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Abstract: Introducing magnetic dopants into topological insulators (TIs) provides a path-
way to realizing novel quantum phenomena, including the quantum anomalous Hall effect
(QAHE) and axionic states. One of the most commonly used 3d transition metal dopants
is Mn, despite its known tendency to be highly mobile and to cause phase segregation.
In this study, we present a detailed magnetotransport investigation of Mn-overdoped
Biy Tes thin films using field-effect transistor architectures. Building on our previous struc-
tural investigations of these samples, we examine how high Mn content influences their
electronic transport properties. From our earlier studies, we know that high Mn doping
concentrations lead to the formation of secondary phases, which significantly alter weak
antilocalization behavior and suppress topological surface transport. To probe the gate
response of these doped films over extended areas, we fabricate field-effect transistor
structures, and we observe uniform electrostatic control of conduction across the magnetic
phase. Inspired by recent developments in intrinsic topological systems such as the MnTe-
Biy Tes septuple-layer compounds, we explore the influence of embedded ferromagnetic
chalcogenide inclusions as an alternative route to engineer magnetic topological states and
potentially expand the operational temperature range of QAHE-enabled devices.

Keywords: Mn-doped Bi,Tes; magnetic topological insulator; secondary phases; weak
antilocalization; magnetotransport; MnTe inclusions

1. Introduction

Semiconductor devices rely on the controlled flow of electrical charges to transport,
store, and process information, forming the backbone of the microelectronics industry. In
a typical field-effect transistor (FET), the capacitor plates can be charged or discharged
to switch the semiconductor channel between ON and OFF states [1]. In practice, charge
transport is limited by scattering from static defects and phonons, leading to dissipative
conduction and increased power consumption. Consequently, significant effort has been de-
voted to growing high-quality crystals with reduced native defect densities. In parallel, the
use of electron spin, arising from the intrinsic magnetic moment of the electron, to control
charge flow has fueled rapid progress in spintronics [2]. Spin-based approaches promise
several advantages over conventional charge-based electronics, including low-power oper-
ation and long spin coherence times, which exceed typical charge carrier lifetimes limited
by defect backscattering [3].
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Topological insulators (TIs) have emerged as a new class of quantum materials with
exciting potential for spintronic applications [4]. In TIs, strong spin—orbit coupling and
time-reversal symmetry protection lead to spin-momentum locking of surface states, which
are robust against non-magnetic scattering. These gapless topological surface states coexist
with an insulating bulk, resulting from the nontrivial topology of the band structure [5].
TIs can be viewed as a three-dimensional generalization of the spin Hall effect or as two
copies of the Haldane model [5]. The presence of strong spin—orbit coupling in TIs and
their heterostructures enables the emergence of spin textures via magnetic proximity when
TIs are interfaced with ferromagnets or antiferromagnets [6].

To harness the full potential of TIs in device applications, including transistor-like
structures, it is essential to understand and control surface-state transport. This has been
challenging, especially in magnetically doped TIs, due to parasitic bulk conductivity. In
binary chalcogenides such as BiySe; and BiyTes (typically n-type) as well as SbyTes (p-type),
the origin of bulk conduction is well documented [7,8]. Native defects, such as vacancies,
introduce doping that shifts the chemical potential toward the conduction band [9-11],
while surface oxidation in ambient conditions can induce additional surface charge [12,13].
As a result, bulk contributions often dominate transport, masking the response of topo-
logical surface states. Efforts to mitigate bulk conductivity include counter-doping [14,15]
and alloying different TI systems [16,17], but these often result in low carrier mobilities,
suppressing quantum oscillations in the longitudinal resistivity that serve as a hallmark of
coherent surface transport [18].

A promising alternative strategy is to break time-reversal symmetry by introducing
magnetic dopants into TI films [19]. This results in long-range magnetic order, either
ferromagnetic or antiferromagnetic, combined with strong spin—orbit coupling, giving
rise to a new class of topological materials characterized by a nonzero Chern number,
C. This so-called quantum anomalous Hall (QAH) phase hosts dissipationless chiral
edge states that are topologically protected and immune to disorder. The QAH effect
manifests as a quantized Hall conductance in the absence of an external magnetic field [20].
The compound MnBi,Tey (MBT) is an intrinsically antiferromagnetic TI composed of
alternating septuple layers of Mn and Bi, Tez [21-27]. Ferromagnetic ordering within each
Mn-containing layer is coupled antiferromagnetically between layers, creating an ideal
platform for studying time-reversal symmetry breaking in topological systems. It has been
demonstrated that topological surface states can coexist with a sizable magnetic gap in MBT,
enabling access to the QAHE [28,29] and other exotic quantum phases [22], such as axion
insulators [30] and Majorana fermions [31]. These developments have renewed interest
in Mn-doped Bi,Tes as a tunable magnetic TI system. While uniform Mn doping can in
principle induce magnetic order, it often results in the formation of secondary phases or
structural inhomogeneities at higher concentrations [32-34]. The impact of such inclusions
on electronic transport remains an open and relevant question, particularly given the
reported correlations between Mn concentration, magnetic phase formation, and transport
anomalies [32,34]. Field-effect architectures provide a practical and scalable platform to
probe these effects under electrostatic gating across extended regions of the film.

