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ABSTRACT: In the field of topological materials, the interaction
between band topology and magnetism remains a current frontier
for the advancement of new topological states and spintronic
functionalities. Doping with rare-earth elements with large
magnetic moments is a current approach to exploit the
phenomenology of such interaction. However, dopant solubility
into the main matrix plays a major role. In this sense, the present
work is focused on elucidating how Eu incorporates into Bi,Te;
lattice as a function of doping. This work reports a systematic
investigation of the structural and electronic properties of bismuth
telluride epitaxial layers doped with Eu. Bi,Te; films were grown
by molecular beam epitaxy on (111) BaF, substrates with nominal
Eu doping ranging from 0% up to 9%. X-ray diffraction analysis

Eu doped Bi, Te, epitaxial films
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and scanning transmission electron microscopy reveal that Eu atoms enter substitutionally on Bi sites up to 4% of Eu doping. In

contrast, the 9% Eu-doped sample contains epitaxially oriented

nanoclusters of EuTe. X-ray photoelectron and absorption

spectroscopies show that Eu atoms enter the Bi,Te; crystal matrix in the divalent Eu®" state for all Eu concentrations. Angle-resolved
photoemission experiments indicate that the topological surface state is preserved in the presence of the local magnetic moments

introduced by the Eu impurities.

B INTRODUCTION

The interplay of band topology and magnetism represents one
of the central frontiers in the field of topological materials, and
it is believed to provide various pathways for the realization of
novel topological states of matter and spintronic function-
alities. For instance, the quantum anomalous Hall effect has
been realized in a topological insulator (TI) doped with
magnetic impurities, namely, in V- and Cr-doped (BiSb),Te;.
In the past years, transition-metal-doped TIs have been widely
studied.'™” More recently, intrinsic magnetic TI have been
discovered,'™"® which also display topological transport
phenomena in thin films."”"® Despite these encouraging
developments, the impact of local magnetic moments and
magnetic order on topological surface states (TSS) is not yet
fully understood.'™"*'*~"® For example, gap openings in the
TSS have been observed even in the paramagnetic regime of
some materials,”'” while in other cases, no gap was observed in
the presence of magnetic order."

Doping with rare-earth elements (RE) is an alternative
approach to address the interplay of magnetism and TSS. REs
typically feature a large and localized magnetic moment arising
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from the partially filled 4f shell. In the archetypal 3D TI'
Bi,Tes, it is expected that RE elements would lead to an
isoelectronic and substitutional doping on the Bi site, avoiding
electrical doping.”® Previously, Bi,Te; has been doped with Dy,
Ho, and Gd. Out of the three, Dy** and Ho®* exhibit the
highest calculated magnetic moment of around 10.5 g, while
for Gd*, this value is around 7.9 uz.”>"

A previously not investigated 4f dopant in Bi,Te; is
europium, which has the atomic number Z = 63 and the
electronic configuration [Xe] 4f" 6s’. Its calculated magnetic
moment is 8.8 pp, and it is well known to form a binary
antiferromagnetic compound with Te.”” This could increase
the solubility into a Bi,Te; matrix without introducing
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structural disorder because Bi sites provide the same structural
environment as the europium sites inside EuTe.

In this work, we present a systematic investigation of the
structural and electronic properties of Eu-doped Bi,Te;
epitaxial layers. The films were grown by molecular beam
epitaxy on (111) BaF, substrates with nominal Eu doping
concentrations ranging from 0% (reference sample) to 9%. A
first set of samples was prepared with 0, 2, 4, and 9% Eu
doping. The samples consist of 100 nm-thick Bi,Te;:Eu films
covered by a 100 nm-protective Te capping layer, which was
deposited immediately after the film growth. This protective
layer is intended to preserve a pristine film surface for
photoemission and X-ray absorption experiments. A second set
of samples with nominal Eu doping of 0, 2, and 9% consists of
2S5 nm-thick films grown in the same conditions but without
Te capping and was meant for X-ray diffraction (XRD)
investigations. The samples were characterized in situ by
reflection high-energy electron diffraction (RHEED) and ex
situ by XRD, scanning transmission electron microscopy
(STEM), X-ray photoemission spectroscopy (XPS), X-ray
absorption spectroscopy (XAS), and angle-resolved photo-
emission spectroscopy (ARPES). We consider several possible
models for the Eu incorporation in the Bi,Te; crystal matrix
and contrast them with the results of the aforementioned
characterization techniques. This allows us to elucidate how
europium incorporates in the Bi,Te; lattice as a function of
doping.

