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ABSTRACT
Tuning the properties of magnetic topological materials is of interest to realize exotic physical phenomena, new quantum phases and quasi-
particles, and topological spintronic devices. However, current topological materials exhibit Curie temperature (TC) values far below those
needed for practical applications. In recent years, significant progress has been made to control and optimize TC, particularly through defect-
engineering of these structures. Most recently, we reported TC values up to 80 K for (MnSb2Te4)x(Sb2Te3)1−x when 0.7 ≤ x ≤ 0.85 by
controlling the composition x and the Mn content in these structures during molecular beam epitaxy growth. In this study, we show fur-
ther enhancement of the TC, as high as 100 K, by maintaining high Mn content and reducing the growth rate from 0.9 nm/min to 0.5 nm/min.
Derivative curves of the Hall resistance and the magnetization reveal the presence of two TC components contributing to the overall value and
suggest TC1 and TC2 have distinct origins: excess Mn in MnSb2Te4 septuple layers (SLs) and high Mn content in Sb2−yMnyTe3 quintuple layer
(QL) alloys, respectively. To elucidate the mechanisms promoting higher TC values in this system, we show evidence of enhanced structural
disorder due to the excess Mn that occupies not only Sb sites but also Te sites, leading to the formation of a new crystal structure for these
materials. Learning to control defects that enhance desired magnetic properties and understanding the mechanisms that promote high TC in
magnetic topological materials such as (Mn1+ySb2−yTe4)x(Sb2−yMnyTe3)1−x is of great importance to achieve practical quantum devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0195940

INTRODUCTION

Three dimensional (3D) topological insulators (TIs) continue
to gain attention for their unique properties, which are advantageous
for novel electronic applications, including spintronics1,2 and quan-
tum computing.3,4 3D TIs, with molecular formulas V2VI3, in which

the group V elements are Bi or Sb and the group VI elements are Se
and Te, emerged as a new class of materials with inverted conduction
and valence bands as a result of the strong spin–orbit coupling.5,6

This was first explored theoretically by Kane and Mele, who pro-
posed a new classification scheme for the Z2 topological invariant
that distinguishes ordinary insulators from topological insulators.7
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Due to the topological nature of these materials, qubits made from
3D TIs are expected to be robust to external perturbations and deco-
herence effects, hence fault tolerant.8 TIs are unique materials that
are comprised of insulating (semiconducting) bulk interiors and
conducting Dirac surface states in which the electrons are massless
and move along the surface in a spin-locked helical direction and
are protected by time reversal symmetry (TRS).6,7,9 Structurally,
3D TIs have a rhombohedral, R3m space group and self-assemble
into quintuple layer (QL) units, held together via weak van der
Waals forces.10–12

The introduction of magnetic ions in TIs alters their band
structure in fundamental ways. Magnetic topological insulators
(MTIs) experience broken TRS due to spontaneous magnetization
introduced by magnetic ions. The interaction between the surface
states and the magnetic ions causes a gap to form at the Dirac point,
which enables the observation of exotic physical phenomena, like the
quantum anomalous Hall effect (QAHE), in these systems.13 Early
work with Cr doped (Bi,Sb)2Te3

14,15 demonstrated QAHE in such
2D systems, where electrons can exhibit dissipationless transport in
the absence of a magnetic field, leading to the discovery of a new class
of materials whose strong spin–orbit coupling suppresses electron
backscattering. This makes them highly efficient in spin-to-charge
conversions.13 Recently, a new class of MTIs has been discovered in
which the addition of a magnetic ion results in a new compound
of the generalized form: MV2VI4, where M is a transition-metal or
rare-earth element, the group V elements are Bi or Sb, and the group
VI elements are Te or Se.12,16–18 In the case of MnSb2Te4, recent
studies propose that the materials are MTIs,19 while other research
suggests the presence of Mn results in a Weyl semimetal.20–22 Such
topologically nontrivial phases have enabled the demonstration of
chiral Weyl fermions23 and may also lead to exotic electronic, opti-
cal, and magnetic properties.24 In these materials, the incorporation
of Mn modifies the crystal structure into a septuple layer (SL) unit
structure that has a Mn layer in the center of the unit cell.