In this work, we present a gated transport study of Mn-doped Bi,Tes thin films,
focusing on the influence of magnetic inclusions and secondary phases on the electronic
transport properties. Our key motivation was to deliberately overdope Bi,Te3 with Mn to
promote the formation of secondary magnetic phases, such as MnTe, and to study their
impact on topological surface conduction. Our previous structural studies on Mn:Bi, Tes
films have demonstrated the emergence of Mn-rich inclusions and secondary phases at
high doping levels [35]. These magnetic inclusions could behave analogously to the MnTe
layers in MnBi;Tey, potentially extending the operational temperature range through
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a local interplay between magnetic order and topological surface states. Motivated by
the critical role of MnTe in stabilizing long-range magnetism in MBT, we investigate via
electronic transport whether similar effects arise from Mn-rich regions embedded within
the BipTez matrix. By exploring high Mn concentrations (up to 10 atomic % (at%)) and
evaluating their impact on transport behavior from 300K down to 10K, we assess the
thermal stability and tuning range of magnetic topological features in this system. To
probe the electronic response across large device areas, we fabricated gated FET structures
using Mn-doped BiyTez channels. These allow us to access the gate-dependent conduction
behavior and extract key parameters such as mobility and carrier type. The observed gate
response suggests that local magnetic inclusions, such as 2D B-MnTe, an antiferromagnetic
insulator, may influence the transport in a manner reminiscent of intrinsic septuple-layer
systems. In addition to field-effect measurements, we assess the anomalous Hall effect and
magnetoresistance across the same films, providing further insight into how secondary
magnetic phases modify the combined topological and magnetic response of heavily doped
Mn:Bi, Tes thin films.

2. Materials and Methods

Sample preparation and thin film analysis: Mn-doped Bi;Tes thin films were grown
on epi-ready c-plane sapphire (Al,O3 (0001)) substrates using molecular beam epitaxy
(MBE). The process was carried out under Te-rich conditions to suppress Te vacancies and
Bi-Te antisite defects. A BiyTes buffer layer was deposited at 200 °C, followed by Mn-
doped layers grown at 250 °C using high-purity Bi, Te, and Mn (6N) in standard effusion
cells. Previous studies have shown that Mn concentrations above 6 at% lead to significant
changes in atomic structure and local chemistry [35]. For this study, we prepared films with
10 at% Mn doping, i.e., well above the solubility limit, as well as undoped Bi,Te; reference
samples. The growth rate, monitored via beam flux measurements, was limited by Bi at
approximately 0.4 nm/min.

X-ray diffraction results reported in Ref. [35] confirmed that the overdoped Mn:Bi, Te3
films retained a c-axis-oriented rhombohedral structure without detectable secondary
phases in the average crystal structure. However, high-resolution scanning transmis-
sion electron microscopy (STEM) revealed that the film contained nanoscopic regions of
disrupted contrast consistent with local chemical inhomogeneity. Electron energy-loss
spectroscopy (EELS) mapping showed that Mn was distributed non-uniformly across the
film, with local enrichment in certain regions. Within these Mn-rich domains, substitution
on both Bi and Te lattice sites was observed, along with evidence of Mn occupation at inter-
stitial positions in the van der Waals gap. Extended X-ray absorption fine structure (EXAFS)
measurements supported a heterogeneous local environment for Mn, with coordination
distances consistent with both Mn-Te bonding and increased structural disorder. Density
functional theory (DFT) calculations indicated that Mn incorporation at both substitutional
and octahedral interstitial sites in the overdoped regime is energetically favorable and pro-
motes ferromagnetic alignment. More details of our structural study that is the foundation
for this electronic transport work is available in Ref. [35].