The trigonal crystal lattice of Bi,Te; is composed of a
stacking sequence of quintuple layers (QLs) (Te'—Bi—Te’—
Bi—Te') separated by van der Waals (vdW) gaps. The unit cell
of the pure Bi,Te; phase consists of three QLs stacked on top
of each other, leading to a lattice parameter of 30.474 A along
the [0001] direction. The (0001) Bi,Te; surface forms a
hexagonal atomic arrangement with an in-plane lattice
parameter of 4.382 A. We chose cubic BaF, as the substrate
to grow the Bi,Te; epitaxial films because the in-plane lattice
constant of its (111) surface (4.384 A) is very close to that of
Bi,Te;, giving an in-plane lattice mismatch of only 0.04%.>* In
principle, vdW epitaxy relaxes the lattice mismatch con-
ditions,”* allowing the growth of high-quality Bi,Te, epitaxial
layers over a wide range of substrates. However, a more
accurate XRD analysis indicates that the presence of
intermediate layers inside the vdW gaps, such as Bi double
layers, can prevent the relaxation of the film.”® Because this
may be a scenario for magnetically doped samples, the choice
of a proper substrate is of fundamental importance.

B METHODS

Europium-doped bismuth telluride thin films were grown on
freshly cleaved (111) barium fluoride slices using a Riber 32P
molecular beam epitaxial (MBE) system. More details about
the MBE %rowth system and sample preparation can be found
elsewhere.”® For this work, we used one effusion cell charged
with nominal stoichiometric Bi,Tes, a second cell with the Te
solid source to compensate the tellurium loss, and a third cell
containing solid europium to dope the films. The beam
equivalent pressure (BEP) of each cell was measured in an ion
gauge just before growth. The undoped Bi,Te; reference
sample was grown with BEPg; 1., = 5 X 1077 Torr, substrate

temperature Tgyp = 260 °C, and ®y = BEPy,/BEPy; 1., = 0.5.

These growth conditions were carefully chosen to obtain n-
type bismuth telluride films close to the Bi,Te, stoichiometry”’

and were found to lead to a low deposition rate and relatively
low surface mobility, which reduce the chances of Eu
clustering. The nominal Eu doping concentration was defined
as xp, = BEPy,/BEPy; 1. Two sets of samples were produced.

The first set with x, = 0% (reference), 2, 4, and 9% consists of
a 100 nm-thick Bi,Tey:Eu films covered by a 100 nm-thick
protective Te capping layer, deposited just after growth, to
preserve a pristine surface for photoemission and X-ray
absorption experiments.”® The second set with xp, = 0%
(reference), 2, and 9% consists of 25 nm-thick films grown in
the same conditions but without Te capping, which was
dedicated to XRD investigation. All growths were monitored in
situ by a RHEED system with the electron gun set to 16 kV.

X-ray reflectivity curves were simulated via recursive
equations suitable for layered materials and already used to
study epitaxial films of bismuth telluride.”” Three model
structures were considered for XRD simulation.

In model 1, we assume substitutional occupation of Bi sites
by a concentration x of Eu in films with composition
Biy(;_yEu,, Te;. Amplitudes of X-ray scattering by Bi/Eu
sites were calculated as f = (1 — x)fp; + xfg,, where f = (fo +
f'+ if”) is the atomic scattering factor of atom A with
corrections of resonance amplitudes f and f” for the used X-
ray energy. Because of difference in atomic radius, an increase
in the atomic displacement parameters of the atoms in the Bi/
Eu layers was accounted for U = (Au?) + Uy, where
\/FT =19 pm stands for thermal vibrations at room
temperature” and (Aw?) = (1 — x)(ry; — (")) + x(rg, —
(r))? is the mean-square displacement regarding the mean
radius (r) = (1 — x)ry; + xrg, of the atomic radius ry; = 154.5
pm and rg, = 204.2 pm. For 2 and 9% of Eu, x = 0.02 and 0.09,
JU = 20 and 24 pm, respectively.

In model 2, we assume interstitial occupation of Eu
monolayers in the vdW gaps, films with composition
Eu,,(Bi,Te;),. A number m of Eu monolayers distributed
according to a lognormal probability in the vdW gaps of n QLs
(1 monolayer per gap only). This lognormal probability is the
same used to distribute Bi BLs in films with Te deficiency, as
described elsewhere.”” The interlayer distance of each
occupied vdW gap changes from 2.613 A (Te/Te) to 3.810
A (Te/Eu/Te) because 1.905 A is the Eu/Te atomic interlayer
distance in the EuTe crystal structure at room temperature.
Simulated X-ray reflectivity curves correspond to average
curves over 200 model structures with m = 1 (0.5%), 4 (2%), 8
(4%), or 18 (9%) Eu monolayers randomly distributed in n =
100 QLs.

