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Magnetic topological insulators (MTIs) are a novel materials class in which a topologically nontrivial electronic band
structure coexists with long-range ferromagnetic order. The ferromagnetic ground state can break time-reversal sym-
metry, opening a gap in the topological surface states whose size is dependent on the magnitude of the magnetic
moment. Doping with rare earth ions is one way to introduce higher magnetic moments into a material, however, in
Bi2Te3 bulk crystals, the solubility limit is only a few percent. Using molecular beam epitaxy for the growth of doped
(Sb,Bi)2(Se,Te)3 TI thin films, high doping concentrations can be achieved while preserving their high crystalline
quality. The growth, structural, electronic, and magnetic properties of Dy, Ho, and Gd doped TI thin films will be
reviewed. Indeed, high magnetic moments can be introduced into the TIs, which are, however, not ferromagnetically
ordered. By making use of interfacial effects, magnetic long-range order in Dy doped Bi2Te3, proximity-coupled to
the MTI Cr:Sb2Te3, has been achieved. Clearly, engineered MTI heterostructures offer new possibilities that combine
the advantageous properties of different layers, and thus provide an ideal materials platform enabling the observation
new quantum effects at higher temperatures.
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1 Introduction Topological insulators (TIs) feature
among the most significant contemporary discoveries in
condensed matter physics [1–3]. They have a gapless topo-
logical surface state (TSS) which exhibits robust spin-
momentum locking protected by time-reversal symmetry
(TRS) from backscattering by non-magnetic defects. The
observation of novel physical phenomena in TIs, e.g., Ma-
jorana fermions [4], the quantum anomalous Hall effect
(QAHE) [5] and topological magneto-electric effects [6],
as well as low-power electronic and spintronic device ap-
plications [7], contribute to the popularity of TIs.

In magnetic topological insulators (MTIs), the topo-
logically nontrivial electronic band structure coexists with
long-range ferromagnetic order. The ferromagnetic ground
state can break TRS, introducing a gap in the Dirac-cone-
shaped TSS around the Dirac point [8], which is the prereq-
uisite for realizing the QAHE [9]. Long-range ferromag-
netically ordered MTIs can be achieved by doping the TI

with transition metals. Examples are Fe [10] and Mn [11–
13] doped Bi2Te3, and V doped Sb2Te3 [14] bulk crystals.
Apart from introducing magnetic order, the dopants should
not introduce excess scattering centers and additional bulk
carriers, which would be detrimental for the observation of
the QAHE in MTIs. Cr doped (Bi0.1Sb0.9)2Te3 has been
the most successful QAHE system so far with a Curie tem-
perature of TC ≈ 16 K [5,15,16]. Despite the fact that
these Cr doped films can have magnetic ordering tempera-
tures above 100 K without loss of crystalline quality [17],
the observation of the QAHE has been restricted to very
low temperatures (<300 mK) [5,16], which has been as-
cribed to extreme Dirac-mass disorder [18]. Further, de-
spite being well-behaved from a growth perspective, sub-
stitutional Cr doping into this materials class (replacing
Bi3+), was found to lead to nominally divalent Cr and co-
valent bonding, thereby altering the structural and mag-
netic properties [19,20].
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In an attempt to increase the useful QAHE temper-
ature range, a number of more unconventional doping
approaches have been successfully explored, such as co-
doping [21–23], modulation doping to separate the dopant
from the charge-carrying surface state layer [24,25], and
doping with higher magnetic moment rare earth ions [26,
27], to name a few. Note that co-doping with different tran-
sition metals can also lead to undesired phase separations
in this materials class [28], while modulation doping with
Cr promises greater inherent benefits owing to the nature
of the doping mechanism, which have, e.g., led to the first
successful observation of the axion insulator state [29].
Modulation doping of heterostructures, i.e., non-uniform
doping along the growth direction, is a well-known tech-
nique for achieving ultrahigh electron mobilities in III-V
semiconductors [30]. Fundamentally, it is based on the
spatial separation of the location of the donors, which have
the detrimental effect of acting as scatterers, and the car-
riers they introduce [31]. Analogously, modulation doping
with ions that introduce long-range magnetic order, and
thus open a magnetic gap, can reduce their detrimental
effect on the carriers in the topological surface state.

Doping a TI with an ion that has a higher magnetic
moment is an interesting alternative approach, in particu-
lar since the size of the magnetic gap is directly depen-
dent on the size of the magnetic moment [32]. The rare
earth elements comprise of the lanthanide series (4f series)
and the more exotic actinide series (5f series). The lan-
thanides (Ln), reaching from La to Yb, are well-established
in the context of thin film growth. The magnetic moments
(meff ) peak in the Ln series for Dy and Ho with values
of ∼10.5 µB. Other large moment ions are the lighter
Gd and Tb, as well as the heavier Er and Tm. In gen-
eral, due to their well-shielded 4f shell, the expectation
is that the high moment Ln ions behave like isolated mag-
netic moments in the host matrix, thereby giving rise to
an overall paramagnetic behavior of the doped system.
Also in Ln metals, the conduction electrons contribute to
the magnetic properties primarily as a means of exchange
coupling between the localized 4f moments. Neverthe-
less, this view of non-hybridizing Ln states is a simpli-
fication and the existence of correlated (atomic-like) 4f
electrons in the vicinity of the valence band makes any
first-principles theory challenging [33]. Evidence for 4f
delocalization and dispersion was found in, e.g., in CeSb2

[34], CeCoGe1.2Si0.8 [35], YbRh2Si2 [36], and also Gd
doped HfO2 where strong hybridization with the O 2p band
was demonstrated [37]. Density-functional theory for rare
earth elements can now also include the important contri-
butions of spin-orbit interaction and orbital polarization,
which determine the magnitude of the magnetic moments
[33]. Furthermore, for LaBiTe3 (with a 1:1 ratio of La:Bi)
[38] and Gd0.08Bi1.92Se3 [39], ab initio calculations of the
band structure have shown that these materials remain TIs
upon RE doping. Finally, owing to their noncentrosymmet-
ric crystal structure, compounds such as LaBi1−xSbxTe3

(with x between 38.5% and 41.9%) further exhibit a Weyl
semimetal phase [40]. In conclusion, owing to complex-
ity of predicting their magnetic properties, only the growth
and characterization of rare earth (RE) doped materials will
be able to answer the question whether both long-range fer-
romagnetic order and low bulk carrier concentrations can
be achieved while maintaining the topologically non-trivial
surface states.

