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ABSTRACT

The layered van der Waals compounds (MnBi, Te,)(Bi,Te;) were recently established as the first intrinsic magnetic topological insulators.
We report a study on the epitaxial growth of (MnBi,Tey),,(Bi,Tes), films based on the co-deposition of MnTe and Bi;Te; on BaF, (111)
substrates. X-ray diffraction and scanning transmission electron microscopy evidence the formation of multilayers of stacked MnBi,Te, sep-
tuple layers and Bi,Te; quintuple layers with a predominance of MnBi,Te,. The elemental composition and morphology of the films is
further characterized by x-ray photoemission spectroscopy and atomic force microscopy. X-ray magnetic circular and linear dichroism
spectra are comparable to those obtained for MnBi, Te,4 single crystals and confirm antiferromagnetic order in the films.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025933

I. INTRODUCTION

The combination of non-trivial electronic band topology and
magnetism is presently attracting broad interest in condensed matter
physics. A prominent example is the quantum anomalous Hall
(QAH) effect that has been realized in magnetically doped topological
insulators such as Cr- and V-doped (Bi, Sb),Tes."” Although rather
high critical temperatures can be achieved in these systems,” the obser-
vation of the QAH effect has typically been limited to the mK temper-
ature regime."” More recently, so-called intrinsic magnetic topological
insulators (IMTIs) have been introduced.” These materials intrinsi-
cally combine long-range magnetic order with an inverted band struc-
ture and, thus, do not require magnetic doping. An important class of
IMTI is the magnetic van der Waals system (MnBi,Te,),,(BixTes),

(MBT), where MnBi,Te; septuple layers (SLs) and non-magnetic
Bi,Te; quintuple layers (QLs) are stacked in a layer-wise fashion. In
particular, the parent compound MnBi,Tes has been established as
the first antiferromagnetic three-dimensional TL’~ Moreover, the
higher-n compounds MnBisTe;'’™"” and MnBigTe;o'*'*'” have been
shown to be IMTIs, with deviating magnetic properties arising from
the modified interlayer couplings between the magnetically active Mn
lattice planes.

Besides the above-mentioned topological properties in three-
dimensional (MnBi,Te,),,(Bi;Te;),, an even richer interplay
between topology and magnetism is expected in the two-
dimensional (2D) regime.'°"'? Indeed, recent magneto-transport
experiments on two-dimensional few-layer flakes of MnBi,Te,
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revealed signatures of the QAH effect’” and an axion insulator
state.”” Also, in the 2D regime, magnetic proximity effects may be
exploited at interfaces of MnBi,Tes; with other magnetic van der
Waals compounds such as Crl;.”" In this scenario, it is important
to establish the fabrication of MnBi,Te,-based thin films by molec-
ular beam epitaxy (MBE) in order to provide a basic platform for
new physics and devices in the field of IMTI.

Previously, multilayer films of (MnBi,Tes)(Bi,Te;) and
(MnBi,Sey)(Bi,Se;) with random stacking order were fabricated by
co-deposition of the respective elements.”””” Such films were
QL-rich, where the ratio yg, = ;. between the number m of SLs
and the total number m + n of SLs and QLs was below 3. 1 In this
regime of yg, ferromagnetic properties have been reported for
(MnBi, Tey)(Bi, Te;) multilayers with characteristic temperatures of
7-15K.”* In other works, MnBi, Te; and MnBi,Se, films have also
been fabricated by complex alternating-layer multi-step growth
procedures.”** More recently, the growth of MnBi,Tes films by
co-deposition of Mn, Bi, and Te on SrTiO; (111) substrates has
been reported.”” In this work, we report the MBE growth of
(MnBi, Tey),,(Bi, Tes), multilayers by means of co-evaporation of
the binary compounds MnTe and Bi,Te; on BaF, (111) substrates.
The layers are SL-rich with yg > 0.7, as confirmed by scanning
transmission electron microscopy (STEM) and x-ray diffraction
(XRD) measurements and simulations in model structures. X-ray
magnetic circular dichroism (XMCD) and x-ray magnetic linear
dichroism (XMLD) experiments confirm antiferromagnetic order
in the layers. Our results establish a flexible approach for the epi-
taxial growth of high-quality IMTI thin films for advanced experi-
mental investigations and device applications.