While bulk MnBi2Te4 and MnSb2Te4 are both intrinsically
antiferromagnetic, a single SL is ferromagnetic (FM) with spins
aligned out of the plane.24,25 Several approaches have been used
to induce FM coupling between SLs, including separating individ-
ual FM SLs with non-magnetic QLs,25 having an odd number of
SLs,26 or introducing excess Mn, in the form of Mn antisites, into
the all-SL structure.16,19,27 For MnBi2Te4, separating FM SLs with
non-magnetic Bi2Te3 QLs not only demonstrated the QAHE but
also resulted in a material with a Curie temperature (TC) of about
15 K.17,25 In the case of excess Mn in MnSb2Te4, Wimmer et al.
observed a TC of 50 K,19 and most recently, our group reported
TC values of 80 K in structures of (MnSb2Te4)x(Sb2Te3)1−x, when
x = 0.7–0.85.28 Such TC values are the highest reported for these
material systems.

The addition of Mn during growth, both by bulk or epitax-
ial techniques, results in the formation of self-assembled stacks of
varying ratios of QL and SL depending on the relative Mn to Sb
ratios used during growth.12,27,29 Structurally, Mn ions can be incor-
porated into a QL TI host crystal, either substituting for one of
the constituent atoms in the QL or as a structural element form-
ing the new SL crystal structure.17,18,27,30 Both types of substitutions
have significant effects on the properties of the final structure,
and the mechanisms promoting the observed high TC are not well
known. Many have proposed that the presence of the Mn antisites

in the SL can produce increased TC values,16,19 while others have
shown that alloy formation with transition metal ions (TMs) such as
Sb2−yTMyTe3 can also yield very high TC.31–33

In this work, we report on self-assembled (MnSb2Te4)
x(Sb2Te3)1−x structures grown by molecular beam epitaxy (MBE),
with exceptionally high TC values of more than 100 K, by fur-
ther tuning the growth parameters, in particular by reducing the
growth rate. These values are by far the highest TC observed for this
material system. Temperature dependent Hall resistance (Rxy) and
magnetization measurements both reveal the high TC. Other char-
acterization techniques such as x-ray diffraction rocking curves and
energy-dispersive x-ray spectroscopy (EDS) were used to investigate
the structural properties. We observed that samples grown at slow
growth rates have more disorder, in the form of excess Mn pos-
sibly occupying both Sb and Te sites. We propose that, for high
Mn content samples, the Mn is incorporated both in the SLs and
the QLs and propose the formation of a new composite material:
(Mn1+ySb2−yTe4)x(Sb2−yMnyTe3)1−x that gives rise to the exceed-
ingly high TC values. Although the specific topological nature of
the MnSb2Te4 SL material is not well established, transition met-
als containing QL alloys, such as Sb2−yTMyTe3, are anticipated to
be MTIs,14,34,35 rendering these composite materials extremely inter-
esting both from their high TC values as well as their potential
non-trivial topology. Therefore, while this paper does not address
the topological nature of our materials, learning to tune the mag-
netic properties of these materials to achieve higher TC values can
bring us closer to the design of practical spintronic and quantum
devices.

EXPERIMENTAL DETAILS

All (MnSb2Te4)x(Sb2Te3)1−x structures were grown by MBE on
(0001) c-plane sapphire substrates in a Riber 2300P system under
ultra-high vacuum conditions (3−5 × 10−10 Torr) using a modi-
fied MBE growth procedure developed by our group.29 The MBE is
equipped with reflection high-energy electron diffraction (RHEED)
to monitor surface quality of the samples as they grow.

Before the growth of (MnSb2Te4)x(Sb2Te3)1−x, the epi-ready
sapphire substrates are baked at 670 ○C for 1 h to remove any
impurities on the sapphire surface. Fluxes for 6N antimony (Sb)
with a Riber double zone cell and single zone Knudsen cells for
6N tellurium (Te) and 5N8 manganese (Mn) were measured by
the beam equivalent pressure (BEP) obtained by a gauge placed in
the substrate position. Self-assembled stacks of Sb2Te3 quintuple
layers (QLs) and MnSb2Te4 septuple layers (SLs), of the formula
(Sb2Te3)1−x(MnSb2Te4)x, were grown by controlling the ratio of the
Mn to Sb fluxes during growth. The samples were grown with vary-
ing Mn BEP ratios, defined as BEPMn/(BEPMn+BEPSb), to control
the (MnSb2Te4)x(Sb2Te3)1−x composition (i.e., the value of x) and
under excess Te, with a Sb:Te ratio of 1:20. Previously, we showed
the ability to grow structures of (MnSb2Te4)x(Sb2Te3)1−x in the
entire composition range (x = 0 to x = 1), where x is the fraction
of MnSb2Te4 SLs in the structure.

