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We report the growth of Mn-doped Bi2Se3 thin films by molecular beam epitaxy
(MBE), investigated by x-ray diffraction (XRD), atomic force microscopy (AFM),
SQUID magnetometry and x-ray magnetic circular dichroism (XMCD). Epitaxial
films were deposited on c-plane sapphire substrates by co-evaporation. The films
exhibit a spiral growth mechanism typical of this material class, as revealed by
AFM. The XRD measurements demonstrate a good crystalline structure which is
retained upon doping up to ∼7.5 atomic-% Mn, determined by Rutherford backscattering spectrometry (RBS), and show no evidence of the formation of parasitic phases. However an increasing interstitial incorporation of Mn is observed
with increasing doping concentration. A magnetic moment of 5.1 µB/Mn is obtained from bulk-sensitive SQUID measurements, and a much lower moment of
1.6 µB/Mn from surface-sensitive XMCD. At ∼2.5 K, XMCD at the Mn L 2,3
edge, reveals short-range magnetic order in the films and indicates ferromagnetic
order below 1.5 K. C 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4904900]

I. INTRODUCTION

The Dirac-like band dispersion of the topological surface state (TSS) present in chalcogenide
(Bi, Sb)2(Se, Te)3 three-dimensional topological insulators (TIs) has been subject to intense study
since the discovery of its existence.1–3 Application of an out-of-plane magnetic field or the presence
of ferromagnetic order in a TI breaks time reversal symmetry (TRS) and may introduce a bandgap
at the Dirac point,4–6 opening up a plethora of exotic quantum phenomena such as the topological
magneto-electric effect,7 magnetic (image) monopole,4, and quantum anomalous Hall effect.8
Recent experimental reports have focused on the formation of long-range magnetic order in
Bi2Se3 and Bi2Te3 doped with, e.g., Fe,9,10 Mn,11–14 and Cr15,16 in both thin film and bulk samples.
In general, the challenge is to achieve a ferromagnetic insulator, i.e., ferromagnetic doping without
an increase of the bulk carrier concentration or the formation of secondary phases in the material.
Doping of (Bi, Sb)2(Se, Te)3 compounds (which have a R3̄m crystal structure) into a ferromagnetic
insulating state is challenging. The crystal structure is characterized by Se-Bi-Se-Bi-Se quintuple
layers (e.g., for Bi2Se3), separated by weakly bonded Se-Se interlayers (van der Waals gap). Dopants have a tendency to enter the host both substitutionally and interstitially in the quintuple layers,
as well as interstitially in the van der Waals gap, which leads to a number of possible magnetic
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ordering and chemical bonding scenarios.14,17,18 In terms of their magnetic behavior, these systems
will exhibit multiple magnetic phases, such as in the case of Mn-doped Bi2Se3 of ferromagnetic
ordering through Mn substitution on Bi or Se sites, antiferromagnetic ordering of Mn ensembles,
and paramagnetic behavior of uncoupled Mn ions. Also, free carriers are introduced as a result
of non-isoelectronic substitution on Bi or Se/Te sites,17 arising from hybridization between the
transition metal 3d state and the Se/Te p state,19 which open up scattering channels for the TSS
electrons.
There is little consensus in the literature regarding the magnetic order in the Mn-doped chalcogenide TIs, despite the fact that a uniform distribution of the magnetic ordering is found by
polarized neutron reflectometry20 and muon spin rotation.14 For example, in the case of Mn-doped
Bi2Se3, a nanoscale surface segregation of Mn was found, leading to surface magnetism with a
reported transition temperature on the order of 100 K, while it was 5 K for the bulk of the film.21
To explore the structural and magnetic properties of Bi2Se3 thin films as a function of Mn
doping concentration, we carried out a growth series by molecular beam epitaxy (MBE) on c-plane
sapphire substrates. The films show high structural quality as confirmed by atomic force microscopy (AFM) and x-ray diffraction (XRD) up to a doping concentration of ∼7.5 atomic percent
(at%) Mn. The magnetic properties were investigated by superconducting quantum interference
device (SQUID) magnetometry and x-ray magnetic circular dichroism (XMCD). A low transition
temperature of 1.5 K was found for 7.5 at% Mn doping using XMCD. The magnetic moments,
as determined by the bulk-sensitive SQUID magnetometry and surface-sensitive XMCD, disagree
considerably; possible origins of this observation are discussed.

II. MBE GROWTH OF Mn-DOPED BI2 SE3

Thin films of Mn-doped Bi2Se3 were grown by MBE (Createc GmbH). Samples were deposited
on solvent-cleaned c-plane sapphire in a growth chamber with a base pressure of 1 × 10−10 Torr. The
films were grown for a range of nominal doping concentrations from 2.5% up to 25% Mn, measured
with an in-situ beam-flux monitor (BFM) with respect to the Bi flux. The typical film thickness was
∼25 nm. Standard effusion cells were used for the co-deposition of Bi and Mn; Se was sublimated
from a bespoke hot-lip cracker source (Createc). All evaporation materials used were of 99.9999%
purity and the films were deposited in a Se-rich environment to reduce the formation BiSe anti-site
defects and Se vacancies. Growing with a Bi:Se 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.
Films were deposited at a constant substrate temperature of 200 ◦C, then cooled under a residual Se background to room temperature (25 ◦C) for the deposition of an amorphous Se capping layer
to protect the surface against oxidation. The low growth temperature and residual background whilst
cooling inhibit defect formation in the film.

