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ABSTRACT: Magnetic topological insulators such as MnBi,Te,
and MnSb,Te, are promising hosts of novel physical phenomena
such as the quantum anomalous Hall effect and intrinsic axion
insulator state, both potentially important for the implementation
in topological spintronics and error-free quantum computing. In
the bulk, the materials are antiferromagnetic, but appropriate
stacking with nonmagnetic layers or excess Mn in the crystal lattice
can induce a net ferromagnetic alignment. Accurate control of the
materials growth is thus essential to optimize the magnetic
properties. In this work, we report a detailed investigation of the
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growth of (Sb,Te;),_,(MnSb,Te,), layers with varying Mn content by molecular beam epitaxy. The Mn flux fraction provided
during growth controls the percent of MnSb,Te, that is formed in the resulting layers by a self-assembly process. Highly crystalline
layers with compositions varying between Sb,Te; (x = 0) and MnSb,Te, (x = 1) were obtained. The results show that Mn is
incorporated as a structural component to form septuple layers (SLs) of MnSb,Te,. Excess Mn was observed in the samples,
suggesting that it is incorporated as antisite defects into both Sb,Te; and MnSb,Te,. Two modifications of the growth conditions
were implemented to enhance the incorporation of Mn as a structural element to form MnSb,Te, SLs: annealing of a thin portion of
the layer at the beginning of growth (preannealing step) and increasing the growth temperature. Both result in a larger percent of
MnSb,Te, SLs for similar Mn flux fractions during growth, increasing the control of the growth and providing insight into the Mn

incorporation process.

Bl INTRODUCTION

Incorporation of magnetic elements into 3D topological
insulators (TIs) such as Bi,Te; and Sb,Te; has garnered a
great deal of interest in recent years because of the potential to
achieve the quantum anomalous Hall effect (QAHE)' and
other exotic phenomena. The QAHE was first demonstrated
by incorporating Cr as a dopant into thin (Bi,Sb),Te; films.”
However, defects caused by the incorporation of the Cr atoms
into the TI crystal lattice resulted in the effect being only
evident at sub-Kelvin temperatures.’™® Recently, it was
discovered that adding Mn to Bi and Te or Sb and Te during
growth leads to a formation of a new crystal phase, MnBi,Te,
or MnSb,Te,, respectively, having a septuple layer (SL)
structure rather than the typical quintuple layer (QL) structure
of the nonmagnetic TIs.” These intrinsically magnetic crystals,
rather than magnetically doped TIs, may contain fewer defects
and lead to improved properties. In these materials, a single SL
is ferromagnetic, with the magnetic spins aligned out of plane.
However, when stacked to form a bulk structure, the SLs
couple antiferromagnetically and are not conducive to the
observation of QAHE, except in the ultrathin layers of odd
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number (5—7) of SLs.® One approach used to resolve this
problem was to separate the magnetic SL layers with a few
nonmagnetic QLs, enabling ferromagnetic coupling between
the nonadjacent SLs.” Another approach shown to produce
ferromagnetic coupling of the SLs in MnSb,Te, was to
introduce excess Mn into the pure SL structure. It has been
proposed that Mng, antisite defects induce ferromagnetic
coupling between the SLs.'*~"*

The growth of MnSb,Te,, or of mixed SL:QL layered
structures, has mostly been reported by bulk growth
techniques, while only a few groups have explored epitaxial
growth techniques for these compounds.'*~"* In both methods
of growth, the formation of SLs occurs by self-assembly
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depending on the amount of Mn provided during growth.
Typically, to grow these materials, all the elements are mixed
simultaneously to form the crystal, and the resulting mix of SLs
and QLs depends on the amount of Mn added. Although self-
assembly is a convenient method to grow these materials
because of its simplicity, it has some important drawbacks,
particularly the difficulty in controlling the formation of a
specific structure or composition reproducibly and consistently
throughout the crystal lattice. Molecular beam epitaxy (MBE)
with its layer-by-layer growth mechanism promises to provide
certain benefits for control of the desired structures. Several
groups have reported some specifics of the MBE growth for Bi-
based magnetic TIs,">"'” while much less work has been
reported for MnSb,Te,-based materials.'>'® In general, very
little work has yet been done to systematically investigate and
understand the MBE growth process and the parameters that
affect and control the structural properties of the resulting
magnetic TIs. Such an understanding is essential for the
intentional growth of precise layered structures with accurate
compositional control and the desired magnetic properties. For
example, inserting precise numbers of nonmagnetic TI QLs
between magnetic TI SLs, which remains a significant
challenge, has the potential to achieve intrinsic 3D magnetic
TIs with a gap opening in the surface state band,'® as was seen
in MnBi,Se,/Bi,Se;'®"” or MnBi,Te,/Bi,Te; >’