Doping with Gd is an obvious choice as it is easy
to handle from a practical standpoint [41,42]. In the Gd
metal, both the 5d and 6s electrons are lost to the con-
duction band, leaving a highly localized magnetic moment
due to the unpaired electrons in the 4f shell behind. The
f shell is half-filled and the (Hund’s rule) ground state
is 8S7/2 without spin-orbit splitting. The large magnetic
moment arises from the 7 unpaired 4f spins. The 4f are
well-shielded by the filled 5s and 5p shells and do there-
fore only play a minor role in the chemical and mechanical
properties of Gd, however, determine the magnetic prop-
erties. In the metal, the conduction electrons contribute to
the magnetic properties primarily as a means of exchange
coupling between the localized 4f moments. The crystal
field is completely shielded by the complete 5s and 5p
shells, therefore the orbital moment of the 4f electrons is
not quenched and the total angular momentum is essen-
tially that of the free ion. In the metal, the large total mo-
ment is strongly interacting with the weak crystalline field,
resulting in large anisotropies of the magnetic properties.
Dysprosium metal has a magnetic ordering temperature of
TNeel = 178.5 K [43]. Below this temperature, it shows
ferromagnetic ordering in the basal plane, whereby the
magnetic moment rotates in subsequent basal planes giv-
ing rise to a spin spiral [44]. Below the Curie temperature
of 85 K, Dy becomes ferromagnetically ordered through-
out [45].

Unfortunately, Gd doped Bi2Te3 bulk crystals [41,42]
were plagued by the low solubility limit of ∼1% and 5%.
Therefore, thin films were explored which allow for the
growth of thermodynamically unstable materials, and thus
in principle also higher doping concentrations. For Gd
doped materials, Harrison et al. found a solubility limit of
∼30% in Bi2Te3 [46], which started the exploration of a
wider range of RE dopants and their physical properties.
This review summarizes the developments in RE doping
of single-crystalline (Bi,Sb)2(Se,Te)3 thin film TIs over the
past years. The focus will be on the most promising can-
didate, Dy doped Bi2Te3, in which a gapped topological
surface state band has been observed despite the absence
of long-range magnetic order [27]. Finally, by combin-
ing high ordering temperature, Cr doped Sb2Te3 thin films
with Dy doped Bi2Te3 in high quality heterostructures, fer-
romagnetic ordering up to 17 K has been induced in the Dy
doped layer. This demonstrates that through engineering of
the heterostructure, the high moment of the rare earth can
have long-range magnetic order through the proximity to a
Cr doped TI layer, which concludes this review.
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2 Growth and structural properties of RE doped
(Bi,Sb)2(Se,Te)3 thin films (Bi,Sb)2(Se,Te)3 com-
pounds have a rhombohedral crystal structure with space
group D5

3d (R3̄m). Figure 1 illustrates the layered structure
of the unit cell, with five atomic layers (Te–Bi–Te–Bi–Te
in this example) forming a quintuple layer (QL). Adjacent
Te layers are weakly bonded across the van der Waals gap.
Several studies have reported the growth of high-quality,
single crystalline thin films by molecular beam epitaxy
(MBE) on single-crystalline substrates, e.g., Si [47–50],
Al2O3 [51,52], GaAs [53–55], and lattice-matched InP
[56,57] to name a few, as well as amorphous SiO2/Si for
back-gated electrical transport measurements [58–61].

Rare-earth doped (RExBi1−x)2Te3 thin films with
varying RE doping concentration x were grown by MBE
on c-plane sapphire as described in detail for Dy [26,27],
Ho [62], and Gd [46,63]. The three-chamber MBE sys-
tem used for most of the study has a base pressure of
1 × 10−10 Torr and is equipped with standard effusion
cells for the evaporation of Dy, Ho, Bi, and Te. A high
temperature effusion cell was used for Gd in another sys-
tem. The elemental materials were of the highest purity
available, i.e., 99.9999% for Bi and Te, 99.99% for Dy and
Ho and 99.9% for Gd. Following the established two-step
recipe for Bi2Te3 [51], first a seed layer was deposited
at 50◦C lower than the growth temperature used for the
remainder of the film. The growth was carried out with
a Te:Bi overpressure of >10:1, as measured with a beam
flux monitor. The growth rate is limited by the incident
Bi flux and varies as a function of substrate temperature.
Next, the films were annealed under Te flux for 30 min,
while the temperature was ramped up to the final growth
temperature of 300◦C for Dy and Ho and 240◦C for Gd
(all temperatures are thermocouple values). Note that the
Gd doped films were grown in a different MBE system,
using a different sample heater assembly. The film thick-
nesses were typically between 50 and 120 nm, and were
grown at a rate of typically ∼0.5 nm/min. For achieving
doping concentrations as listed in Table 1, effusion cell
temperatures of 825-950◦C for Dy, 840-900◦C for Ho, and
1250-1400◦C for Gd were used.

