
 
 

 

 
 

Molecular beam epitaxy growth and structure of self-assembled Bi2Se3/Bi2MnSe4 multilayer
heterostructures

Hagmann, Joseph A; Li, Xiang; Chowdhury, Sugata; Dong, Si-Ning; Rouvimov, Sergei;
Pookpanratana, Sujitra J; Man Yu, Kin; Orlova, Tatyana A; Bolin, Trudy B; Segre, Carlo U;
Seiler, David G; Richter, Curt A; Liu, Xinyu; Dobrowolska, Margaret; Furdyna, Jacek K
Published in:
New Journal of Physics

Published: 14/08/2017

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1088/1367-2630/aa759c

Publication details:
Hagmann, J. A., Li, X., Chowdhury, S., Dong, S-N., Rouvimov, S., Pookpanratana, S. J., Man Yu, K., Orlova, T.
A., Bolin, T. B., Segre, C. U., Seiler, D. G., Richter, C. A., Liu, X., Dobrowolska, M., & Furdyna, J. K. (2017).
Molecular beam epitaxy growth and structure of self-assembled Bi2Se3/Bi2MnSe4 multilayer heterostructures.
New Journal of Physics, 19(8), [085002]. https://doi.org/10.1088/1367-2630/aa759c

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://doi.org/10.1088/1367-2630/aa759c
https://scholars.cityu.edu.hk/en/persons/kin-man-yu(f7f8708f-bf46-4d5c-8737-aa14c5fc4362).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/publications/molecular-beam-epitaxy-growth-and-structure-of-selfassembled-bi2se3bi2mnse4-multilayer-heterostructures(6e1f43e6-d1c3-4282-8341-892925971a7e).html
https://scholars.cityu.edu.hk/en/journals/new-journal-of-physics(f2d96715-33f5-418c-ba40-be115bd30310)/publications.html
https://doi.org/10.1088/1367-2630/aa759c


            

PAPER • OPEN ACCESS

Molecular beam epitaxy growth and structure of
self-assembled Bi2Se3/Bi2MnSe4 multilayer
heterostructures
To cite this article: Joseph A Hagmann et al 2017 New J. Phys. 19 085002

 

View the article online for updates and enhancements.

You may also like
MnSe embedded in carbon nanofibers as
advanced anode material for sodium ion
batteries
Le Hu, Liqing He, Xin Wang et al.

-

Magnetic Proximity Effect in an
Antiferromagnetic Insulator/Topological
Insulator Heterostructure with Sharp
Interface
Yuxin Liu,  , Xuefan Niu et al.

-

Theoretical study of tunable magnetism of
two-dimensional MnSe2 through strain,
charge, and defect
Wen-Qiang Xie, Zhi-Wei Lu, Chang-Chun
He et al.

-

This content was downloaded from IP address 144.214.124.183 on 08/07/2022 at 01:59

https://doi.org/10.1088/1367-2630/aa759c
/article/10.1088/1361-6528/ab8e78
/article/10.1088/1361-6528/ab8e78
/article/10.1088/1361-6528/ab8e78
/article/10.1088/0256-307X/38/5/057303
/article/10.1088/0256-307X/38/5/057303
/article/10.1088/0256-307X/38/5/057303
/article/10.1088/0256-307X/38/5/057303
/article/10.1088/1361-648X/abe64c
/article/10.1088/1361-648X/abe64c
/article/10.1088/1361-648X/abe64c
/article/10.1088/1361-648X/abe64c
/article/10.1088/1361-648X/abe64c


New J. Phys. 19 (2017) 085002 https://doi.org/10.1088/1367-2630/aa759c

PAPER

Molecular beam epitaxy growth and structure of self-assembled
Bi2Se3/Bi2MnSe4multilayer heterostructures

JosephAHagmann1,9,10 , Xiang Li2,10, Sugata Chowdhury1,3,10, Si-NingDong2,10, Sergei Rouvimov4,5,10,
Sujitra J Pookpanratana1,10, KinManYu6,10, TatyanaAOrlova4,10, TrudyBBolin7,10, CarloUSegre8,10,
DavidGSeiler1,10, Curt ARichter1,10, Xinyu Liu2,10,MargaretDobrowolska2,10 and JacekKFurdyna2,9,10

1 Engineering PhysicsDivision, National Institute for Standards andTechnology, Gaithersburg,MD20899,United States of America
2 Department of Physics, University ofNotreDame,NotreDame, IN 46556,United States of America
3 Materials Science and Engineering, CatholicUniversity of America,Washington, DC 20064,United States of America
4 Integrated Imaging Facility, University of NotreDame,NotreDame, IN 46556,United States of America
5 Department of Electrical Engineering, University ofNotreDame,NotreDame, IN 46556,United States of America
6 Materials ScienceDivision, Lawrence BerkeleyNational Laboratory, Berkeley, CA 94720,United States of America
7 Advanced Photon Source, ArgonneNational Laboratory, Argonne, IL 60439,United States of America
8 PhysicsDepartment, Illinois Institute of Technology, Chicago, IL 60616,United States of America
9 All authors contributed extensively to thework presented in this paper.
10 Authors towhomany correspondence should be addressed.

E-mail: joseph.hagmann@nist.gov and furdyna@nd.gov

Keywords: topological insulator,magnetism, band structure,molecular beam epitaxy, heterostructure, quantummatter, Bi2Se3

Supplementarymaterial for this article is available online

Abstract
Wedemonstrate that the introduction of an elemental beamofMnduring themolecular beam
epitaxial growth of Bi2Se3 results in the formation of layers of Bi2MnSe4 that intersperse between layers
of pure Bi2Se3. This study revises the assumption held bymanywho studymagnetic topological
insulators (TIs) thatMn incorporates randomly at Bi-substitutional sites during epitaxial growth of
Mn:Bi2Se3.Here, we report the formation of thinfilmmagnetic TI Bi2MnSe4with stoichiometric
composition that grows in a self-assembledmultilayer heterostructure with layers of Bi2Se3, where the
number of Bi2Se3 layers separating the single Bi2MnSe4 layers is approximately defined by the relative
arrival rate ofMn ions to Bi and Se ions during growth, andwe present its compositional, structural,
and electronic properties.We support amodel for the epitaxial growth of Bi2MnSe4 in a near-periodic
self-assembled layered heterostructure with Bi2Se3with corresponding theoretical calculations of the
energetics of thismaterial and those of similar compositions. Computationally derived electronic
structure of these heterostructures demonstrates the existence of topologically nontrivial surface states
at sufficient thickness.