III. STRUCTURAL CHARACTERIZATION

Bi2Se3 films grow via van der Waals epitaxy, for which high quality films can be obtained
on substrates that are not lattice-matched with the film.22 We have previously demonstrated the
epitaxial growth of high-quality Cr-doped films on c-plane sapphire.16 AFM studies were performed
using a tapping-mode AFM (Veeco Multimode V). The AFM image [Fig. 1(a)] indicates a growth
mode that is characteristic of the Bi2Se3 material system, showing spiral growth with terraces of 1
quintuple layer (QL) in height. This morphology is qualitatively similar to that previously observed
in Ref. 23. Figure 1(b) shows a FFT of the measured data, from which the 6-fold symmetry in the
R3̄m crystal class is clearly visible. The RMS surface roughness is calculated as (1.78 ± 0.24) nm
over a 1 µm scan area.
X-ray studies were carried out using an x-ray diffractometer (Rigaku SmartLab) with incident
Cu-K α1 radiation. Out-of-plane x-ray diffraction [Fig. 2(a)] reveals good crystalline quality with the
surface normal aligned on the (00l) diffraction planes. Rietveld refinement of the diffraction pattern
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FIG. 1. (a) AFM of a 29-nm-thick Bi2Se3 film with 7.5 at% Mn doping. The typical spiral growth pattern and ∼1 nm high
quintuple layer steps, common for undoped Bi2Se3, are found. (b) Fourier Transform (FFT) of the acquired AFM image
demonstrating the 6-fold symmetry in the R 3̄m space group.

indicates a lattice parameter c = (28.63 ± 0.01) Å, in close agreement with the expected parameter
of c = 28.636 Å (ICSD 617072) and in-keeping with a broadly substitutional doping mode. This
slight reduction in c-axis lattice parameter is consistent with substitutional doping on the Bi site due
to the smaller ionic radius of either Mn2+ or Mn3+ compared with Bi3+. An additional α-Se peak is
seen in Fig. 2(a) as a result of the surface capping layer, which has no impact on the underlying film.
The x-ray reflectivity data, shown in Fig. 2(b), was modeled using the software GenX,24 to
determine film parameters such as thickness and surface roughness. A schematic of the film structure simulated is shown as an inset to Fig. 2(b). For the modeling the Bi2Se3 layer is split in two
and the density is allowed to vary at the substrate interface to enable possible surface effects. It
is found that the best fit is obtained by allowing a slight increase in density close to the substrate
interface. There is no significant improvement to the model when using more than two layers in the
simulation. The model reveals a total Mn-doped Bi2Se3 layer thickness of 20.4 nm, consisting of a
3.0 nm thick buffer and 17.4 nm thick functional layer, with a surface roughness of σ = 2.26 nm,
comparable with that found by AFM. The α-Se cap is 1.9 nm in thickness.
The elemental sample composition was determined by Rutherford backscattering spectroscopy
(RBS). It was found that the Mn doping concentrations ranges from 0 at% up to 20.7 at%, scaling

FIG. 2. X-ray measurements for a 7.5 at% Mn-doped Bi2Se3 thin film sample. (a) XRD shows good out-of-plane order, (00l)
parallel to surface normal. By fitting the data the c-axis lattice parameter was found as 28.63 ± 0.01 Å. (b) X-ray reflectivity
(XRR) measured (blue dots) with fit performed in GenX (red line) revealing good surface quality of the film. Thickness is
found as 20.4 nm with surface roughness of 2.26 nm. Inset shows a schematic of the film structure obtained by the GenX
fitting.
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TABLE I. Mn doping percentage obtained from RBS measurements compared with doping percentage determined by Mn:Bi
flux ratio (in-situ). Uncertainty in RBS measurements is ±0.5 at%. Both Bi and Se concentrations reduce for increasing Mn
doping concentration, indicating a mixed substitutional and interstitial doping scenario.

Nominal Mn doping concentration (%)

Mn

2
5
10
15
20
25

0
2.3
7.5
12.0
16.1
20.7

RBS doping concentration (in at%)
Bi
37.1
37.8
34.1
30.6
27.0
23.6

Se
62.9
59.9
58.4
57.4
56.9
55.7

linearly with the nominal concentration obtained from the flux ratio (Table I), with the BFM value
systematically predicting a higher concentration than measured by RBS. It was also found that both
the measured Se and Bi at% reduce with increasing Mn doping concentration, indicating a mixed
substitutional and intercalated doping scenario.