The stoichiometry of the films, as well as their thick-
nesses, were determined by using Rutherford backscatter-
ing spectrometry (RBS) with 2.3 MeV helium ions, in com-
bination with particle induced x-ray emission (PIXE) with
1 MeV hydrogen ions. Note that the reliable in-situ flux
measurement using a beam flux monitoring is not possible
for REs due to gettering effects. The ratio of the combined
Bi and RE cation to anion fraction was determined to be
∼2:3, consistent with a substitutional doping scenario with
the RE3+ ion isoelectronically substituting for Bi3+. Note
that all films show small amounts of unintentional Se dop-
ing as the growth was carried out in a combined selenide
and telluride MBE. As Se is replacing Te in the TI films,
the combined chalcogen atomic percentages are ∼60%.

The morphology of the growing films was monitored
in-situ using reflection high-energy electron diffraction
(RHEED). Figure 2 shows the typical streaky RHEED
patterns, indicative of flat, crystalline surfaces, for the Dy
doping series up to x = 0.355. For doping concentrations
greater than 0.183, the streaks become more diffuse as
the surface becomes rougher. Streak-like RHEED patterns
were observed for all high-quality samples of the RE dop-
ing series, i.e., for lower doping concentrations [26,46,
62].

The film morphology was investigated using atomic
force microscopy (AFM) and scanning electron mi-
croscopy (SEM). Figure 3(a) shows that the morphology
of the undoped film (AFM image) is dominated by tri-
angular terraces. The terraces typically show 1-nm-high
quintuple layer steps. With increasing doping level going
from x = 0.055 (b), to 0.113 (c), and 0.355 (d) (all SEM
images), the density of triangular structures increases. This
means that doping increases the number of seeds during
growth. For a more detailed analysis of the morphology of
the Dy doped films as a function of doping concentration,
we refer to Ref. [26].

A detailed analysis of the structural properties of
the films was carried out using x-ray diffraction (XRD)
with Cu Kα1 radiation. Figure 4(a) compares an undoped
Bi2Te3 film and a Dy doped film with x = 0.355. Across
all doping series, only substrate and (0 0 3l) film peaks
were observed, meaning that even for the high RE concen-
trations, the films remain c-axis oriented, rhombohedral
single crystals. No secondary phases were observed at
these lower doping concentrations. Peak broadening and
intensity variations, indicative of degradation in crystalline
quality, were observed with increasing doping concentra-
tion [26,63,64].

Also, as shown in Fig. 4(b), the peak positions shift
towards lower diffraction angles, i.e., the c-axis lattice
constant increases with increasing Dy concentration. The
c-axis lattice constants vary from 30.39 Å for the un-
doped Bi2Te3 film to 30.83 Å for the x = 0.355 film.
The in-plane lattice constants shown in Fig. 4(b) were ob-
tained from asymmetric 2D reciprocal space mapping (not
shown; details can be found in Ref. [26]). For comparison,
the a- and c-axis lattice parameters for the rhombohe-
dral (DyxBi1−x)2Te3 compound with x = 0.5 are a =
4.14 Å and c = 31.02 Å, respectively [65]. This means that
the trend with doping concentration shown in Fig. 4(b)
is consistent with a continuous substitutional doping sce-
nario in the (DyxBi1−x)2Te3 series. Above (and including)
x = 0.355, deviations in this trend are observed, pointing
towards a departure from the substitutional doping sce-
nario, and consistent with the different growth morphology
observed in Fig. 3(d).

Figure 4(c) shows a comparison of XRD spectra of an
undoped and selected Dy, Ho, and Gd doped films, which
are very similar. Below a maximum RE doping concentra-
tion the thin films maintain the crystal structure of the un-
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Figure 1 Undoped and rare earth (RE) doped Bi2Te3 crystal structure
(Bi = blue, Te = red, RE = green). (a) Unit cell consisting of three
Te-Bi-Te-Bi-Te quintuple layers (b), which are separated by the van
der Waals gap between weakly bound Te layers. (c) RE doped Bi2Te3

quintuple layer. The REs are substitutionally replacing Bi. For simplic-
ity, the dopants are shown in a single layer only. Note that apart from
substitutional REs on Bi sites, the REs can also be incorporated inter-
stitially, either in the van der Waals gap and within a quintuple layer.
Figure reproduced from CC-BY 4.0 open access publication [27].

doped film, accompanied by small relative peak shifts and
broadening of the rocking curves, and were free of sec-
ondary RE-Te or other phases. The critical concentrations,
as a fraction of the Bi concentration in (RExBi1−x)2Te3,
are 0.355 for Dy, 0.21 for Ho, and >0.30 for Gd. In con-
trast, for transition metal doped TI systems, phase segre-
gation occurs at much lower doping concentrations than
achieved for RE doped films [66].

To conclude the growth and basic structural analysis
section, the growth parameters and c-axis lattice constants
of the investigated thin film samples are summarized in Ta-
ble 1. Independent of the RE dopant, the c-axis lattice con-
stants of the films increase with doping concentration. The
values for Gd and Ho doping are very similar, and smaller
for Dy doping. These increases of the lattice constants are
not directly correlated with the ionic radii, which are (for
3+ ions in octahedral coordination) 1.17 Å for Bi, 1.027 Å
for Dy, 1.015 Å for Ho, and 1.053 Å for Gd.

To explore the structural properties of the Dy doped
films in more detail, scanning transmission electron mi-
croscopy (STEM) was carried out (see Ref. [27] for de-
tails). Figure 5(a) shows a high-angle annular dark field
(HAADF)-STEM image of a (DyxBi1−x)2Te3 film with
x = 0.113. It was acquired at 60 kV. In the image, the
characteristic quintuple layer stack structure and van der

Table 1 Growth parameters (effusion cell temperatures), stoi-
chiometry (from RBS/PIXE), and structural parameters (c-axis
parameter from XRD) of (RExBi1−x)2Te3 thin films [26,46,62].

