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Abstract: We investigated the magnetic properties of the antiferromagnetic (AFM) topological insula-
tor MnBi2Te4 with a partial substitution of Mn atoms by non-magnetic elements (AIV = Ge, Pb, Sn).
Samples with various element concentrations (10–80%) were studied using SQUID magnetometry.
The results demonstrate that, for all substitutes the type of magnetic ordering remains AFM, while
the Néel temperature (TN) and spin-flop transition field (HSF) decrease with an increasing AIV = Ge,
Pb, Sn concentration. The rate of decrease varies among the elements, being highest for Pb, followed
by Sn and Ge. This behavior is attributed to the combined effects of the magnetic dilution and lattice
parameter increase on magnetic properties, most prominent in (Mn1−xPbx)Bi2Te4. Besides this, the
linear approximation of the experimental data of TN and HSF suggests higher magnetic parameters
for pure MnBi2Te4 than observed experimentally, indicating the possibility of their non-monotonic
variation at low concentrations and the potential for enhancing magnetic properties through doping
MnBi2Te4 with small amounts of nonmagnetic impurities. Notably, the (Mn1−xPbx)Bi2Te4 sample
with 10% Pb substitution indeed exhibits increased magnetic parameters, which is also validated by
local-probe analyses using ARPES. Our findings shed light on tailoring the magnetic behavior of
MnBi2Te4-based materials, offering insights into the potential applications in device technologies.

Keywords: topological insulators; modification of magnetic properties; antiferromagnetics; doping;
SQUID magnetometry; ARPES

1. Introduction

The interest in investigating magnetic topological insulators (TIs) arises primarily from
their potential to manifest the quantum anomalous Hall effect (QAHE) [1–4]. In the QAHE
state, edge conduction occurs in magnetic TIs, which enables the transport of spin-polarized
electrons over significant distances without scattering. The remarkable aspect of magnetic
TIs is that the realization of the QAHE state does not require an external magnetic field,
making them highly applicable in low-power electronics and quantum computing. Among
various platforms, the intrinsic antiferromagnetic (AFM) TI MnBi2Te4 has emerged as the
most promising candidate for investigating the interplay between magnetism and topology,
as well as achieving the QAHE state [5–9]. Recent studies have confirmed the feasibility
of attaining the QAHE state in thin films of MnBi2Te4, demonstrating its transition at
considerably higher temperatures compared to magnetically doped TIs [10–12].

MnBi2Te4 is a layered van der Waals crystal composed of septuple-layer (SL) blocks
with each SL block arranged in a Te-Bi-Te-Mn-Te-Bi-Te configuration [13,14]. The mag-
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netic atoms are directly incorporated into the crystal structure. This allows the significant
increase in the concentration of magnetic material in TI without disturbing the crystal
structure and provides better interaction between magnetic atoms (Mn) and atoms (Bi, Te)
on which topological surface states are localized. The magnetic properties of MnBi2Te4 turn
out to be outstanding among other known magnetic TIs. The material exhibits A-type AFM
ordering with Mn magnetic moments aligned ferromagnetically within each SL and antifer-
romagnetically along the c-axis between adjacent SLs. The Néel temperature of MnBi2Te4
is approximately 24–25 K [6,9,15–17]. The spin-flop transition field is approximately 3.5 T,
and the ferromagnetic transition fields range from 7 to 8 T [18].

The ability to manipulate the magnetic properties of MnBi2Te4 is an intriguing and
practically significant area of research. For instance, in pure MnBi2Te4, a substantial external
magnetic field of several Tesla is required to alter the current direction in the QAHE state,
which ideally should be reduced. Currently, several approaches are being developed to
achieve control over the magnetic properties of MnBi2Te4:

1. The first approach involves the insertion of additional (m − 1) [Bi2Te3] QLs be-
tween one [MnBi2Te4] SL resulting in the series of compounds MnBi2mTe3m+1 with
m ≥ 1 [14,19–21]. This series includes the homologous phases MnBi2Te4 (m = 1:124),
MnBi4Te7 (m = 2:147), and MnBi6Te10 (m = 3:1610), all of which can be classified as
Z2 AFM TIs. However, as the number of [Bi2Te3] QLs increases, significant changes
occur in the magnetic properties. For the 147 phase, TN is already 13 K and HSF does
not exceed 0.3 T. The phase 1610 possesses an uncertain type of magnetic ordering
which can be either AFM or FM, depending on growth conditions and the presence of
defects [22,23]. For phases with higher m, the system resembles non-interacting 2D
ferromagnets formed by the [MnBi2Te4] SL [21].

