Vibrating-sample SQUID magnetometry was performed as a function of both tempera-
ture and applied magnetic field (up to 5 T). The sample surface was oriented perpendicular
to the applied magnetic field. The resulting magnetic hysteresis loop for a film with an Mn
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concentration of 3.8% is shown in Figure 8a, indicating soft ferromagnetic behavior with a
coercive field of approximately 36 mT at 5 K. After subtracting the diamagnetic contribution
of the sapphire substrate, the data reveal a strong paramagnetic-like contribution which
does not reach full saturation within the instrumental field range of 5 T, necessitating higher
fields. The overall shape of the hysteresis loop is generally similar to that of MBE-grown
MnxBi2−xTe3 films reported in previous studies [42,43]. The combination of low coercivity
and paramagnetic-like behavior is attributed to the continuous reorientation of magnetic
domains under the applied field [42,43].

To determine the TC of the films, M(T) curves were measured from 5 to 300 K. First-
order derivatives of these curves for samples with Mn concentrations of 3.8% and 11.7%
are shown in Figure 8c and 8d, respectively. These derivatives reveal two distinct magnetic
transitions as the temperature increases from 5 K, one at ∼10 K and another at ∼43.3 K.
Given the XRD evidence of MnTex secondary phases in the films, these transitions are likely
associated with the distinct contributions of Mn in different environments. The most likely
scenario is that the lower-temperature transition (∼10 K) is attributed to the ferromagnetic
order of Mn substitutionally doped into the Bi2Te3 lattice, while the higher-temperature
transition (∼43.3 K) corresponds to magnetic ordering within the MnTex phase.

Figure 8. Magnetic characterization of Mn-doped Bi2Te3 thin films. (a) Magnetization versus magnetic
field (M(H)) hysteresis loop of a sample with 3.8% Mn doping measured at 5 K. (b) Magnified view
of the highlighted region (orange) in (a), showing detailed low-field behavior. (c,d) Temperature-
dependent magnetization (M(T)) plots for samples with 3.8% and 11.7% Mn doping, respectively,
with the derivative dM/dT shown below each plot. Discontinuities in dM/dT reveal magnetic
transitions at approximately 10 K and 43 K. These transition temperatures are consistent with the
presence of two magnetic phases in the films, as suggested by the structural analysis.

3.4. X-Ray Spectroscopy

XMCD was employed to investigate the magnetic ground state of the Mn-doped
Bi2Te3 thin films. The element-specific capability of XMCD allows for probing the magnetic
contribution of Mn dopants within a TI matrix. Measurements were conducted at the base
temperature of ∼2.5 K in magnetic fields of up to 14 T along the incident beam direction,
ensuring magnetic saturation of the films. The films were oriented normal to the beam,
allowing for probing of magnetic moments aligned out-of-plane relative to the film surface.

Figure 9a presents the XMCD spectra for films with varying Mn concentrations nor-
malized to the maximum at the L3 edge of the XAS spectra summed over both polarizations.
Consistent with previous results on MBE-grown Mn-doped TIs, pronounced dichroism is
observed [42,44]. However, as the Mn concentration increases, the XMCD peak intensity
decreases, indicating that only a subset of Mn ions contributes to the ferromagnetic order.
The remaining Mn ions contribute to the total XAS intensity, but not to the dichroism.

To quantify this, the L3 edge peak asymmetry was analyzed. The peak asymmetry,
defined as the difference between the XAS spectra for opposite circular polarizations
divided by their sum, is proportional to the spin magnetic moment of Mn in the film [45,46].
The asymmetry was calculated for five samples and plotted against the Mn concentration
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in Figure 9d. The results reveal a linear reduction in asymmetry (and consequently in the
moment per Mn atom) with increasing Mn doping, with the asymmetry approaching zero
at higher concentrations.

Figure 9. X-ray magnetic circular dichroism (XMCD) analysis of Mn-doped Bi2Te3 thin films.
(a) XAS (top) and XMCD (bottom) spectra at the L2,3 edges for a thin film with 3.8% Mn doping at
normal incidence under a 1 T applied field parallel to the beam, showing pronounced dichroism.
(b) XMCD spectra for a series of doped samples, normalized by the maximum of the XAS sum at
the L3 edge. The XMCD intensity decreases with increasing Mn concentration. (c) XMCD hysteresis
curve for a Bi2Te3 film with 6% Mn, illustrating magnetic behavior as a function of applied field.
(d) Plot of peak asymmetry versus atomic-% Mn, highlighting the reduction in magnetic moment
(per Mn) with increasing Mn doping, as observed in (b). (e) XMCD spectrum at the L3 edge under
an 11 T applied field (to ensure saturation) compared with the simulated spectrum for an Mn site
in Bi2Se3. (f) Magnetic moment per Mn atom as a function of the applied field, calculated from the
XMCD hysteresis loop in (c) and scaled using the simulated spectra in (e). The saturation moment is
∼(3.48 ± 0.25)µB/Mn.