RE ion effusion cell T RE conc. x c

(◦C) (Å)

Dy
850 0.055 30.51

875 0.113 30.52

925 0.355 30.80

Ho
850 0.14 30.63

865 0.21 30.73

Gd
1280 0.12 30.62

1320 0.16 30.71

1360 0.30 30.94

undoped - 0 30.42

Waals gap are clearly visible. In order to determine the lo-
cations of the Dy dopant in the lattice, energy-dispersive
x-ray (EDX) line scans were acquired. To capture all rel-
evant locations, the scan stretches across quintuple layer
stacks and the van der Waals gap, as indicated by the or-
ange arrow in Fig. 5(a).

The x-ray emission intensities along the (orange) line
scan are shown in Fig. 5(b). The structure of the Dy signal,
which is aligned with the Bi positions and which has no
intensity at the positions of the van der Waals gap, indicates
that Dy is substitutionally doping on Bi sites. Furthermore,
both the HAADF-STEM and EDX investigations show no
evidence for clustering of the dopants or phase segregation
on a local scale, in agreement with the XRD data.

3 Magnetic properties The magnetic properties
of the RE doped thin film samples were studied us-
ing lab-based magnetometry for the bulk properties and
synchrotron-based x-ray magnetic circular dichroism
(XMCD) for determining the electronic character of the
magnetic ground state [67]. Element-specific XMCD is
capable of unambiguously determining the electronic and
magnetic state of transition metal and rare earth magnetic
dopants in TIs [68–70].

The XMCD measurements were carried out on beam-
line I10 (BLADE) at the Diamond Light Source (Oxford-
shire, UK) using a 14 T superconducting magnet. The
XMCD at the M4,5 edges of Dy, Ho, and Gd was ob-
tained from the difference between two x-ray absorption
spectra (XAS) recorded with the x-ray helicity vector and
applied magnetic field anti-parallel and parallel (along the
x-ray beam), respectively [71], As changing the magnetic
field of the superconducting magnet is a slow process, the
XMCD was obtained by reversing the polarization of the
incident x-rays. The 4f magnetic moments were obtained
from the XMCD spectra for Dy, Ho, and Gd, as described
in Refs. [26], [62], and [46], respectively, and are sum-
marized in Table 2 along with the theoretical values for
the LS-coupled atomic ground states. Table 2 shows that
saturated moments obtained by XMCD at high field and
near liquid He temperatures are 40-50% of the theoretical
maximum values. Possible causes for this difference are an
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Figure 2 In-situ study of the growth of Dy doped Bi2Te3 films by
reflection high energy electron diffraction (RHEED). (a) RHEED
patterns along the [112̄0] (left column) and [101̄0] (right column)
azimuths of the Al2O3(0001) (c-plane sapphire) substrate, and
(b) for an undoped Bi2Te3 film. In (c-g), RHEED patterns are
shown for a Dy thin film doping series with the (substitutional)
Dy concentration x [in (DyxBi1−x)2Te3] as indicated. Up to (and
including) a Dy concentration of 0.113, the streaks remain very
sharp.

Figure 3 Microscopy images of Dy doped Bi2Te3 films. (a) Un-
doped Bi2Te3 film (for comparison) showing triangular terraces
with quintuple layer (QL) steps of ∼1 nm in height. The width
of the terraces is on the order of 150 nm. (b) With increasing Dy
concentration (x = 0.055), the structures becomes more irregu-
lar, however, the QL steps are still dominant. (c) For x = 0.113,
a moderate change in growth mode becomes apparent, whereby
steps of several QL in height appear. (d) For the highest doping
concentration (x = 0.355), the film appears much smoother with
only a few steps visible, however, at the same time 3D defects
appear. As a result of the 3D features, the overall roughness in-
creases, consistent with the RHEED data. The scale bars repre-
sent 200 nm.

antiferromagnetic alignment of the oxidized RE-ions, 4f
crystal-field interaction, and non-collinear moments in the
paramagnetic phase. Note that the temperature-dependent
XMCD plots reveal paramagnetic behavior down to the
lowest probed temperature of ∼2 K.

The bulk properties of the RE doped TIs were investi-
gated using superconducting quantum interference device
(SQUID) magnetometry. Figure 6 shows M(H) magneti-
zation loops for selected Dy, Ho, and Gd concentrations.
The measurements were conducted at the base tempera-
ture of the SQUID system. The field was applied in the
plane, i.e., perpendicular to the c-axis. The diamagnetic
background was subtracted by a linear fit to the high-
field data points. For low temperatures, all magnetization
curves saturate at high fields. To determine the magnetic
moment per RE ion, the sample volume was calculated
from the film area (via the sample mass, density, and mea-
sured wafer thickness) and film thickness (independently
obtained via XRR and RBS/PIXE), and the RE concen-
tration from RBS/PIXE [26]. The behavior of the M(H)
loops is qualitatively identical for all three dopants, bear-
ing in mind that the RE concentration and measurement
temperature were different for Gd. No hysteretic magnetic
behavior and no apparent remanent magnetization was ob-
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Figure 4 Structural x-ray diffraction (XRD) study of RE doped thin films. (a,b) Dy-doping series. In (a), the symmetric 2θ–ω scan of a
(DyxBi1−x)2Te3 thin film with the highest doping concentration (x = 0.355, red) is compared with an undoped Bi2Te3 layer (black).
The plots are offset for clarity. All film and substrate peaks are labeled as indicated. As can be seen from the peak shift, the c-axis lattice
constant increases with x. In (b), the in-plane a and out-of-plane c lattice constants are plotted as a function of doping concentration,
which were obtained from the analysis of the (1̄ 0 20) peak in reciprocal space maps (not shown here; see Ref. [27] for details). The
general trend is a decrease of a and an increase of c with x. In (c), XRD spectra for Dy, Ho, and Gd doped films (with low doping
concentrations) are compared. The spectra are very similar across the entire RE series, with a larger peak shift for Ho and Gd, and a
slightly lesser one for Dy. Again, an undoped Bi2Te3 film is shown for reference.