2. The second approach is to substitute Bi atoms with Sb atoms, resulting in
Mn(Bi1−ySby)2Te4 compounds [24]. This substitution generally leads to an increase in
the number of anti-site defects, such as MnBi,Sb (Mn occupying the position of Bi or
Sb atoms) [25,26]. Consequently, this substitution affects the magnetic order of the
SL, transforming it from ferromagnetic to ferrimagnetic [18]. By adjusting the growth
parameters, it is possible to further increase the number of anti-site defects and induce
a transition from antiferromagnetic to ferromagnetic behavior in the ground state [26].

3. Another way is to dilute Mn atoms in MnBi2Te4 with non-magnetic atoms. The
AIV = Ge, Pb, Sn elements can be chosen as suitable substituents. There are
ternary TI compounds, such as AIVBi2Te4, with the same R3m symmetry group
as MnBi2Te4 [13,27], allowing for arbitrary ratios of Mn substitution in solid solutions
(Mn1−xAIV

x )Bi2Te4. Several studies [28–32] have demonstrated the synthesis of these
crystals and confirmed the absence of additional substitution defects, as in the case of
substitution of Sb for Bi atoms. Moreover, this substitution appears to be isovalent
and does not introduce any additional charge according to ARPES studies [32].

The latter approach offers several intriguing advantages. For instance, in manganese
tellurides (TeMn), the partial substitution of Mn atoms with nonmagnetic atoms (such
as Ge) has been shown to increase the critical temperature of magnetic ordering [33,34].
Furthermore, introducing an additional element into the central layer can reduce structural
strains in the crystal lattice. This effect is exemplified by the compound BiSbTeSe2, in
which the combination of four elements results in an enhanced surface conductivity [35,36].
This suggests that it may be possible to produce higher-quality crystals of MnBi2Te4-based
magnetic TI through the partial substitution of Mn atoms with nonmagnetic elements. In
general, such an approach may have promise for further study and exploration.

In this study, we investigated the magnetic properties of (Mn1−xAIV
x )Bi2Te4 com-

pounds with the substitution of Mn atoms by AIV = Ge, Pb, Sn atoms. Hereafter, the
concentration x refers to the molar ratio of AIV/(AIV + Mn). Crystals with nominal con-
centrations x equal to 10%, 20%, 50%, 60%, and 80% were synthesized. Using SQUID
magnetometry, we analyzed various magnetic properties including the type and tem-
perature of magnetic ordering, magnetic saturation and spin-flop transition fields for all
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samples. Additionally, for the (Mn1−xPbx)Bi2Te4 sample with a nominal Pb concentra-
tion of 10%, which exhibited increased critical parameters, we carried out Angle-resolved
photoemission spectroscopy (ARPES) studies. These studies allow us to estimate the local
magnetic ordering temperature by analyzing the temperature-dependent changes in the
electronic structure, following the approach described in [17].

2. Materials and Methods

The bulk crystals of doped MnBi2Te4 (i.e., (Mn1−xAIV
x )Bi2Te4 where AIV = Ge, Pb,

Sn) were prepared by a modified Bridgman method [37]. The elementary Mn, Bi, Te,
Ge, Pb, Sn of 4N purity were loaded into conically shaped quartz ampoules and sealed
under vacuum 10−2 torr. The charge was synthesized by heating the ampoule to 1050 ◦C
directly in the growth furnace. The compositions were taken according to proportions
(Mn1−xAIV

x )Bi2Te4 + 2 × Bi2Te3. After a day of homogenization the ampoule was transferred
to the cold zone (600 ◦C) with a speed of 10 mm/day.

Monocrystals obtained from the ingot were initially characterized by XPS (X-ray tube
with Al cathode, hν = 1486.6 eV). It is important to note that the characterization was
performed only for the film surface, as oriented crystals were required for SQUID magne-
tometry measurements. The total molar fraction of Mn and AIV = Ge, Pb, Sn exceeded
10%, indicating the prevalence of the 124 phase. Magnetic properties (i.e., the tempera-
ture dependences of the magnetic susceptibility χ(T) and magnetization as a function of
applied magnetic field M(H) at various temperatures) were assessed using a Quantum
Design MPMS 3 SQUID VSM instrument. The measurements were conducted at temper-
atures as low as 1.8 K, with an external magnetic field range of ±7 T and a sensitivity of
1 × 10−8 emu at 0 T. The samples were oriented such that the external magnetic field was
applied perpendicular to the crystal surface (0001), aligning with the crystallographic axis c.