IV. SQUID MAGNETOMETRY

Magnetization measurements were carried out at 2 K using SQUID (Quantum Design MPMS).
The sample was mounted with the field applied in-plane (⊥c). The 7.5 at% Mn-doped sample shows
a response typical of a soft ferromagnet at low field (Fig. 3), but without discernible coercivity. The
sample reaches 80% of the saturation magnetization at an applied field of 0.2 T. It then exhibits
more paramagnetic-like behavior, not reaching full saturation until 4 T, consistent with previous
studies.25 A similar effect has been seen in other dilute magnetically doped TIs and is attributed to
the continuous reorientation of domains in the field.16
The sample is found to have a saturation magnetization of (5.1 ± 0.5) µB/Mn. The moment is
calculated using measurements of the sample mass along with values of Mn concentration from
RBS; the stated error is dominated by the uncertainty in the determination of composition. The
measured saturation moment matches closely with the expected value for Mn2+ (5 µB), rather than
high spin Mn3+ (4 µB) naively expected for substitutional, isoelectronic doping onto the Bi site.
These findings are consistent with previous results obtained for bulk crystals of Mn-doped Bi2Te3.14

V. XAS AND XMCD

XMCD provides an element-specific probe of the local electronic structure of the magnetic
ground state.26 It has been previously utilized as an effective tool for understanding the magnetic
order of doped bulk and thin film TIs.14,17,27–29 X-ray absorption spectroscopy (XAS) at the Mn L 2,3
was measured in total-electron yield (TEY) detection on beamline I10 (BLADE) at the Diamond
Light Source. The XMCD spectrum is obtained from the difference between the XAS spectra for
x-ray helicity vector anti-parallel and parallel to the applied magnetic field (µ− and µ+, respectively). Measurements were taken down to low temperatures (∼2.5 K) in a 14 T superconducting
magnet at both normal (∥ c) and grazing (80◦ ∠c) incidence, with the applied field along the incident
x-ray beam. The degree of circular polarization over the energy region of interest is close to 100%.
The typical spot size is 20 × 100 µm2; much smaller than the sample area. The Mn-doped thin films
were introduced into the chamber with an amorphous Se capping layer, which was removed in-situ
by heating to ∼420 K for 20 minutes. Its removal was confirmed by a significant enhancement in
the edge jump at the Mn L 2,3 edge. The use of α-Se as a capping layer, combined with the low
temperature desorption, limits the out-diffusion of Se from the underlying film.
Figure 4(b) shows the Mn L 2,3 XAS spectra for the 7.5 at% Mn-doped Bi2Se3 sample measured
at normal incidence. The temperature was 2.5 K and a magnetic field of 2 T was applied parallel to the c-axis. The spectrum shows a distinct multiplet structure characteristic of a localized
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FIG. 3. Magnetization curve of 7.5 at% Mn-doped Bi2Se3 thin film measured by SQUID at 2 K with applied field parallel
to the ab-plane. The sample shows a low-field ferromagnetic response with continuous reorientation at higher fields. The
measured saturation magnetization is (5.1 ± 0.5) µ B/Mn. The red line is a guide to the eye.

ground state, similar to that seen previously for uncleaved bulk Mn-doped Bi2Te3 crystals,14 indicating some surface modification might have occurred despite the capping layer. The XMCD in
Fig. 4(d) was obtained with fixed applied field by reversing the circular polarization. Qualitatively,
the XMCD resembles that obtained previously for cleaved Mn-doped Bi2Te3 crystals,14 indicating
that the magnetic order of the underlying material is broadly unaffected by the surface modification.
Quantitative information about the local magnetic moments can be extracted either via the
sum rules30,31 or by direct comparison of the measured XMCD with the results of atomic multiplet
calculations.32 In these many-electron calculations, where spin-orbit and electrostatic interactions
are treated on equal footing, the x-ray transitions 3d n + ~ω → 2p53d n+1 are computed in intermediate coupling using Cowan’s atomic Hartree-Fock code with relativistic corrections.33–35 Figure