Figure 5 Electron microscopy of a (Dy0.113Bi0.887)2Te3 thin
film. (a) Cross-sectional high-angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) image
showing quintuple layer rows, separated by the van der Waals
gap. The position of the energy-dispersive x-ray (EDX) line scan
is indicated by an orange arrow. (b) The scan across three van
der Waals gaps shows Bi (Bi-M in blue) and Te (Te-L in green)
x-ray emission intensities at their expected lateral positions in
the quintuple layer, and no signal across the gaps. Equally, no
Dy is detectable in the gap, but at the Bi positions, consistent
with a predominantly substitutional doping scenario. Figure re-
produced from CC-BY 4.0 open access publication [27].

served for any of the RE dopants at any of the investi-
gated concentrations (at which the film quality is not com-
promised), consistent with the absence of long-range fer-
romagnetic order. The behavior for applied out-of-plane
fields, i.e., parallel to the c-axis, shows a very similar (para-
magnetic) response for all three dopants. This paramag-
netic behavior, which is characteristic of the entire RE dop-
ing series, is due to the strongly localized character of the

4f electrons. As a consequence, the wave function overlap
between neighboring ions is small leading to very weak or
even completely suppressed interactions, as typical for the
Dy-Te compounds DyTe, Dy3Te4, Dy4Te7, Dy4Te9, and
Dy4Te11 [73]. Dy2Te3 is an exception in that it shows an-
tiferromagnetic ordering with a Néel temperature of 4.1 K
[74].
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Table 2 The spin, orbital, and total angular momenta, S, L, J , for the LS-coupled 4f ground state (GS) of the REs, with their
corresponding effective magnetic 4f moment, µGS

eff = gJ
√
J(J + 1) (in µB), using the Landé splitting factor, gJ = 3/2 + [S(S +

1) − L(L + 1)]/[2J(J + 1)]. Further shown are the experimental values, µXMCD
eff , obtained by XMCD for given RE concentration x,

in an applied out-of-plane field µ0H , at temperature T (see Refs. [26,62,46]). Table taken from Ref. [72].
RE ion electron. config. S L J µGS

eff µXMCD
eff x µ0H T Ref.

[µB] [µB/RE ion] [T] [K]
Dy3+ 4f9 5/2 5 15/2 10.65 4.20 0.113 7 5 [26]
Ho3+ 4f10 2 6 8 10.6 4.50 0.14 7 2.5 [62]
Gd3+ 4f7 7/2 0 7/2 7.93 4.04 0.30 6 <5 [46]

Figure 6 Comparative magnetization measurements using super-
conducting quantum interference device (SQUID) magnetometry.
M(H) loops for selected Dy and Ho doped films at 2 K, and a Gd
doped film at 5 K. The field was applied in-plane. All three loops
show qualitatively the same behavior, no remanent magnetization
and no loop opening, indicative of the absence of ferromagnetic
long-range ordering.

Figure 7 compares the temperature dependence of the
magnetic susceptibility χ for the selected RE concentra-
tions, measured in an applied magnetic field of 100 mT.
The main plot shows χ(T ) for a Dy doped film (x =
0.113), which is representative for all three dopants. The
inset compares the inverse magnetic susceptibilities, 1/χ,
as a function of temperature. The inverse magnetic suscep-
tibility data can be fitted using the Curie-Weiss dependence
χ = C/(T − Θ) (dotted lines), where C is the material-
specific Curie constant and Θ is the Weiss temperature. At
low temperatures, the behavior is linear. Fitting the Curie-
Weiss dependence to the Dy data (x = 0.113) yields a
negative Weiss temperature of Θ = −1.2 K. This nega-
tive value hints towards a possible antiferromagnetic phase
transition at temperatures below the explored 2 K. A sim-
ilar behavior was observed for all Dy doped, as well as
the Ho and Gd doped layers. Note that the slope of 1/χ
reduces for the Dy doping series with increasing x. The
Weiss temperature for Dy remains roughly x-independent

with values between −0.36 K and −1.2 K, Ho gives a Θ of
−0.837 K [62], and Gd of −2.5 K [46].

Figure 7 Temperature dependence of the magnetization. The plot
shows the zero-field-cooled magnetic susceptibility χ for a Dy
doped film with a doping concentration of x = 0.113 in a tem-
perature range from 2 to 100 K. In the inset, a comparison of the
inverse magnetic susceptibility for the three selected Dy, Ho, and
Gd doped films is shown at low temperatures from 2 to 15 K. The
straight lines represent linear Curie-Weiss fits to the experimental
data, all yielding (small) negative Weiss temperatures.

Figure 8 shows the comparison of the magnetic mo-
ments for the Dy, Ho, and Gd doped TI films as a func-
tion of RE concentration. Interestingly, only the Dy se-
ries shows a dependence of the magnetic moment on dop-
ing concentration, whereas Ho and Gd give constant val-
ues of ∼5.15µB/Ho [62] and ∼7.00µB/Gd [46], respec-
tively. The value for Gd of 7µB per Gd33+ ion is at the
Hund’s rules limit [75], i.e., Gd3+ is in the high-spin state.
Thus, the magnetic moment observed in Gd doped Bi2Te3

is more than double that of Cr (in Bi2Te3) [5], yet Gd re-
mains isoelectronic to Bi3+ whereas Cr is 2+. The value for
Ho, on the other hand, is much reduced from the Hund’s
rules value of ∼10.6µB/ (for Ho3+) [75]. Possible reasons
for this difference in moments could be oxidation of the
Ho ions [72], the effects of crystal fields, as well as (par-
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tial) antiferromagnetic coupling between the Ho ions [64,
76,77].