ARPES measurements of a single crystal of (Mn1−xPbx)Bi2Te4 (Pb 10% nominally)
were performed at the Laser ARPES facility of the HiSOR Synchrotron Centre [38]. A
clean surface was prepared by tape-cleavage inside a vacuum chamber with a pressure
below 10−9 torr. The measurements were performed using a photon energy of hν = 6.3 eV
with liquid helium cooling. The base pressure during the measurements remained below
5× 10−11 torr. To obtain the dispersion dependencies at a certain temperature (temperature
dependence), the sample was heated by means of an integrated heating element in the
manipulator with keeping the sample position unchanged.

3. Results and Discussion

Figure 1 depicts the investigation of magnetic properties in (Mn1−xPbx)Bi2Te4 sam-
ples, specifically the magnetic susceptibility as a function of temperature, χ(T), and the
magnetization as a function of applied magnetic field, M(H). The nominal and actual
concentrations of Pb are indicated at the top of the figure. The actual concentrations were
determined by the XPS method for the cleaved (0001) surface of the single crystal. It is
important to note that the crystal may exhibit volume inhomogeneity with regions contain-
ing excess/deficient elements or regions with different phases of the homologous series
(Mn1−xAIV

x )Bi2mTe3m+1. The SQUID method, being sensitive to bulk properties, can reveal
additional features in the measurements, such as multiple critical temperatures, multiple
spin-flop transitions, or ferromagnetic hysteresis loops. It is expected that the different
phases of the (Mn1−xAIV

x )Bi2mTe3m+1 series do not influence each other within the crystal
volume, and their magnetization signals are superimposed. The samples investigated in
this study exhibited various combinations of magnetization signals arising from different
phases. In each sample, the highest observed magnetic transition temperature and the
maximum spin-flop transition field were attributed to the 124 phase. When the M(H) or
χ(T) signals were relatively weak in the examined region, their derivatives (dM(H)/dH
and dχ(T)/dT) were analyzed to identify distinctive features in the dependencies.
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Figure 1. The temperature dependencies of the magnetic susceptibility χ(T) (top line) and magneti-
zation as a function of applied magnetic field M(H) (middle and bottom lines) were measured for
(Mn1−xPbx)Bi2Te4 samples using the SQUID method. The χ(T) measurement involved applying an
external field of 5 mT (0.1 T) perpendicular to the sample surface plane along the crystallographic
axis c. The red curve represents the ZFC condition, while the blue curve corresponds to the FC
condition. The M(H) dependencies were measured at a temperature of 2 K are presented in the
middle line; the M(H) curves at different temperatures are displayed in the bottom line. Critical
temperature and external magnetic field values at which phase transitions occur are indicated on the
panels, with the corresponding parameters for the 124 phase marked in red.

The sample with a nominal Pb concentration of 10% exhibits a χ(T) dependence that
reveals the Néel temperature of 26 K. Below this temperature, a divergence is observed
between the magnetic susceptibility curves measured in ZFC conditions (red curve) and FC
conditions (blue curve). This divergence arises from the presence of individual [MnBi2Te4]
SL inside the crystal. The magnetic moments of these SLs can exhibit a disordered ori-
entation along the crystallographic axis c, which corresponds to the easy magnetization
axis [21]. Another AFM transition is observed at a temperature of approximately 11 K,
which likely corresponds to the phase 1610. Analysis of the magnetization dependence
M(H) revealed that the maximum (i.e., corresponding to the 124 phase) spin-flop transition
field for this sample is determined to be 3.7 T. In the low-field region, another transition is
detected at approximately 0.15 T (can be seen when zooming in), which rather corresponds
to the 1610 phase and is consistent with the results obtained from the χ(T) data.