In model 3, we assume segregation of the EuTe phase in
films with overall composition (Bi,),,(Bi,Tes),_,,(EuTe)s,,
where a number m of QLs provides enough Te for 3m EuTe
layers and Bi for m BLs. The Eu/Bi ratio is 3m/2n. Simulated
X-ray reflectivity curves correspond to average curves over 50
model structures with 3m = 3 (1.5%), 6 (3%), 12 (6%), or 18
(9%) EuTe layers stacked at the bottom of the films and m Bi
BLs randomly distributed in the vdW gaps of 100-m QLs
stacked in the upper part of the films.

XRD measurements were done at our laboratory using a
high-resolution X-ray diffractometer PANalytical X’Pert MRD
equipped with a (220) Ge four-crystal monochromator,
providing Cu ke, radiation and an open detector with total
acceptance of 1°. Longitudinal Qz scans were performed at the
XRD2 beamline of the Brazilian Synchrotron Light Source
using a double-crystal (111) Si monochromator, with a beam
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energy of 8004 eV and a Pilatus 100k area detector. More
details about the measurement configuration can be found
elsewhere.”

Cross-sectional lamellas were prepared at the Wilhelm
Conrad Rontgen 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 between 25 and S0 nm. STEM images were
obtained using a FEI Titan 80-300 transmission electron
microscope operated at 300 kV.

To perform surface analyses, the tellurium protective
capping layer was mechanically removed inside ultrahigh
vacuum (UHV) chambers.”® The sample preparation consists
of gluing a top-post with silver epoxy over the Te-capped films.
These samples are loaded into the UHV analysis chamber and
cooled down to measurement temperature. The top-post is
then mechanically tilted, pulling out the Te protective capping
layer and exposing pristine surfaces of Eu-doped Bi,Te;
samples just before measurement starts.

Core-level photoemission measurements were performed at
the 109 beamline of Diamond Light Source, which delivered
both soft and hard X-rays to an end-station equipped with a
Scienta EW4000 electron analyzer. The two beams were
directed to illuminate the same spot on the sample. The hard
X-ray photon energy was set to be 5.93 keV by a Si(111)
monochromator followed by a Si(004) channel-cut crystal,
while the soft X-ray energy was selected by a plane-grating
monochromator using a 300 line/mm grating. The sample was
cooled down by a liquid He cryostat to 70 K, and the pressure
stayed below 5 X 107'" mbar throughout the measurements.
The resonant photoemission experiments were carried out at
the ASPHERE III endstation at beamline P04 of the PETRA
III synchrotron facility at DESY (Hamburg, Germany), at a
temperature of 30 K and a base pressure of 2 X 107'* mbar.

XAS measurements were carried out at a high-field
diffractometer end station of the UE46 PGM-1 beamline at
BESSY 1II using circularly polarized photons around the Eu
M, 5 edges. Theoretical XAS spectra for the M, (3d — 4f)
absorption of Eu’* and Eu® ions were calculated using the
framework of the crystal field multiplet theory™ and the
quantum many-body script language QUANTY.”" The hybrid-
ization effect between the localized f-level and conduction
electrons is considered to be weak’ and is neglected in the
calculations. To account for the Eu point group in Bi,Te;, we
describe the crystal field in O, symmetry, thus assuming that
Eu ions substitute into the lattice at cation sites, as determined
by structural analysis. Contributions of the splitted ground
state terms to the absorption spectra were weighted using
Boltzmann factors corresponding to the experimental temper-
ature T = S K. The calculated spectra are broadened by a
Gaussian function with a standard full width of half maximum
of 0.15 eV to account for the instrumental broadening and by
an energy-dependent Lorentzian profile for intrinsic lifetime
broadening.

ARPES measurements were performed in an ultra-high
vacuum surface analysis system equipped with a Scienta R4000
hemispherical analyzer using He I, radiation (hv = 21.2 eV).
The energy resolution is better than 18 meV, and the angle
resolution is 0.2°. The sample was cooled down to 20 K using
liquid He. The pressure during measurement never exceeded 5
X 107" Torr. The second-derivative ARPES spectra were
obtained by applying a Gaussian filter.

B RESULTS AND DISCUSSION

In order to monitor in situ the growth of Eu-doped Bi,Te,
epilayers, RHEED patterns were acquired along the [1010]
and [2110] symmetry azimuths. Figure 1 shows the RHEED

Figure 1. RHEED patterns acquired along (a) [1010] and (b) [2110]
azimuthal directions for 100 nm-thick Eu-doped Bi,Te; films on
(111) BaF, substrates. The nominal Eu doping concentration ranges
from 0% (reference sample) to 9%.