Two growth rate ranges were used: a fast growth rate of 0.9–1.0
nm/min and a slow growth rate of ∼0.4–0.5 nm/min. The two
growth rates were obtained by adjusting the Sb flux. Most of the slow
growth rate samples were grown with a Mn BEP ratio of 0.09, which
led to the highest TC values for the fast growth rate samples.28 For the
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growth, the substrate temperature (Tsub) was first raised to ∼200 ○C,
where the Sb and Te shutters were opened to grow a low temperature
buffer (LTB) layer. The Sb2Te3 LTB was grown for 8–10 min until
reconstruction of the RHEED was observed, indicating crystalline
Sb2Te3 layer formation. The Tsub was then raised to 265 ○C, and
the Mn shutter was opened to commence the growth of the desired
layer of (MnSb2Te4)x(Sb2Te3)1−x. After 15 min of growth, the Sb
and Mn shutters are closed, and the Tsub is raised to 300 ○C and
held at this temperature for 15 min (15 min annealing). After the
15 min annealing, the Tsub is set back to the original growth tem-
perature of 265 ○C. There, the Mn and Sb shutters are opened again,
and the remaining (MnSb2Te4)x(Sb2Te3)1−x thin film is grown for
1–2 h.29

After growth, samples were characterized by various tech-
niques, including atomic force microscopy (AFM) using a Bruker
Dimension FastScan AFM with a FastScan-A silicon probe and
high-resolution x-ray diffraction (HR-XRD) analysis using a Bruker
D8 Discover diffractometer with a da Vinci configuration and a Cu
Kα1(1.5418 Å) source. For further analysis, the (0012) x-ray rocking
curves were measured using a crystal analyzer. Transport measure-
ments were performed in the van der Pauw geometry with indium
contacts using a 14 T Quantum Design physical property measure-
ment system (PPMS) in a 1 mTorr (at low temperature) of He
gas or in a Lakeshore 7600 electromagnetic system. Magnetization
measurements of the samples were made using a superconduct-
ing quantum interference device (SQUID, MPMS3 from Quantum
Design). Energy-dispersive x-ray spectroscopy (EDS) measurements
were made in a Zeiss Supra 40 with a compact 30 mm Bruker
detector.

RESULTS AND DISCUSSION

Previous work by our group showed that the highest Curie tem-
perature values for these materials, as high as 80 K, were achieved
in (MnSb2Te4)x(Sb2Te3)1−x for values of x between 0.7 and 0.85
(70%–85% SLs).28 In that work, the highest TC values were obtained
with a Mn BEP ratio of about 0.09, a growth temperature of 265 ○C,
and a 15 min pre-annealing step. Typical growth rates for those
materials were 0.9–1.0 nm/min, referred to in the remainder of this
paper as “fast growth rates”. Details of the growth can be found in
the supplementary material in Ref. 29. In this work, we will show
that by reducing the growth rate to ∼0.4–0.5 nm/min (“slow growth
rates”), the Curie temperature has increased further to values above
100 K. We first examine the structural and magnetic properties of
these new slow growth rate materials to better understand the reason
for the high TC values in these structures.

Structural and electrical properties
of (MnSb2Te4)x(Sb2Te3)1−x with x ≥ 0.7 grown
with slow growth rate

During the growth by molecular beam epitaxy, the surface
was monitored in situ using reflection high energy electron diffrac-
tion (RHEED), where the observed patterns indicate the crystalline
and surface quality of the material as it grows. As in the case
of the fast growth rate samples reported in Ref. 28, we observed
streaky RHEED patterns for the slow growth rate samples, signifying
good crystallinity and smooth surfaces. AFM images of the surfaces

also indicate smooth surfaces, typical of the Sb2Te3 based materi-
als, and their quality is unchanged with the changing growth rates
(see supplementary material, Figs. S1 and S2).

In this work, we aimed to grow samples at slower growth
rates with compositions x ≥ 0.7, which are the compositions
that previously yielded the higher TC values. The samples were
characterized using high resolution x-ray diffraction (XRD) 2θ–ω
scans to determine their composition x (or %SLs, as described in
Refs. 28 and 29). The value of x was calculated using Vegard’s
law by measuring the shift in the (0015) Sb2Te3 peak as it trans-
forms into the (0021) MnSb2Te4 peak. The peak position indicates
the average composition of SLs and QLs in the structure. A com-
parison of the XRD calculations with high resolution transmission
electron microscopy (HR-TEM) cross sections confirmed the accu-
racy of the XRD method. Full details can be found in Levy et al.29