At higher concentrations of Pb (20% nominally), the Néel temperature of phase 124 de-
creases. In the investigated sample, other phases were present within the volume, and their
signals dominated the measurements. However, by analyzing the derivative dχ(T)/dT,
it was possible to determine the Néel temperature associated with phase 124, which is
approximately 19 K. Additional AFM transition peaks were observed at temperatures of
12.5 K and 8 K. The Néel temperature of 12.5 K is likely related to phase 147, where the Mn
layer is partially diluted with Pb atoms, resulting in a slightly lower temperature compared
to phase 147 without Pb atoms (13 K) [21]. However, this transition temperature may be
characteristic of crystal regions with a high substitution of Mn atoms by Pb atoms (approxi-
mately 50–60%). Furthermore, several spin-flop transition fields were determined from the
magnetization dependence M(H): 1.22 T and 2.18 T. Hence, the investigated sample likely
contains two phases of 124 with different Pb concentrations.

In the sample with a Pb concentration of 47% (50% nominally), the Néel temperature
for the 124 phase is approximately 15 K. The presence of other phases is also observed in
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the sample. However, in measurements with a 0.1 T applied magnetic field, the signals
from these phases become less pronounced, indicating that they correspond to phases
147 and higher. The spin-flop transition field for the 124 phase is determined to be 1.6 T.
Additionally, magnetization saturation is observed at 5.6 T at this concentration. For the
previous samples, the saturation fields were outside the measured range of ±7 T. For the
sample with a nominal Pb concentration of 60%, the Néel temperature is 12 K, the spin-flop
transition field is 1.34 T, and the saturation field is approximately 5 T. At a Pb concentration
of 75%, the Néel temperature decreases to 4 K, the spin-flop transition field is 0.5 T, and the
saturation field is 4 T. The obtained data clearly demonstrate that the AFM type of ordering
is maintained for the 124 phase across all Pb concentrations up to 75%.

It is noteworthy that the AFM peak in the χ(T) dependence and the step observed in
the spin-flop transition region of the M(H) dependence exhibit sharp characteristics. This
suggests a homogeneous level of Mn substitution within the investigated samples. In cases
where a certain range of substitution concentrations exists, one would expect a broader and
more extended peak (step). Therefore, it is likely that the samples possess discrete values of
substitution concentration, which can be estimated through XPS measurements conducted
on the sample surface.

Further, we studied (Mn1−xAIV
x )Bi2Te4 samples where Mn atoms were substi-

tuted with Sn and Ge atoms (Figures 2 and 3). Overall, similar trends as observed for
(Mn1−xPbx)Bi2Te4 samples are preserved for (Mn1−xSnx)Bi2Te4 and (Mn1−xGex)Bi2Te4:
the critical temperature and spin-flop transition field gradually decrease, while the AFM
type of magnetic ordering is maintained. However, some peculiarities may occur due to
deficiencies of the investigated crystals. The samples also exhibit different phases from the
homologous series (Mn1−xAIV

x )Bi2mTe3m+1.
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Figure 2. Dependencies of χ(T) (top line) and M(H) (middle and bottom lines) for
(Mn1−xSnx)Bi2Te4 samples. The notation is the same as in Figure 1. The orange dotted curve
in the χ(T) panel for Sn = 52% is d2χ(T)/dT2.

No additional features were found in the χ(T) and M(H) dependencies for
(Mn1−xSnx)Bi2Te4 compared to (Mn1−xPbx)Bi2Te4. However, when Mn is substituted
with Ge in the sample with a nominal concentration of 20%, an additional feature appears
in the χ(T) dependence. Unusually, a divergence between the ZFC and FC curves is ob-
served both above and below the Néel temperature. We attribute this to the presence of the
MnTe phase in the studied sample, which also exhibits the AFM type of magnetic ordering
with a critical temperature up to 300 K [39]. Interestingly, these features disappear when
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measurements are conducted with the application of a larger field (0.1 T). The observed
spin-flop transition at a field of 3.5 T corresponds to the 124 phase. This is supported by
the absence of this transition in the M(H) dependence above 30 K (see Figure 3, bottom
line). Furthermore, in the (Mn1−xGex)Bi2Te4 sample with a nominal Ge concentration of
50%, the AFM transition peak appears relatively broad compared to other samples where
the peaks are sharper. This indicates that the Ge concentration in this particular sample
varies within a certain range. As a result, a range of Néel temperatures from 16 to 19 K is
observed for this sample.