images along both azimuths recorded just after depositing 100
nm of Bi,Te; with nominal Eu doping ranging from 0
(reference) up to 9%. For the undoped sample, 2 RHEED
pattern composed of very thin streaks evidences a flat surface
for the (0001) Bi,Te; films grown on (111) BaF,.”® As the Eu
doping level is raised, the streaks in the RHEED pattern
become more elongated and wider, and the image background
turns blurrier, indicating that disorder on the film surface rises
with increasing Eu content.”® The RHEED patterns shown in
Figure 1 repeat for each 60° of azimuthal rotation,
demonstrating that the three-fold symmetry of the Bi,Te;
hexagonal lattice is preserved for all samples with different Eu
concentrations.”>*® Note that the separation between streaks

for RHEED patterns recorded along [2110] (Figure 1b) is J3
larger than that measured along [1010] (Figure la), also
because of the C;, symmetry. We observe no intermediate
streaks for any azimuthal direction of any sample, providing
evidence of the absence of surface reconstruction during these
growths.

Aiming to investigate how europium atoms enter the Bi,Te;
crystalline structure, several model structures were used to
calculate the XRD curves. Possible scenarios considered in the
models are shown in Figure 2a—c. Europium atoms can enter
substitutionally on Bi sites inside the QLs (Eug; in Figure 2a);
they can form Eu monolayers inside the vdW gaps (Eu,gy in
Figure 2b), or they can even form EuTe layers replacing QLs,
as displayed in Figure 2c.

For model structures representing these three different
scenarios, a computational package based on recursive
equations for fast X-ray dynamical diffraction simulation in
large d-spacing materials has been employed to generate the X-
ray reflectivity curves along the [0001] growth direction.”””*
Besides allowing simulation on wide-range Qz-scans, this
computational package has been successfully applied to study
Bi,Te;_s homologous series (§ is the Te deficit in the film),
where QLs and BLs can be randomly stacked along the film
thickness in model structures.”**” We used the same approach
here to randomly distribute single layers of Eu inside the vdW
gaps (Eu,qy). Further details of the model structures are given
in the Methods section. The calculated Qz-scans for europium-

https://dx.doi.org/10.1021/acs.jpcc.0c05077
J. Phys. Chem. C 2020, 124, 16048—16057


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05077?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05077?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05077?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05077?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c05077?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

o
—

| (arb. units)

J»../ e 12

S|t Eu, 15 S2

| (arb. units)
4l -
: H
A __(i
(
S "0uoo N3

| (arb. units)

‘ O Data
[---- Linear fit

| (arb. units)
7
( EuTe
(111)
E
(
(C
7

275 3.00 3.25 3.50 0 2 4 6 8 10
Qz (K) Doping concentration (%)

N
(=)

1.5 200 25
Qz (K

Figure 2. Possible scenarios for the incorporation of Eu in the crystal structure of Bi,Te;, which is composed of QLs separated by vdW gaps: (a)
europium replacement of Bi ions (Euy;), (b) randomly distributed monolayers of Eu ions accommodated inside the vdW gaps (Eu,qy), and (c)
clusters of EuTe layers formed in replacement of QLs. (d) Calculated XRD curves along the [0001] growth direction (Qz-scans) for the three
scenarios with increasing Eu content. (e) Short-range Qz-scan measured around L = 15 Bi,Te; and (222) BaF, Bragg peaks. (f) Mean interplanar
atomic distance (Az) extracted from the measured L = 15 Bi,Te; peak as a function of Eu-doping concentration. The red dashed line is a linear fit
for the Eu content up to 4%. The black dotted line indicates the (Az) value of undoped Bi,Te;.

entering Bi sites (Eug;), being incorporated inside the vdW gap
(Euygw) or forming secondary EuTe phase, are shown in the
upper, middle, and lower panel of Figure 2d, respectively. In all
these curves, S1 and S2 labels correspond to the (111) and
(222) Bragg peaks of the BaF, substrate, respectively.

For the pure Bi,Te; pattern, because the nonprimitive unit
cell is composed of three QLs, only the (000L) Bragg peaks
with L being a multiple of 3 are visible. The weak intensity of
the peaks for L = 9 and 12 is because of their low structure
factors.””* By randomly replacing Bi atoms with Eu, the
calculated curves preserve the Bi,Te; peak position and shape.
No splitting is observed in the Bi,Te; diffraction peaks, even
for the 9% Eu-doped film. By increasing the amount of Eu in
the structure, the intensity of the diffraction peaks and the
amplitude of the interference fringes decrease. A slight change
can be observed for the peaks L = 9 and 12, in which the phase
inversion is enhanced for increasing Eu concentration.
However, because the intensity difference to (111) BaF,
diffraction peak is around 6 orders of magnitude, the signal-
to-noise ratio around these Bi,Te; diffraction peaks is too low
even when using a synchrotron light source.