In this work, we perform a detailed investigation of the
growth of (Sb,Te;);_,(MnSb,Te,), structures by MBE.
Variation of the Mn flux during growth enables control of
the SL to QL ratio in the layer. We find that competing
processes, such as Mn dopant incorporation into the QL and
excess Mn in the SLs, introduce inaccuracies in the control of
the SL to QL layer ratio. Moreover, the distribution of the SLs
throughout the crystal is random so that the local properties of
the material vary. Modified growth techniques, involving the
implementation of a preannealing step in the early stages of
growth and the increase of the growth temperature, are
explored. We observe a preferential incorporation of Mn into
SLs and an improved structural quality resulting from these
changes. A mechanism is proposed to explain the observed
improvements in the control of the growth and the material
properties, which also provides insight as for the Mn
incorporation process. We propose that this improved
understanding of the MBE growth process will lead to the
ability to perform on-demand growth of specific well-ordered
structures with accurate control of the Mn composition'” or
the insertion of precise numbers of nonmagnetic TI interlayers
between the magnetic SLs to achieve the desired interlayer
coupling.”"** Such control of the growth will enable true
breakthroughs in the magnetic behavior of the materials.

B EXPERIMENTAL SECTION

All samples were grown in a Riber 2300P system with a base pressure
of 3-5 X 107'° Torr, equipped with reflection high-energy electron
diffraction (RHEED) for in situ growth monitoring, on epi-ready c-
plane (0001) sapphire substrates. The substrates were heated under
vacuum to 600 °C for 1 h prior to growth to remove impurities from
the surface. High-purity 6 N antimony (Sb), tellurium (Te), and S N8
manganese (Mn) fluxes were achieved using a Riber double zone cell
for Sb and single-zone Knudsen cells for Mn and Te. The fluxes were
measured by the beam equivalent pressure (BEP) read by an ion
gauge placed in the position of the substrate prior to growth. The Mn
BEP ratio, BEP(Mn)/[BEP(Mn) + BEP(Sb)], proportional to the
Mn flux fraction, was used to control the Mn content during growth
and was varied between 0.00 and 0.11. Growth was performed under
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excess Te flux. The samples were grown by MBE via a two-step
growth method consisting of an initial deposition of a thin (usually
3-S5 nm) low-temperature buffer (LTB) Sb,Te, layer, at 200 °C for
~3 to 5 min. The LTB layer growth was then stopped, while keeping
constant Te flux at the sample surface, and the substrate temperature
was raised to the desired growth temperature of 245—-255 °C. An
LTB growth has been shown to improve nucleation in MBE growth of
TIs.>?* Next, the Mn-containing layer was grown for 1—2 h, during
which the Mn, Sb, and Te sources were simultaneously impingent on
the sample surface. The Te/Sb BEP ratios were kept between 20 and
30, ensuring excess Te during growth. All samples used similar Sb flux,
and the composition was varied by adjusting the Mn cell temperature
to change the Mn flux. The growth rates for the samples varied
between 0.4 and 1.2 nm/min depending on the amount of Mn
incorporated.