Device fabrication: The films were patterned into Hall bar structures measuring
1000 um x 100 pm using standard optical lithography and Ar* ion milling. The mesas had
a typical aspect ratio (L/W) of 5.25. Ohmic contacts were deposited via thermal evaporation
of Ti/Au (20nm/80 nm), followed by lift-off. Samples were mounted in a leadless chip
carrier (LCC) and connected via Au wire bonding. The LCC was inserted into a cryogenic
sample holder (Oxford Instruments) with a base temperature of 1.9K.

Electrical characterization: All magnetotransport measurements were performed in a
cryogenic probe station with a base temperature of 1.9K using a four-terminal lock-in
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technique (Stanford SR830) at 77 Hz and an excitation current of 100 nA. The magnetic field
was applied normal to the sample plane (B || z). The areal capacitance Cy was determined
from impedance measurements of a planar Au/Cytop/Au structure, applying a 50mV AC
signal across frequencies ranging from 100 Hz to 10 MHz. The low-frequency limit was
used to extract Cy for mobility calculations.

For each temperature point, the longitudinal resistance Ry, was extracted from the
slope of the 1;5(V;s) curve in the low-bias linear regime (typically within +50 mV). This
approach assumes quasi-ohmic behavior over small source—-drain voltages, even in the
presence of non-linear features at larger biases. In the Mn-doped devices, particularly at
low temperatures, the non-linearity became more pronounced, but the local linear regime
near zero bias remained a valid approximation for extracting resistance. The uncertainty
introduced by this procedure was estimated by comparing fits over multiple voltage
windows, and we found that it remained within £10% in the most non-linear cases. This
level of variation does not alter the qualitative temperature dependence of Ry (T).

Field-effect transistor fabrication and measurements: FET devices were fabricated by first
depositing Au source and drain electrodes onto the Bi,Tes and Mn-doped BipTes thin films.
A Cytop dielectric layer (thickness ~500 nm) was then applied by spin coating, followed
by the deposition of the source—drain Au electrodes obtained using thermal evapora-
tion. Temperature-dependent current-voltage (I-V) characteristics were measured using a
Keysight B1500A parameter analyzer in combination with a Lakeshore probe station.

3. Results and Discussion

Magnetotransport measurements were carried out on a 60 QL Bi, Te; film by patterning
the film into a Hall bar geometry (QL stands for “quintuple layer”). A mesa with an aspect
ratio of 5.25 (length to width) was patterned using standard photolithography and etched
using argon ion milling.

Figure 1a shows the weak antilocalization (WAL) behavior of a BiyTes thin film, with a
sharp drop in conductivity as the out-of-plane magnetic field B increases, a characteristic
signature of topological insulators due to strong spin—orbit coupling (SOC). In undoped
BipTes, SOC leads to destructive interference between time-reversed electron paths, re-
sulting in a quantum correction to the conductivity. This manifests as a sharp cusp in
the magnetoconductance at zero magnetic field. The observed WAL behavior reflects the
Dirac nature of the topological surface states and indicates strong spin-momentum locking,
which suppresses electron backscattering [4]. Furthermore, the WAL effect in BiyTejs is
strongly temperature-dependent, with the cusp flattening at elevated temperatures due
to reduced phase coherence length. The WAL response of carriers in TIs can be described
using the Hikami-Larkin—-Nagaoka (HLN) model, which typically yields an « value near
—0.5, corresponding to one or two topological surface channels in thinner films [36]. These
observations confirm the influence of topologically protected surface states on the transport
properties of BipTes.

Quantum interference effects in 2D systems, such as weak antilocalization, can be captured
by the HLN framework, which yields a field-dependent correction of conductivity [36]:

2
2D _ 2D 2Dy ., € h _ 1 h
AO—XX - Uxx (B) Uxx (0) - 0‘271,2;-1 [ln<4eBLé> T(Z + 463[%,)] . (1)

In this expression, Ac2P denotes the change in 2D sheet conductivity, B represents the out-

of-plane magnetic field, e is the elementary charge, 7 is the reduced Planck constant, and ¥
refers to the digamma function. The parameter & quantifies the number of contributing
topological surface channels, while L, corresponds to the phase coherence length.
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By fitting the WAL data to the HLN model, we extract values of « = —0.5 and
Ly = 0.19 um. Early transport studies in Tls showed that strong spin—orbit interaction gives
rise to WAL with « = —0.5, while weak spin-orbit scattering leads to weak localization (WL)
characterized by positive a. Subsequent investigations revealed that « depends on sample
thickness and can vary between —0.5 and —1, depending on bulk conductivity modulation
via electrostatic gating [37], consistent with results from multiple groups [36-43].