120

100

80

60

40

20

0

50403020100

T = 24.4 K

T = 9.5 K

6

5

4

3

2

1

0

76543210

H = 3.4 T

3

2

1

0

76543210

H = 3.5 T

6

5

4

3

2

1

0

76543210

3

2

1

0

76543210

4

3

2

1

50403020100

T = 16-19 K

T = 5.7 K H = 0.005 T

12

10

8

6

4

2

0

76543210

H = 2.5 T

12

10

8

6

4

2

0

76543210

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

50403020100

T = 10 K

H = 0.005 T

7

6

5

4

3

2

1

0

76543210

H = 1.5 T

H = 4.5 T

7

6

5

4

3

2

1

0

76543210
 

M
 (e

m
u 

g-1
)

χ 
(e

m
u 

g-1
 O

e-1
)

Temperature (K)

H (T)

M
 (e

m
u 

g-1
)

0.50

0.45

0.40

0.35

0.30

0.25

0.20

50403020100

T = 24.6 K

H (T) H (T) H (T)

Temperature (K)Temperature (K) Temperature (K)

S1 XPS Ge=15 % (20%) S1 XPS Ge=20 % (10%) S1 XPS Ge=40 % (50%) S4 XPS Ge=75 % (80%) 

H = 0.005 TH = 0.005 T
H = 0.1 T

 2 K
 5 K
 10 K
 20 K
 30 K

 2 K
 5 K
 10 K
 20 K
 30 K

 2 K
 5 K
 10 K
 30 K

 2 K
 5 K
 10 K
 20 K
 30 K

Figure 3. Dependencies of χ(T) (top line) and M(H) (middle and bottom lines) for
(Mn1−xGex)Bi2Te4 samples. The notation is the same as in Figure 1.

To compare the obtained data, the experimental values of the Néel temperature (TN,
upper line) and spin-flop transition field (HSF, lower line) are plotted as a function of the
concentration of AIV = Ge, Pb, Sn in Figure 4. As mentioned previously, the concentration
was estimated for the surface of single crystals, which may have slight variations compared
to the average element concentration in the bulk. However, for the majority of samples, a
relatively sharp AFM peak is observed, suggesting a relatively homogeneous distribution
of AIV = Ge, Pb, Sn within the volume. This allows evaluations to be carried out using
XPS from the surface of a single crystal. Nevertheless, a sufficiently large error interval of
±0.05 fraction was chosen for the concentration, which is expected to include the actual
concentration value. The error in determining the Néel temperature is ±1 K, and the
error in determining the spin-flop transition field is ±0.4 T. The observed changes in the
magnetic parameters for samples with adjacent concentrations are generally larger than
the associated errors.

A clear monotonic decrease of TN and HSF with increasing substitution concentration
can be observed for all elements. The experimental data points can be approximated by
linear dependencies [29]. The black solid line represents a linear approximation of the
experimental points, while the green dashed line takes into account the expectation that
the Néel temperature and spin-flop transition field reach zero at 100% of AIV = Ge, Pb, Sn.

In the case of (Mn1−xPbx)Bi2Te4, it is evident that the black solid line reaches zero
for both TN and HSF at Pb concentrations around 80–90%. This suggests that Mn-doped
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PbBi2Te4 does not exhibit magnetic properties at Mn concentration (1− x) < 15–20%. Thus,
it is important to note that a doping level of approximately 2% (the ratio of impurity in total,
which corresponds to a Mn fraction of (1 − x) ≈ 15% in the notation used) appears to be
sufficient for TIs to demonstrate magnetic properties and transition to the QAHE state, as
demonstrated in the case of Cr0.1(Bi,Sb)1.9Te3 [40]. This difference could be attributed to the
fact that in magnetically doped TIs, the magnetic impurity replaces Bi atoms in both layers,
resulting in close proximity of magnetic atoms. In the case of (Mn1−xPbx)Bi2Te4, however,
Mn atoms preferentially replace Pb in the central layer, leading to weaker interaction
between Mn atoms across the layers, which prevents the formation of magnetic order.

Regarding (Mn1−xSnx)Bi2Te4 and (Mn1−xGex)Bi2Te4, the approximation reveals non-
zero values of TN and HSF even at zero Mn concentration. This could indicate either (i) the
possibility of nonlinear behavior in the region of high Sn/Ge concentration, resulting
in a more rapid decrease of TN and HSF towards zero in that region, or (ii) a potential
overestimation of the Sn/Ge concentration in the estimations obtained using XPS from
surface of a single crystal.
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Figure 4. The experimental values of TN and HSF as a function of the substituent concentration
AIV = Ge, Pb, Sn are presented. Linear approximations of the experimental data points (green dashed
and black solid lines) are shown (see details in the text).