All samples were characterized by a variety of postgrowth
techniques. High-resolution X-ray diffraction (HR-XRD) measure-
ments were performed using a Bruker D8 Discover diffractometer
with a da Vinci configuration and a Cu Kal(1.5418 A) source.
Atomic force microscopy (AFM) images were obtained using a
Bruker Dimension FastScan AFM with a FastScan-A silicon probe.
Scanning transmission electron microscopy (STEM) images (Figure
2a—d) were obtained (EAG Laboratories) using a Hitachi HD-2700
spherical aberration-corrected scanning-TEM system coupled with
energy-dispersive X-ray spectroscopy (EDX). Further high-resolution
STEM imaging (Figure 6) was carried out using a probe-corrected
JEOL ARM-200F operated at 200 keV. Hall transport measurements
were performed in a 14 T quantum design physical property
measurement system in 1 mTorr (at low temperature) of He gas.
Electrical contacts in the vdP configuration were made with indium

bonded on the edge of the thin film.

B RESULTS AND DISCUSSION

Growth was monitored in situ by RHEED. Typical patterns at
the end of the growth and AFM surface images are shown in
Figure 1. The initial RHEED pattern after the LTB and during

C)

Figure 1. In situ RHEED images (a—c) of three samples and their
corresponding 2 ym X 2 ym AFM (d—f) images. The Mn BEP ratios
for each sample are noted in the RHEED images. All AFM images are
based on the same scale bar, shown between panels (d) and (e).

initiation of growth often exhibited some polycrystalline rings
or spotty features which typically disappeared or became less
prominent as the growth proceeded. Figure la—c show the
RHEED images taken at the end of the growth for three
samples grown with different Mn BEP ratios. Most samples,
regardless of composition, showed a streaky pattern, such as
the one shown in Figure la; however, a few samples exhibited
additional features suggesting rough surfaces and some
disorder, as illustrated in Figure 1b,c. A corresponding
variation in surface roughness is also visible in the AFM
images presented in Figure 1d-f.

https://doi.org/10.1021/acs.cgd.1c01453
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STEM observations were made for some of the samples
using HAADF imaging because of its high-Z sensitivity. Figure
2 compares HAADF STEM cross sections of two samples

Figure 2. High-angle annular-dark-field (HAADF) STEM images of
two samples grown with different Mn BEP ratios, 0.10 and 0.02 for
(a) and (b), respectively. The van der Waals gaps are marked by short
white lines, and the difference in thicknesses of SLs and QLs is easily
discernible. (a) Sample containing 27.4% Mn (obtained from EDX
measurements) and 71% SLs; (b) sample containing 8.1% Mn and
13% SLs. (c,d) Cross-sectional EDX scan of Mn (green) overlaid on
two different regions of the TEM image from the sample shown in

panel (b).

containing low and high Mn levels. The relatively low
magnification STEM images presented in Figure 2a,b enabled
the analysis of large regions of each sample from which
estimates for the relative amount of septuple layers (%SL)
could be made. The results illustrate the formation of SLs and
QLs in different proportions, 71% SLs in Figure 2a and 13%
SLs in Figure 2b. The STEM images show well-ordered, highly
crystalline structures and no obvious defects. The sample
shown in Figure 2a, which was grown using an Mn BEP
fraction of 0.10, has a crystal structure that consists of mostly
SLs, 71% calculated from the STEM image, and has a 27.4%
Mn atomic percent, as obtained from EDX. Because pure
stoichiometric MnSb,Te, contains 14% Mn, this result implies
that the sample contains a great deal of excess Mn
incorporated into the layer without resulting in SLs. Thus we
conclude that although some of the Mn incorporated to form
the SL structure, a significant amount of Mn must also be
incorporated as an impurity in the SLs and the QLs in that
sample. Figure 2b shows the STEM image for a sample that
contains only 13% SLs and has a Mn content of 8.1% (from
EDX). As for the previous sample, based on the Mn content
obtained from EDX, a higher amount of SLs (over 50%) would
be expected if all the Mn atoms were incorporated to form
stoichiometric SLs, suggesting again the incorporation of Mn
as an impurity in the structure. The presence of excess Mn
throughout the sample can be seen in Figure 2c,d, which shows
the Mn EDX cross-sectional scan overlaid on the STEM image
in two different regions of the sample of Figure 2b. The EDX
data show that, in the region depicted in Figure 2c the Mn is
largely contained in the SLs, whereas in the region of Figure 2d
the Mn atoms are more randomly distributed throughout the
crystal lattice. This result suggests that during growth, the Mn
is initially incorporated as a dopant impurity into Sb,Te;
without modifying the crystal structure, that is, not forming a
SL. We will address this observation again later in the paper.