In contrast, the magnetic moment of the Dy doped
films is doping concentration dependent, reaching from
(12.63 ± 0.64) µB/Dy for the lowest doped sample (x =
0.023) to (4.29±0.16)µB/Dy for the highest doped sample
(x = 0.355), compared to the free ion magnetic moment
of 10.65µB [75].

Figure 8 Comparison of the magnetic moment per RE ion
as function of RE concentration (at base temperature). For the
Dy doped films, a surprising concentration dependence of the
effective magnetic moment µeff was found, decreasing from
12.6 µB/Dy to 4.29µB/Dy with x. In contrast, the Gd doped films
show an x-independent value of ∼7.0µB/Gd, which is close to
the full Hund’s rules moment, whereas the Ho doped samples
show a reduced value of ∼5.1µB/Ho.

The concentration dependence of the magnetic mo-
ment in the Dy doping series is rather unexpected. It points
towards complex and competing interactions, possibly
by indirect exchange or Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction via the conduction electrons, as it
is commonly observed for rare earth elements [75]. For
Dy concentrations of x ≥ 0.055, the effective magnetic
moments are less than the Hund’s rules value. This lack
of moment could be due to antiferromagnetic order for
the higher doped Dy samples [64,74,76,77]. In contrast,
crystal-field effects and other mechanisms based on dif-
ferences between surface and bulk properties are highly
unlikely to be the culprit since one would not expect to
find such a strong and clear concentration dependence.
However, a similar behavior has also been reported for 3d
transition metal doped TIs, i.e., this is not a RE specific
phenomenon [64]. On the other end of the spectrum, low-
doped Dy samples (x < 0.055) show magnetic moments
that are considerably larger than the Hund’s rule value.
A possible scenario could be the spin polarization of the

Bi2Te3 matrix by the Dy ions, which gives additional con-
tributions to the moment. In general, such a behavior, i.e.,
giant magnetic moments exceeding the free ion Hund’s
rules value, has been observed in rare earth doped dilute
magnetic semiconductors, such as Eu doped GaN [78] and
Gd doped GaN [79], and has been explained by polariza-
tion of the host crystal.

4 Electronic properties The electronic properties of
the RE doped thin films were studied using angle-resolved
photoemission spectroscopy (ARPES). The electronic
band structure of TIs is characterized by Dirac cones.
A strong spectral intensity at the crossover point (Dirac
point), which is found for conventional TIs, is manifesta-
tion of Kramer’s degeneracy and indicates the presence of
TRS in the system. If the TI is doped or otherwise per-
turbed with non-magnetic dopants, the TSS band remains
two-fold spin-degenerate at the Dirac point, meaning that
time-reversal symmetry is preserved [32]. If, however, a
gap is present around the Dirac point and the TSS band dis-
persion becomes discontinuous, evidenced in the ARPES
data by a strong reduction of spectral intensity at the Dirac
point, TRS is broken [32]. Within the RE doping series,
only certain Dy doped samples show a gap opening, while
the Ho and Gd doped sample, albeit having almost iden-
tical structural and magnetic properties, show no gap [46,
63,80]. In the following, there review will therefore focus
on Dy doped films.

Figure 9 shows ARPES data of a low and a high dop-
ing concentration Dy sample, obtained at beamline 10.0.1
of the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory. Details of the experimental setup and
measurement procedure can be found in Ref. [27]. For ob-
taining an unoxidized surface, the thin film samples were
cleaved in situ as outlined in Ref. [81]. The band struc-
ture was measured along the Γ -K direction. For the low
doped sample (x = 0.055), ‘V’-shaped surface states with
linear dispersions are found [Fig. 9(a)], similar to the TSS
in the TRS-protected, undoped Bi2Te3. At the Dirac point,
strong spectral intensities indicate a continuous TSS band,
and thus the preservation of TRS. In contrast, for the higher
doped sample (x = 0.113) shown in Fig. 9(b), the ‘V’-
shaped TSS band dispersion is interrupted in the vicinity
of the Dirac point and a reduced spectral intensity is found.

To further study the reduced spectral intensity near the
Dirac point, energy distribution curves (EDCs) at k‖ = 0
were extracted. These are shown right next to the mea-
sured band structures on the right-hand side of Fig. 9(a-
d). Whereas the low doped sample shows a single-peak
structure of the EDC [Fig. 9(a)], and thus a continuous
TSS band, the higher doped sample [Fig. 9(b)] shows a
dipped, split-peak structure around the Dirac point. This
dipped feature is indicative of the TSS band structure be-
ing gapped [32,82]. From the data, the size of the gap was
estimated to be ∼85 meV. Note that the discussion so far
was for data obtained at 20 K. In Figure 9(c,d), correspond-
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ing plots obtained at 300 K are shown. Interestingly, the
gapped structure seen for the higher doped sample stays
intact. It is important to remember that the Dy doped films
show no long-range ferromagnetic order at both tempera-
tures and independent of doping concentration.

In fact, a gap in the TSS was also observed for mag-
netically doped TIs in the absence of long-range ferromag-
netic, i.e., above the magnetic transition temperature [83].
Instead, short-range ferromagnetic order induced by inho-
mogeneous magnetic doping and the formation of Cr clus-
ters has been held responsible for the gapped TSS band
in ARPES measurements on Bi2−xCrxSe3 thin films [84].
An obvious culprit is impurity scattering [85,86], which
has also been discussed in the context of the huge dis-
crepancy between the calculated and observed gaps in Mn
doped Bi2Te3 and Bi2Se3 — observable at temperatures
well above TC [82,87].