1. Introduction

Extensive research inmodern nanoelectronics has been aimed at understanding the growth, characterization,
and physical properties of awide range of two-dimensionalmaterials, including graphene [1–4], two-
dimensional transitionmetal dichalcogenides [5, 6], and topological insulators (TIs) [7–10], inwhich, in the case
of TIs, recent advancements in condensedmatter theory have predicted systemswith nontrivial topological
classifications that exhibit unique electronic properties, particularly at their interface with a topologically trivial
systemorwith the vacuum [11–15]. Thesematerials support topological surface states characterized by spin that
is locked to themomentum and is protected frombackscattering. A great deal of recent interest has been
directed at exploring phase transitions in suchmaterials that exhibit certain symmetry-breaking properties, such
as superconductivity [16, 17], magnetism [18], or a combination of both [19].

One of themost widely-studied TIs is Bi2Se3 [10, 20, 21], which demonstrates both topological insulating
properties [10, 22] and excellent thermoelectric transport properties [23], and is formed of stacks of repeating
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quintuple layers (QLs) of Se–Bi–Se–Bi–Se lamellae weakly bound by van derWaals forces (figure 1(a)).
Breaking time reversal symmetry by incorporating amagnetic component in the TI system, such as by
introducingmagnetic dopants to thematerial, has been shown to produce such intriguing phenomena as
surface statemediated ferromagnetism [24], and has been both predicted [7, 25] and shown [26] to produce a
quantum anomalousHall effect, where aHall conductivity of e2/h is observedwhen the Fermi level is tuned to
the gap in theDirac conewithout the application of amagnetic field. Engineering exotic topological states is
the topic ofmuch of the contemporary research in TIs, including research ofmagnetic TIs as amaterials
platform for the study of interactions between topological surface states and symmetry-breakingmagnetic
states.

Motivated to study the physics ofmagnetically doped TIs, numerous studies have been published on the
physics ofmaterials produced bymolecular beam epitaxy (MBE) grownwithfluxes of elemental Bi, Se, andMn
[27–30]. This growth procedure is expected to produce a dilutemagnetic alloy of Bi2Se3, withMn entering the
system at Bi-substitutional sites randomly throughout the thinfilm, withMn concentration determined by the
relative arrival rate ofMn ions to Bi and Se ions during growth.We propose here that, instead of theMn atoms
arranging themselves as randomly dispersed dopants in the Bi2Se3 lattice, this growth produces an until-now
unstudiedmaterial, Bi2MnSe4, in the formof a self-assembled layered heterostructure with Bi2Se3 in a near-
periodic self-assembled heterostructure consisting of layers of Bi2Se3 separated by single-layer Bi2MnSe4
crystals. Bi2MnSe4 is formed by the intergrowth of {111} planes of rock-saltMnSewithQLs of Bi2Se3, analogous
to the growth of homologous compoundBi2MnTe4 [31].

Here we report the compositional and structural properties of Bi2Se3/Bi2MnSe4 heterostructures, andwe
propose an epitaxial growthmechanismbywhich Bi2MnSe4 naturally forms a heterostructure with the TI
Bi2Se3. Greater concentrations ofMn result in an increase in the number of Bi2MnSe4 septuple layers (SLs) in the
crystal.We support the proposed growth chemistrywith theoretically-derived energetics obtained fromdensity
functional theory (DFT) calculations, andwe present a series of calculated band structures that reveal that
Bi2MnSe4/Bi2Se3 is amagnetic TI inwhich Bi2MnSe4 is amaterials system characterized by a distinctive blend of
magnetic and topological insulating quantummatter components.

Figure 1. (a) Side view of the septuple layer structure of Bi2MnSe4with atomic layers labeled and inter-lamellar distances
corresponding to atomic layer spacings presented in table 1 indicated. (b) Side view of the quintuple layer structure of Bi2Se3 with
inter-lamellar distances corresponding to atomic layer spacing presented in table 1 indicated.
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2. Experimental section

The epitaxial growth of Bi2Se3/Bi2MnSe4 is achieved by following theMBE growthmethod for binary alloy
Bi2Se3 described by Liu et al [32]with the additional inclusion of aMnbeam from a standard effusion cell.
Samples with differentMn concentrations were produced by varying the temperature of theMn effusion cell
between 675 °Cand 720 °C to adjust theMnflux incident on the substrate. The growthwasmonitored by in situ
reflection high-energy electron diffraction tomeasure growth rate and to ensure high quality layer-by-layer
growth. Samples were grownon bothGaAs(001) andGaAs(111) substrates. For the purpose of this study,
differences at the substrate–sample interface of Bi2Se3 and theMn-rich Bi2Se3 grown onGaAs (001) as compared
with growing onGaAs (111) are ignored. Liu et al presents strong evidence that Bi2Se3 growswith a sufficiently
sharp interface onGaAs (001), as it has been shown to do onGaAs (111) [32] due to immediate strain relaxation
between the substrate and the TIfilm due to theweak van derWaals coupling between the substrate and the TI
film [33–35].

X-ray photoelectron spectroscopy (XPS)measurements were performed in a commercial instrument
equippedwith a hemispherical electron analyzer withmonochromatized Al Kα or non-monochromatizedMg
Kα x-rays as the excitation source. XPSmeasurements were performed in a base pressure of 6.7× 10−7 Pa (5×
10−9 Torr) or less, and photoelectrons were collected at normal emission. TheXPS spectra werefit using aVoigt
lineshape and either a linear background (for Bi 5d) or a Shirley background (for Se 3d). For a given
photoelectron core level, the spectra werefit simultaneously where theGaussian components were coupled,
Lorentzian components coupled for the same chemical state, and the spin–orbit doublet ratios of d5/2:d3/2 as 3:2
were used. For Se 3d, the spin–orbit separation of 0.85 eVwas used for the fits.