All of the samples were characterized by HR-XRD. A
selection of the HR-XRD scans for samples ranging in the Mn
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BEP fraction from 0.01 to 0.11 is shown in Figure 3a, where a
sample containing 90% SLs is the top XRD scan. The expected
position of the peaks for pure Sb,Te; and pure MnSb,Te, is
also indicated at the bottom and top of the figure, respectively.
The XRD scans are ordered by the Mn flux (BEP ratio) used
during the growth of the samples, from the lowest Mn flux at
the bottom to the highest at the top. The Mn BEP ratio used
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Figure 3. (a) HR-XRD measurements of samples grown with
increasing Mn BEP Flux ratios. Peak positions for Sb,Te; and
MnSb,Te,"? are noted as black lines at the bottom and the top of the
measurements, respectively. Mn BEP ratios for each sample are given
in the same color as the sample scan to the right of the plots. (b) HR-
XRD measurements of the region around the 0015 (Sb,Te;) to 0021
(MnSb,Te,) peaks of samples. The peak positions shift away from the
position of Sb,Te; as the Mn level increases, indicating the change in
the crystal structure. (c) Peak position of the samples plotted as a
function of their calculated %SLs from STEM (blue circles). A linear
fit line, forced to go through 0% SLs, is plotted (aqua). Insets are the
STEM images for the corresponding samples shown in Figure 2a
(bottom right) and 2b (top left).
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Figure 4. (a—c) In situ RHEED images of a sample surface before (a), and after (b) preannealing and (c) at the completion of the growth. (d) HR-
XRD measurements of the 0015 (0021) peak of samples grown with (green, aqua) and without (purple, orange) the preannealing step. The blue
and green shading distinguishes between the XRD peak positions for samples with the preannealing step (green) from those without (blue). (e)
HR-XRD measurements of the 0015 (0021) peak of two samples grown with standard (Tg = 250 °C) and increased (Tg =265 °C) growth
temperatures. The green shading indicates that both samples in (e) were grown using the preannealing step. (f) HR-XRD scans of two thin layers
grown for 15 min with (red) and without (black) a preannealing step. The peak position attributed to MnSb,Te, (0021) is marked with a dotted
line. (gh) 2 pm X 2 ym AFM images of the samples in (f). Both AFM images are based on the given scale bar.

during growth is given on the right of each scan. It is evident
that as the Mn flux increases, there is a gradual change in the
HR-XRD from that of a QL-based Sb,Te; crystal structure to a
MnSb,Te, (SL-based) structure. At a low Mn BEP fraction
(0.01-0.02), there is no change from Sb,Te; in the peak
positions of the XRD scan, meaning that at these low Mn
fractions, the Mn is incorporated as a dopant rather than to
form SLs. As the Mn BEP fraction increases, the peaks
corresponding to the Sb,Te; (003), (006), and (0015) planes
show a clear shift, evolving into the (003), (009), and (0021)
peaks of MnSb,Te,, respectively, as can be seen by the red
arrows superimposed on the plots. At intermediate Mn flux
fractions (0.03—0.06), two weak peaks appear at around 26 —
@ ~10° to 15° as previously reported by others.”” Those
authors proposed that this feature indicates a change of
structure from Bi,Te; to close to MnBi, Te,. At the high Mn
fraction levels (0.09—0.11), new single peaks that correspond
closely to MnSb,Te, (006) and (0018) planes appear. To
further illustrate the gradual shift in the XRD peaks, Figure 3b
shows an expanded view of the region around the (0015) plane
of Sb,Te; for a few selected samples. A clear trend is visible in
the shift of the peak position as the Mn content increases,
ranging from the Sb,Te; (0015) peak position to the