Il. EXPERIMENTAL DETAILS

The growth of Bi,Tes thin films on BaF, (111) substrates is
well established, and depending on the growth conditions, highly
ordered epilayers without tellurium deficiency are obtained.”™*’
Even though lattice mismatch is not the most critical parameter for
epitaxy of van der Waals compounds, refined XRD investigations
demonstrated that a slight increase of the van der Waals forces can
prevent the relaxation of the layers.28 BaF, on the (111) plane is
almost lattice matched to the in-plane Bi,Te; lattice constant
(A, = 0.04%)” and in very good agreement to the in-plane lattice
constant of MnBi,Tes (A, = 1.2%). Moreover, BaF, is transparent
from the UV to the far IR regime and highly insulating, with an
energy gap around 9 eV. These characteristics make barium fluo-
ride an excellent candidate to host MBT thin films for both techno-
logical applications and scientific investigations.

For this work, (MnBi,Tey),,(Bi;Te3), thin films were grown
on freshly cleaved BaF, (111) substrates using effusion cells
charged nominally with Bi,Te; and MnTe. The latter were pre-
pared phase-pure by inorganic solid-state reactions.” The beam
equivalent pressure (BEP) is monitored by an ion gauge before and
after each growth. The manganese supply is defined by the ratio of
the BEPs as ®g = BEPypy1e/BEPpi,1e,. In the case of @ =0, a
pure phase of Bi,Te; (yg; = 0) is obtained. The base pressure of
the growth chamber is 7 x 107! mbar, and the background pres-
sure stays below 5 x 107® mbar during deposition. BaF, substrates
are pre-heated at 350 °C for 10 min before starting deposition. The
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substrate temperature was fixed at Tsyp = 280°C and BEPp, e,
was kept fixed, resulting in a deposition rate of 0.02 A/s for the
Bi;Te; cell. The Mn supply, through the MnTe effusion cell, was
increased up to ®p = 0.07. Thus, the samples prepared in this
work are labeled by ®g, where ®z =0 indicates a pure Bi,Te;
(ysp = 0) epitaxial film and ®p = 0.07 represents our Mn-richest
MBT film.

Low energy electron diffraction (LEED) and x-ray photoelec-
tron spectroscopy (XPS) measurements were carried out in situ
directly after growth, without exposing the sample to air. The XPS
measurements were performed with an Al-anode x-ray gun (Al K,
hv = 1486.6eV) and a Scienta SES200 photoelectron analyzer. The
LEED experiments were conducted using a ThermoVG Scientific
standard LEED apparatus.

XRD measurements were performed with a Bruker high reso-
lution x-ray diffractometer equipped with a Goébel mirror and a
Ge (220) monochromator. Cu K, radiation (1 = 1.5418 A) was
used. Long-range @ — 20 scans, along the surface normal direc-
tion in the reciprocal space, were performed in the same specular
reflection geometry used for measuring grazing incidence x-ray
reflectivity curves. The GenX software package’ was used to cal-
culate the reflectivity curves in order to extract quantitative
information.

X-ray diffraction curves were calculated using a set of recursive
equations,”’ suitable for layered materials with large d-spacing.
It has been successfully applied for the case of Bi,Te, homologous

series,”” where Bi double- -layers and Bi,Te; QLs coexist even
in random stacking order. Here, model structures of
(MnBi,Tey),,(Bi;Te;), films containing a total number

m + n = 20 of SL and QL building blocks and different compositions

TR

-.4\"&&:!

““:S;::L\\} 1;.

FIG. 1. Scanning transmission electron microscopy (STEM) cross-sectional
images of a 15nm thick MBT film (®g = 0.03) capped with Te. (a)
Cross-sectional overview image showing the BaF, substrate, the epitaxial
layers, and the Te protective capping layer. (b) Detailed view of the structure of
the film where septuple layers (SLs) and quintuple layers (QLs) are observed.
(c) A detailed view of the interface between the substrate-layer where the first
two SLs are clearly observed. (d) Close-up view showing SLs in detail with a
representation of the structure as: red—Te, blue—Bi, and green—Mn.
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ys. were considered for XRD simulation. For films with yg <1
(n > 0), the simulated intensity curves stand for average curves
over hundreds of model structures with random stacking of n QLs.
Bulk lattice parameters were used for all simulations, as well as for
the van der Waals gaps. An average gap value was assumed
between adjacent SL and QL blocks.

Cross-sectional lamellas for transmission electron microscopy
(TEM) studies were prepared at the Wilhelm Conrad Roéntgen
Research Center for Complex Material System (RCCM) using a FEI
Helios Nanolab Dual Beam system using Ga+ ion beam milling.
The lateral thickness of the lamellas is estimated to be between 25
and 50 nm. STEM imaging was performed using an uncorrected
FEI Titan 80-300 TEM at the RCCM and a probe corrected FEI
Titan 80-300 at the IFW.