Figure 1(a) summarizes the results of the slow growth rate samples
grown, shown in blue circles, compared to previously reported com-
positions (red circles) for the fast growth rate samples.28 As seen in
Fig. 1(a), for the same Mn BEP ratios, slightly lower compositions
are obtained for the samples grown at the slow growth rates; fur-
thermore, we were unable to achieve 100% SL (or compositions of
x = 1.0) using slow growth rates. Figure 1(b) compares the 2θ–ω
scans of two samples having similar thicknesses of 53 and 66 nm,
one grown at fast growth rates (red) and another grown at slow
growth rates (blue), respectively. Based on the position of the (0021)
peak in these samples, the calculated compositions are x = 0.72 and
x = 0.80, respectively. To better assess the crystalline quality, a more
sensitive study using x-ray rocking curves was performed to com-
pare the quality of the fast and slow growth rate samples. Based on
the full-width-half-maximum (FWHM) of the rocking curves shown
in Fig. 1(c) (the slow growth rate sample has a FWHM of 1.59○, while
for the fast growth rate sample, it is 0.99○), we conclude that the slow
growth rate produces material with similar composition but a higher
degree of crystalline disorder. Finally, since the Mn ions behave as
electrical dopants in these materials, we also explored the impact of
the slow growth rate on the electrical properties of these samples.

Hall effect measurements at high magnetic fields were per-
formed for some of the samples grown at slow growth rates and
compared to previously reported values for samples grown at fast
growth rates.28 As seen in Fig. 1(d), the slow growth rate samples
(blue squares) follow the same dotted line trend as the fast growth
rate samples (red squares), indicating that the slow growth rate does
not have a significant effect on the samples’ carrier density. Our
data28 show that incorporation of Mn in Sb2Te3 results in very high
carrier densities, of the order of 1020–1021 cm−3, which may interfere
with accessing the non-trivial topological surface states.28 Nonethe-
less, the carrier density quickly decreases for materials with a large
SL composition, opening the perspective of significantly reducing
the carrier doping in MnSb2Te4. Moreover, partial substitution of Sb
with Bi has been shown by others to reduce carrier densities, making
it possible to reach low doping and preserve the non-trivial nature
of the material.36–39

Magnetic properties of (MnSb2Te4)x(Sb2Te3)1−x
with x ≥ 0.7 grown at slower growth rate

Field dependent Hall resistance was measured at 10 K for
all the samples grown at slow growth rates. As was the case for
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FIG. 1. Structural and electrical properties of (MnSb2Te4)x(Sb2Te3)1−x structures grown at slow growth rates. (a) Fraction (x) of MnSb2Te4 as a function of Mn BEP ratio
for samples grown with slow growth rates (blue points) superimposed on the corresponding data previously obtained for samples grown at a fast growth rate (red points).
Based on the fraction (x), three composition regions are defined:28 region 1, where x < 0.7 (light blue), region 2, where 0.7 ≤ x ≤ 0.85 (white), and region 3, where x > 0.85
(orange). Blue and red oval shaded regions are used to highlight the relationship between the Mn BEP ratio and the fraction of MnSb2Te4. (b) 2θ–ω x-ray diffraction scans
for two samples of (MnSb2Te4)x(Sb2Te3)1−x, one grown at a slow growth rate (blue trace) and the other at a fast growth rate. (c) Comparison of (0012) rocking curves of slow
growth rate (blue) and fast growth rate (red) samples. The broader (0012) peak measured for the slow growth rate sample indicates more disorder. (d) Carrier density as a
function of fraction (x) of MnSb2Te4 for fast (red squares) and slow (blue squares) growth rate samples. Higher fractions of MnSb2Te4 have lower carrier densities. Reducing
the growth rate did not affect the carrier density for samples with the same SL fraction.

the fast growth rate samples,28 the plots all show typical hystere-
sis behavior, signifying the ferromagnetic (FM) nature of all the
samples investigated. Ferromagnetic behavior was also observed in
magnetization measurements made using a SQUID magnetometer
(see supplementary material, Fig. S3). Figure 2 illustrates the temper-
ature dependent Hall resistance and magnetization measurements
of the slow growth rate samples for samples with a composition
of 0.7 < x < 0.85. This composition range, which we previously
called Region 2,28 produced the highest TC values (as high as 80 K)
for fast growth rate samples. Figure 2(a) compares the normalized
temperature dependent Hall resistance for two samples with simi-
lar compositions, one grown at a slow growth rate and the other at
a fast growth rate. The value at which the Hall resistance goes to
zero is taken as the value of the TC. According to Fig. 2(a), the fast
growth rate sample has a TC of ∼80 K, as reported in Ref. 28, while
the slow growth rate sample has a value of ∼100 K, 25% higher than
our previously reported value and the highest TC value reported to
date for these materials systems. This value is confirmed by magneti-
zation measurement in a SQUID magnetometer, where the magnetic
moment (M) was measured as a function of temperature at 200G,
as shown in Fig. 2(b). A TC value of ∼100 K was observed from
the magnetization measurement study, in agreement with the Hall
resistance data. The inset in Fig. 2(b) shows a magnified view of the

temperature dependent Hall resistance measurement in Fig. 2(a)
for the slow growth rate sample, which shows excellent agreement
between the two measurements.