For Eu atoms residing in the vdW gaps, with nominal Eu
concentration ranging from 1% up to 9%, the Bi,Te; Bragg
peaks are directly modified. The most clear signature is a
splitting of the L = 15 Bi,Te; Bragg peak, which is the bismuth
telluride peak with the highest structure factor.” The splitting
is indicated in the figure by two short arrows. The peak
separation increases linearly with increasing Eu concentration,
appearing clearly even for the 1% Eu-doped curve. Less-
pronounced splittings can also be observed for the peaks L = 6
and L = 18 in the direction of higher and lower Qz values,
respectively.

The calculated diffraction curves for Bi,Te; films mixed with
the EuTe phase are shown in the lower panel of Figure 2d for a
nominal Eu doping concentration ranging from 1 to 9%. For
this scenario, EuTe layers oriented along the [111] direction
are inserted in between Bi,Te; QLs with thickness matching

16051

the nominal doping. The calculated curves clearly show the
appearance of extra diffraction peaks around Qz = 1.65 and 3.3
A", which are related to the (111) and (222) Bragg peaks of
the EuTe epitaxial phase, respectively. These secondary-phase
diffraction peaks appear as faint shoulders for Eu concen-
trations equal to 1% and become more intense and visible as
the Eu content is raised up to 9%. The calculated curves exhibit
no significant change for any of the Bi,Te; diffraction peaks.
The presence of interference fringes is suppressed with
increasing Eu concentration, which is a consequence of broken
periodicity in the crystal lattice.”’

To evaluate experimentally the effect of Eu doping in the
Bi, Te; epitaxial films, Qz scans were acquired along the [0001]
direction at the XRD2 beamline of the Brazilian Synchrotron
Light Source. Because the most significant effects in the XRD
curves should occur in the vicinity of the L = 15 Bi,Te; Bragg
peak, Qz scans were acquired around this region. Figure 2e
shows short-range Qz scans around the L = 15 Bi,Te; and
(222) BaF, diffraction peaks for samples with different Eu
concentrations. The curve of the 2% Eu-doped sample exhibits
no splitting and no extra diffraction peak in comparison to the
undoped sample, indicating that Eu atoms enter substitution-
ally on Bi sites inside the QLs for this doping level. For the 9%
Eu-doped sample, an extra diffraction peak is visible at Qz =
3.261 A™'. This peak corresponds to the calculated peak of the
(222) EuTe phase, evidencing the formation of an epitaxial
secondary phase grown with the (111) EuTe plane parallel to
the (111) BaF, basal plane. The extracted d-spacing for the
(222) EuTe diffraction peak is d = 1.927 A, which is higher
than the bulk value (d = 1.905 A), indicating that the EuTe
layers embedded in the Bi,Te; matrix are strained. In addition,
the undoped and the 2% Eu-doped curves exhibit well-defined
interference fringes, indicating homogeneous and ordered
layers along the whole substrate area. In contrast, the 9% Eu-
doped sample exhibits an increase of the full width at half-
maximum for the L = 15 Bi,Te; diffraction peak and the
interference fringes are no longer observable. This suggests
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Figure 3. Scanning transmission electron microscopy cross-section images of 100 nm-thick Eu-doped Bi,Te; epitaxial films (covered with Te
capping layer) with 2 and 9% of nominal Eu concentrations. The images for the 2 and 9% Eu-doped samples were taken along [1 —1 0] and [—1
—1 2] BaF, azimuthal directions, respectively. (a) Cross-section image of the 2% Eu-doped sample showing clearly the BaF, substrate, the 100 nm-
thick Bi,Te;:Eu film, and the Te protective layer. (b) Zoom into the red rectangle of (a) shows the 18 topmost QLs separated by vdW gaps (darker
lines parallel to the sample surface) together with the Te cap layer. (c) Augmented image for the 6 upper QLs [zoom into the red rectangle of (b)]
exhibiting well-defined QLs intercalated with vdW gaps, demonstrating that the Bi, Te; lattice matrix is preserved up to the Te-cap interface. (d)
Diffraction pattern obtained from the 2% Eu-doped sample. The green circles correspond to the calculated position of BaF, peaks, while the others
are related to Bi,Te;. (e) Cross-section image of the 9% Eu-doped sample showing the substrate, smudgy film, and Te capping. (f) Zoom into the
red rectangle of (e) showing a crystalline EuTe cluster embedded in the Bi,Te, lattice. (g) Composite image obtained from a Fourier transform,
highlighting the EuTe cluster in blue. (h) Diffraction pattern obtained from the 9% Eu-doped sample. Green, red, and orange circles correspond to
the calculated positions of BaF,, Bi,Te;, and EuTe, respectively. (i) Intensity profile along the line 1 in (b) and lines 2 and 3 in (f). (j) Diffracted
intensity as a function of Qz extracted along the white line in (h). The line scan shows, besides the S1 and S2 substrate peaks, the L = 03, 06, 09, 12,

and 15 peaks related to the Bi,Te; phase and clear extra diffraction peaks corresponding to EuTe.

that the Bi,Te; matrix has domains with significant differences
in thickness.