Atomic force microscopy (AFM) images were acquired with a
Bruker dimension icon system in ambient air using a tapping
mode. The equipment is installed on an optical table to avoid
vibrations. The software package Gwyddion was used for analysis
and image processing.33

X-ray magnetic circular dichroism (XMCD) and x-ray mag-
netic linear dichroism (XMLD) measurements were carried out at
a high-field diffractometer end station of the UE46 PGM-1
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beamline at BESSY II'* using circularly and linearly polarized
photons near the Mn L,; absorption edges. The data were
obtained in the total electron yield (TEY) mode. The protective
Te-cap was mechanically removed before the measurements,
exposing a pristine surface.”

lll. RESULTS AND DISCUSSION

Figure 1(a) presents a cross-sectional overview image showing
the BaF, substrate, the MBT epitaxial layer, and the Te protective
capping. Figure 1(b) shows a detailed view on the epitaxial MBT
layers, where one can observe the van der Waals gaps between the
building blocks and distinguish the formation of SLs and QLs. A
guide to the eyes is drawn on the right side of the image, indicating
SLs (green rectangles) and QLs (blue rectangles). Figure 1(c) pre-
sents a detailed image of the interface between film and substrate,
showing the formation of the first two SLs. The dashed white line
is a guide to the eye. Figure 1(d) displays two SLs on the atomic
scale, together with a representation of the structure.

The STEM cross-sectional images obtained from our
sample indicate that MBT with a SL-rich composition close to
MnBi,Te, was obtained. The occurrence of QLs randomly dis-
tributed in between the SLs was observed. In some cases, two
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FIG. 2. (a) XRD w — 20 scans of a BiyTes film (upper curve) and an MBT film (lower curve, ®z = 0.07). XRD simulations are shown for stoichiometric MnBi; Te4
(lowest line) and a phase with Bi;Te; QL intermixture (see text for details). (b) Zoom into the low-6 region showing the evolution of the L = 6 peak-splitting with the BEP
ratio ®gr. The measurements are compared to simulations for different SL ratios yg . (c) XRR curves for a Bi;Te; fim and two MBT films with &g = 0.03 and

Dr = 0.05.
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adjacent QLs can exist. The sharp interfaces between substrate-
film and film-capping layer indicate a high quality of our epi-
layers and a homogeneous thickness of the layers. Our STEM
results indicate the occurrence of approximately 1 QL for every
4 SLs (yg, = 0.8).

XRD on long-range @ — 20 scans for evaluation of the film
structures are presented in Fig. 2(a). It shows the XRD curves
acquired for the BiTe; (®gr =0) and MBT (dr = 0.07) films.
Besides BaF, substrate peaks, reflections 111 (S1) and 222 (S2),
only diffraction peaks of 000L film reflections are observed, with L
being a multiple of 3. This is an evidence that epitaxy is occurring
as expected with the (0001) Bi,Te;/MnBi,Te; planes parallel to
the (111) planes of the BaF, substrate.

The Bi, Te; diffraction curve exhibits well-defined interference
fringes around the diffraction peaks, indicating a highly ordered
stacking of QLs. The stoichiometry of the film is Bi,Te, g5, calcu-
lated through the position of the peak L = 15,”° which can be inter-
preted as 1 Bi bilayer occurring in less than 10% of the film area.”®
These results reinforce the high quality of our Bi,Te; epitaxial
films that are used as a starting point to grow MnBi,Tes. The
MBT diffraction curve presents well-defined diffraction peaks
located around the theoretical positions of the MnBi, Te; phase,
as indicated by dashed lines in Figs. 2(a) and 2(b). However, the
MBT curve obtained for the highest Mn supply (P = 0.07) does
not present clear interference fringes, which might be an indica-
tion of non-uniform film thickness from the perspective of the
incidence angles higher than a few degrees. For a slightly lower
Mn supply (Pgr = 0.05), the diffraction peaks L=6, 18, and 30
present a splitting (long-range @ — 26 scan not shown here).