An « value of —0.5 indicates that weak antilocalization is primarily influenced by
the top surface, with the bottom surface playing a comparatively small role. This could
result from a reduced phase coherence length L, at the bottom interface, possibly due to
defect-induced scattering at the TI-substrate interface [44,45].

(a) Bi,Te, (b) Mn:Bi,Te,
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Figure 1. Weak antilocalization and anomalous Hall effect. (a) Weak antilocalization behavior
in an undoped Bi,Tej thin film measured at 1.8 K, showing a sharp cusp at low field due to strong
spin—orbit coupling. A fit to the HLN model yields &« = —0.52 and a phase coherence length of
190 nm, consistent with a single dominant topological surface channel. (b) Anomalous Hall resistance
Ryy(B) for Mn:Bi; Tez with 10 at% Mn doping, showing non-linear response and saturation near 1T.
The reduced Hall slope indicates a residual bulk carrier contribution.

The Hall resistance in the Mn-doped Bi,Tes film, shown in Figure 1b, increases mono-
tonically as the magnetic field is swept in either direction, before reaching a plateau at
approximately 1 T. The relatively small value of the saturated Hall resistance suggests a
non-negligible bulk carrier contribution to the overall transport. The relatively small slope
of the Hall resistance, together with its weak temperature dependence, is consistent with
significant bulk conduction. We note, however, that a 2D surface channel, particularly
one subjected to ferromagnetic ordering, can also produce a non-linear, hysteretic Ry, (B)
response. Therefore, while the Hall signal may reflect a magnetically active surface channel,
the low overall Hall slope and lack of gate tunability suggest that bulk carriers dominate
the longitudinal transport response under our measurement conditions. Despite other
contributions to transport, the presence of WAL characterized by « = —0.5 remains an indi-
cation of topological surface conduction in these samples. Despite the hysteresis observed
in ny(B), the corresponding Ry (B) remains flat across the full field range, showing no
signature of butterfly-shaped magnetoresistance. This implies that magnetic ordering has
minimal influence on longitudinal transport under our measurement conditions, possibly
due to bulk-dominated conduction or weak coupling between magnetic inclusions and
the transport path. In prior work, we performed a comprehensive structural analysis of
highly Mn-doped Bi;Te; using a combination of experimental and theoretical approaches,
including DFT, XANES, EXAFS, and HAADF-STEM [35]. We found that Mn atoms occupy
both substitutional sites within the Bi;Tez QLs and interstitial positions within the van
der Waals gaps. At lower Mn concentrations (e.g., 2.5 at%), the dopants are primarily
substitutional, preserving the high crystallinity and structural integrity of the films. In
contrast, higher concentrations (e.g., >6%) lead to Mn segregation into secondary phases,
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accompanied by a deterioration of the crystal structure. Our DFT calculations show that Mn
preferentially occupies substitutional Bi sites and interstitial octahedral positions in the van
der Waals gaps—both of which favor ferromagnetic ordering. Consequently, Mn incorpora-
tion introduces ferromagnetic behavior into Bi;Tez. However, as the Mn content increases,
disorder and clustering at interstitial sites reduce the effectiveness of magnetic coupling,
potentially leading to spatially non-uniform magnetic properties. These structural and
magnetic complexities underscore the importance of investigating transport behavior at
high doping levels, especially over macroscopic device areas and under electrostatic gating,
where magnetic inhomogeneities may be averaged out or modulated.

To probe the gate-dependent response of topological carriers in highly magnetically
doped topological insulators over a wide spatial region, we fabricated FET devices using
Mn-doped Bi;Tez and undoped Bi,Te3 as active channel materials. Most prior studies on
TIs have focused on transport measurements in idealized configurations, such as Hall bar
geometries [46], which offer limited insight into how these materials behave in device-
relevant architectures. Our study addresses this gap and is particularly relevant for the
development of voltage- or current-tunable semiconductor devices, which could have a
long-term technological impact on TI-based micro- and nanoelectronic logic circuits. A
typical FET consists of source and drain electrodes for charge injection, a semiconducting
channel layer, an insulating dielectric layer, and a gate electrode, as shown schematically in
Figure 3c. Fundamentally, a FET operates by modulating the carrier concentration in their
channel through capacitive coupling induced by an applied gate voltage. Upon application
of a gate voltage, the electric field at the dielectric-semiconductor interface modulates
the energy band structure of the active semiconductor layer. Under gate bias, the band
structure of the channel bends in a way that favors the buildup of majority charge carriers,
thereby activating conduction in the so-called accumulation (ON) regime. Conversely, in
the absence of gate bias, the minority carriers result in the OFF state of operation. FET
performance is typically quantified by two parameters: the field-effect mobility, ypgt, which
characterizes carrier transport efficiency, and the ON/OFF current ratio, which defines the
gate modulation range.