The mean interplanar atomic distance ({Az)) was measured
for all Te-capped samples. By measuring the position of the L
= 15 Bi,Te; Bragg peak, it is possible to calculate the unit cell
height c. The mean interplanar atomic distance is equal to ¢/
15. The result is shown in Figure 2e as a function of nominal
Eu concentration. The open circles indicate the experimental
values, and the red dotted line represents the linear fit to the
data excluding the 9% Eu-doped sample. The Te deficit in the
Bi,Te;_; phase because of formation of the EuTe phase can be
one of the reasons for the observed reduction in (Az) for the
9% Eu-doped sample. By adding europium to bismuth
telluride, the mean interplanar atomic distance presents a
linear increase up to 4% of nominal Eu doping, which agrees
with europium atoms replacing bismuth positions because Eu**
(Eu*) has an ionic radius equal to 1.17 A (0.95 A), while the
ionic radius of Bi** is 1.03 A.>° This linear increase in (Az)
suggests a homogeneous incorporation of Eu atoms in the
form of Eu®*, rather than Eu®*, into the Bi sites of the Bi,Te,
lattice. The linear increase of the mean interplanar atomic
distance together with the simulated and measured XRD
curves reinforces the hypothesis that Eu replaces Bi up to 4%
of nominal doping. A linear change in the out-of-plane lattice
constant was previously also observed for homogeneous Cr
incorporation into bismuth-antimony telluride samples up to
8% of nominal Cr concentration. Above this value, a secondary
Cr,Te, phase was observed.””

STEM was employed to gain further insights into the
structure of Eu-doped Bi,Te; epilayers. Figure 3a presents a

cross-section STEM image of the 2% Eu-doped bismuth
telluride epitaxial film, which shows the BaF, substrate, the 100
nm-thick film, and the Te capping layer. By zooming into the
red rectangle of Figure 3a, one can distinguish the 18 topmost
QLs together with the Te protective layer, as shown in Figure
3b. In this image, the QLs are clearly visible separated by vdW
gaps that appear as darker lines parallel to the sample surface.
The presence of well-defined QLs intercalated with vdW gaps
indicates that the Bi,Te; lattice matrix is preserved up to the
Te-cap interface, as demonstrated by the augmented image for
the 6 upper QLs in Figure 3¢ obtained from the zoom into the
red rectangle of Figure 3b. The diffraction pattern obtained for
the 2% Eu-doped sample is presented in Figure 3d. The green
circles indicate the calculated position of the BaF, peaks. The
remaining diffraction points are purely because of the Bi,Te;
structure. The STEM images show no evidence of secondary
phases in the films with Eu doping up to 4%, corroborating the
XRD analysis.

The cross-section STEM image acquired for the 9% Eu-
doped Bi, Te; sample is shown in Figure 3e with an overview of
the substrate, the film, and the Te capping layer. The smudgy
image of the epitaxial film indicates an inhomogeneous Eu-
doped bismuth telluride layer. By zooming into the red
rectangle of Figure 3e, we obtain the image in Figure 3f. In this
image, one can see a cluster with a different atomic
arrangement, embedded in the Bi,Te; matrix, which we
identify as an EuTe cluster. In order to better visualize the
cluster, a two-dimensional Fourier transform is applied, the
frequencies related to the Bi,Te; QLs are removed, and the
original image is recovered by applying an inverse transform.
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Figure 3g shows the composite image with the region extracted
from the Fourier transform highlighted in blue. In this
composite image, it is clear that this cluster presents a different
crystalline arrangement. The extracted mean interatomic plane
distance for this region is approximately 1.8 A, lower than the
pure Bi,Te; mean interatomic planar distance (2.03 A)°
Figure 3h shows the diffraction pattern obtained from the 9%
Eu-doped sample. The green, red, and orange circles indicate
the calculated position of the BaF,, Bi,Te;, and EuTe peaks,
respectively. The pattern of this sample shows distinctly extra
spots corresponding to the EuTe phase.

Figure 3j depicts the diffracted intensity versus Qz extracted
along the white line in Figure 3h. In this graph, besides the S1
and S2 Bragg peaks, corresponding to the (111) and (222)
BaF, substrate peaks, Bi,Te; and EuTe peaks are also visible.
The Bi,Te; (000L) Bragg peaks with L = 03, 06, 09, 12, and 15
are identified in the graph, and dotted lines indicate the (111)
and (222) EuTe peaks. The (111) EuTe reflection appears as a
faint shoulder close to S1 because of a smaller structure factor,
while the (222) EuTe peak is clearly visible between the peaks
L =15 and S2.