Figure 2(a) shows a simulated curve containing 19 SLs and 1
QL (75, = 0.95) and a curve containing 20 SLs (yg; = 1), repre-
senting the pure MnBi,Te; phase. For the QL-rich phase, a clear
splitting in the L6 diffraction peak is observed. This splitting is lin-
early proportional to the amount of QLs inside the film, allowing
us to estimate the stoichiometry of the films as

¥Ysp =1 —0.258 - AB, (1)

where 6 is given in degrees. Using this equation, we obtain that our
epitaxial film grown with ®z = 0.03 is composed 70% by SLs
(ys = 0.7). This is the sample analyzed by STEM (Fig. 1), where
a mean value of yg = 0.8 was addressed. These results are in
very good agreement and reinforce the capability of our XRD
model in estimating the MBT phases. The MBT film grown with
@i = 0.05 is composed 87% by SLs (y5; = 0.87), while the one
prepared with @ = 0.07 presents no observable splitting, indicat-
ing that the epilayers are composed predominantly by SLs
(yg > 0.95).

X-ray reflectivity curves were measured for the Bi,Tes
(Pr = 0) and two MBT films with ®r = 0.03 and 0.05, respec-
tively. Figure 2(c) presents the experimental data (circles) together
with the best fitting curves (solid lines). All films exhibit very well-
defined interference fringes, indicating a homogeneous film thick-
ness with smooth interface and surface along the whole substrate
area. The calculated thickness of the Bi,Te; sample is 133 A with a
surface roughness of 4.7 A. The MBT films were grown for different
time, resulting in a thickness of 156 and 460 A. The surface
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FIG. 3. AFM topography images of (a) a Bi;Te; and (b) a MBT film
(®g = 0.05) grown on BaF;(111). (c)~(f) LEED images for as-grown (c)—(d)
BiyTe; and (e)—(f) MBT (®g = 0.07). LEED data were taken at primary ener-
gies of Ep = 100¢eV in (c) and (e) and Ey = 110€V. The threefold symmetric
patterns in (c) and (e) indicate negligible twin-domain formation.
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FIG. 4. (a) XPS overview dataset for a MBT film (®g = 0.07), showing core-
level lines of the elements Mn, Bi, and Te, and no indications of contamination.
The inset shows a detail spectrum of the shallow core levels. (b) XPS dataset
of the Mn 2p core level. Satellites at approximately 6 eV below the respective
main lines are indicated.
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roughness for both MBT films is lower than 4.9 A. The density of
the films was kept as an open parameter during the fit procedure,
resulting in 7.7 g/cm’ for the Bi,Tes sample and 7.3 g/cm’ for the
MBT samples. These values are in excellent agreement with the
tabulated values. The precise control of the thicknesses, low surface
roughness values, and sharp interfaces of our samples indicate that
it is possible to reduce the thickness of the films down to a few SLs
in order to reach the 2D regime.'®

In order to investigate the surface morphology of the thin
films, atomic force microscopy (AFM) was employed and the
results are shown in Figs. 3(a) and 3(b). The typical spiral-like tri-
angular domains from the Bi;Te; phase [Fig. 3(a)] can be clearly
observed, while an undefined morphology is observed for the
MBT film grown with @z = 0.05 [Fig. 3(b)], although surface
morphology is weakly related to the film structure.”® For both
measurements, layered steps can be clearly distinguished on the
surface. A surface roughness of 13 A is obtained for the Bi,Tes
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film and 14.7 A for the MBT film, prepared with ® = 0.05. Low
electron energy diffraction (LEED) was employed to check the
surface. Figure 3 shows the LEED images of a 15 nm thick Bi,Te;
(c)-(d) and a MBT ®g = 0.07 (e)-(f) films. Both samples show
bright spots forming the hexagonal pattern characteristic of the
three-fold symmetry, indicating a highly ordered surface with low
amount of twinning. A slight increase of the diffraction spots and
background intensity is observed for the MBT film, indicating an
increase of structural disorder when compared to the pure Bi,Te;
phase.

XPS data obtained at hv = 1486.6eV (Al K, ) is presented in
Fig. 4(a). The core-level lines of Te, Bi, and Mn are observed.
Figure 4(b) shows a detailed scan of the Mn 2p line, which exhibits a
rather complex multiplet fine structure. In particular, the 2p, , and
2p, , levels both display a satellite feature approximately 6 eV below
the respective main lines. This satellite has been observed in other
Mn compounds and can be tentatively associated with a Mn?"

—r r | r ¢ 1 7T

6 1N B
a) B=6T, T=5K, NI
i —e— plus-pol
4 —e— minus-pol

Intensity [arb.u.]

Difference [arb.u.]
=)
N

== 1y

04F

001""|="'|""|""|'
= rem.

_0'1}:d:)::{::::l::::{::::I:-.:

_8:(1)'_ e) rem., G1
llllllllllllllllllllll-:
635 640 645 650 655

hv [eV]

| LY HLL I N N N N B B N NN N N N N B
B=0.01T, T = 5K, Gl

o H-Pol 39
—-o— V-Pol

Intensity [arb.u.]