Samples were prepared for transmission electronmicroscopy (TEM) by standardmechanical polishing and
argon-ion-milling using a FEI-Helios dual beam focused ion beam,with the sample held at liquid-nitrogen
temperature during the latter process in order to avoid unintentional ion-milling artifacts. TEM imageswere
produced using an FEI Titan 80-300 TEMcapable of operating in both transmission (TEM) and scanning
transmission electronmicroscopy (STEM)modes. The FEI Titan 80-300 system is capable of detecting all
elements with atomic number 5 and higher using energy dispersive x-ray (EDX)with a spatial resolution of
0.14 nm.X-ray diffraction for binary Bi2Se3 and Bi2Se3/Bi2MnSe4 heterostructure samples of varyingMn
concentrations, as well as the peak locations for pure Bi2Se3 and pure Bi2MnSe4 for reference, wasmeasured
using theCuKa1 radiation line.

Calculated crystal structure, optimized byminimizing the energy of the structure, total energy, and
electronic structure calculations were performed in the framework ofDFTusing theQuantumEspresso [36]
code. The generalized gradient approximation (GGA) of the Perdew–Burke–Ernzerhof-type [37] is used for the
exchange and correlation potential.We have used norm-conserving, optimized, designed nonlocal
pseudopotentials for all atoms [38, 39]. Pseudopotentials were constructedwith (full relativistic) andwithout
(scalar relativistic) spin–orbit coupling. To guarantee convergence, all calculations are performedwith a plane-
wave cutoff of 70Ry on an 8× 8× 8Monkhorst–Pack [40] k-pointmesh for bulk geometries and 8× 8× 1 k-
point grid for the slab geometries.

Commercialmaterials, instruments and equipment are identified in this paper to specify the experimental
procedure as completely as possible. In no case does such identification imply a recommendation or
endorsement by theNational Institute of Standards andTechnology.

3. Results and discussion

3.1. General composition and structure
The describedMBE growth resulted in self-assembly of single-layer Bi2MnSe4 crystals separated by layers of
Bi2Se3 in a near-periodic self-assembled heterostructure. Samples grown for this study had total atomic
compositions ofMn0.025Bi0.375Se0.600 (2.5%Mn),Mn0.042Bi0.375Se0.583 (4.2%Mn),Mn0.076Bi0.340Se0.584 (7.6%
Mn), andMn0.090Bi0.330Se0.580 (9.0%Mn), asmeasured by particle-induced x-ray emission (PIXE) and
confirmed byRutherford backscattering (RBS), and had respective thicknesses of 80 nm, 92 nm, 90 nm, and
95 nm.Note that the totalMn concentrations determine the observed number of Bi2MnSe4 layers relative to
Bi2Se3 layers.We propose a structure of composition Bi2MnSe4 that we predict byDFT calculations to have a
lower absolute energy thanMn-doped Bi2Se3withMndistributed randomly at Bi-substitutional sites. Bi2MnSe4
is isostructural to binary alloy Bi3Se4 and is a homologous compound of Bi2Se3, theQL structure of which is
shown infigure 1(a), with R3m space group. The Bi2MnSe4 SL shown infigure 1(b), is a 2D layer consisting of
sevenmonoatomic layers with stacking sequence of Se–Bi–Se–Mn–Se–Bi–Se along the c-axis, with individual
2D layers weakly bound to each other by van derWaals forces. SL thickness determined byDFT calculations is
about 1.26 nm,which is confirmed by TEMmeasurements (to be discussed later). Lattice parameters, bond
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lengths, and energies were calculated for both Bi2Se3 and the proposed systemBi2MnSe4, as well as for Bi3Se4 and
Bi2−xMnxSe3 for completeness, allowing us to fully compare the structures thatmay have growndue to
incidence of Bi, Se, andMnbeams on the growth surface duringMBE growth.

The lattice parameters and inter-lamellar distances indicated infigure 1(b) are given in table 1. Bi–Se bond
lengths, given for the distance between the Bi atoms and both the Se1 and the Se2 atoms, were calculated for all
structures; for structures containingMn,Mn to nearest-neighbor Se bond lengths were calculated. DFT-
calculated bond length values are presented in table 2. Calculated Bi–Se bond lengths for Bi2Se3 are in good
agreementwith experimentallymeasured values, 2.85 Å and 3.07 Å for Se1 and Se2, respectively [41].We
performed extended x-ray absorption fine structure (EXAFS)measurements at the ArgonneNational
Laboratory Advanced Photon Source near the x-ray absorptionK-edge of elementalMn—6539.0 eV—to
ascertain the averageMn–Se bond lengths on samples with 2.5%, 4.2%, and 9.0%Mn content. TheMn
incorporationmodel considersMn at sites with photoelectron scattering paths to six nearest neighbor Se atoms.
The simulatedfits created from thesemodels were done on the real space Fourier transformχ(R) of the response
k2χ(k), the data for which is shown infigure 2 in black. The simulated fits, shown in red, are consistent with
measured data.We both predict andmeasure thatMn–Se bonds are lower than Bi–Se bonds in Bi2Se3, which is
expected in the case ofMn substitutionally incorporating at a Bi site in Bi2Se3. The EXAFS-measured bond
lengths (table 3), however, are inmuch closer agreement to theMn–Se distance thatwe compute for Bi2MnSe4
than they are for those forMn at Bi sites in Bi2Se3. This suggests thatMn ismore likely to incorporate in
Bi2MnSe4 layers during growth via the intergrowth of {111} planes ofMnSewith Bi2Se3 layers than at Bi-
substitutional sites in a Bi2Se3 lattice. CrystallineMnSe has ameasuredMn–Se bond length of 2.71 Å [43], which
is within 2%of our calculatedMn–Se bond length values in Bi2MnSe4 and is in very close agreement with our
EXAFS-measuredMn–Se bond length values for all samples.

