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We present a nanoscale structural and density functional study of the Mn doped 3D
topological insulator Bi,Tes; X-ray absorption near edge structure show that Mn has valency
of nominally 2+. Extended x-ray absorption fine structure spectroscopy in combination with
electron energy loss spectroscopy (EELS) shows that Mn is a substitutional dopant of Bi and
Te and also resides in the van der Waals gap between the quintuple layers of Bi,Te;.
Combination of aberration-corrected scanning transmission electron microscopy and EELS
show that Mn substitution of Te occurs in film regions with increased Mn concentration.
First-principles calculations show that the Mn dopants favor octahedral sites and are
ferromagnetically coupled.

Three-dimensional topological insulators (3D TIs) are a new class of materials with
promising properties both for exploring fundamental physics and developing novel
technological applications as spintronic devices.' TlIs are insulating in their bulk. However,
their surface states are gapless and protected by time-reversal symmetry (TRS) which makes
them immune to backscattering from disorder and non-magnetic impurities.2’3 The
combination of magnetism with TIs can lead to a number of interesting phenomena, such as
the point-charge-induced magnetic monopole and topological contributions to the Faraday
and Kerr magneto-optical effects.” Most importantly, the interplay between topologically
protected surface states and ferromagnetism is expected to give rise to different and
unconventional spintronic effects, potentially leading to device applications.*

A typical representative of a 3D TI is BiyTes a narrow-gap semiconductor with an
indirect band gap of 160 meV at 300 K. The unit cell of Bi,Tes is composed of three weakly
bonded Te-Bi-Te-Bi-Te quintuple layers (QLs) with a hexagonal crystal structure.” However,
Bi,Te; exhibits no magnetic ordering, and single crystals are typically p-type semiconductors
that can become superconducting under pressure.6 In order to induce magnetic ordering in
Bi,Ses or BirTes, doping with transition metals is an established route.”” Upon doping with
magnetic elements, TRS can be broken and the Dirac electrons can become effectively
massive.® According to first-principles calculations, this is the case when TIs are doped with
V, Cr, Mn, or Fe, which can break TRS and open a band gap in the surface band structure.’
Even though long-range ferromagnetic order has been reported at low temperatures in
materials such as Cr-doped BiZSe33 ’10, Mn- and Fe-doped BiZSe3”’12, and BizTe313 the
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correlation between local chemical environment of magnetic dopant and magnetic order is
not well understood. Indeed, direct correlation between the magnetic dopants concentration
and functional properties of TIs could be rather challenging, for example doping with Mn in
many host materials results in structural or chemical inhomogeneities affecting the magnetic
propelrties.11 The main goal of achieving room-temperature ferromagnetism in
homogeneously doped 3D TIs has therefore proven difficult to achieve." Although Mn
doped Bi,Tes crystals and thin films with doping concentrations of up to 10% were found to
be ferromagnetic with Curie temperatures of around 10 K", it is not clear if ferromagnetism
is due to secondary, undesirable Mn-containing phases or the homogeneous doping of Mn
into the Bi,Te; matrix, i.e., as a substitutional dopant. Due to the layered crystal structure of
these materials, several possible lattice sites exist for the incorporation of magnetic dopants.
These include substitutional incorporation on Bi or Te sites within the QLs, as well as
interstitial incorporation within the QLs, and the incorporation in the van der Waals gap
between the QLs."” In these ternary systems, it is of great importance to preserve the overall
bulk electronic properties upon doping, and, moreover, to reduce the defect densities in
general.

In this work we show that the low Mn doping concentrations (~ 2.5 at-%) in the
Bi,Te; preserved the structural integrity of the thin film. By using real space atomic imaging
and X-ray spectroscopy we show that even at this low doping concentrations Mn is
substitutionally incorporated into Bi,Tes as well as in the van der Waals gap. First principle
calculations performed for number of Mn configurations as a substitutional and interstitial
dopant show that ferromagnetic ordering is favored. At higher doping concentrations
(e.g. ~ 6 at-%) secondary phases appear and the crystallinity of the matrix is significantly
deteriorated. This work show that inducing long order ferromagnetic order by Mn doping
Bi,Te; can be achieved even at low concentrations, independent of the local chemical
environment.