In the context of RE doping, however, disorder is a very
unlikely sole source of the observed gap. First, it is only
observed in Dy doped films, and not in the structurally and
magnetically almost identical Ho and Gd doped films [46,
63,80]. Second, the doping concentration above which the
gap is observed is still rather low. The structural proper-
ties of the higher doped film (x = 0.113 versus 0.055) are
almost indistinguishable and no signs of secondary phases
are visible. Currently, the question remains unanswered as
the calculation of systems with highly correlated, atomic-
like 4f electrons remains challenging [33].

5 Proximity coupling and heterostructures In or-
der to overcome the lack of order in RE doped TIs, proxim-
ity coupling to a ferromagnet can be exploited, following
the successful examples of Cr and V doped TIs in prox-
imity to ferromagnetic insulators [88] and elemental ferro-
magnets [89]. Even more suited than ferromagnetic insu-
lators, however, are other MTIs with higher transition tem-
peratures, such as Cr doped Sb2Te3, with TC’s of 125 K for
x = 0.42 [90] and 190 K for x = 0.59, which is approxi-
mately linearly increasing with Cr doping [91]. This com-
bination of TIs in the form of Bi2Te3/Sb2Te3 heterostruc-
tures preserves the TSS and simplifies the growth greatly
due to the similar structural properties, effectively generat-
ing a hybrid TI system with higher order temperature and
high magnetic moments [92–94].

The (Dy,Bi)2Te3/(Cr,Sb)2Te3 heterostructures were
grown following the same basic recipe as described above
[19,26,51,70,90]. Most of results presented below were
obtained on a 10 bilayer repeat sample, in which the Dy
doped Bi2Te3 and Cr doped Sb2Te3 layers each were
4 nm thick. Figure 10(a,b) shows RHEED data at 2 and
5 repeats which confirm the that the growth is consis-
tent across the stack with smooth surfaces. As before, the
streaky RHEED pattern repeats every 60◦ revealing the
symmetry of the Bi2Te3 and Sb2Te3 films (space group
R3̄m) [26,90]. Figure 10(c,d) show XRD and x-ray re-
flectometry (XRR) measurement data taken on an MTI

heterostructure, respectively. In the 2θ-ω scan [Fig. 10(c)],
only the (0 0 3l) family of Bi2Te3-related film peaks, as
well as substrate peaks, can be found (as indexed). The in-
set shows a high-resolution 2θ-ω scan around the (0 0 15)
peak, which is dominated by pronounced Kiessig fringes
due to the well-ordered superlattice with well-defined in-
terfaces. From the peak positions, a bilayer thickness of
8 nm can be extracted. The film peak positions shift in
opposite directions for the Cr and Dy doped films, consis-
tent with the substitutional incorporation on Bi sites of a
larger ion in case of Dy doping [26], and a smaller one in
case of Cr doping [90]. From the XRR data shown in Fig.
10(d), (Cr,Sb)2Te3 and (Dy,Bi)2Te3 thicknesses of 3.5 nm
and 3.8 nm, respectively, with roughnesses of around 1 nm
were extracted using 10-bilayer repeat model (red curve,
simulation).

To determine the TC’s of the Dy and Cr doped lay-
ers separately, the magnetization is measured element-
selectively by XMCD as a function of applied magnetic
field (H) and temperature. The magnetization M is pro-
portional to the XMCD peak asymmetry at the Cr L3 and
Dy M5 edges, respectively [89]. The most reliable way to
determine TC is via the Arrott criterion [96], which sup-
presses contributions from multidomain states and mag-
netic anisotropies to the apparent TC in a simple M(T )
plot. An Arrott plot is a set of temperature-dependent plots
ofM2 vs.H/M , which are linear at higher magnetic fields.
At lower applied fields, the isotherms are not necessarily
linear, e.g., due to disorder in the system [97]. For the Cr
layers, parallel straight lines can be fitted to the respective
high field data points (see Ref. [95]). TC is then defined as
the temperature at which M2 = 0, i.e., the H/M intercept
values are positive for T > TC and negative for T < TC.
Figure 11(a) shows a plot of H/M(T ) intercept values
for Cr, from which TC ≈ 70 K is obtained. This TC is in
good agreement with the values typical for similarly doped
(Cr,Sb)2Te3 single layers [90]. In contrast, the Dy plots
can not be fitted with linear fits of a fixed slope across the
entire temperature region. This behavior is common for
magnetically disordered systems [97]. In this case, linear
fits with a common slope are fitted separately for T > TC

and T < TC, and the plot of the intercepts is shown in Fig.
11(b). For this plot, a Dy TC of ∼17 K is found, i.e., the
sandwiched layer is ferromagnetically ordered resulting
from the proximity coupling to (Cr,Sb)2Te3.

A deeper understanding of the coupling between dif-
ferent magnetic layers can be achieved by carrying out
theoretical calculations [95]. A successful recent example
of combined theoretical and experimental work are MTI-
antiferromagnet heterostructures in which interfacial spin
textures were obtained via enhanced proximity coupling
[88,89,98,99]. The magnetic interaction in an isolated Cr
doped Sb2Te3 film is predominantly positive, i.e., the cou-
pling between the Cr moments is ferromagnetic and rel-
atively strong with an ordering temperature of 102 K. For
comparison, the experimentally determined TC is 70 K. On
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Figure 9 Angle-resolved photoemission spec-
troscopy (ARPES) results for Dy doped films with
with low and high doping concentration. (a,c) Band
structures along the K–Γ–K direction and energy
distribution curves along k‖=0 for the low-doped
(x = 0.055) sample. (b,d) Corresponding plots for
the x = 0.113 sample. The measurements were
carried out at base temperature (20 K) and room
temperature (300 K) as shown in the top and bot-
tom row, respectively. The relative locations of the
Dirac points in the band structure and energy distri-
bution curves are indicated by arrows. Whereas for
the low-doped sample, a strong spectral intensity is
found at the Dirac point at both temperatures, the
higher doped sample shows a ∼85 meV wide gap,
which persists up to room temperature. Figure re-
produced from CC-BY 4.0 open access publication
[27].

the other hand, in an isolated layer of Dy doped Bi2Te3, the
paramagnetic behavior can be ascribed to the almost equal
population of the two spin channels. Nevertheless, within a
(Bi) layer, there exists a strong, ferromagnetic exchange in-
teraction between the Dy moments with a TC of 5 K, while
the intralayer coupling is very small resulting in an overall
frustrated magnetic system.