DFT calculations in theGGA approximationwere performed to evaluate the total energies of the four
different systemswith equivalent elemental composition, 3Bi+ 4Se+Mn.The energy for each system is
calculated for the four crystal structures plus the energy of free atoms of elements necessary to preserve overall
elemental composition. The four structures are Bi2Se3, Bi2MnSe4, Bi3Se4, and Bi2−xMnxSe3with half of the Bi
atoms substitutedwith aMn atoms (BiMnSe3), all corresponding to a BiMnSe systemwith a totalMn
concentration of 12.5%. These elemental single atoms represent free adatoms on the growth surface. The
energies for each composition are given as the energy difference from that of binary Bi2Se3 plus single atoms of

Table 1. Lattice parameters and inter-lamellar distances.

(a)Lattice parameters (Å)

Bi2Se3,

this work

Bi2Se3, experiment [41] Bi2MnSe4

a 4.097 4.138 4.197

c 28.804 28.64 37.797

(b) Lamella spacing (Å)

Bi2Se3,

this work

Bi2Se3, experiment

(average) [41, 42]
Bi2MnSe4

d12 1.543 1.572 1.543

d23 1.982 1.934 1.995

d34 1.983 1.934 1.457

d45 1.546 1.572 1.451

d56 — — 2.068

d67 — — 1.548

dvdW 2.547 2.536 2.537

Table 2.DFT-calculated bond lengths.

Bi–Se bond

length (Å)
Mn–Se bond

length (Å)

Crystal structure Se1 Se2 Se1 Se2

Bi2Se3 2.87 3.01 — —

Bi2MnSe4 2.84 3.11 — 2.76

Bi3Se4 3.03 3.10 — —

BiMnSe3 2.64 2.74 2.62 2.69
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elementalMn, Bi, and Se and are presented in table 4. The results suggest that elemental beams of Bi, Se, andMn
incident on the growth surface present thermodynamically favorable conditions for the growth of binary Bi2Se3
despite the presence of a beamofMn. PIXE andRBSmeasurements, however, prove thatMnhas incorporated
into thematerial, suggesting thatMn that is not incorporated during the formation of Bi2Se3 layers during
growth, instead remaining diffuse on the growth surface as Bi2Se3 layers form, is incorporated through the
formation of the compoundwith the next lowest energy: Bi2MnSe4.

A simple epitaxial growthmechanism for the self-assembly of Bi2Se3 layers interspersedwith septuple
Bi2MnSe4 is proposed as follows. As the compositional elements Bi, Se, andMn are incident on the growth
surface (figure 3(a)), the thermodynamic conditions favor the growth of pure binary Bi2Se3 (figure 3(b)). Rather
than incorporate into a Bi3+-substitutional site of Bi2Se3, aMn2+ adatom remains diffuse on the growth surface
until it pairs with Se to form a rock-saltMnSe unit. For all samples,MnSe clusters are not observed in significant
density in the TEM, indicating that the primary incorporation ofMnSe is via the intergrowth of {111} planes of
rock-saltMnSewithQLs of Bi2Se3. This process is observed to occurwithin a single layer over a large area,
indicating that the formation of a single Bi2MnSe4 layer (figure 3(c)) ‘clears’ the growth surface ofMn to permit
further uninterrupted Bi2Se3 growth. Thismode of growth results in an approximately periodic repetition of
single Bi2MnSe4 SLs separated by a number of Bi2Se3QLs defined by the relative arrival rate ofMn ions to Bi and
Se ions during growth. The c-axis oriented growth is confirmed by thinfilm x-ray diffraction (XRD) (figure 4).
TheXRD shows that binary Bi2Se3 {0 0 3}-type peaks line upwith predicted diffraction peaks. The inclusion of
Mnnot only broadens the {0 0 3}-type peaks, which is consistent with the heteroepitaxial growth of Bi2Se3 and
Bi2MnSe4 layers with inexact periodicity, but also broadens these peaks in such away that they alignwith
predicted Bi2MnSe4 diffraction peaks, indicating the presence of these Bi2MnSe4 layers.

Figure 2.X-ray absorptionfine structure for 2.5%Mn, 4.2%Mn, and 9.0%Mn. The black curves are EXAFS frommeasured x-ray
absorption data; the red curves are simulated fits from aBi-substitutionalMn incorporationmodel.

Table 3.EXAFS-measured bond lengths.

Mn% AverageMn–Se bond length (Å)

2.5%Mn 2.74± 0.01

4.2%Mn 2.73± 0.01

9.0%Mn 2.72± 0.01

Table 4.Energy of formation for various Bi,Mn, Se compositions.

Composition

Energy difference from

Bi2Se3+Mn+Bi+ Se

Bi2Se3+Mn+Bi+ Se 0 eV

Bi2MnSe4+Bi 1.14 eV

Bi3Se4+Mn 4.65 eV

BiMnSe3+ 2Bi+ Se 10.0 eV
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Bi2MnSe4, like Bi2Se3, is a layeredmaterial. Bright field TEM images reveal the conspicuous layered growth
pattern of the Bi2Se3/Bi2MnSe4 layered structure described by our growthmodel and presented for 2.5%
Mn-Bi2Se3 infigure 5(a). Regions of different contrast indicate different crystal structure domains. Striations of
lighter contrast represent layers where theMn incorporated into the sample is concentrated. Differences in the
cross-sectional structure of these layers are visible in the STEM images shown in the figures 5(b) and (c). The
totalMn concentration can be approximated from the STEM images as the fraction of the Bi2MnSe4 layers
multiplied by the assumedMn atomic fraction in these layers of 1/7, giving estimatedMnvalues of 2.5± 0.3%
and 4.3± 0.6% forMn0.025Bi0.375Se0.600 andMn0.042Bi0.375Se0.583, respectively, in good agreementwith values
measured by PIXE. Representative STEM images are shown infigures 6(a) and (b) for samples with 2.5% and
4.2% totalMn concentration, respectively. This supports the hypothesis that the SLs are primarily Bi2MnSe4 as
opposed to amixed (Bi1−xMnx)2Se3 alloy, and that almost all of theMn is incorporated in these layers. This is
further supported by EDX spectroscopy, whereMn is shown to primarily occupy the septuple-lamellae layers

Figure 3. (a)Compositional elements Bi, Se, andMn are incident on the growth surface. (b)Thermodynamic conditions favor the
growth of binary Bi2Se3, withMn2+ adatoms remaining diffuse on the growth surface. (c)At a criticalMn adatom surface density, a
single Bi2MnSe4 layer forms to ‘clear’ the growth surface ofMn, thus permitting further uninterrupted Bi2Se3 growth. Thismode of
growth results in an approximately periodic repetition of single Bi2MnSe4 layers separated by a number of Bi2Se3 layers defined by the
relative arrival rate ofMn ions to Bi and Se ions during growth.