The Mn doped Bi,Tes thin films were grown by molecular beam epitaxy (MBE) on c-
plane sapphire substrates. Prior to growth, the samples were solvent-cleaned and baked in the
load-lock for 8 hours. First, a Bi,Tes buffer layer was deposited at a substrate temperature of
200°C. The doped layers were then grown with a Mn doping concentration ranging from
~2% to 9%, measured with an in-situ beam-flux monitor (BFM), and given in % with respect
to the Bi flux, at a substrate temperature of 250°C. Standard effusion cells were used for the
co-deposition of Bi, Mn, and Te. All evaporation materials used were of 99.9999% purity and
the films were deposited in a Te-rich environment to reduce the formation Bi-Te anti-site
defects and Te vacancies. Growing with a Bi:Te flux ratio of 1:10, the deposition rate is Bi-
limited at ~ 0.4 nm min"'. Nominal Mn-doping concentrations were adjusted using the Mn:Bi
flux ratio, as measured by the BFM.

The film quality was evaluated using in-situ reflection high-energy -electron
diffraction (RHEED, not shown) and ex-situ X-ray diffraction (XRD). Judging from the film
peaks observed in the out-of-plane XRD spectra, depicted in Figure 1(d), the 2.5% Bi,Te;
film is rhombohedral, c-axis oriented, and free of peaks from secondary phases.

Cross-sectional transmission electron microscopy (TEM) specimen preparation was
done by focused ion beam (FIB) methods using a FEI Nova 200 NanoLab high-resolution
field emission gun scanning electron microscope. A protective layer of C was thermally
evaporated onto the film surface outside of the FIB chamber; two further sacrificial layers of
Pt were deposited by the electron and ion beams to protect the film from Ga-ion implantation
and damage.

Structural characterization scanning transmission electron microscopy (STEM)
imaging and EEL Spectroscopy measurements were performed in a Nion UltraSTEM100™
equipped with a Gatan Enfina spectrometer. The microscope was operated at 100 kV, with a
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convergence angle of 30 mrad; at these optical conditions the electron probe size is
determined to be ~0.9 A. The inner detector angle for high-angle annular dark field
(HAADF)-STEM imaging was 76 mrad. The native energy spread of the electron beam for
EELS measurements was 0.3 eV, with the spectrometer dispersion set at 0.3 and
1 eV/channel, depending on the required energy range. The EELS collection angle was
31 mrad. For enhancing the contrast of the atomically-resolved spectra, a noise-reduction
routine was applied using principal component analysis (CiMe- plugin for Gatan’s Digital
Micrograph 2.3 software suite).'® Due to the overlap of the Te Mys and Mn L, 3 core loss
edges (and O K at the interface), elemental maps were are created by multiple linear least
squares (MLLS) fitting'” or reference spectra, after background subtraction using a power
law. The fitting was performed using the routine built in Gatan’s Digital Micrograph
software suite and reference Te M4s and Mn L, 3 edges (available in the Gatan EELS atlas)
and where applicable the O K edge (acquired from the Al,O3 substrate) as fitting components,
respectively.

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra were collected at room temperature at the Mn K edges of Mn
doped Bi,Tes;. A Mn foil and powdered MnO, Mn,O3 and MnTe compounds were measured
as reference. The powdered standards were pressed into pellets with the optimized quantity
for measurements in transmission mode. A nine-element Ge fluorescence detector was used
to measure the thin films, with the beam at grazing incidence (<5°) with respect to the sample
plane. All spectra were acquired in quick-EXAFS mode with monochromatic beam from the
Si(111) crystals. The energy range for each scan allowed us to extract information in the
extended region up to k=12 A", EXAFS spectra were processed and analyzed using
different tools of the IFFEFIT XAFS package.'® Fits of the EXAFS signal were performed on
the R space in a range from 1.5 to 3.2 A using a sinusoidal window function, so that it
covered Mn in the first coordination shell. The parameters fitted were the interatomic
distance (R), the Debye-Waller factor (%) for each scattering path, and a general shift in the
threshold energy (AE)). The amplitude reduction factor So* was set to that obtained for the fit
of the MnTe standard (S,>=0.71). Data analysis and fitting on all references and samples
were performed in ARTEMIS, making use of models based on crystallographic information
obtained from the ICSD database. The atomic clusters used to generate the scattering paths
for fitting were generated with ATOMS. "

Structure optimization, total-energy and electronic-structure calculations were
performed from first-principles using the plane-wave density functional theory (DFT)
program CASTEP? with the generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE)*' for the exchange-correlation functional. Ultrasoft pseudopotentials were
used for each element, with a 500 eV plane-wave cut-off energy. Internal atomic positions
were fully optimized until the force on each atom is <0.05e¢V A" and the total energy
converges within 0.02 meV/atom. The Brillouin zone was sampled using a Monkhorst-Pack*
k-mesh of 5x5x1 for bulk Bi;Te; and a k-mesh of 3x3x1 for all 2x2x1 supercell systems
with Mn. Hexagonal lattice constants for bulk Bi,Tes (a = 4.43 A and ¢ =30.53 A) were also
calculated from first-principles. Semi empirical dispersion correction (SEDC)* is included to
account for the weak van der Waals interactions between Bi,Te; quintuple layers. All
calculations were taking spin polarization into account. Spin-orbit coupling was not included
as initial tests showed that it does not play an important role with respect to relative energy
differences between different configurations.