FIG. 4. (a) Calculated Mn L 2,3 XAS spectra for left (µ −) and right (µ +) circularly polarized x-rays. (b) Measured XAS for
left and right circularly polarized x-rays for a 7.5 at% Mn-doped Bi2Se3 sample; obtained at normal incidence, T = 2.5 K,
and µ 0 H = 2 T. (c) Measured summed XAS (µ − + µ +). (d) Calculated and measured XMCD (µ − − µ +), where the latter is
scaled to the calculated peak maximum.
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4(a,d) shows the calculated Mn L 2,3 XAS and XMCD spectra for a hybridized ground state with
16% d 4, 58% d 5, and 26% d 6 character, which has a spin moment of 4.3 µB/Mn and orbital
moment of 0.16 µB/Mn. Such a ground state is similar to that previously observed in the diluted
magnetic semiconductor (Ga,Mn)As32,36 and Mn-doped Bi2Te3 bulk crystals.14 The XMCD peak
asymmetry, A = (µ− − µ+)/(µ− + µ+), is proportional to the ground-state magnetic moment, where
the full spin moment (4.3 µB) gives A = −0.58. The peak asymmetry of the measured Mn-doped
thin film [Fig. 4(d)] corresponds to a magnetic moment of 1.6 µB/Mn, which is significantly smaller
than obtained from the SQUID results. The TEY detection used here is very surface sensitive
(3-5 nm), so that a small amount of non-magnetic or antiferromagnetic Mn at the surface will reduce
the overall measured moment. Furthermore, it has been observed for magnetically doped TIs that
the surface can have very different properties than the bulk.29 Fluorescence yield detection is less
surface sensitive and therefore better suited for a comparison with the SQUID data. Unfortunately,
self-absorption and saturation effects in conjunction with different transition probabilities impede a
quantitative determination of the magnetic moment.26
XMCD measurements were made for a selection of samples with various doping levels, from
0 at% up to 12.0 at% Mn as determined by RBS. Figure 5 shows the observed dependence of the
magnetic moment (measured at µ0 H = 2 T) at 2.5 K and 10 K, determined from the peak asymmetry in XMCD. It is found that the measured moment per Mn ion increases linearly with increasing
dopant level up to an apparent limit at ∼7.5 at% Mn doping. This saturation effect may be ascribed
to the solubility limit of the Mn in the Bi2Se3 host. Beyond this solubility limit it is likely that Mn
incorporates into the crystal structure by forming Mn clusters, e.g., in the van der Waals gap, which
may order antiferromagnetically. Such a conclusion is supported by x-ray diffraction studies, which
show a significant degradation of structural quality at higher doping concentrations, consistent with
large amount of clustering (see Fig. S1 in the Supplementary Information57). From this result, the

FIG. 5. Mn magnetic moment determined from Mn L 3 peak asymmetry (at µ 0 H = 2 T) as a function of dopant concentration.
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sample with 7.5 at% Mn dopant was selected for detailed investigations, since this sample shows the
highest magnetic response without obvious structural degradation.
Figure 6(a) shows the Mn L 2,3 XMCD for the 7.5 at% Mn doped sample, measured at a
range of temperatures with out-of-plane applied field of 2 T. Figure 6(b) shows the trend in the
magnetic moment, extracted using the peak asymmetry, as a function of temperature. An estimation
of the Curie temperature may be obtained by plotting the inverse of the magnetic susceptibility
(using the moment obtained from XMCD) as a function of temperature [Fig. 6(c)]. This shows
the typical linear dependency at higher temperature expected for a paramagnetic system with a
deviation at lower temperatures as a ferromagnetic state is formed. Linear extrapolation from higher
temperatures leads to an estimated TC ≈ 1.5 K, which is below our lowest reachable measurement
temperature.
The XMCD hysteresis is measured at the Mn L 3 edge at normal and 80◦grazing incidence
[Fig. 6(d)]. The shape of the curves are qualitatively similar to those found by SQUID, with a
low-field ferromagnetic-like transition without discernible open loop, followed by a reorientation at
higher fields. It should be noted that the remanence of the 14 T magnet is potentially too high to
observe small coercive fields below 50 Oe, which are common for these types of materials. Also,
since the measurement temperature of 2.5 K is close to, but above the determined TC , it is likely
that some ferromagnetic domains have formed and are contributing to the overall magnetic order,
although the sample has not yet fully reached a ferromagnetic ground state.
XMCD hysteresis measurements were also carried out for samples with higher doping concentrations, where crystallinity has been compromised (for XRD spectra see Fig. S1 in the Supplementary Information57). Figure 7 shows the XMCD hysteresis measured at normal incidence and
T = 2.5 K for a 12 at% Mn-doped thin film. It shows a qualitatively similar response to that of
Fig. 6(d), but with a small open loop at low field. This result would indicate that a ferromagnetic

FIG. 6. XMCD measurements of 7.5 at% Mn-doped Bi2Se3 thin film. (a) Mn L 3 XMCD measured at normal incidence in an
applied field of 2 T for a range of temperatures. The inset shows the enlarged peak maxima. (b) Magnetic moment extracted
from the XMCD signal measured at the Mn L 3 peak in 2 T field. (c) Inverse susceptibility derived from the XMCD signal.
The fit to high temperatures (red line) indicates a transition temperature of TC ≈ 1.5 K. (d) XMCD hysteresis at the Mn L 3
edge recorded at 2.5 K with the field applied normal, and at 80◦, to the sample surface.
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FIG. 7. XMCD hysteresis at the Mn L 3 edge for a 12 at% Mn-doped Bi2Se3 sample at normal incidence and T = 2.5 K.

coercive field may be introduced by Mn clustering or Mn-based parasitic phases in the film. It is
likely, however, that the structural disorder introduced at such doping levels disrupts the TSS.37