To clearly establish the value of the TC, derivative curves were
plotted for both the Hall resistance (Rxy) and magnetization (M)
data. In our earlier work, we showed that the derivative curves of
the temperature dependent Rxy gave evidence of two Curie temper-
atures, a low TC of about 20 K and a high TC of 80 K for the fast
growth samples. Similarly, two distinct TC components could also
be seen from the derivative plots of the slow growth rate samples
shown here: a low TC, TC1, at ∼20 K, and a second higher TC, TC2,
with a broad, weaker signal reaching a value greater than 100 K;
this is shown in Fig. 2(c). Evidence for the two TC components is
also obtained from the derivative plot of the magnetization data,
shown in Fig. 2(d), with TC values in excellent agreement with the
Hall resistance data. Finally, further evidence of the very high TC2
value for the slow growth rate samples is obtained from the field
dependent Rxy plots, which show hysteresis loops that persist up to
100 K, as shown in Fig. 2(e). Field dependent magnetization mea-
surements were also made, as shown in Fig. 2(f). Hysteresis loops
were evident up to about 80 K (solid line), demonstrating the pres-
ence of a high TC, although not as high as that measured from Rxy or
as expected from the magnetization derivative plot. We believe that
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FIG. 2. Magnetic properties of (MnSb2Te4)x(Sb2Te3)1−x structures with 0.7 ≤ x ≤ 0.85 (Region 2). (a) Normalized temperature dependent Hall resistance (Rxy) at 200G of
two samples, one grown at fast growth rates (red trace) and the other at slow growth rates (blue trace). The slow growth rate sample exhibited a TC of about 100 K. (b)
Temperature dependent magnetization measurements for the slow growth rate sample shown in (a). Good agreement is seen between the magnetization measurement and
the Hall resistance measurement (inset). (c) Superimposed plot of temperature dependent Hall resistance Rxy (dashed) and its derivative curve (solid) for a sample grown
at a slow growth rate. Two transitions are seen, indicating two TC components: one at ∼20 K and another reaching as high as 100 K. (d) Superimposed plot of temperature
dependent magnetic moment (M) (dashed) and its derivative curve (solid) for the sample grown with a slow growth rate. Two TC components are seen, as in (c). (e) Field
dependent Hall resistance measurement for the slow growth rate sample with x = 0.83, showing hysteresis up to 100 K. (f) Field dependent magnetic moment (M) of the
samples of (e), showing hysteresis up to 80 K.

the suppression of the hysteresis loop at a lower temperature in the
magnetization plots is probably due to the lower sensitivity of the
magnetization probe.

We also investigated samples with composition x > 0.85, which
we had previously identified as Region 3.28 At the fast growth rates,
the samples in Region 3 had lower TC values than the samples in
Region 2, with TC on the order of 40 K. An example of this is shown
by the normalized temperature dependent Hall resistance data given
by the red trace in Fig. 3(a). The figure also shows the result for a
sample grown at a slow growth rate (blue trace). The temperature
dependent Rxy plot suggests a high TC component (TC2) of ∼75 K
for the slow growth rate sample, significantly higher than the 40 K
observed for the fast growth rate sample. Derivative curves of the
Rxy plots of the slow growth rate sample [Fig. 3(b)] show evidence of
two TC components, and the field dependent Rxy [Fig. 3(c)] shows a
TC2 as high as 75 K (solid line), suggesting a similar effect on the
TC by the reduced growth rates in Region 3 samples.

Control of the bulk carrier density and transport properties
of these materials is of utmost importance to exploit the topo-
logical surface features for practical applications. Furthermore,
the relationship between the carrier density and the TC may be
examined to provide some insight as to the type of magnetic
interactions at play in these materials. In Fig. 3(d), we plot the TC2 of
samples with x > 0.7 (Regions 2 and 3) as a function of their carrier
concentration for samples grown at both fast and slow growth rates.
No apparent correlation between TC and carrier density is observed.
The two principal mechanisms used to describe ferromagnetic

interactions in magnetic topological materials are the
Ruderman–Kittel–Kasuya–Yosida (RKKY) mechanism and the
Van Vleck mechanism.40–43 While RKKY predicts that enhanced
magnetic coupling is dependent on carrier density, the Van Vleck
mechanism predicts that ferromagnetic behavior and TC are not
carrier mediated.18,44,45 Our results shown in 3d, in which the
slow GR samples with similar x values yielded comparable carrier
densities but significantly higher TC values, suggest Van Vleck or
long-range magnetic interaction mechanisms more closely describe
the properties observed in these complex materials. However, a
more in-depth investigation is needed to establish the types of
magnetic interactions that lead to such high TC values in these
complex materials.