Figure 1(a) shows a cross-sectional overview of a Mn,Bi, ,Tes thin film grown on c-
plane Al,O; by MBE. The atomic number dependence (~Z'*) of the HAADF contrast clearly
outlines the Bi,Tes film and the Al,Os substrate. The film has uniform thickness with a good
crystallinity. Atomic resolution HAADF imaging (Figures 1(b), 1(c), and 1(e)) show the good
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structural ordering of the film, with distinctive QL repeat unit in different regions. The abrupt
change in HAADF image contrast between substrate and film indicates a chemically abrupt
substrate-film interface, while the white fringes are showing the continuous QL structure of
the film. The XRD further shows the single crystalline nature of the grown films on a larger
scale (Figure 1(d)).

The presence of transition-metal (TM) and rare-earth dopants in the grown film, as
well as their chemical state, can be studied by XANES**, hence we employed this technique
to reveal the Mn chemical environment in the grown films. Figure 2(a) shows the normalized
XANES spectra at the Mn K edge of the doped Bi,Te; thin film. Comparison of the energy
position of the absorption jump for the thin film with the references of the relevant standard
compounds suggests that the Mn dopants in Bi,Te; have a valence state close to that of the
MnTe, implying 2+. These results are in good agreement with TM dopants, such as Cr, Mn
and Fe, in BiySe; topological insulator thin films determined by x-ray absorption
spectroscopy and x-ray magnetic circular dichroism at the TM L, 3 and K edges.'>>>0

The local ordering structure of the Mn doped Bi,Te; thin film can be studied from the
(k) EXAFS signal through a Fourier transform (FT) analysis, shown in Figure 2(b),
performed over a k range of 2.5 to 10.5 A~ using a k* weight, a Ak=1 A™", and a sinusoidal
window function. The best fits of the FT magnitude, |x(R)| (Figure 2(b) and the real part of its
inverse FT, Re |y(q)|, in Figure 2(c)) were achieved with Mn in an octahedral environment of
Te (and Se) atoms. We note that the presence of Se in the samples was due to unintentional
Se doping during growth in the Se-Te MBE system. Results of other fit attempts can be found
in the supplementary information file (see supplementary Figures S1, S2, and S3 as well as
supplementary Tables S1, S2, and S3). The values of the structural parameters obtained from
the fit are listed in Table 1, together with the nominal coordination and bonding of Bi atoms
in Bi,Te; and Bi;Se;. Comparison of Mn-Te and Mn-Se distances with Bi-Te and Bi-Se of
the undoped structure (Table 1) shows a strong local contraction of the bonds, which has been
observed in similar TM-doped structures.'>** The o values are high in all cases, which can
be understood as a high dispersion of bond distances and an increasing structural disorder in
the crystal with incorporation of Mn, suggesting that Mn neighbourhood is rather
heterogeneous . Oxidation effects might also play a role in the structural disorder, as observed
for Fe dopants in BiQSeg12 and rare-earth dopants in BizTe3.24 However, the extracted
contributions of MnTe, MnSe, and Mn,O3; from the linear combination fit of the XANES
region shows that the electronic structure of the Mn doped Bi,Tes is more similar to the
MnTe than the oxides (see supplementary Figure S4, and supplementary Table S4). This
results points to Mn dopants incorporating heterogeneously, both as a substitutional and
interstitial in the van der Waals gap within the structure. Hence, the varied bonding
environment rather than at well-defined crystallographic positions.