Fabricating transistors from topological insulator materials, rather than conventional semi-
conductors such as Si or Ge, offers several potential advantages. In particular, topologically
protected surface state transport can yield high carrier mobilities, low power dissipation, and
minimal leakage currents. Furthermore, using a magnetically doped T1 as the active layer in
FETs adds another degree of freedom, i.e., magnetic control of the spin-polarized conduction
channel. This opens the possibility of tuning topologically protected chiral edge transport via
external gating or magnetic perturbation. Motivated by these considerations, we fabricated
FET devices using both Bi;Tez and Mn-doped Bi, Te; as the semiconducting channel. Details of
the fabrication process are provided in the Section 2. We performed temperature-dependent
current-voltage (I-V) measurements on both device types, recording the channel response be-
tween the source and drain electrodes over a temperature range from 300 K to 10 K [Figure 2a—].
For FETs based on both Bi; Tes and Mn-doped BiyTe3, the I-V curves show a linear response
above ~30K, indicating good ohmic contact at the metal-semiconductor interface. However,
for Mn-doped Biy Tes, a noticeable sub-linear trend emerges at lower temperatures, consistent
with a suppression of conduction due to gap opening. From the linear fits to the [-V data,
we extracted the temperature-dependent longitudinal resistance Ry [Figure 2c]. For Bi,Te3,
Ry increases with decreasing temperature down to about 60K, indicating the progressive
freeze-out of bulk carriers. Below 60K, a transition to metallic behavior is observed, consistent
with the onset of dominant surface state conduction. At higher temperatures, transport is ther-
mally activated, reflecting the contribution of bulk carriers. Note that the I;5(V};) characteristics
of the Mn-doped BiyTe; device exhibit a visible change in curvature between 60K and 40K
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[Figure 2b], indicating increased non-linearity in this intermediate temperature range. This
is not prominently reflected in the temperature-dependent resistance plot [Figure 2c], as the
overall resistance continues to increase monotonically. We attribute this behavior to a crossover
from thermally activated transport to a more strongly localized conduction regime. While this
temperature range may also coincide with the onset of short-range magnetic correlations, our
magnetotransport measurements do not reveal definitive signatures of ferromagnetic ordering
such as hysteresis or saturation in the Hall response. In contrast, the Mn-doped Biy Te; device
exhibits insulating behavior across the entire temperature range from 300 to 10 K. This suggests
the presence of a finite bandgap induced by Mn doping, which suppresses both bulk and
surface conduction at low temperature.

(a) Bi,Te, (b) Mn:Bi, Te, (c)
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Figure 2. I-V characteristics and temperature dependence of resistance. (a,b) Source-drain
current-voltage (I4s vs. Vys) curves for BiyTe; and Mn-doped Bi,Tes FETs, respectively, measured
from 300 K to 10 K. Both devices exhibit linear response above 30 K, while Mn:Bi, Tez shows increas-
ing non-linearity at low temperature. (c) Temperature-dependent longitudinal resistance Ryx(T)
extracted from linear fits in (a,b). Bi; Tes exhibits a crossover from thermally activated bulk conduction
to surface metallicity below ~60 K, while Mn-doped Bi, Te; shows fully insulating behavior.

Subsequently, we recorded the transfer characteristics of the FETs across a temperature
range from 300 K down to 10K [Figure 3a—d]. Both BiyTe; and Mn-doped Bi,Tes devices
exhibited a clear gate-dependent modulation of the channel current, consistent with domi-
nant n-type conduction [Figure 3a,b]. Since field-effect operation is particularly sensitive to
the surface layers of the conducting channel in proximity to the gate dielectric, the presence
of metallic surface states in BiyTe3 limits the gate tunability of the device. As a result, we
observe relatively low ON/OFF current ratios ranging from 8 to 30.