From the analysis of the obtained dependencies, it can be observed that the slope
of the approximating (black solid) lines is different for different elements. The steepest
slope is observed for (Mn1−xPbx)Bi2Te4, followed by (Mn1−xSnx)Bi2Te4, and the smallest
slope is seen for (Mn1−xGex)Bi2Te4. This indicates that the magnetic parameters change at
different rates when Mn is substituted by the corresponding elements. This discrepancy
could be attributed to the different rates of increase in the crystal cell size for the different
elements. As PbBi2Te4 has the largest cell size among the three compounds, the change in
cell parameters is likely to be most significant for (Mn1−xPbx)Bi2Te4. Hence, the magnetic
properties are influenced by the magnetic dilution effect and the changes in cell parameters,
as also was analyzed in a previous study [29,41].

Another notable feature is that, based on the linear approximation at zero substitution
concentration (i.e., pure MnBi2Te4), the expected values for TN and HSF are approximately
27–30 K and 3.5–4 T, respectively. These values are higher than the experimentally measured
values for pure MnBi2Te4: TN = 24.5 K and HSF = 3.5 T. Indeed, for (Mn1−xPbx)Bi2Te4 with
a nominal Pb concentration of 10%, the critical parameters exceed those of pure MnBi2Te4.
These results suggest a non-monotonic dependence of the magnetic parameters in the
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low Pb concentration region. Specifically, adding a small amount of Pb to pure MnBi2Te4
leads to an increase in TN and HSF, which then reach a maximum value before starting
to decrease.

Hence, the inclusion of a small amount of Pb enhances the magnetic properties of
the system. Several explanations can be proposed for this phenomenon. The presence
of Pb atoms can decrease the occurrence of MnBi anti-site defects. In this case, Pb atoms
occupy the Bi positions instead of Mn since PbBi anti-site defects may be more energetically
favorable due to the similar sizes of Bi and Pb atoms. Consequently, the ferrimagnetic
properties of the [MnBi2Te4] SL can be mitigated. Additionally, the introduction of a small
amount of impurity enables structural relaxation, resulting in a more favorable ordering
of Mn atoms in the central layer. The obtained results provide evidence supporting such
behavior for (Mn1−xPbx)Bi2Te4. In general, similar enhancements in magnetic properties
can be expected when Mn is substituted with Sn or Ge.

In order to validate the elevated magnetic ordering temperature in the
(Mn1−xPbx)Bi2Te4 sample with a nominal concentration of 10%, we utilized ARPES
(Figure 5) to study the temperature-dependent changes in the electronic structure. The anal-
ysis of the temperature-dependent splitting of Te pz states in the conduction band can pro-
vide information on the magnetic properties, such as the Néel temperature, of MnBi2Te4-like
systems with high spatial resolution [17]. Figure 5a illustrates the temperature-dependent
distribution of states at the Γ-point. Similar to pure MnBi2Te4 (see papers [17,42]), a splitting
of the Te pz states at the edge of the conduction band is observed (indicated by blue dashed
lines). The lower part of the panel presents the dependence of the splitting [∆E(T)] of this
state. The experimental data points were fitted with a power law: ∆E ∼ (1− T/T0)

β, where
β is the critical exponent and T0 is the onset temperature of the splitting. The obtained
values are T0 = 26.6 K and β = 0.38, which are close to the critical exponent for the 3D
Heisenberg case.
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Figure 5. ARPES dispersion relations for (Mn1−xPbx)Bi2Te4 with a nominal Pb concentration of
10%. In panel (a), the temperature dependence of the state distribution (EDC) at the Γ-point is shown
within the range of 14 K to 30 K. The positions of Te pz states are indicated by blue dashed lines, and
the onset of the Te pz state splitting is marked by a vertical cyan line. The temperature dependence of
the Te pz splitting value is presented at the bottom, as well as its approximation by the power law.
Panels (b,c) display dispersion relations at 14 K and 24 K, presented as N(E) (top line) and d2N/dE2