When (Cr,Sb)2Te3 and (Dy,Bi)2Te3 are coupled to-
gether, sharing a common interface, the hole in the ma-
jority spin channel of Cr doped Sb2Te3 polarizes the hole
in the Dy doped Bi2Te3 layer, leading to an enhanced mag-
netic interaction. Furthermore, the number of (almost) free
electrons in the Dy layer is increased due to the proxim-
ity to the Cr layer. These electrons then mediate a stronger
indirect exchange interaction via the RKKY mechanism,
which means that the Dy films become long-range ferro-
magnetically ordered. Note that the thicknesses of the lay-
ers in the stack can be reduced to a point where the mag-
netic coupling is predominantly mediated by the TSS elec-
trons [100]. The theoretical estimated for the Dy TC is 23 K
close to the interface, in good agreement with the experi-
mentally determined value in the thin-layer superlattice.

In the future, ARPES and transport measurements will
be carried out on the (Dy,Bi)2Te3/(Cr,Sb)2Te3 heterostruc-
tures to study their electronic properties as a function of
the individual film thicknesses and number of repeats. In
particular, the resistivities of the layers have to be carefully
adjusted to assure that transport is dominated by the layer
of choice. Finally, in order to further optimize the structural
quality of the layer stacks, TEM will be employed. This is
particular important in order to rule out the diffusion of the
respective transition metal and rare earth dopants across
the interfaces, as the character of these dopants is largely
different.

6 Summary and conclusions In summary, the
structural, electronic, and magnetic properties of RE doped
Bi2Te3 TI thin films grown by MBE have been reviewed.

In contrast to doped bulk crystals, Dy, Ho, and Gd can
be substitutionally incorporated into the host lattice on Bi
sites up to large concentrations, maintaining the rhombo-
hedral crystal structure of Bi2Te3, and without forming
secondary phases. In Gd doped films, the full magnetic
moment of 7.0µB/RE ion was achieved, whereas the ef-
fective moment in Ho doped films was about half the
theoretical value. For the Dy doped films, the effective
magnetic moment is decreasing with doping concentra-
tion. The high moments seen for low Dy concentrations
(x ≤ 0.023) indicates the possibility of the polarization of
the Bi2Te3 host crystal, i.e., the magnetic doping mecha-
nism is fundamentally different from the Ho and Gd doped
films. Nevertheless, all films show paramagnetic behavior
from bulk-sensitive SQUID magnetization measurements,
with some hints of possible antiferromagnetic order below
∼2 K. Measurements of the electronic bandstructure show
that the TSS remains gapless upon Ho and Gd doping. In
contrast, Dy doped films above a certain doping concentra-
tion show a gap in the TSS, which remains intact at room
temperature. This gap is existing despite the absence of
long-range magnetic order in the Dy doped films.

Despite the fact that a thin film of Dy doped Bi2Te3

on its own is paramagnetic, calculations have shown that
the exchange interaction between Dy moments is leading
to ferromagnetic order within a Dy doped Bi layer, how-
ever, there is no coupling between Dy doped layers. This
scenario of an almost-ordered system can be exploited in
heterostructures making use of the proximity effect. In
combination with Cr doped Sb2Te3, which is strongly fer-
romagnetically ordered up to above 150 K, MBE-grown
(Cr,Sb)2Te3/(Dy,Bi)2Te3 heterostructures of high crys-
talline quality and with well-defined interfaces have been
demonstrated. In these, Dy doped Bi2Te3 films exhibit
ferromagnetic ordering up to ∼17 K, which has been un-
ambiguously confirmed using XMCD. Proximity coupling
across interfaces, and multiplied in superlattices, is a ver-
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Figure 10 Study of the structural properties of (DyxBi1−x)2Te3/
(CrxSb1−x)2Te3 superlattice samples. (a) RHEED patterns of the
Cr doped Sb2Te3 surface after (a) n = 2 and (b) n = 5 bilayer
repeats, obtained along the [101̄0] and [112̄0] azimuths. (c) 2θ-ω
XRD spectrum of the superlattice. The inset highlights superlat-
tice peaks around the (0 0 15) Bragg peak of the film. (d) X-ray
reflectometry (XRR) scan as a function of momentum transfer Q
showing the experimental data in black and the simulation in red.
Adapted with permission [95]. Copyright (2018) by the American
Physical Society.

Figure 11 Extraction of the magnetic transition temperatures of
the Cr and Dy doped layers using the Arrott plot analysis of the
XMCD hysteresis loops. First, M2 vs H/M Arrott plots (mag-
netization M , field H) have to be obtained from the Cr L3 and
Dy M5 loops (for details, see Ref. [95]). From linear fits to the
high-field data, H/M -intercepts are obtained, which are plotted
as a function of temperature for Cr (a) and Dy (b). From fits to
these data points, a TC of 70 K is obtained for the Cr doped layer
and of 17 K for the Dy doped layer. This dramatic increase in the
TC of Dy doped Bi2Te3 illustrates that the proximity effect in
heterostructures can be used to imprint long-range magnetic or-
der from the Cr doped layer onto the the high moment rare earth
doped layer. Reprinted figure panels with permission [95]. Copy-
right (2018) by the American Physical Society.

satile principle that opens the door for above liquid helium
temperature studies of novel quantum phenomena in TIs.
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