Figure 4.XRDof Bi2Se3 and Bi2Se3 grownwithMnof varying concentrations, withGaAs peaks labeled. {0 0 3}-type Bi2Se3 and
Bi2MnSe4 peaks are shown below for reference.
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and is largely absent in the quintuple-lamellae layers, indicating the septuple-lamellae layers, or SLs, are
Bi2MnSe4 and the quintuple-lamellae layers, orQLs, are Bi2Se3. (Representative EDX-measured chemical
composition along a 5.2 nmpath that includes twoBi2MnSe4 SL’s is shown in the supplementarymaterials
available online at stacks.iop.org/NJP/19/085002/mmedia.)

3.2. XPSmeasurements
The proposed Bi2Se3/Bi2MnSe4 heterostructure composition in theseMBE-grownmaterials is supported by
identifyingMn, Se, and Bi chemical states in binary Bi2Se3 and Bi2Se3/Bi2MnSe4 samples usingXPS. XPS is a
surface spectroscopymeasurement, and due to the significant oxidation at the surface of samples, considerable
analysis of the spectra is necessary to deduce compositional information of the bulkmaterial. By examining the
Mnoxidation states and a differences in the amount that Se andBi precipitates out of thematerial as a function
ofMn inclusion or exclusion, we can identify signatures of sample composition. Specifically, we identifyMn
oxidation states corresponding to Bi2MnSe4 and not to Bi-substitutionalMn in (Bi1−xMnx)2Se3. In addition, the
incorporation ofMn in Bi2Se3 induces observable physical changes in the growth of the native oxide at the
surface due to differing amounts of Se andBi precipitating out of the samples during growth as compared to
growth of pure Bi2Se3. Air-exposed samples are of relevance as they realistically link the physical properties to
adatom transport and incorporation during epitaxial growth. XPSwas used tomeasure the surface composition
of air-exposed Bi2Se3 and Bi2MnSe4 surfaces in samples composed of 0%and 7.6%Mn.

Details of the XPS analysis are presented in the supplementarymaterials. TheMn2p peaks shown in
figure 7(a) reveal a shake-up feature between 644 and 648 eV that is a distinct indication ofMn2+ [44–46], which
persists even after about 5 nmof oxidized surface is removed byAr plasma. These data suggest that whenMn is
incorporated into a bismuth chalcogenide crystal during epitaxial growth, it is likely to incorporate in itsmost
stable oxidation state,Mn2+, at a Bi2+-substitutional site in a Bi3Se4-structural arrangement; or, equivalently, as
MnSe intergrownwith aQLof Bi2Se3. This chemistry leads to the incorporation ofMn in thismaterial in
Bi2MnSe4 layers.

Figure 5. (a)Brightfield TEM image of 2.5%Mn–Bi2Se3, where regions of different contrast indicate different crystal structure
domains. Striations of lighter contrast represent layers where theMn incorporated into the sample is concentrated; (inset) cartoon
depicting Bi2MnSe4 structure, with arrows pointing to Bi2MnSe4 layers in image (a). (b) STEM image of 2.5%Mn–Bi2Se3 showing the
layered structure of Bi2Se3 grown in the presence ofMn; both the quintuple-layer Bi2Se3 and septuple-layer Bi2MnSe4 lamellae are
visible. (c)Magnification of the STEM image, showing the region of (b) contained in the red box in detail; Bi2MnSe4 andBi2Se3 layers
are labeled.
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Further insight on the impact ofMn-inclusion in Bi2Se3 growth is gained from the Se andBi XPS spectra,
shown infigures 7(b) and (c) for the Se 3d spectra and the Bi 5d spectra, respectively, of both the air-exposed
Bi2Se3 and Bi2MnSe4. The Se 3d spectra contains evidence for the existence of selenide (Se

2−), elemental
selenium (Se0), and oxidized selenium (SeOx), where the presence of Se

0 is indicative of Se precipitation out the
bulkfilm by diffusion during growth [47, 48]. The Bi 5d spectra shows the presence of two different Bi chemical
states: Bi3+ in Bi2Se3 and oxidized Bi. From the deconvolution of the Se 3d and the Bi 5d spectra, the fractional
composition of the selenide (Se2−), elemental selenium (Se0), and oxidized selenium (SeOx), and the fractional
composition of Bi in Bi2Se3 and BiOx can be estimated from the spectralfits, shown infigure 7(d) for binary
Bi2Se3 andMn:Bi2Se3with 7.6%Mn and 9.0%Mn. The results suggest that, with the inclusion ofMn,more Se
precipitates out of the crystal, which corresponds to a decrease in the selenide component as the oxidized
component remains constant. Similarly, the inclusion ofMn into the Bi2Se3 system correlates with an increase in
the fraction of oxidized Bi in a fashion consistent with our observation of increasing Se0, the precipitation of
which results in the presence of non-bonded Bi atoms susceptible to oxidation. Analysis of the Se 3d andBi 5d
spectra suggests that theMn ion, due to its preference for a different coordination environment than that of Bi in
Bi2Se3, disrupts the thermodynamic equilibriumof Bi2Se3 growth, as it favors the alternative structural and
compositional arrangement of the Bi2MnSe4 layers inwhich theMn incorporates. A corresponding increase in
strain to the system accelerates Se diffusion and precipitation out of the system, resulting in a higher incidence of
oxidized Bi at the surface.