VI. DISCUSSION

From XRD measurements it can be concluded that Bi2Se3 can be doped with Mn up to a
concentration of roughly 7.5 at% without loss of structural quality and formation of secondary
Mn-containing phases. From RBS measurements of the chemical composition it is clear that dopants are incorporated differently as a function of doping concentration. While the Se concentration
is close to 60 at% for low Mn concentrations, as expected for substitutional doping on Bi sites, it
reduces to 55.7 at% for a Mn concentration of 20.7 at%. For this doping concentration the stoichiometry was determined to be Mn y (Bi1−x Mn x )2Se3 with x = 0.36 and y = 0.08. It may be assumed
that Mn x represents the substitutional doping, Mn y indicates interstitial incorporation – either in the
QL layers or in the van der Waals gap.
Undoped Bi2Te3 can either be n-type38,39 or p-type,40 depending on whether the growth was
under Bi- or Te-rich conditions, as the native point defects, the BiTe1 and TeBi anti-site defects, are
acceptor- and donor-like, respectively.41 Vacancies, on the other hand, were found to play no role. In
Bi2Se3, on the other hand, Se vacancies are dominant and lead to n-type doping,42 which is a great
disadvantage for thermoelectric applications for which both types of conduction are required.23 Mn
doping has been reported to allow for controlled charge doping with a crossover from n- to p-type
above 5% Mn.25 This behavior was attributed to the incorporation of divalent Mn which dopes
holes into the system to compensate the electrons resulting from Se vacancies.25 For Mn-doped
Bi2Se3, first-principles calculations have shown that the substitutional doping on the Bi site is the
energetically most favorable scenario,43 however, leading to metallic, ferromagnetic behavior. This
calculation is clearly in contrast to experimental results (see above). Also, it should be noted that
in the calculation, a valence state of 3+ was assumed to keep the doped compound charge neutral,
whereas a valence closer to 2+ was calculated 19 and also experimentally observed.25 The formation
energy of MnBi was reported to be at least a factor of two lower than the values for Se vacancies
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Se1, as well as BiSe1 and SeBi anti-site defects.44 Also, it should be noted that the incorporation of
Mn in the van der Waals gap is low in formation energy and has generally not been accounted for
in the theoretical work,45 nor has the interaction of Mn impurities with the native anti-site defects,
which are known to be relevant for Mn-doped Sb2−x Mn x Te3.46
A saturation magnetization of 5.1 µB/Mn is obtained from bulk-sensitive SQUID magnetometry, pointing towards Mn being in a 2+ state [high-spin Mn2+ d 5 has spin moment 5 µB/Mn
and a small orbital moment (∼0.1µB/Mn)], instead of Mn3+ expected for isoelectronic substitution (high-spin Mn3+ d 4 has a spin moment of 4 µB/Mn). It has to be stressed that unambiguous
determination of the Mn valence state, however, is not possible based on SQUID data alone. In
general, depending on the details of the Mn incorporation in Bi2Se3 such as site distribution and
concentration, the system can be either paramagnetic resulting from isolated Mn ions, a spin-glass
state resulting from isolated ferromagnetic clusters, or ferromagnetically or antiferromagnetically
ordered resulting from exchange coupling. In a recent first-principles calculation study Vergniory
et al.47 have shown that the magnetic long-range interaction is anisotropic. In the plane, the indirect
exchange coupling is mediated by free carriers, while the coupling out-of-plane is via the double
exchange mechanism through Se. The dominant finding in the literature is that Mn-doped Bi2Se3 is
either paramagnetic due to uncoupled Mn impurities or exhibits spin-glass behavior due to isolated
ferromagnetic clusters.25,48,49
XMCD reveals the magnetic ground state of the material with a magnetic moment at saturation
of 1.6 µB/Mn and TC ≈ 1.5 K, which is a much smaller moment than measured by bulk-sensitive
SQUID magnetometry. Zhang et al.21 and Xu et al.28 found that Mn-doped Bi2Se3 films show a
low temperature ferromagnetic phase (< 5 K ) using bulk techniques, which exhibit surface ferromagnetism up to 100 K, and a reduction of the density of states at the Dirac point, as detected by
photoemission and XMCD. The observation of high-temperature surface magnetism was associated
with the occurrence of Mn phase segregation in the near-surface regions. However, theoretical work
by Rosenberg and Franz50 suggested that surface magnetism is possible in doped TIs, without the
occurrence of an ordered state in the bulk, and that this could be a characteristic of TIs.
A likely scenario that could explain the variation in observed magnetic surface properties are
surface and near-surface inhomogeneities. For instance, above room-temperature ferromagnetism
has been reported for Mn-doped InAs nanodots.51 These inhomogeneities will be most likely sparse
enough to be undetectable for standard lab-based XRD. One reported inhomogeneity are the Mn
nanoislands reported by Zhang et al.21 Both in their study, as well as in this work, the as-grown thin
film samples were capped by an amorphous Se layer in UHV, before transferring them into another
UHV analysis chamber for XMCD or scanning tunneling microscopy studies. This procedure,
which involves heating the sample up to a temperature below the growth temperature, will certainly
disturb the Mn-doped system as the diffusion rates are known to be high (and highly anisotropic)
in Bi2Se3, and are even significant at room-temperature.52,53 Further, as sample temperatures are
rarely calibrated across different growth and analysis systems, the resulting surfaces will be very
different and the comparison of results obtained by different studies difficult. It is well possible
that the decapping process leads to an undesirable alteration of the near-surface area of the sample,
resulting in the observed high-temperature surface magnetism reported by Zhang et al.,21 and the
discrepancy between the measured magnetic moments in the present study. Apart from the formation of Mn islands21 and antiferromagnetic Mn-Mn coupling, also known from the diluted magnetic
semiconductor Ga1−x Mn x As,54 the formation of Mn interstitials can lead to an apparent reduction
of the magnetic moment per Mn as they are potentially no longer involved in magnetic coupling
scenarios.
At this point it is important to mention a recent study by Springholz et al.,37 which has cast
doubt that magnetic doping is the only mechanism that leads to an experimentally observable
bandgap in the TSS. Most importantly, impurity scattering is believed to play a more significant
role than previously considered, and the bandgap may be associated with a topological phase transition from the topological to a non-topological phase.55 In particular, the bandgap observed using
angle-resolved photoemission spectroscopy (ARPES) of ∼62 meV (at 45 K)28 is much larger than
the theoretically predicted gap of 16 meV (with a critical temperature of 12 K).56
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It is clear that the exact nature in which Mn dopants, and other 3d impurities, incorporate in the
host crystal is complex and still unresolved. X-ray absorption fine structure (XAFS) has previously
been used to resolve such questions in Bi2Se3 with other 3d dopants,17,18 owing to its ability to study
the local environment around impurities in an element-specific way. It may shed light on the role of
Mn valency, structural relaxation and possible clustering in these materials.