For a transistor, the source—drain current dependence on gate voltage is described by
the standard expression for the saturation regime:

_ #rErWGo

oL (2)

Tas (Ve —Vin)*
where 14, is the source—drain current, ypgr is the field-effect mobility, W is the channel width,
Co is the capacitance per unit area of the dielectric layer, L is the channel length, V; is the gate
voltage, and Vj, is the threshold voltage. To extract the mobility, the variation of /Ijs with
respect to Vg was plotted, and the slope from a linear regression fit was used to determine
ureT as a function of temperature [Figure 3c]. The temperature dependence of the sheet carrier
density () for undoped Bi;Tez and Mn:Bip Tes thin films shown in Figure 3d is extracted using
gate capacitance-based analysis from transfer characteristics at each temperature point. To
determine the capacitance per unit area, Cy, we measure a planar Au/Cytop/Au structure
with an impedance analyzer, applying a 50mV AC signal across a frequency sweep from
100Hz to 10MHz. The value of Cy is extracted from the measured capacitance at 100 Hz.



Crystals 2025, 15, 557

8of11

Figure 3¢ shows the resulting ypgr(T) for both Bi Te; and Mn-doped Bij Tes, highlighting the
temperature-dependent transport properties of each material.

We observe that the mobility increases in magnitude as the temperature decreases for
both devices. Notably, for the BiyTe; FET, the mobility exhibits a gradual decline above
50K, followed by a sharp increase below this temperature. This behavior indicates a
transition to a conduction regime dominated by topologically protected metallic surface
states. The rapid rise in yppr below 50 K is consistent with the observed drop in longitudinal
resistance Ryy shown in Figure 2¢, further supporting the emergence of coherent surface
transport. In contrast, the Mn-doped Bi,Tes FET displays thermally activated carrier
conduction across a finite surface gap, with a relatively modest change in ppgr down to
~10K [Figure 3c]. The temperature dependence of the sheet carrier density # for undoped

Bip Tes [Figure 3d] exhibits a value on the order of ~10H" cm—2

, increasing modestly with
temperature. In contrast, Mn:BiyTes shows a consistently higher carrier density, reaching
above 5 x 10'! cm~2, indicating that Mn doping introduces additional carriers or modifies
the electronic structure. The sharp increase in Ry at low temperatures [Figure 2c] can
be attributed to a reduction in carrier density due to thermal activation, suggesting the
presence of a Mn-induced gap in the surface states. From these results, we conclude that
FET structures offer a powerful platform not only to probe but also to control surface state
conduction in TIs via electrostatic gating. This approach is scalable and adaptable for

potential applications in mid-infrared and terahertz optoelectronic devices.
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Figure 3. Gate dependence and field-effect mobility. (a,b) Transfer characteristics (Ig5 vs. Vg) of
BiyTe; and Mn:BiyTes FETs, respectively, recorded across a range of temperatures. Both devices
display n-type gate modulation with modest ON/OFF ratios due to surface state contributions.
(c) Field-effect mobility ppgr versus temperature. BiyTez shows a sharp increase in ppgr below 50 K,
consistent with topological surface conduction. In contrast, Mn:Bi, Te3 exhibits a weakly temperature-
dependent yrgt, indicative of thermally activated transport across a surface gap. Inset: schematic of
the FET architecture. (d) Temperature dependence of the sheet carrier density (1) for undoped (gray
squares) and doped (green circles) thin films. The data were extracted using gate capacitance-based
analysis from transfer characteristics at each temperature point.
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4. Conclusions

In summary, we have demonstrated magnetotransport measurements on highly Mn-
doped Bi, Tes thin films, using field-effect transistor structures to probe carrier response over
a wide temperature range (300 K to 10 K). Electrostatic gate control enables detailed access
to the evolution of conduction in the presence of secondary magnetic phases. Our results
suggest that electronic transport in Mn-overdoped Bi, Tejs is strongly influenced by local
magnetic inclusions and inhomogeneities, as previously established structurally, which sup-
press weak antilocalization and induce insulating behavior consistent with surface bandgap
formation. By deliberately exceeding the Mn solubility limit, we investigate an alternative
pathway for tuning magnetic topological behavior, inspired by intrinsic septuple-layer sys-
tems such as MnTe-Bi, Tes. It is likely that further lowering the temperature would reveal
topological transport in our samples, as the QAHE is generally expected to be observable
below 50 mK [47]. Our results point to the potential of incorporating local ferromagnetic
inclusions as a viable means of enhancing the thermal stability of QAHE-related features.
Furthermore, strategies such as gradient doping, where the Mn concentration decreases
toward the surface, may help optimize the balance between magnetic order and topological
surface conduction; such strategies merit further exploration.
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