3010

MnSb,Te, (0021) peak position. This shift is associated with
the change in the crystal structure from pure Sb,Te; to a
superlattice of (Sb,Te;);_,(MnSb,Te,), with varying x value.
It is expected, based on Vegard's law, that in a thin-layer
superlattice system, the XRD peak position will be given by the
average composition of the structure.”® A similar behavior can
also be perceived upon careful observation of other reported
XRD data of a related system, MnBi,Se,, which also shows a
gradual peak shift in XRD with increased Mn content.” Figure
3c shows the relationship between the shift of the HR-XRD
(0015) peak and the %SL calculated from the STEM images.
The calculated %SLs in the structure measured from the
STEM images plotted as a function of the XRD peak position
show a very good linear correlation, as expected based on the
behavior described above. Thus, the shift in the XRD peak
position is a direct measure of the %SL in the structure, and
the linear fit of experimental data to Vegard’s law, as given by
eq 1, can be used to estimate the %SL in all of our samples
based on the HR-XRD (0015) peak position (20 — w).

https://doi.org/10.1021/acs.cgd.1c01453
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%SL =

X 100

Vegard’s Law ( 1 )

This shift correlates with the increased presence of SLs in
the samples; however, it is not an indication of the total Mn
content in the sample because Mn is also incorporated as a
dopant. We conclude that our samples grown under the
conditions described above are Mn-rich and likely contain a
fair amount of disorder in the form of Mn impurity
concentration.

In an attempt to reduce the amount of disorder in the
crystals, and to better understand the mechanism of Mn
incorporation, a modified growth procedure was developed.
Two changes were implemented. First, an annealing step was
added after an initial thin portion of the layer was grown (from
here on referred to as the preannealing step). Annealing has
been used often in MBE and other growth techniques to
improve crystalline quality.”’ ">’ In our experiments, the
sample growth began the same way as before, with the thin
Sb,Te; LTB followed by an interruption of the growth and the
initiation of growth of the Mn-containing layer at the desired
growth temperature (T,). After 15 min, the growth is again
stopped, and the sample temperature is raised to 300 °C for 10
min under a Te flux (preannealing step). The temperature is
then lowered back to T, and growth of the Mn-containing
layer is resumed for the desired total growth time.

As a first assessment of the effect of the annealing step, we
examined the evolution of the RHEED pattern. The RHEED
image of the sample after 15 min of growth, but before the
preannealing step (Figure 4a), often shows noticeable rings,
suggesting some polycrystalline growth. After completing the
10 min. annealing step, the RHEED pattern typically improves
(Figure 4b), showing less evidence of polycrystalline growth.
Finally, at the end of the full layer growth, the RHEED
improves significantly (Figure 4c). This suggests that the
preannealing step is improving the crystalline quality of the
initial thin layer. More importantly, implementation of the
preannealing step had a significant effect on the portion of the
sample that is grown over the preannealed thin layer. Figure 4d
shows a comparison of the (0015) peak of the XRD scans of
four samples, two grown with the preannealing step and two
grown without it. All samples in Figure 4d were grown using a
similar Mn flux fraction, T, and Te overpressure. The figure
shows a clear shift toward a larger angle in the (0015) XRD
peaks for the two samples grown with the preannealing step,
suggesting that a larger %SL forms in the samples grown using
the preannealed thin layer. The calculated %SLs for each
sample of 4d, summarized in Table 1 as samples 1 through 4,
increase from 40—50 %SLs without the preannealing step to
70—90 %SLs with the preannealed layer (samples 3 and 4),
indicating that more of the Mn is incorporated in the form of
SLs when the layer growth occurs over a thin preannealed
layer, consequently reducing the incorporation of substitu-
tional Mn impurities into the QLs and SLs.

In some samples, in addition to the preannealing step, the
growth temperature (T,) was also increased to 265270 °C.
The (001S) peak of the HR-XRD scans of two samples both
grown with a preannealing step and the same value of Mn BEP,
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Table 1. Calculated %SLs for Samples Grown under
Different Growth Conditions

Sample Preannealed layer Mn BEP ratio T, (°C) %SLs
Effect of the preannealed layer (Figure 4a)
1 no 0.060 260 41
2 no 0.060 255 S1
3 yes 0.060 255 72
4 yes 0.065 AN 92
Effect of increased growth temperature (Figure 4b)
N yes 0.090 250 79
6 yes 0.090 265 100

but with two different T, values of 250C and 265 °C, are
presented in Figure 4e. A further increase in the %SLs was
observed for the sample grown at a higher growth temperature
of 265 °C indicated by the shift of the (0015) XRD peak. The
%SLs for these two samples, calculated from the XRD peak
position, are given Table 1 as samples S and 6. Sample 6,
grown at 265 °C, shows a further increase of the %SLs bringing
its composition up to 100% SLs.