Next we focus on determining the spatial distribution of the Mn dopants on a
nanoscale in the Bi;Te; film. Direct imaging of Mn dopants in atomic resolution by Z-
contrast in the HAADF images is particularly challenging due to the low Z of Mn (Zyn,=25)
in comparison to Bi (Zg=83) and Te (Z1=52), as well as the low concentration of Mn in the
film. In order to get an unambiguous signature of the Mn spatial distribution in the film on
nanometer scale we employed spatially resolved STEM-EELS measurements. A large field-
of-view HAADF-STEM image of the film in cross-section shows the characteristic QL
structure of the Bi,Tes film, Figure 3(a). At closer inspection it can be seen that the HAADF
image intensity of the film is not uniform; patches of lower intensity (dark patches) can be
observed throughout, indicating a compositional variation across the film, possibly due to a
non-uniform distribution of the Mn dopants. In order to test this hypothesis, EELS elemental
mapping has been performed, as marked by a brown rectangle in Figure 3(a) and enlarged in
Figure 3(b). Simultaneous acquisition of EELS has been used to produce elemental maps of



Mn and Te showing in Figures 3(c) and (d). The elemental maps show that Mn is present
throughout the film (Figure 3(c)), although its distribution is not uniform. In fact, the
observed dark patches in the HAADF images correlate directly with the regions of higher Mn
presence, confirming that the observed dark patches have increased Mn concentration,
compared to the rest of the film. Moreover, comparing the Te elemental map (Figure 3(d)) to
Mn and the HAADF signals (Figures 3(c), (b), and extracted spectra in 3(e)), one finds that
the dark regions in HAADF have a lower Te concentration (see also Supplementary

Figure S5). The decrease of the Te signal in these areas (and relative increase in Mn content)
while clearly retaining the ordered atomic structure of the QLs suggests that in regions with
increased Mn concentration Mn also substitutes Te— in addition to the predicted more
energetically favorable Bi atomic positions, as has been reported previously.”’” Similar
analysis in the interface region is shown in Supplementary Figure S6, which also indicates
the Mn segregation at the interface within 1 nm region. As for the presence of oxygen in the
EELS map (Supplementary Figure S6) , the EELS measurements were performed on thin
foils, which have been exposed to air for some time before observation in the electron
microscope, and therefore the presence of some degree of surface oxidation cannot be
avoided. The results from STEM-EELS confirm the EXAFS results showing that the local
environment of the Mn atoms in the BiyTe; thin film is heterogeneous. The large variability
in measured Mn-Te distances, as shown in Table 1, is consistent with Mn incorporating
substitutionally on Bi sites but also as interstitials in the van der Waals gap.

In order to shed light on the atomic coordination sites of the Mn presence in the
Bi,Te; film, as well as for understanding the magnetic ordering in the material due to
incorporation of Mn in the possible substitutional and interstitial sites, we performed first-
principle calculations. On a 2x2x1 supercell we investigate the energetics and magnetic
ordering of the preferred site of the Mn in the van der Waals gap, Bi, and Te substitutions.
For this purpose 16 different configurations have been considered, as the two Mn atoms can
occupy multiple sites in the van der Waals gap as well as in the same or in different QLs.

First we show the results for the Mn residing in the van der Waals gap. Figure 4(a)
shows the typical QLs bulk-structure of Bi,Te;. Figure 4(b) shows the model of the
energetically most favorable configuration of Mn atom residing in the interstitial sites, i.e.,
the octahedral (B-B,) sites. Total-energy calculations found that Mn on the B site is by
0.19 eV energetically more favorable than the tetrahedral (A) site. In all considered
configurations of Mn in the van der Waals gap the preferred Mn positon remains on the
octahedral B sites, Supplementary Figure S7. These calculations are consistent with the
EXAFS results presented above. In addition, the calculations show that Mn atoms prefer to
stay in the same van der Waals gap rather than move to the next gap. All considered
configurations and magnetic moments are presented in the Supplementary Figure S7 and
Table S4.

Next we consider the energetics of Mn dopants occupying Bi and Te substitutional
sites. Figures 4(c) and 4(d) show the most favorable configurations of Mn dopants occupying
Bi and Te atomic sites, respectively. For Bi substitution most favorable configuration is when
Mn atoms occupy the closest Bi sites in two different Bi planes denoted as C and Cj,
Figure 4(c). In case of Te substitution (Figure 4(d)), Mn atoms are most energetically stable
when they occupy the furthest Te sites in the same QL, the D and D; sites. All the considered
configurations and energetics of magnetic ordering (i.e. antiferromagnetic versus
ferromagnetic) are presented in the Supplementary Figures S8 and S9, and Tables S5 and S6.
For all of the configurations presented above, energetically favor the ferromagnetic ordering
with values of magnetic moment shown in Table 2. These results show that for considered
atomic configurations, independent of Mn occupation site, Mn dopants will tend to be
ferromagnetically ordered in Bi,Te; films.