Due to photon energy-dependent background variation as well as to L3–L2 peak
overlap, sum rule analysis to directly extract spin and orbital moments was unreliable.
However, owing to the proportionality between asymmetry and moment, the value of the
Mn spin moment within the film can be determined through comparison with calculated
spectra. Figure 9e shows the Mn L3 edge from experimental data compared to a calculated
spectrum generated via atomic multiplet calculations (see details in [42]). The spectra for
the hybridized ground state were simulated with mixed d4, d5, and d6 character, yielding a
moment of 4.75µB/Mn atom for a fully saturated film. This magnetic moment comparison
provides a scaling factor to estimate the moment for films at high fields.

Figure 9c shows an XMCD hysteresis loop for a film with 6.0% Mn. While the loop
does not explicitly demonstrate saturation, we argue in the following that the film reaches
saturation at ∼13 T. Using the scaling factor derived from the simulated data, the magnetic
moment per Mn atom was plotted as a function of the applied field, as shown in Figure 9f.
The normalized data corrected for apparent paramagnetic contributions reveal that the
film becomes saturated near 13 T. From the saturated region, the average moment per
Mn atom was calculated using measurements at 13 and 14 T on both the upward and
downward sweeps of the hysteresis curve. This analysis yielded an average moment of
(3.48 ± 0.25)µB/Mn atom for this particular Mn concentration of 6.9%.
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4. Discussion
In Figure 9d, the asymmetry A as a function of the Mn concentration x (in atomic-%)

is plotted and fitted with a linear function of the form A(x) = −0.163 + 0.0116x. This
relationship implies that the magnetic moment M per Mn atom (normalized to 1 at x = 0.0)
follows the expression M(x) = 1 − 0.0712x, indicating that each additional atomic-%
Mn reduces the moment by a fixed amount of 0.0712. Such behavior is unconventional.
Typically, M(x) remains constant until all available sites within the Bi2Te3 lattice which
are linked to ferromagnetic behavior are fully occupied, after which the moment per Mn
decreases sharply as Mn begins to populate energetically unfavorable sites, resulting in
either paramagnetic or antiferromagnetic behavior [10,42,43]. Thus, the observed linear
reduction in M(x) suggests a different mechanism.

The decrease in M(x) can be attributed to several interconnected mechanisms in-
volving substitutional Mn doping, Mn clustering, and secondary phase formation. At
low Mn concentrations, substitutional doping dominates, maximizing the ferromagnetic
moment [9]. However, as x increases, Mn dopants may begin to occupy less favorable
positions, such as interstitial sites or van der Waals gaps, as suggested by the structural
data (e.g., XRD and STEM-EDS; see Figures 1 and 7). Mn atoms in these positions could
couple antiferromagnetically to substitutional Mn, reducing the measured net moment in
XMCD. This behavior aligns with theoretical predictions of antiferromagnetic coupling
between Mn ions in TIs [15]. Furthermore, as the Mn concentration increases, the proximity
of Mn ions enhances superexchange interactions, which may lead to frustration effects in
the lattice, resulting in suppressed long-range ferromagnetic ordering [8,26].

The presence of secondary phases and Mn clustering further complicates the magnetic
behavior. Mn dopants may cluster at higher concentrations due to limited mobility during
sputtering growth, as supported by our HAADF-STEM observations (Figure 7). Such
clustering could introduce regions with local antiferromagnetic interactions, reducing the
overall ferromagnetic response [42]. In addition, the emergence of MnTex phases, evidenced
by GI-XRD (Figure 1b), introduces nonmagnetic or weakly magnetic regions that do not
contribute to the ferromagnetic order of the substitutional Mn ions [17].

Strain-induced effects may also play a significant role. Increasing Mn concentration
can introduce local lattice strain or disorder, as indicated by the broadening of XRD and
RSM peaks (Figures 2 and 3). Strain modifies the local magnetic exchange interactions
and may weaken ferromagnetic coupling in the lattice [43]. Additionally, Mn doping
introduces carriers, likely holes, which mediate the exchange interaction between Mn spins.
At higher Mn concentrations, the carrier-mediated interaction could transition to favor
antiferromagnetic or spin-glass behavior, suppressing the net ferromagnetic response [47].
Changes in the host Bi2Te3 electronic structure, such as band structure modifications and
surface state degradation, may further weaken magnetic ordering [34].