To understand the effect of the preannealing step, an
experiment was performed in which we compared a thin
layer grown for 15 min and annealed it for 10 min at 300 °C,
and another thin layer was also grown for 15 min but not
annealed. The HR-XRD of the two samples is shown in Figure
4f. The stronger and sharper XRD peaks for the annealed
sample suggest improved crystallinity, consistent with the
RHEED observations previously described. However, the
positions of the (0015) peak for the two samples, identified
by a dashed line in the figure, are the same, indicating the same
%SL in both samples. The AFM images of the surfaces of the
two samples (Figures 4gh) show that the surface of the
annealed sample (Figure 4h) is somewhat smoother (rms = 3.0
nm) than that of the sample (Figure 4g) that was not annealed
(rms = 4.2 nm). The data of Figures 4f—h suggest that the
preannealing step improves the crystalline quality of the
annealed thin layer and makes its surface smoother, but it
does not change the %SL of the thin annealed layer. Thus, we
conclude that the increased %SLs obtained in the layer grown
over the preannealed thin layer must be explained by a
different mechanism not disclosed directly by our experiment.

The relationship between the Mn BEP fraction and the %SL
of all the samples grown is illustrated in Figure Sa, which shows
the samples grown using the original growth conditions as
black open circles, the samples grown using the preannealing
step as red open circles, and those grown using the preannealing
step as well as a higher T, as filled red circles. Within the range
of MBE growth temperatures used here (250—270 °C), it can
be assumed that all the Mn is incorporated into the layer (i.e.,
Mn will not reevaporate from the growth surface at these low
growth temperatures). For the samples grown under the
original growth conditions (black circles), there is a general
correlation between the Mn BEP ratio and the XRD peak shift
(or %SLs), but a large amount of scatter is present in the data.
The scatter is consistent with our assertion that Mn is
incorporated into the crystal in different ways and that a
significant fraction of Mn is being incorporated as substitu-
tional dopants without modifying the crystal structure (i.e.,
without forming SLs).

We also observe that the samples grown with the modified
growth conditions, shown by the points in red, all have higher
%SLs for the same Mn BEP ratio. This is consistent with our
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Figure 5. (a) Peak position (and %SLs) of all samples, as a function of
the Mn BEP ratio. Samples grown under the original growth
conditions are shown in black, while samples grown with the modified
conditions are given in red: samples with the preannealing step only
(red open circles) and those with preannealing step and increased
growth temperatures (red filled circles). Black and red dashed lines
represent the high and low boundaries of those data, highlighting the
generally higher %SL obtained with the modified conditions. (b)
Tlustration of the proposed stepwise growth process for the material
formed as a function of increasing Mn flux ratios (Fyy, green cone),
and the changes that the two modification steps used, preannealing
step and increased growth temperatures, produce on the growth. The
gray arrows indicate the lower Mn flux needed to achieve
stoichiometric MnSb,Te, when the growth modification steps are
introduced. (c) Schematic of the sample structure as it undergoes the
changes introduced by the preannealing step in the proposed
mechanism.