Finally we show that films with increased Mn doping concentration (~ 6 at-%) have
significant change of their atomic structure and local chemistry, supplementary Figure S10.
In these films the QL structure of Bi,Te; is deteriorated and presences of secondary phases,
rich in Mn, are observed. Hence the benefit of Mn dopants for magnetic 3D TIs based on
Bi,Tes is limited to lower Mn dopant concentrations.

In summary, we presented a structural study of Mn doped BiyTe; thin films on
Al,O3 (0001) substrates. Structural and spectroscopic analysis using aberration-corrected
STEM-EELS and EXAFS have shown that Mn dopants in Bi,Te; film tend to accumulate in
the van der Waals gap as well as enter the lattice substitutionally on Bi sites. In addition, Mn
can also substitute Te in regions of very high Mn concentration. Structural optimizations and
energy calculations suggests that octahedral sites are the most favorable positions for Mn
occupation in the van der Waals gap. Furthermore, they showed that the closest Bi sites in
different planes and furthest Te sites in nearby planes are most favorable configurations for
Mn occupying Bi and Te sites, respectively. The DFT calculations for Mn atoms occupying
all the different possible sites predict ferromagnetic coupling. This study shows that at low
concentrations (e.g. ~2.5 at-%) Mn can be readily incorporate as a dopant in Bi,Tes thin
films, fully preserving the crystal structure of Bi,Tes; without inducing secondary phases, and
hence presents a system with promising properties as a magnetic 3D TIL.

See supplementary material for additional high magnification HAADF-STEM
images, EXAFS fittings, EELS data, DFT calculation results for all considered
configurations, and HAADF-STEM images of Mn doped Bi,Te; with higher doping
percentage (~ 6 at-%).
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Table 1. Structural parameters obtained from Mn K edge EXAFS fits for the Mn doped
Bi,Tes thin film shown in Figure 2(b). Nominal coordination and bonds of Bi;Te; and Bi,Se;
according to the crystallographic information in ICSD database are listed for comparison.
Coordination number, N, interatomic distance, R, and Debye-Waller factor, o°, for each path
are shown. A value of AE; = (3.3 £0.9) eV was obtained from the fit.

Table 2. The final magnetic moments for the most energetically favorable configurations of
Mn dopants in the Bi,Te; structure. The labels (b, ¢, and d) refer to the illustrations in
Figure 4.



Figure captions

Figure 1. (a) Low magnification HAADF-STEM image of the Bi,Tes film on Al,O3 (0001)
substrate. (b), (¢), and (e) Atomically resolved HAADF-STEM images of different places of
the BiyTe; film. Good crystalline quintuple layer structure of the Bi,Tes film is presence. (d)
X-Ray diffraction diagram showing both film and substrate peaks as labelled.

Figure 2. (a) Mn K edge XANES for a Mn doped Bi,Te; thin film and comparison with
MnTe, MnO, and Mn,03; powder samples, and Mn foil for reference. The Mn oxidation state
is indicated in square brackets. The spectra have been offset vertically for clarity. (b) Fourier
transform of the EXAFS signal at the Mn K edge on the thin film (symbols) together with the
best fit to the first coordination shell (solid line). The dotted curve shows the sine window
function. (c) Contribution of the first coordination shell to the EXAFS signal (symbols)
together with its best fit (solid line).

Figure 3. (a) HAADF-STEM survey image from the BiyTes. (b) HAADF-STEM signal from
the region of interest outlined in (a), produced simultaneously with the EELS acquisition. (¢)
Mn L, 3 EELS signal showing higher concentration of Mn in the dark patch areas visible in
(b). (d) Te Mss EELS signal showing a distribution anti-correlated to that of Mn. (e)
Background-subtracted Mn L, 3 and Te M, s edges obtained from the grain-boundary and off-
boundary regions labelled as 1 and 2 in (¢) and (d), showing enhanced Mn signal and
decreased Te signal at the grain boundary.

Figure 4. The most energetically favorable configurations for Mn occupying the available
interstitial and substitutional sites. (a) Shows the quintuple layer structure of Bi;Tes with no
Mn dopant. (b) Shows the most favorable configuration when Mn dopants octahedrally
occupy the van der Waals gap (B and B;). (c¢) The most favorable configuration when Mn
atoms substitute the closest Bi sites in two different Bi planes (C and C,;). (d) Shows the
energetically favorable position when Mn dopants occupy the furthest Te sites in two nearby
Te planes (D and D;). The model has been tilted for clarity. Bi, Te, and Mn atoms are
represented by yellow, red, and green spheres, respectively.
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