The observation that the lowest Mn doping data point in Figure 9d (1.6% Mn) already
aligns with the linear trend observed at higher concentrations suggests that substitutional
doping may have reached saturation even at this low concentration, likely as a result of the
specific growth mode employed. During magnetron sputtering in the used configuration
with two separate targets, Mn clustering may occur from the start, particularly under pulsed
growth conditions. As Mn ions are incorporated, the mobility limitations (as compared to a
layer-by-layer growth mode in MBE) could prevent Mn from fully occupying substitutional
sites within Bi2Te3 clusters. This behavior could explain why Mn clustering observed
in HAADF-STEM (Figure 7) and antiferromagnetic contributions appear even at low
doping levels.

While these mechanisms align with the observed linear trend, further investigations
are required to probe site-specific magnetic ordering and structural effects. Techniques
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such as neutron diffraction, density functional theory simulations, or more extensive high-
resolution electron microscopy could provide additional insights into Mn site preferences,
clustering, and coupling interactions. Additionally, TEM and X-ray photoelectron spec-
troscopy studies could help to establish the solubility limit of Mn within Bi2Te3 films,
enabling the reliable synthesis of films that contain only substitutionally doped Mn. Un-
derstanding this limit could enable the further optimization of growth conditions, such
as tuning deposition temperatures or reducing deposition. Such combined studies would
clarify the interplay between substitutional doping, secondary phase formation, and mag-
netic ordering, highlighting the importance of controlling growth conditions to optimize
magnetic properties [47,48].

The findings presented here highlight the unique characteristics of Mn-doped Bi2Te3 films
synthesized via magnetron sputtering, a technique with significant advantages over MBE.
Unlike MBE, sputtering facilitates the growth of nanocrystalline films with scalable deposition
and precise control over grain size. These features suppress bulk conduction pathways and
enhance the role of surface states, which is critical for applications in spintronics.

Recent work has demonstrated that sputtered topological insulators such as BiSb and
BiSe exhibit high spin Hall angles (θSH ≈ 10) and efficient spin–orbit torque (SOT) mag-
netization switching at room temperature, along with low critical current densities [32,49].
These advancements underscore the potential of sputtered films in developing ultra-low-
power devices, including SOT-MRAM and racetrack memory.

While the granular structure of our Mn-doped Bi2Te3 films provides opportunities for
tuning grain boundaries and magnetic dopant interactions, these samples are less suited
for room-temperature SOT-based devices due to their specific magnetic properties. Future
low-temperature magnetotransport studies could further elucidate the coupling between
magnetic order and topological surface states in these films, revealing phenomena such as
the quantum anomalous Hall effect.

Thus, magnetron sputtering offers a powerful platform for bridging the gap between
fundamental research and industrial applications, paving the way for scalable and high-
performance spintronic technologies [50–54]. Further optimization of sputtering parameters
and in-depth structural and magnetic investigations will be crucial for unlocking the full
potential of these materials.

5. Conclusions
This study investigated the structural and magnetic properties of nanocrystalline

Mn-doped Bi2Te3 thin films. Structural characterization revealed the presence of MnTex

secondary phases even at low Mn concentrations. Cross-sectional EDS analysis of a sam-
ple with 3.8% Mn concentration indicated an uneven dopant distribution. This suggests
clustering of the secondary phase within the film, likely driven by the granular texture char-
acteristic of sputtered films. Despite adjustments to the growth recipe, including changes
in annealing conditions, growth temperature, and reduced Mn content, the secondary
phases persisted.

Magnetic measurements yielded results consistent with the structural findings, indicat-
ing a more complex system than pure Mn:Bi2Te3. SQUID-VSM measurements revealed two
magnetic transitions at ∼10 and ∼43 K, suggesting distinct magnetic ordering contributions
from both the doped TI and MnTex phases. From XMCD measurements, the magnetic mo-
ment of Mn was found to be inversely proportional to the doping concentration. This trend
is consistent with theoretical predictions that Mn ions at different lattice sites will exhibit
varying magnetic behaviors, including antiferromagnetic coupling between Mn ions in the
van der Waals gap and those substituting Bi ions [15]. Comparison with simulated XMCD
data yielded an estimated average moment of (3.48 ± 0.25)µB/Mn for the sample with
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6.0% Mn. Notably, this value provides the average over the magnetic and non-magnetic
Mn fractions.

Comparison with previous single-crystal [44] and MBE-grown [42] Mn:Bi2Te3 samples
highlights the challenges of achieving a single-crystalline structure in sputtered films. While
this complicates interpretation, it presents an opportunity to explore the growth of the
intrinsic magnetic TI MnBi2Te4. MnBi2Te4 exhibits antiferromagnetic order and supports
exotic states such as the quantum anomalous Hall effect and axion insulator states [55].
Structurally, the unit cell of MnBi2Te4 consists of a Bi2Te3 quintuple layer and an MnTe
bilayer [56]. The prominence of MnTe phases in the studied films suggests that optimizing
the growth parameters could enable realization of MnBi2Te4 via magnetron sputtering.
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