S
XLD [arb.u.]

-e- XLD 100
| I T T N N T S B | ._.'30
635 640 645 650 655
hv [eV]
St AL A AN ET
N h) HH 4 0.8 =,
- s ] 8
- 2 40479
[ ] =
5 10 15 20 25 o
TIK]

FIG. 5. XMCD and XMLD datasets for a MBT film (@ = 0.03) obtained at the Mn L, 3 absorption edge at T = 5K. (a) X-ray absorption spectra (XAS) for positive and
negative circular polarizations measured in normal incidence and B = 6 T. (b) Corresponding XMCD signal. (c) and (d) XMCD signal measured at B= 1T and in rema-
nence, respectively. (€) XMCD signal measured for remanence and for grazing light incidence (Gl), with an angle of incidence of 60 °. (f) XAS spectra measured for linear
horizontal (H) and vertical (V) polarization in grazing incidence and in the absence of an external field at T = 5K. (g) Resulting XMLD signal. (h) Temperature dependence
of the square root of the XMLD signal, normalized to the value at T = 5K.
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oxidation state,”” as expected for MnBi, Te,. The overall line shape of
the Mn 2p level, including the pronounced satellites, is comparable to
the one observed for MnBi, Tey single crystals,™” further supporting
the results of our structural analysis by STEM and XRD.

To investigate the magnetic properties of the MBT films, we
performed XMCD and XMLD measurements at the Mn L,3
absorption edge (Fig. 5). At external fields of 6 T and 1T, a sizable
XMCD signal is observed in normal light incidence (T = 5K), evi-
dencing a magnetic polarization of the Mn ions [Figs. 5(a)-5(c)].
After removing the external field, the XMCD collapses, both for
normal and grazing light incidence, as shown in Figs. 5(d)
and 5(e). This behavior is consistent with an antiferromagnetic
ordering and closely matches previous XMCD results for MnBi, Tey
single crystals.”” XLD measurements performed in grazing light
incidence and without the external field show a significant signal at
T = 5K [Figs. 5(f) and 5(g)]. The XLD signal gradually diminishes
with increasing temperature, confirming its magnetic origin as
opposed to a crystal-field effect. These observations are again similar
to previous XLD results for MnBi,Te, single crystals and further
confirm an antiferromagnetic state.”® From the temperature depen-
dence of the XLD signal in Fig. 5(h), we estimate a Néel temperature
between 20 and 25 K, which is comparable to MnBi, Te, bulk single
crystals™ and significantly larger than for MnBiyTe;.'”"" The
observed x-ray absorption spectra (XAS), XMCD, and XLD line
shapes closely match those observed for bulk MnBi,Te,,”™” in line
with the formation of MnBi;Te, SL in the films revealed by our
XRD and STEM results.
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FIG. 6. Crystal structure representation of the (MnBi,Tes),(BizTes), series,
ranging from the antiferromagnetic (AFM) TI MnBi,Tes (ys, = 1), over ferro-
magnetic (FM) Tl states (low y) to the three-dimensional (3D) non-magnetic
topological insulator Bi,Tes (ys, = 0).
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Overall, our results indicate that, by controlling the Mn supply
during the growth (®y), it is possible to change the composition of
the films continuously from the non-magnetic 3D TI Bi,Te; to the
intrinsic antiferromagnetic TT MnBi,Te4, as sketched in Fig. 6,
with additional intermediate phases, such as TI with ferromagnetic
ordering.”’ This provides a rich playground to explore the interplay
of magnetism and topology in this tunable material system.
Moreover, due to the high control and reproducibility of the epitax-
ial growth, decreasing the layer thickness to explore the 3D to 2D
transition regimes and heterostructures with other materials will
become within reach.

IV. SUMMARY

We  carried out molecular beam  epitaxy  of
(MnBi,Tey),,(Bi;Tes), multilayers based on co-deposition of
MnTe and Bi,Te; on BaF, (111) substrates. STEM and XRD exper-
iments show a predominance of MnBi,Te, septuple layers, with
ratios yg; between 0.7 and close to 1. By using XMCD and XMLD,
we confirm antiferromagnetic order in the layers, in accordance
with previous findings on bulk single crystals. Our results establish
a flexible approach for the fabrication of thin films of intrinsic
magnetic topological insulators, which will be of interest for realiz-
ing exotic 2D topological phenomena and for applications in the
research fields of antiferromagnetic spintronics and magnetic van
der Waals materials.
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