conclusion that the preannealing step promotes the formation
of SLs in the subsequent layer, rather than its incorporation
into the lattice as a dopant. Within the red data points, the
samples grown at a higher T, illustrated by the filled red
circles, typically result in even higher %SLs for the same Mn
BEP during growth.
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Our observations are summarized schematically in Figure
Sb. The Mn BEP ratio (proportional to the Mn flux ratio Fy,)
used during growth is illustrated by the green cone on the
right, increasing from values of 0.00 to 0.11 in our growths. At
very low Mn BEP ratios, only Sb,Te; QLs doped with Mn
(Sb,Te;:Mn) can form. As more Mn is added during growth,
(as the Mn BEP ratio increases), SLs can be formed resulting
in mixed QL and SL structures, with a higher %SL as the Mn
BEP ratio increases. The implementation of a preannealing step
results in SLs formed at a lower Mn BEP ratio. This is
illustrated by the dashed gray arrows, which indicates the
relative Mn flux fraction at which stoichiometric MnSb,Te,
will form. Based on these observations, we propose the
following tentative mechanism, depicted in Figure Sc. We
assume that, in MBE growth, a critical quantity of excess Mn
atoms must be present at the surface of the sample in order for
Mn to form a SL rather than incorporate as impurities into the
QLs. With a very low Mn BEP ratio, Mn is incorporated only
as a substitutional impurity (Figure Sc left frame). As the Mn
BEP ratio increases, the Mn is incorporated into the QL as
impurity atoms and some excess Mn accumulates on the
growing surface until there is a sufficient excess Mn on the
surface to form SLs. We propose that the preannealing step
facilitates the accumulation of Mn on the surface instead of
incorporating as an impurity into the Sb,Te; layer (Figure Sc
middle frame), thus favoring the formation of SLs at lower Mn
BEP ratios as compared to when no preannealing step is
performed. Once this excess Mn is produced, it is more likely
for an excess of Mn to remain on the surface as the layers grow,
promoting the formation of SLs throughout the growth
(Figure Sc right frame).

The effect of increasing the growth temperature is also
illustrated in Figure Sb. An increase in the %SL formation for
the same Mn BEP fraction is also observed by the use of a
higher T, The reason for this enhancement might also be
related to the ease of Mn accumulation on the surface at a
higher temperature, because at a higher temperature Sb may
desorb from the surface leading to a higher Mn concentration.
However, the growth temperature effect may also be due to the
higher formation energy of MnSb, Te, *° which may be favored
at higher T,

The presence and the location of the excess Mn in our
samples can be further ascertained from detailed STEM
analysis. The HAADF STEM image for a sample with 72% SLs
is shown in Figure 6a. The Mn content in this sample of ~21%,
measured by EDX, suggests that there is significant excess Mn
in the lattice, as seen in the previous samples. To determine
the location of the excess Mn in the crystal, intensity profile
measurements of the HAADF TEM images were performed.
Because of their smaller atomic mass, Mn atoms are darker in
these images compared to the Sb and Te atoms, which are
both of similar higher brightness. Figure 6b, an intensity line
scan along the growth direction, shows a combination of SLs
evident from a sequence of seven intensity peaks, one for each
atomic plane, and QLs, evident from the presence of five peaks
corresponding to the five atomic planes. The peak correspond-
ing to the middle layer in the SLs has a lower intensity because
of the small mass of the Mn atoms, suggesting predominantly
Mn in that layer, as expected, whereas other peaks,
corresponding to Sb and Te, are higher in intensity. The
QLs show similarly high intensity for all the peaks, as expected
from the closely similar atomic mass of Te and Sb. However,
careful attention to the Te and Sb peaks in these layers
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Figure 6. STEM analysis of a sample with 72% SLs; (a) HAADF STEM image of the sample. Inset circles 1 and 2; high-resolution STEM image
showing antisites seen as brighter dots (Sb) in the Mn atomic layers (center of circle 1) and dark dots (Mn) in the Sb atomic layers (center of circle
2). (b) Image intensity profile along the growth direction showing SLs and QLs. The yellow line indicates the location of the scan. (c) Intensity
profiles along the atomic planes of Te (black line), Sb (magenta line), and Mn (green line) showing large variations in the Sb and Mn lines
suggesting the presence of Mn—Sb atom exchange or antisites. (d) Illustration of the ferromagnetic alignment of MnSb,Te, SL produced by the
presence of Mnyg, antisites. (e) Hysteresis loop of the Hall resistance R, as a function of the magnetic field, B, measured at 10 K showing

ferromagnetic behavior for this sample.

suggests some intensity variations within each atomic plane.
To further quantify this, Figure 6¢ shows three intensity line
scans along the Te, Sb and Mn planes, respectively. All
intensity scans were taken from Figure 6a and are color coded
in the location where they were taken. While the peaks along
the Te plane have relatively uniform intensities, significant
variations in peak intensity are present along the Sb and Mn
line scans. These variations can be understood from the
presence of Mn atoms in Sb sites, leading to reduced
intensities of the Sb planes, and Sb atoms in the Mn sites
leading to higher intensities of the Mn planes. Further evidence
of these atomic exchanges is seen in the zoomed-in circles in
Figure 6a, which show the presence of “bright” atoms in the
Mn sites (circle 1) as well as “dark” atoms in the Sb sites
(circle 2).