Mn content of (MnSb2Te4)x(Sb2Te3)1−x structures
as a function of composition and growth rate:
Correlation with TC values

Excess Mn has been previously identified as a likely factor in
determining the TC value of these materials.16,19 To explore this, we
investigated the effects of growth rate on the elemental concentra-
tion of the (MnSb2Te4)x(Sb2Te3)1−x samples using energy dispersive
x-ray spectroscopy (EDS). The elemental contributions of Mn, Sb,
and Te were plotted as a function of composition (x) in the structure
for a set of samples grown at fast and slow growth rates.

The results are plotted in Figs. 4(a) and 4(b). The solid
black lines represent calculated values expected for stoichiometric
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FIG. 3. Magnetic properties of (MnSb2Te4)x(Sb2Te3)1−x structures with x ≥ 0.85 (Region 3). (a) Normalized temperature dependent Hall resistance (Rxy) taken at 200G for
two samples of region 3, one grown with fast growth rates (red) and another grown with slow growth rates (blue). The slow growth rate sample exhibited a TC of about 75 K.
(b) Superimposed plot of temperature dependent Hall resistance (dashed) and its derivative curve (solid) for the sample grown at a slow growth rate. Two TC components
are seen: one at 20 K and a second, broader one reaching as high as 80 K. (c) Field dependent Hall resistance (Rxy) for the slow growth rate sample, showing hysteresis up
to 75 K. (d) Curie temperature TC plotted as a function of carrier density for samples with x ≥ 0.7 (Regions 2 and 3) grown at fast (red points) and slow (blue points) growth
rates. The value of x for each sample is indicated for each point. No correlation between TC and carrier density is observed.

(MnSb2Te4)x(Sb2Te3)1−x layers, while the red data points represent
the EDS data for a set of fast growth rate samples28 and the blue
points represent the slow growth rate samples of this study. At low
SL concentrations, where x ≤ 0.7, the data for fast growth rate sam-
ples largely follow the predicted curves for stoichiometric samples.
However, when x > 0.7, the points begin to deviate significantly from
the stoichiometric lines, showing increasing Mn content, well in

excess of the stoichiometric amounts, and a corresponding decrease
in Sb content, consistent with most of the excess Mn occupying Sb
sites.

In the case of the slow growth rate samples, which all lie in this
composition range of x ≥ 0.7, the excess Mn in the samples is even
greater, and the Sb concentration is lower than for the fast growth
rate samples. Furthermore, for the samples with a slow growth rate,

FIG. 4. Structural factors influencing the Curie temperature. (a) EDS characterization of a selection of samples grown at a fast growth rate (red) and slow growth rate (blue);
solid lines represent composition for stoichiometric (MnSb2Te4)x(Sb2Te3)1−x. Site mixing between Mn and Sb is evident for fast growth rate samples with x above 0.7.
Samples grown at a slower growth rate show a further increase in site mixing between Mn and Sb, as well as between Mn and Te atoms. (b) A magnified view of the Sb and
Mn EDS data for samples with x ≥ 0.7. (c) Curie temperature as a function of composition x of (MnSb2Te4)x(Sb2Te3)1−x. Slow growth rate samples (blue points) consistently
exhibit higher TC values for the same value of x.