3.3. Electronic structure
To explore the electronic properties of this newly synthesizedmaterial, band structurewas calculated along the
high symmetry lines in the two-dimensional Brillouin zone (BZ) using optimized lattice geometries (see
supplementarymaterials). Calculations include full relativistic corrections associatedwith the strong spin–orbit
coupling in these systems. The topological ordering is evident in the band structure calculated for Bi2MnSe4 in a
slab geometrywith 6 SLswhen themagneticmoments ofMn are not included in the calculation (figure 8(a)). A
single gapless Dirac-likemodewith aDirac point at k= 0, shown clearly in the zoomed in region of theDirac

Figure 6. STEM image of 2.5%Mn–Bi2Se3 (a) and 4.2%Mn–Bi2Se3 (b) showing the layered structure of Bi2Se3 grownwithMn; both
the quintuple layer Bi2Se3 and septuple layer Bi2MnSe4 lamellae are visible.
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point (figure 8(b)), signifies topologically nontrivial ordering. A gap is produced at theDirac pointΔ
(figure 8(c))when themagneticmoments of theMn ions are introduced as part of the calculation for 6 SL
Bi2MnSe4. The band structure for this structure is shown infigure 8(d), indicating that the surface states of this
material behave as amassiveDirac fermion [7], whichwould signify the existence of a topologically-protected
quantumanomalousHall state [7]. The evolution of the surface states is shown for the increasing number of
Bi2MnSe4 SLswithmagnetization considered in the calculation. The states that ultimately evolve into surface
states are emphasizedwith overlaid circles at calculatedE(k) values of those states. The band structure of a single
Bi2MnSe4 SL (figure 8(e)) showsweak spin–orbit coupling reminiscent of the bulk band structure calculated
with spin–orbit coupling absent (see supporting information). As additional layers are incorporated, the band
gap begins to progressively close for the two-SL (figure 8(f)) and four-SL (figure 8(g)) systems, and eventually
undergoes a band inversion such thatmassiveDirac-like band-crossing surface states are observable in the six-
SL Bi2MnSe4 system, indicative of topologically non-trivial behavior [7]. In the six-SL case, the valence band
near theK point crosses the Fermi level, signifying an insulator-to-metal transition, and implying that Bi2MnSe4
with a thickness greater than six SL is a topologically non-trivialmetal. Consequently, parallel transport of
p-type bulk carriers andmassiveDirac fermions in the topological surface state is expected in pure Bi2MnSe4. A
Bi2Se3/Bi2MnSe4 heterostructure of sufficient thickness is theoretically predicted to be a topologically non-
trivial system. Furthermore, such a systemhas the potential to be tuned to eliminate Fermi level crossing of the
valence band bymodifying theMn content—and thus the number of Bi2Se3 layers separating single Bi2MnSe4
layers—to produce a stoichiometric TImaterial that would supportmeasureable novel topological surface
states.

Thismaterial is predicted to demonstrate similar electronic behavior towhat is predicted for

-( )Bi Mn Se ,x x1 2 3 suggesting thatmany of the studies asserted to have been performed onMBE-grown

Figure 7.XPS of the (a)Mn2ppeaks for Bi2Se3 grownwithMn after about 5 nmofmaterial was sputtered from the surface by Ar
plasma (top) and prior to sputtering (bottom). XPS spectra of the (b) Se 3d and (c)Bi 5d region of the air-exposed Bi2Se3 and Bi2MnSe4
(Mncontent 7.6%) samples. All XPSwas performed using amonochromatic Al Kα beam. (c) Fractional compositions of different Bi
and Se chemical states derived from integrated intensity of the fitted results in (a) and (b). Data are shown as unfilled circles, and results
from fitting as solid lines in spectra shown in (a) and (b). The error bars in (c) are as large as the symbol, and are omitted.
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Bi2−xMnxSe3 [27–30]may have been, and likely were, in fact, performed onBi2Se3/Bi2MnSe4 heterostructures.
Producing a growthmethod that achieves precise Bi2Se3/Bi2MnSe4 heterostructure layer control or pure
Bi2MnSe4 growth is highly challenging. Samples grownwithMn concentrations of 9.0% and abovewere
observed to have increasingly high crystalline disorder and high instances ofMnSe cluster formation,
necessitating further study of the growth parameterization.

4. Conclusions

This study lays the groundwork for further investigation of theMBE growth of Bi2Se3/Bi2MnSe4multilayer
heterostructures, and is thefirst investigation of any kind on topologically non-trivialmagnetic bismuth-
chalcogenide compoundBi2MnSe4.Herewe have presented structural, compositional, and electronic
characteristics of this newmaterial, alongwith amodel for its epitaxial growth.We undertook rigorous
characterization of the crystal structure and chemical composition of thismaterial by a broad range of
complementary studies.We computed structural arrangements and determined energies of formation byDFT
calculations.We further appliedDFT calculations to obtain the electronic band structure for Bi2MnSe4,
demonstrating the topological non-triviality of this system and, by extension, Bi2Se3/Bi2MnSe4multilayer
heterostructures. Additionally, themechanismbywhich thismaterial naturally forms a heterostructure with the
TI Bi2Se3 presents the opportunity for studying the interaction between the topological surface states hosted by
Bi2Se3 and themagnetically-ordered states hosted by Bi2MnSe4 suitable to engineering amagnetic topological
material with stoichiometric composition in pursuit of amagnetic topological system free from the introduction
of disorder arising from the random incorporation ofmagnetic dopants in an otherwise ordered system. The
Bi2Se3/Bi2MnSe4multilayer heterostructure discussed here is a remarkable example of amulticomponent
quantummatter system, one at the crossroads of research in the fields ofmagnetism, TIs, and two-dimensional
layeredmaterials.