VII. SUMMARY AND CONCLUSIONS

In summary, we have demonstrated the high-quality MBE growth of Mn-doped Bi2Se3 thin
films. Structural studies indicate the typical spiral growth mode with the c-axis perpendicular to
the surface plane. It is found that Mn dopants may be introduced into the host Bi2Se3 without the
formation of additional parasitic phases or significant degradation to the host crystal structure up to
a doping concentration of ∼7.5 at% Mn. From the compositional analysis by RBS it is apparent that
Mn is incorporated substitutionally for low doping concentrations, before also being incorporated
interstitially at higher doping concentrations. A saturation magnetization of 5.1 µB/Mn is obtained
from SQUID magnetometry, pointing towards a Mn valency of 2+. The surface sensitive technique
of XMCD reveals a measured magnetic saturation moment of 1.6 µB/Mn and TC ≈ 1.5 K. It is clear
that the exact nature in which Mn dopants incorporate in the host crystal is still unresolved. XAFS,
which has previously been used to resolve such questions in similar, Cr-doped Bi2Se3,17 may shed
light on the role of Mn valency and clustering in these materials.

ACKNOWLEDGMENTS

This publication arises from research funded by the John Fell Oxford University Press (OUP)
Research Fund. We thank Diamond Light Source for beamtime awarded under proposal number
SI-8529 on I10 (BLADE) and access to the AFM lab, and ISIS for access to the x-ray facilities.
L.C.M., M.D.W., and A.A.B. acknowledge partial financial support from EPSRC (UK).
1