The intensity profile along line 1 in Figure 3b and the lines 2
and 3 in Figure 3f are shown in Figure 3i. Because of parallax
effects, the mean interplanar atomic distances cannot be
precisely determined. However, for the 9% Eu-doped sample, it
is clear that the nanoclusters present a smaller mean interplane
atomic distance when directly compared to the Bi;Te; QLs. A
mean interplanar atomic spacing of 1.8 A inside the EuTe
agglomerate is found.

EuTe crystallizes in the cubic rock-salt structure with a
lattice parameter of 6.598 A. The in-plane lattice constant of its
(111) surface (4.665 A) is larger by 6.42% than the in-plane
lattice parameter of hexagonal Bi,Te; (4.382 A), which is a
considerable lattice mismatch. In spite of this large mismatch,
our findings demonstrate that well-ordered crystalline EuTe
clusters can coexist within the Bi,Te; matrix. This astonishing
result can be explained by the capacity of the Bi,Te; lattice to
accommodate large strain values in the vdW gaps between the
QLs. The vdW epitaxy between Bi,Te; and highly lattice
mismatched materials (up to 19%) has been already
demonstrated,”® resulting in preserved Bi,Te; QLs with
atomically sharp interfaces and no misfit dislocations. Our
results open up the possibility to investigate both homoge-
neous magnetically doped bismuth telluride thin films and
epitaxial bismuth telluride films with embedded EuTe
antiferromagnetic nanoclusters.

All results from XRD and STEM analyses confirm
unambiguously that in the 9% Eu-doped sample, a secondary
EuTe phase is formed. These clusters of EuTe grow epitaxially
in the Bi,Te; matrix with the (111) EuTe plane oriented
parallel to the (0001) Bi,Te; basal plane. Further investigations
using XPS, XAS, and ARPES were done to better understand
the mechanisms of the europium incorporation in bismuth
telluride.

To perform XPS, XAS, and ARPES, the Te protective
capping layer was mechanically removed inside the surface
analysis vacuum chamber, which has already been proved to be
a very efficient and simple technique to preserve pristine
surfaces.”” Figure 4a presents the XPS spectrum acquired at
the Eu 4d core level for the 4% Eu-doped Bi,Te; thin film
using a photon energy of hv = 5.9 keV to increase bulk
sensitivity. A well-resolved multiplet structure of the Eu 4d
core level is observed, which is characteristic of the exchange
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Figure 4. (a) X-ray photoelectron spectrum of the Eu 4d core level
measured for a 4% Eu-doped Bi,Te; film with photon energy hv = 5.9
keV at 70 K. The dashed lines are pseudo-Voigt fits to the observed
peaks, and the solid red line is the sum of all curves that best fitted to
the experimental data. A Shirley background correction was applied.
(b) X-ray absorption spectra measured at the Eu M, 5 edges of the 2
and 9% Eu-doped (0001) Bi,Te; films at S K together with calculated
Eu®* and Eu’* XAS spectral curves. (c) Spectra of the 4% Eu-doped
sample obtained by resonant excitation at photon energies near the
Eu 3d to 4f absorption edge. Small arrows at figure (b) indicate the
excitation energies near the Eu M; absorption edge.

splitting of the Eu** (%S,,,) valence state.”” The various final
states 9D] with ] =2, 3, 4, 5, and 6 can be clearly distinguished,
evidencing that Eu is in a divalent state in Bi,Te; epitaxial
films.*>*" The multiplet structure ’D; with J = 1-S appears as
an unresolved manifold at higher binding energies. An increase
of the full width at half-maximum with a corresponding
decrease of peak intensity as a function of increasing binding
energy has been already observed for other RE 4d spectra.*” In
the case of Eu’", the 4d levels would appear at higher binding
energies."” Similar results were observed for the spectrum
acquired for the 9% Eu-doped Bi,Te; sample and with photon
energy of hv = 1.2 keV to increase surface sensitivity (not
shown here). Our XPS results demonstrate that the Eu atoms
are entering the bismuth telluride matrix with the same Eu®"
valence as in the EuTe clusters.

Figure 4b shows XAS spectra measured at the Eu M, 5 edges
for the 2 and 9% Eu-doped Bi,Te, films (top curves) and the
calculated spectra of Eu** and Eu** (bottom curves). The
measurements were conducted at T = 5 K. The XAS line shape
is the same for all three samples (4% Eu-doped not shown
here) and shows an overwhelming prevalence of Eu?*.”"* The
results obtained by the XPS and XAS analyses thus
demonstrate unequivocally that Eu atoms enter into the
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Bi,Te, lattice as Eu**. In addition, previous transport results on
Eu-doped Bi,Te; bulk crystals have shown an increase of p-
type doping with rising europium content,** which is also
indicative of Eu atoms replacing Bi with less valence electrons.