Figure 8.Band structures are shown for paths between points of high symmetry in k-space of a Brillouin zonewith space group
R3m.Aband structure a calculated for Bi2MnSe4 in a slab geometry with 6 SL shows a gapless Dirac-like surfacemodewith aDirac
point at G, highlighted in blue (a), a zoomed-in view of which is shown in the inset. (b) Furthermagnification of this surface state
shows no gap at G for 6 SL Bi2MnSe4 withoutmagnetization included in the calculation. (c) Introducingmagnetization due toMn
ions into the 6 SL Bi2MnSe4 band structure calculations produces a gap,Δ, in theDirac-like surface state at the Dirac point. The
overall band structure calculated for Bi2MnSe4 in a slab geometry with 6 SL, includingmagnetization that leads to a gappedDirac-
like surfacemode, is shown in (d), a zoomed-in view of which is shown in the inset. The evolution of the band structure for
Bi2MnSe4 in a slab geometry of finite thicknesses with full magnetization is shown for 1 SL (e), 2 SL (f), 4 SL (g), and 6 SL (d), the last
of which displays amassive Dirac fermion surface state signifying the topological non-triviality of this system. The states that
ultimately evolve into the surface states are emphasizedwith blue circles, and a zoomed-in view of the bandgap for each band
structure is shown in the insets.

10

New J. Phys. 19 (2017) 085002 J AHagmann et al



Acknowledgments

We thankAngelaHightWalker (NIST) for fruitful discussions. This work is supported byNSFGrant
DMR1400432.

Competingfinancial interests
The authors declare no competing financial interests.

ORCID iDs

JosephAHagmann https://orcid.org/0000-0002-0909-6016

References

[1] Novoselov S, GeimAK,Morozov SV, JiangD, Zhang Y,Dubonos SV,Grigorieva I V and FirsovAA 2004 Electricfield effect in
atomically thin carbon films Science 306 666

[2] GeimAK andNovoselovK S 2007The rise of grapheneNat.Mater. 6 183
[3] NovoselovK S, GeimAK,Morozov SV, JiangD,KatsnelsonM I,Grigorieva I V,Dubonos SV and FirsovAA 2005Two-dimensional

gas ofmassless Dirac fermions in grapheneNature 438 197
[4] CastroNetoAH,Guinea F, PeresNMR,NovoselovK S andGeimAK2009The electronic properties of grapheneRev.Mod. Phys.

81 109
[5] MakKF, Lee C,Hone J, Shan J andHeinz T F 2010Atomically thinMoS2: a newdirect-gap semiconductor Phys. Rev. Lett. 105 136805
[6] WangQH,Kalantar-ZadehK,Kis A, Coleman JN and StranoMS 2012 Electronics and optoelectronics of two-dimensional transition

metal dichalcogenidesNat. Nanotechnol. 7 699
[7] HasanMZ andKaneCL 2010Colloquium: topological insulatorsRev.Mod. Phys. 82 3045
[8] QiXL andZhang SC 2011Topological insulators and superconductorsRev.Mod. Phys. 83 1057
[9] ZhangH J, LiuCX,Qi X L,Dai X, Fang Z andZhang SC2009Topological insulators in Bi2Se3, Bi2Te3 and Sb2Te3with a singleDirac

cone on the surfaceNat. Phys. 5 438
[10] Xia Y et al 2009Observation of a large-gap topological-insulator classwith a singleDirac cone on the surfaceNat. Phys. 5 398
[11] KaneCL andMele E J 2005 Z2 topological order and the quantum spinHall effect Phys. Rev. Lett. 95 146802
[12] Fu L, KaneCL andMele E J 2007Topological insulators in three-dimensions Phys. Rev. Lett. 98 106803
[13] Bernevig BA,Hughes T L andZhang SC2006Quantum spinHall effect and topological phase transition inHgTe quantumwells

Science 314 1757
[14] Moore J E andBalents L 2007Topological invariants of time-reversal-invariant band structures Phys. Rev.B 75 121306(R)
[15] Fu L andKaneCL 2007Topological insulators with inversion symmetry Phys. Rev.B 76 045302
[16] Fu L andKaneCL 2008 Superconducting proximity effect andmajorana fermions at the surface of a topological insulatorPhys. Rev.

Lett. 100 096408
[17] HorY S,Williams A J, Checkelsky J G, Roushan P, Seo J, XuQ, ZandbergenHW,Yazdani A,OngNP andCava R J 2010

Superconductivity in CuxBi2Se3 and its implications for pairing in the undoped topological insulatorPhys. Rev. Lett. 104 057001
[18] ChenYL et al 2010MassiveDirac fermion on the surface of amagnetically doped topological insulator Science 329 659
[19] DikinDA,MehtaM, BarkCW, FolkmanCM, EomCBandChandrasekhar V 2011Coexistence of superconductivity and

ferromagnetism in two-dimensions Phys. Rev. Lett. 107 056802
[20] HsiehD et al 2009A tunable topological insulator in the spin helical Dirac transport regimeNature 460 1101
[21] HorY S, Richardella A, Roushan P, Xia Y, Checkelsky J G, Yazdani A,HasanMZ,OngNP andCava R J 2009 p-type Bi2Se3 for

topological insulator and low-temperature thermoelectric applications Phys. Rev.B 79 195208
[22] Zhang Y et al 2010Crossover of the three-dimensional topological insulator Bi2Se3 to the two-dimensional limitNat. Phys. 6 584
[23] MishraMK, Satpathy S and JepsenO1997 Electronic structure and thermoelectric properties of bismuth telluride and bismuth

selenide J. Phys.: Condens.Matter 9 461
[24] Checkelsky J G, Ye J T,Onose Y, Iwasa Y andTokura Y 2012Dirac-fermion-mediated ferromagnetism in a topological insulatorNat.

Phys. 8 729
[25] YuR, ZhangW, ZhangH J, Zhang SC,Dai X and FangZ 2010Quantized anomalousHall effect inmagnetic topological insulators

Science 329 61
[26] ChangCZ et al 2013 Experimental observation of the quantum anomalousHall effect in amagnetic topological insulator Science

340 167
[27] ZhangD et al 2012 Interplay between ferromagnetism, surface states, and quantum corrections in amagnetically doped topological

insulatorPhys. Rev.B 86 205127
[28] vonBardelebenH J, Cantin J L, ZhangDM,Richardella A, RenchDW, SamarthN andBorchers J A 2013 Ferromagnetism in

Bi2Se3:Mn epitaxial layers Phys. Rev.B 88 075149
[29] Babakiray S, Johnson TA, Borisov P,HolcombMB, LedermanD,MarcusMA andTarafderK 2015 Structural properties of