M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).
L. Fu, C. L. Kane, and E. J. Mele, Phys. Rev. Lett. 98, 106803 (2007).
3 Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin, A. Bansil, D. Grauer, Y. S. Hor, R. J. Cava, and M. Z. Hasan, Nature
Phys. 5, 398 (2009).
4 X.-L. Qi, R. Li, J. Zang, and S.-C. Zhang, Science 323, 1184 (2009).
5 Y. L. Chen, J.-H. Chu, J. G. Analytis, Z. K. Liu, K. Igarashi, H.-H. Kuo, X. L. Qi, S. K. Mo, R. G. Moore, D. H. Lu, M.
Hashimoto, T. Sasagawa, S. C. Zhang, I. R. Fisher, Z. Hussain, and Z. X. Shen, Science 329, 659 (2010).
6 L. A. Wray, S.-Y. Xu, Y. Xia, D. Hsieh, A. V. Fedorov, Y. S. Hor, R. J. Cava, A. Bansil, H. Lin, and M. Z. Hasan, Nature
Phys. 7, 32 (2010).
7 X.-L. Qi, T. L. Hughes, and S.-C. Zhang, Phys. Rev. B 78, 195424 (2008).
8 C.-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M. Guo, K. Li, Y. Ou, P. Wei, L.-L. Wang, Z.-Q. Ji, Y. Feng, S. Ji, X.
Chen, J. Jia, X. Dai, Z. Fang, S.-C. Zhang, K. He, Y. Wang, L. Lu, X.-C. Ma, and Q.-K. Xue, Science 340, 167 (2013).
9 V. Kulbachinskii, A. Kaminskii, K. Kindo, Y. Narumi, K. Suga, P. Lostak, and P. Svanda, Physica B 311, 292 (2002).
10 M. R. Scholz, J. Sánchez-Barriga, D. Marchenko, A. Varykhalov, A. Volykhov, L. V. Yashina, and O. Rader, Phys. Rev. Lett.
108, 256810 (2012).
11 J. Choi, S. Choi, J. Choi, Y. Park, H. Park, H. Lee, B. Woo, and S. Cho, Phys. Stat. Sol. (b) 241, 1541 (2004).
12 J. W. G. Bos, M. Lee, E. Morosan, H. W. Zandbergen, W. L. Lee, N. P. Ong, and R. J. Cava, Phys. Rev. B 74, 184429 (2006).
13 Y. S. Hor, P. Roushan, H. Beidenkopf, J. Seo, D. Qu, J. G. Checkelsky, L. A. Wray, D. Hsieh, Y. Xia, S.-Y. Xu, D. Qian,
M. Z. Hasan, N. P. Ong, A. Yazdani, and R. J. Cava, Phys. Rev. B 81, 195203 (2010).
14 M. D. Watson, L. J. Collins-McIntyre, A. I. Coldea, D. Prabhakaran, L. R. Shelford, S. C. Speller, T. Mousavi, C. Grovenor,
Z. Salman, S. R. Giblin, G. van der Laan, and T. Hesjedal, New J. Phys. 15, 103016 (2013).
15 J. Wang, B. Lian, H. Zhang, Y. Xu, and S.-C. Zhang, Phys. Rev. Lett. 111, 136801 (2013).
16 L. J. Collins-McIntyre, S. E. Harrison, P. Schoenherr, N.-J. Steinke, C. J. Kinane, T. R. Charlton, D. Alba-Veneroa, A. Pushp,
A. J. Kellock, S. S. P. Parkin, J. S. Harris, S. Langridge, G. van der Laan, and T. Hesjedal, Europhys. Lett. 107, 57009
(2014).
17 A. I. Figueroa, G. van der Laan, L. J. Collins-McIntyre, S.-L. Zhang, A. A. Baker, S. E. Harrison, P. Schönherr, G. Cibin,
and T. Hesjedal, Phys. Rev. B 90, 134402 (2014).
18 Z. Liu, X. Wei, J. Wang, H. Pan, F. Ji, F. Xi, J. Zhang, T. Hu, S. Zhang, Z. Jiang, W. Wen, Y. Huang, M. Ye, Z. Yang, and
S. Qiao, Phys. Rev. B 90, 094107 (2014).
19 P. Larson and W. R. L. Lambrecht, Phys. Rev. B 78, 195207 (2008).
20 H. J. von Bardeleben, J. L. Cantin, D. M. Zhang, A. Richardella, D. W. Rench, N. Samarth, and J. A. Borchers, Phys. Rev.
B 88, 075149 (2013).
2

127136-11
21

Collins-McIntyre et al.

AIP Advances 4, 127136 (2014)