Presence of the divalent Eu in our samples is in line with the
general tendency of binary compounds of Eu and the elements
of group 6 to stabilize the lower oxidation state of Eu with
heavier and less electronegative chalcogens. The trivalent state
is the most stable in oxides, for instance, in Euy'O; with the
highest melting point of 2573 K, whereas the Eu"O phase
decomposes at 1793 K.*° Decreasing electronegativity and
increasing polarizability in the S—Se—Te series progressively
favors the divalent state. EuS is already more stable, with a
higher melting point, than the mixed-valence compound Eu,S,,
and, moreover, only divalent EuSe and EuTe are stable for
heavy chalcogens.*

To probe the location of the Eu 4f levels in the valence band,
Eu 3d to 4f resonant photoemission experiments were
performed, as shown in Figure 4c. The photon energies for
the on—(1129 eV) and off—(1120 eV) resonance were
chosen based on the XAS spectrum, as indicated by short
arrows in Figure 4b. A clear sharp single peak of Eu 4f is
observed at ca. 1.7 eV below the Fermi energy.

To consider the effect of Eu dopants on the surface
electronic structure, we measured ARPES in the vicinity of the
[ point of all Eu-doped Bi, Te; thin films. Figure Sa shows the
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Figure 5. (a) ARPES spectrum near the I' point of the Bi,Te,
epitaxial film doped with 2% of Eu acquired at 20 K with a photon
energy of hv = 21.2 eV. (b) Second-derivative intensity plot with
Gaussian smoothing obtained from the respective ARPES spectra.
The dashed lines serve as guide to the eye of the TSS dispersion.

ARPES spectrum measured on the (0001) Bi,Te; surface of
the 2% Eu-doped sample. ARPES measurements for higher
doping levels yielded similar results, albeit with additional
broadening because of the increased disorder. The measure-
ment was performed using He I radiation (hv = 21.2 eV)
right after the mechanical removal of the protective Te capping
layer at 20 K. The M-shaped bulk valence band and the bulk
conduction band are clearly visible, in close analogy to pristine
Bi,Te;.”® Moreover, the dispersion of the TSS is clearly
observed, indicating that the topological surface remains robust
in the presence of local Eu magnetic moments for all
investigated doping levels. Based on our data, we can also
exclude the occurrence of sizable gaps in the TSS on the order
of 50—100 meV, as they were observed for Mn-, Fe-, and V-
doped bismuth chalcogenides.>'”*®

The boundaries of the energy bands can be seen in a clearer
way by analyzing the second-derivative images of the raw

16054

ARPES spectrum. The second-derivative intensity plot is
shown in Figure Sb and was obtained using Gaussian
smoothing with a width equal to 0.06 and 0.07 for d/dx and
d/dy, respectively. The d/dy image was scaled down to 15%.
From our ARPES data, we estimated the group velocity (vg) of
the TSS to be 2.55 eV/A (3.9 X 10° m/s). This value is in very
good agreement with previous values reported for pristine
Bi,Te; bulk samples."’

Previously, the gap opening in Mn-doped Bi,Se; has been
attributed to resonant Mn 3d states near the Dirac point.'” In
the present case, our resonant photoemission data in Figure 4c
show negligible Eu 4f spectral weight near the Fermi level. In
this regard, our data are consistent with the scenario, showing a
gapless TSS in the absence of impurity states close in energy.

B CONCLUSIONS

We have investigated the incorporation of Eu in Bi,Te; TI
films. To this purpose, two sets of Eu-doped Bi,Te; layers were
grown on (111) BaF, substrates by molecular beam epitaxy
with nominal Eu content varying from 0% (reference) to 9%.
In situ RHEED analysis demonstrated that all films grow in a
layer-by-layer mode since the early stages. Additionally, we
observe no surface reconstruction or increase of the surface
disorder with increasing Eu doping. Three possible scenarios
were considered for the incorporation of Eu in the crystal
matrix of Bi,Te;: (i) Eu atoms entering substitutionally in Bi
sites; (ii) single Eu layers being incorporated in the vdW gaps,
and (iii) EuTe phase formation in clusters. XRD calculations
and measurements together with STEM images revealed that
Eu atoms enter substitutionally in Bi positions up to 4% of Eu
doping, and that for the 9% Eu-doped sample EuTe crystalline
clusters (5—10 nm in dimension) are formed, embedded in the
Bi, Te, lattice with the (111) EuTe plane parallel to the (0001)
Bi,Te; basal plane. The XPS and XAS results proved that Eu
atoms are entering into the Bi,Te, lattice in the divalent Eu**
state. Our ARPES experiments show that the TSS remains
robust and gapless in the presence of the Eu-induced local
magnetic moments.
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