Ferromagnetism in Mn-rich MnSb,Te, has been recently
reported and has been attributed to Mn—Sb site exchange
inducing ferromagnetic coupling between stacked SLs (see
Figure 6d)."" Hall resistance (R,) plots as a function of
magnetic field of our samples reveal that all our samples having
at least a few %SLs exhibit ferromagnetic behavior, as
demonstrated by the presence of a hysteresis loop near ~0
T magnetic field (B). In particular, the R, vs B hysteresis plot
for the sample of 6a, demonstrating its ferromagnetic behavior,
is shown in Figure 6e. We suggest that the ferromagnetic
behavior of our MnSb,Te, may also be due to Mn—Sb site
exchange. A detailed investigation of the magnetic properties
of our samples is currently underway and is beyond the scope

of this paper.

B CONCLUSIONS

In this work, we have investigated the growth by MBE of
(Sb,Te;);_,(MnSb,Te,), structures on sapphire substrates.
Increasing the flux fraction of Mn (or Mn BEP ratio) during
growth results in a gradual change of the composition of the
structure from all Sb,Te; QLs (x = 0) to all MnSb,Te, SLs (x
= 1). The Mn content in excess of that indicated by the
percent (%) of SLs suggests that Mn is also incorporated as a
dopant forming Sb,Te;:Mn and MnSb,Te,:Mn. We conclude
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that under our initial growth conditions, adjusting the Mn BEP
ratio during growth is not sufficient to accurately determine the
resulting (Sb,Te;),_,(MnSb,Te,),
degree of excess Mn incorporated into the layers.

We also analyzed the evolution of the XRD scans of the
layers as the Mn content is increased. The results show a
gradual shift of several peaks from the Sb,Te; position to the
corresponding MnSb,Te, position. We show that this peak
shift can be used to accurately calculate the %SLs in the
resulting crystal.

Modifying the growth conditions by the incorporation of a
preannealing step at the beginning of growth, a significant
increase in the %SLs formed for the same Mn BEP ratio used
during growth was observed. This showed that with the
preannealed layer, the incorporation of Mn as a structural
element to form SLs is favored rather than its incorporation as
an impurity. We propose a mechanism consistent with our
observations based on the assumption that a local excess of Mn
is needed at the growth surface for the formation of SLs during
growth. We suggest that the formation of a Mn-rich growth
surface is facilitated by the preannealing step. A further increase
in the %SLs for the same Mn BEP fraction was observed by
also increasing the growth temperature, possibly because of a
similar effect. The insights obtained through our experiments
into the MBE growth process of these magnetic TIs are
essential for the eventual development of precisely controlled
on-demand layered structures of these materials.

Measurements of the Hall resistance as a function of
magnetic field of our samples show that the samples are
ferromagnetic, which may be in part due to the excess Mn
incorporation into our layers. We present a HAADF TEM
image intensity profile measurement that gives evidence of
substitution of Mn in Sb sites, as well as Sb in Mn sites. Mn/Sb
antisites in MnSb,Te, have been reported to lead to
ferromagnetic behavior. The demonstrated control of the QL
to SL ratios and of the excess Mn incorporation into our
samples achieved by modifying the growth conditions should
enable the fabrication of these highly promising and

structure and the large

https://doi.org/10.1021/acs.cgd.1c01453
Cryst. Growth Des. 2022, 22, 3007—3015


https://pubs.acs.org/doi/10.1021/acs.cgd.1c01453?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c01453?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c01453?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c01453?fig=fig6&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c01453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

technologically relevant materials with precisely tailored
magnetic properties.
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