Bi2−xMnxSe3 thinfilms grown viamolecular beam epitaxy J. Appl. Phys. 118 045302
[30] TarasenkoR et al 2016Magnetic and structural properties ofMn-doped Bi2Se3 topological insulatorsPhysicaB 481 262
[31] LeeDS, KimT-H, ParkC-H,ChungC-Y, LimY S, SeoW-S and ParkH-H2013Crystal structure, properties and nanostructuring of a

new layered chalcogenide semiconductor, Bi2MnTe4Cryst. Eng. Comm. 15 5532
[32] LiuX, SmithD J, Fan J, ZhangY-H, CaoH,ChenYP, Leiner J, Kirby B J, DobrowolskaMand Furdyna J K 2011 Structural properties of

Bi2Te3 andBi2Se3 topological insulators grown bymolecular beam epitaxy onGaAs(001) substratesAppl. Phys. Lett. 99 171903
[33] ChenX,MaX-C,HeK, Jia J-F andXueQ-K 2011Molecular beam epitaxial growth of topological insulatorsAdv.Mater. 23 1162
[34] LiHD,WangZY,GuoX,WongTL,WangN andXieMH2011Growth ofmultilayers of Bi2Se3/ZnSe: heteroepitaxial interface

formation and strainAppl. Phys. Lett. 98 043104
[35] Richardella A, ZhangDM, Lee J S, Koser A, RenchDW,Yeats A L, Buckley B B, AwschalomDDand SamarthN2010Coherent

heteroepitaxy of Bi2Se3 onGaAs (111)BAppl. Phys. Lett. 97 262104

11

New J. Phys. 19 (2017) 085002 J AHagmann et al

https://orcid.org/0000-0002-0909-6016
https://orcid.org/0000-0002-0909-6016
https://orcid.org/0000-0002-0909-6016
https://orcid.org/0000-0002-0909-6016
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nature04233
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1038/nphys1270
https://doi.org/10.1038/nphys1274
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.98.106803
https://doi.org/10.1126/science.1133734
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1126/science.1189924
https://doi.org/10.1103/PhysRevLett.107.056802
https://doi.org/10.1038/nature08234
https://doi.org/10.1103/PhysRevB.79.195208
https://doi.org/10.1038/nphys1779
https://doi.org/10.1088/0953-8984/9/2/014
https://doi.org/10.1038/nphys2388
https://doi.org/10.1126/science.1187485
https://doi.org/10.1126/science.1234414
https://doi.org/10.1103/PhysRevB.86.205127
https://doi.org/10.1103/PhysRevB.88.075149
https://doi.org/10.1063/1.4927171
https://doi.org/10.1016/j.physb.2015.11.022
https://doi.org/10.1039/c3ce40643a
https://doi.org/10.1063/1.3655995
https://doi.org/10.1002/adma.201003855
https://doi.org/10.1063/1.3548865
https://doi.org/10.1063/1.3532845


[36] Giannozzi P et al 2009QUANTUMESPRESSO: amodular and open-source software project for quantum simulations ofmaterials
J. Phys.: Condens.Matter 21 395502

[37] Perdew J P, BurkeK and ErnzerhofM1996Generalized gradient approximationmade simplePhys. Rev. Lett. 77 3865
[38] RamerN J andRappeAM1999Designed nonlocal pseudopotentials for enhanced transferability Phys. Rev.B 59 12471
[39] RappeAM,RabeKM,Kaxiras E and Joannopoulos JD 1990Optimized pseudopotentials Phys. Rev.B 41 1227
[39] MonkhorstH J and Pack JD 1976 Special points for Brillouin-zone integrations Phys. Rev.B 13 5188
[40] Roy S et al 2014Atomic relaxations at the (0001) surface of Bi2Se3 single crystals and ultrathin filmsPhys. Rev.B 90 155456
[41] Vicente CP, Tirado J L, AdoubyK, Jumas J C, TouréAA andKraG 1999X-ray diffraction and 119SnMössbauer spectroscopy study of a

newphase in the Bi2Se3−SnSe system: SnBi4Se7 Inorg. Chem. 38 2131
[42] Nakajima S 1963The crystal structure of Bi2Te3−xSex J. Phys. Chem. Solids 24 479
[43] JacobsonA J and Fender B E F 1970Covalency parameters inMnSe andMnSe2 J. Chem. Phys. 52 4563
[44] BiesingerMC, Payne BP,Grosvenor AP, Lau LWM,GersonAR and Smart R SC2011Resolving surface chemical states in XPS

analysis of first row transitionmetals, oxides and hydroxides: Cr,Mn, Fe, Co andNiAppl. Surf. Sci. 257 2717
[45] OkuM,HirokawaK and IkedaH 1975X-ray photoelectron spectroscopy ofmanganese–oxygen systems J. Electron Spectrosc. Relat.

Phenom. 7 465
[46] DiCastroV and Polzonetti G 1989XPS study ofMnOoxidation J. Electron Spectrosc. Relat. Phenom. 48 117
[47] AtuchinVV et al 2011 Formation of inert Bi2Se3(0001) cleaved surfaceCryst. GrowthDes. 11 5507
[48] NaumkinAV,Kraut-Vass A,Gaarenstroom SWandPowell C J 2012NIST x-ray photoelectron spectroscopy database (https://srdata.

nist.gov/xps/) (accessedOctober 2016)

12

New J. Phys. 19 (2017) 085002 J AHagmann et al

https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.59.12471
https://doi.org/10.1103/PhysRevB.41.1227
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.90.155456
https://doi.org/10.1021/ic9812858
https://doi.org/10.1016/0022-3697(63)90207-5
https://doi.org/10.1063/1.1673685
https://doi.org/10.1016/j.apsusc.2010.10.051
https://doi.org/10.1016/0368-2048(75)85010-9
https://doi.org/10.1016/0368-2048(89)80009-X
https://doi.org/10.1021/cg201163v
https://srdata.nist.gov/xps/
https://srdata.nist.gov/xps/

	1. Introduction
	2. Experimental section
	3. Results and discussion
	3.1. General composition and structure
	3.2. XPS measurements
	3.3. Electronic structure

	4. Conclusions
	Acknowledgments
	References