APL Mater. 12, 071109 (2024); doi: 10.1063/5.0195940 12, 071109-6

© Author(s) 2024

 12 July 2024 19:26:51

https://pubs.aip.org/aip/apm


APL Materials ARTICLE pubs.aip.org/aip/apm

some reduction in the Te concentration is also seen, suggesting that
Mn is also substituting for Te atoms in the crystal. This means that
the greater disorder introduced by the slower growth rates is related
to more excess Mn occupying Sb sites and sometimes Te sites, as
indicated by the EDS data. Figure 4(b) shows a magnified view of
the region of interest [the dashed square in Fig. 4(a)] to illustrate
this phenomenon more clearly. It is evident that the Mn fractions
(blue triangles) are much higher than the stoichiometric Mn values,
while the Sb fractions (blue circles) are much lower than the stoi-
chiometric Sb values. Therefore, we conclude that the excess Mn in
the crystal is greatly enhanced by the slow growth rates. It is impor-
tant to note that it is within this composition range that we see
evidence for the high TC in the samples. This can be seen in Fig. 4(c),
which shows the relationship between TC and composition x for fast
growth rate samples (in red) and slow growth rate samples (in blue).
The data show that the high TC for the fast growth rate samples and
the even higher TC for the slow growth rate samples occur when
0.7 ≤ x ≤ 0.85, the same region where the excess Mn is present. A sim-
ilar relationship between the TC and Mn fractions is also observed
(see supplementary material Fig. S4). Our results point to two factors
that are essential for the observation of a high TC: (1) a large excess
Mn substituting for the Sb, i.e., MnSb antisites, and (2) a sufficient
fraction of QLs in the structure, i.e., x < 1.

The EDS results show that at the reduced growth rate, the incor-
poration of Mn into the crystal structure is enhanced for the same
Mn flux ratio used during growth. This can be understood if we con-
sider that at the typical MBE growth temperatures, Sb desorption
(and possibly also Te desorption) and its subsequent substitution
by Mn may be favored when growth takes place more slowly. In
addition, investigations of our samples’ magnetic properties give evi-
dence for two different magnetic interactions giving rise to the two
different TC values. Similarly to what we previously proposed,28 the
excess Mn obtained at the slower growth rates of this study incor-
porates both in the SLs, giving rise to more Mn-rich SLs of the form
Mn1+ySb2−yTe4 and to QL-alloys of the form Sb2−yMnyTe3 with very
high y values (see supplementary material Fig. S5). These QL alloys
have been predicted to have a high TC

33 and may lead to the observed

exceedingly high TC2 values of up to 100 K. To further support this
proposal, we estimate the values of y in our samples using the mea-
sured EDS elemental compositions and assume for simplicity, that
the excess Mn is incorporated equally into the SLs and QLs. Further-
more, we used the Sb fraction (XSb) measured by EDS rather than
the Mn fraction (XMn). This was performed to reduce errors arising
from possible Mn incorporation into crystalline sites other than Sb
sites (Te-antisites or others). The data for both the fast growth rate
samples of Ref. 28 and the new slow growth rate samples of this study
are plotted in Fig. 5(a), using the equation

y = 2 − χsb(5 + 2 x).

The error in the value of y is estimated to be ±0.035, making the
lowest data point, with a TC of 25 K, have y ∼ 0, and suggesting that
the observed TC for this sample is likely due to the Mn1+ySb2−yTe4
SLs in the structure. A very close agreement between the proposed
Tc values33 and our experimental results is observed, supporting our
proposed mechanism for the high TC values. Our results suggest
that samples with TC2 ∼ 100 K contain QLs with compositions of
Sb1.4Mn0.6Te3.

Figure 5(b) illustrates the proposed structure for samples with
x ≥ 0.7 that contain a mixture of QLs and SLs. To obtain these high
x values, growth by MBE requires the use of very large Mn BEP
ratios, and as shown by the EDS results, there is a large excess
of Mn in the crystal, which is even greater for the slow growth
rate samples. In these samples, our data suggest that excess Mn is
incorporated into the QL to form Sb2−yMnyTe3 alloys, a material
that is predicted to be ferromagnetic with very high TC values.33

The Mn content (y) in the QLs is largest when the samples are
grown at slow growth rates, leading to the observed exceedingly
high TC2. The SLs also contain excess Mn, forming Mn1+ySb2−yTe4,
which have been shown to yield TC values of 20–50 K.16,19,28 The
three frames of Fig. 5(b) describe the magnetic properties of these
structures as the temperature increases. Below TC1, the SLs of com-
position Mn1+ySb2−yTe4 and QLs of composition Sb2−yMnyTe3 are
both magnetized, and the structure exhibits strong FM behavior.

FIG. 5. Considerations for the proposed origin of the high TC values. (a) TC as a function of y, where y is the Mn fraction in the Sb2−yMnyTe3 alloy. Experimental data for
slow growth samples (this study, blue squares) are compared to predicted data33 and to fast growth rate data28 (red triangles). The value of y was calculated using the
XSb obtained from the EDS study, as described in the text. (b) Schematic illustrating the proposed origin of the two TC components in (Mn1+ySb2−yTe4)x(Sb2−yMnyTe3)1−x
samples with x ≥ 0.7. Two distinct ferromagnetic materials, Mn1+ySb2−yTe4 (blue, SLs) and MnySb2−yTe3 (red, QLs), give rise to two distinct TC values, which can be
observed as the temperature of the material increases.
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Above the TC1 but below TC2, the spins in the SLs are random-
ized, and only the spins in the QL alloys remain aligned, producing
a weaker magnetization due to the relatively low fraction of QLs
in the structure but leading to the high TC2 that we observe in the
Rxy and M curves. Finally, above TC2, all spins are randomized, and
the material is paramagnetic. As stated earlier, our results suggest
that high Mn content Sb2−yMnyTe3 QLs are responsible for the high
TC2 values in our materials. Such high Mn content Sb2−yMnyTe3
alloys have not been previously realized experimentally and are
likely formed here in our experiments due to the far from equi-
librium MBE growth conditions. Further structural analysis would
be helpful to fully ascertain the formation of this magnetic QL
structure.