(bottom line). In the bottom line, ∆E and Eg show the splittings of the Te pz states and the size of
the bulk band gap, respectively. In panel (d), the decomposition of EDCs at the Γ-point into spectral
components are shown. At the top, we provide additional estimates of the Pb content obtained by the
EDX method directly for the investigated surface. The TSS labels on the panels mark the topological
surface states; BCB and BVB labels mark regions of bulk conduction and valence bands.
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In Figure 5b, the dispersion relations measured at 14 K are presented. Panel d (top
part) displays the decomposition of the EDC at the Γ-point into spectral components. The
splitting of the Te pz states is clearly observed. Notably, even at T = 24 K (panel c), the
states remain split, although the splitting becomes smaller. This can be seen from the EDC
decomposition in panel d (bottom part). Overall, the obtained data provide clear evidence
for an elevated magnetic ordering temperature of the 124 phase in (Mn1−xPbx)Bi2Te4 at a
Pb concentration of approximately 10%.

4. Conclusions

A series of (Mn1−xAIV
x )Bi2Te4 samples with different levels of Mn substitution by

nonmagnetic AIV = Ge, Pb, Sn elements was studied in this work. Overall, similar trends
were observed for all elements: the magnetic ordering temperature and spin-flop transition
field decreased with the increasing AIV = Ge, Pb, Sn concentration for the 124 phase. The
magnetic ordering remained AFM for all substitution levels. However, different rates of
change in the magnetic parameters were observed for different elements, with the highest
rate for Pb, followed by Sn, and the lowest for Ge. This behavior can be attributed to
the combined effects of magnetic dilution and lattice parameter increase, which is most
pronounced in the (Mn1−xPbx)Bi2Te4 compound. Furthermore, the linear approximation
of the experimental data indicated that pure MnBi2Te4 could exhibit higher values of the
critical parameters than those observed experimentally. This suggests a potential non-
monotonic behavior of the magnetic parameters at low substitution concentrations and the
possibility of enhancing the magnetic properties through the doping of MnBi2Te4 with a
small amount of nonmagnetic impurity. Indeed, we found the (Mn1−xPbx)Bi2Te4 sample
with a nominal concentration of 10% that exhibited higher critical parameters compared to
MnBi2Te4, with TN ≈ 26 K and HSF ≈ 3.7 T. The increased Néel temperature was further
confirmed through the analysis of electronic structure changes using the ARPES method.

Author Contributions: Conceptualization, D.A.E. and A.M.S.; formal analysis, D.A.E. and A.A.R.;
funding acquisition, A.M.S.; investigation, D.A.E., A.A.R., I.I.K. and M.V.L.; resources, K.A.K. and
O.E.T.; validation, D.A.E., A.A.R. and A.M.S.; visualization, D.A.E.; writing—original draft, D.A.E.;
writing—review and editing, D.A.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of the Russian
Federation Grant No. 075-15-2020-797 (13.1902.21.0024).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available upon request.

Acknowledgments: The authors acknowledge the following centers of the Research Park of St. Pe-
tersburg University: the “Centre for Diagnostics of Functional Materials for Medicine, Pharmacology
and Nanoelectronics”, where the magnetic properties of the materials were studied, and the “Centre
for Physical Methods of Surface Investigation”, and the “Centre for Nanotechnology”, where the ele-
mental composition of the samples was studied. The samples studied in this work were synthesized
under state assignment of IGM SB RAS 122041400031-2. ARPES measurements were carried out at
the HiSOR Synchrotron Centre under proposals Nos. 21AG010; 21AG014; 21BG028; and 21BG037.
The authors thank N-BARD, Hiroshima University, for supplying liquid He.

Conflicts of Interest: The authors declare no conflict of interest.



Magnetochemistry 2023, 9, 210 10 of 11

Abbreviations
The following abbreviations are used in this manuscript:

ARPES Angle-resolved photoemission spectroscopy
AFM, FM, PM Antiferromagnetic, ferromagnetic, paramagnetic
EDC Energy distribution curves
EDX Energy-dispersive X-ray spectroscopy
HSF Spin-flop transition field
QAHE Quantum anomalous Hall effect
QL/SL Quintuple [Bi2Te3]/septuple [MnBi2Te4] layers block
SQUID Superconducting quantum interference device
TI Topological insulator
TN Néel temperature
XPS X-ray photoemission spectroscopy
ZFC, FC Zero field cooled, field cooled
Phases 124, 147, 1610 (Mn1−xAIV

x )Bi2mTe3m+1 with m = 1, 2, 3 (AIV = Ge, Pb, Sn)
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