D. Zhang, A. Richardella, D. W. Rench, S.-Y. Xu, A. Kandala, T. C. Flanagan, H. Beidenkopf, A. L. Yeats, B. B. Buckley,
P. V. Klimov, D. D. Awschalom, A. Yazdani, P. Schiffer, M. Z. Hasan, and N. Samarth, Phys. Rev. B 86, 205127 (2012).
22 A. Koma, K. Sunouchi, and T. Miyajima, Microelectron. Eng. 2, 129 (1984).
23 Z. Zeng, T. A. Morgan, D. Fan, C. Li, Y. Hirono, X. Hu, Y. Zhao, J. S. Lee, J. Wang, Z. M. Wang, S. Yu, M. E. Hawkridge,
M. Benamara, and G. J. Salamo, AIP Adv. 3, 072112 (2013).
24 M. Björck and G. Andersson, J. Appl. Cryst. 40, 1174 (2007).
25 Y. H. Choi, N. H. Jo, K. J. Lee, H. W. Lee, Y. H. Jo, J. Kajino, T. Takabatake, K.-T. Ko, J.-H. Park, and M. H. Jung, Appl.
Phys. Lett. 101, 152103 (2012).
26 G. van der Laan and A. I. Figueroa, Coord. Chem Rev. 277-278, 95 (2014).
27 I. Vobornik, U. Manju, J. Fujii, F. Borgatti, P. Torelli, D. Krizmancic, Y. S. Hor, R. J. Cava, and G. Panaccione, Nano Lett.
11, 4079 (2011).
28 S.-Y. Xu, M. Neupane, C. Liu, D. Zhang, A. Richardella, L. A. Wray, N. Alidoust, M. Leandersson, T. Balasubramanian,
J. Sanchez-Barriga, O. Rader, G. Landolt, B. Slomski, J. H. Dil, J. Osterwalder, T.-R. Chang, H.-T. Jeng, H. Lin, A. Bansil,
N. Samarth, and M. Z. Hasan, Nature Phys. 8, 616 (2012).
29 I. Vobornik, G. Panaccione, J. Fujii, Z.-H. Zhu, F. Offi, B. R. Salles, F. Borgatti, P. Torelli, J. P. Rueff, D. Ceolin, A. Artioli,
M. Unnikrishnan, G. Levy, M. Marangolo, M. Eddrief, D. Krizmancic, H. Ji, A. Damascelli, G. van der Laan, R. G. Egdell,
and R. J. Cava, J. Phys. Chem. C 118, 12333 (2014).
30 B. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev. Lett. 68, 1943 (1992).
31 P. Carra, B. T. Thole, M. Altarelli, and X. Wang, Phys. Rev. Lett. 70, 694 (1993).
32 K. W. Edmonds, N. R. S. Farley, T. K. Johal, G. van der Laan, R. P. Campion, B. L. Gallagher, and C. T. Foxon, Phys. Rev.
B 71, 064418 (2005).
33 G. van der Laan and B. T. Thole, Phys. Rev. B 43, 13401 (1991).
34 G. van der Laan, Lect. Notes Phys. 697, 143 (2006).
35 R. D. Cowan, The Theory of Atomic Structure and Spectra (University of California Press, Berkeley, 1992).
36 K. Edmonds, N. Farley, R. Campion, C. Foxon, B. Gallagher, T. Johal, G. van der Laan, M. MacKenzie, J. Chapman, and
E. Arenholz, Appl. Phys. Lett. 84, 4065 (2004).
37 G. Springholz, J. Sanchez Barriga, H. Steiner, R. Kirchschlager, G. Bauer, A. Varykhalov, O. Rader, E. Schierle, E.
Weschke, O. Caha, and V. Holy, in in 20th International Conference on Electronic Properties of Two-Dimensional
Systems (2014).
38 A. Giani, A. Boulouz, F. Pascal-Delannoy, A. Foucaran, E. Charles, and A. Boyer, Mater. Sci. Eng. B 64, 19 (1999).
39 Y.-L. Chen, J. G. Analytis, J. H. Chu, Z. K. Liu, S.-K. Mo, X. L. Qi, H. J. Zhang, D. H. Lu, X. Dai, Z. Fang, S. C. Zhang,
I. R. Fisher, Z. Hussain, and Z.-X. Shen, Science 325, 178 (2009).
40 Y.-J. Chien, “Transition Metal-Doped Sb Te and Bi Te Diluted Magnetic Semiconductors,” Ph.D. thesis (The University
2 3
2 3
of Michigan, 2007).
41 H. A and C. Elsässer, Phys. Rev. B 84, 144117 (2011).
42 L. Xue, P. Zhou, C. X. Zhang, C. Y. He, G. L. Hao, L. Z. Sun, and J. X. Zhong, AIP Adv. 3, 052105 (2013).
43 J.-M. Zhang, W. Ming, Z. Huang, G.-B. Liu, X. Kou, Y. Fan, K. L. Wang, and Y. Yao, Phys. Rev. B 88, 235131 (2013).
44 J.-M. Zhang, W. Zhu, Y. Zhang, D. Xiao, and Y. Yao, Phys. Rev. Lett. 109, 266405 (2012).
45 M. C. Shaughnessy, N. C. Bartelt, J. A. Zimmerman, and J. D. Sugar, J. Appl. Phys. 115, 063705 (2014).
46 J. Horák, P. Lošt’ák, C. Drašar, J. S. Dyck, Z. Zhouc, and C. Uher, J. Solid State Chem. 178, 2907 (2005).
47 M. G. Vergniory, M. M. Otrokov, D. Thonig, M. Hoffmann, I. V. Maznichenko, M. Geilhufe, X. Zubizarreta, S. Ostanin, A.
Marmodoro, J. Henk, W. Hergert, I. Mertig, E. V. Chulkov, and A. Ernst, Phys. Rev. B 89, 165202 (2014).
48 J. Choi, H.-W. Lee, B.-S. Kim, H. Park, S. Choi, S. C. Hong, and S. Cho, J. Magn. Magn. Mater. 304, 164 (2006).
49 P. Janíček, Č. Drašar, P. Lošt’ák, J. Vejpravová, and V. Sechovský, Physica B 403, 3553 (2008).
50 G. Rosenberg and M. Franz, Phys. Rev. B 85, 195119 (2012).
51 H. C. Jeon, Y. S. Jeong, T. W. Kang, T. W. Kim, K. J. Chung, K. J. Chung, W. Jhe, and S. A. Song, Adv. Mater. 14, 1725
(2002).
52 M. A. Korzhuev and T. E. Svechnikov, Sov. Phys. Semicond. 25, 1288 (1991).
53 R. O. Carlson, J. Phys. Chem. Solids 13, 65 (1960).
54 T. Jungwirth, K. Wang, J. Masek, K. Edmonds, J. Konig, J. Sinova, M. Polini, N. Goncharuk, A. MacDonald, M. Sawicki,
A. Rushforth, R. Campion, L. Zhao, C. Foxon, and B. Gallagher, Phys. Rev. B 72, 165204 (2005).
55 L. Wu, M. Brahlek, R. Valdés Aguilar, A. V. Stier, C. M. Morris, Y. Lubashevsky, L. S. Bilbro, N. Bansal, S. Oh, and N. P.
Armitage, Nature Phys. 9, 410 (2013).
56 J. Henk, M. Flieger, I. V. Maznichenko, I. Mertig, A. Ernst, S. V. Eremeev, and E. V. Chulkov, Phys. Rev. Lett. 109, 076801
(2012).
57 See supplementary material at http://dx.doi.org/10.1063/1.4904900 for X-ray diffraction data for a series of material
over-doped with Mn in Bi2Se3.