CONCLUSIONS

We have shown that by reducing the growth rate during MBE
growth, the highest TC values for (MnSb2Te4)x(Sb2Te3)1−x struc-
tures reported to date, as high as 100 K, were achieved. These
values are much higher than those reported by others16,19 and sig-
nificantly higher than those recently reported by us28 for samples
grown at faster growth rates. The values were measured by both Hall
resistance and SQUID magnetization measurements, yielding sim-
ilar results. As in the fast growth rate samples previously reported,
the results indicated the presence of two TC components that we
attribute to the two types of layers (SLs and QLs), both of which are
ferromagnetic and have different TC values. Structurally, no signifi-
cant difference was apparent between samples grown at fast or slow
growth rates. Only in the (0012) rocking curves did we see evidence
of more disorder at the slow growth rates. Using EDS, we identified
one important type of disorder that is present in these structures
in the form of substitutional Mn, which is enhanced by the slow
growth rates. The elemental composition of these structures showed
evidence of a significant excess of Mn, likely in the form of Mn:Sb
and some Mn:Te intermixing in both the SLs and the QLs.

The enhanced Mn content at slower growth rates is understood
by recognizing that, due to the higher volatility of Sb (and Te), there
is a greater probability for Sb (and Te) desorption when using slower
growth rates, which increases the likelihood of Mn incorporation in
Sb sites and even in Te sites. The increased Mn content results in a
higher TC for samples grown with the same Mn BEP ratio. We pro-
pose that significant incorporation of Mn is converting the Sb2Te3
QL into Sb2−yMnyTe3 alloys, which have been predicted to have very
high TC values. We thus propose a new crystal composition for our
materials: (Mn1+ySb2−yTe4)x(Sb2−yMnyTe3)1−x. We illustrated the
concept of two TC components in our structures, where TC1 orig-
inates from the Mn−rich Mn1+ySb2−yTe4 SLs while TC2 originates
from the Mn−rich Sb2−yMnyTe3 QLs. Finally, preliminary results
that show no correlation between the carrier density and the high
TC suggest that the magnetic interactions are not carrier mediated,
and long-range magnetic interactions are more likely at play in these
materials. Although carrier density does not influence the high TC
values, adding Bi to these structures may lower the carrier density,
making the surface states and topological features more accessible.

Our investigations provide evidence for a novel hybrid struc-
ture that is comprised of two types of magnetic topological materials:
Mn1+ySb2−yTe4 and Sb2−yMnyTe3. The results also suggest that we
have succeeded in forming a very high Mn content Sb2−yMnyTe3

alloy, which has not been experimentally demonstrated before.
We also propose that, based on theoretical predictions about this
material, the Sb2−yMnyTe3 is likely responsible for the very high TC2
(>100 K). Although in this study we have not ascertained the topo-
logical nature of these novel materials, the possibility of proximity
effects affecting the overall nontrivial topology and magnetism of
these composite structures renders these materials most interesting
as potential contenders for new quantum devices. Our results sug-
gest a pathway to magnetic topological materials with even higher
TC values and bring us closer to practical applications.

SUPPLEMENTARY MATERIAL

The supplementary material contains surface and cross-
sectional characterization results of (MnSb2Te4)x(Sb2Te3)1−x sam-
ples using reflection high energy electron diffraction (RHEED)
and atomic force microscopy (AFM) as well as scanning transmis-
sion electron microscopy (STEM). It also contains field dependent
magnetization and Hall resistance measurements for slow growth
rate samples with x ≥ 0.7, the relationship between Mn con-
centration (χMn) of (Mn1+ySb2−yTe4)x(Sb2−yMnyTe3)1−x materials
and their Curie temperature, and a schematic illustrating the Mn
incorporation sites in the Sb2−yMnyTe3 QLs and Mn1+ySb2−yTe4
SLs.
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J. Růžička, A. Ney, H. Steiner, V. V. Volobuev, H. Groiss, M. Albu, G. Koth-
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