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Critical analysis of proximity-induced magnetism in MnTe/Bi,Te; heterostructures
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An elegant approach to overcome the intrinsic limitations of magnetically doped topological insulators is
to bring a topological insulator in direct contact with a magnetic material. The aspiration is to realize the
quantum anomalous Hall effect at high temperatures where the symmetry-breaking magnetic field is provided
by a proximity-induced magnetization at the interface. Hence, a detailed understanding of the interfacial
magnetism in such heterostructures is crucial, yet its distinction from structural and magnetic background effects
is a rather nontrivial task. Here, we combine several magnetic characterization techniques to investigate the
magnetic ordering in MnTe/Bi, Te; heterostructures. A magnetization profile of the layer stack is obtained using
depth-sensitive polarized neutron reflectometry. The magnetic constituents are characterized in more detail using
element-sensitive magnetic x-ray spectroscopy. Magnetotransport measurements provide additional information
about the magnetic transitions. We find that the supposedly antiferromagnetic MnTe layer does not exhibit an
x-ray magnetic linear dichroic signal, raising doubt that it is in its antiferromagnetic state. Instead, Mn seems
to penetrate into the surface region of the Bi,Te; layer. Furthermore, the interface between MnTe and Bi,Tes
is not abrupt, but extending over ~2.2 nm. These conditions are the likely reason that we do not observe
proximity-induced magnetization at the interface. Our findings illustrate the importance of not solely relying
on one single technique as proof for proximity-induced magnetism at interfaces. We demonstrate that a holistic,
multitechnique approach is essential to gain a more complete picture of the magnetic structure in which the

interface is embedded.

DOI: 10.1103/PhysRevMaterials.6.053402

I. INTRODUCTION

The quantum anomalous Hall (QAH) effect has been
predicted [1] and experimentally confirmed in magnetic topo-
logical insulators (TIs) [2]. The breaking of time-reversal
symmetry by the intrinsic magnetic field in the magnetic TI
induces a band gap in the normally ungapped Dirac states [3],
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leaving only the edges at the border of the surfaces as one-
dimensional conductance paths. Transport in QAH systems is
characterized by quantization of the transverse resistivity of
Ii/e? and zero longitudinal resistivity, ideal for dissipationless
electronic circuits and energy efficient devices. Such currents
are fully spin-polarized and protected by the topology, ren-
dering them attractive for spintronics applications. Combined
with superconductors, chiral Majorana edge states can be
generated [4]—an approach which could be transformative for
future quantum computing [5].

In contrast to the quantum Hall effect [6], no large ex-
ternal magnetic fields are required to observe the QAH
effect. Instead, the magnetic field is intrinsically provided
via long-range magnetic order in the TI [2,7-12] or by plac-
ing a magnetic layer in close proximity to the TI [13-16].
So far, the QAH effect has been observed in Cr- and
V-doped (Sb, Bi),Tes [2,7,9] and in the intrinsic magnetic
TI MnBi,Te4 [17]. The required temperatures to observe this
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phenomenon are <1 K, although the topological surface states
(TSSs) persist up to above room temperature. One reason for
the low temperatures is that the magnetic order prevails only
up to ~30 K. But more importantly, the magnetic dopants
act as defects in the semiconducting TI materials, leading to
inhomogeneities in the coupling between TSS and the induced
magnetic moment [18]. This causes spatial fluctuations of the
induced band gap of the TSS, i.e., reducing the effective band
gap of the QAH system and thereby decreasing its operating
temperature [19].

Proximity-induced magnetization (PIM) has the advantage
of instilling a magnetic field without mixing the TI with the
magnetic material. Since the TI is spatially separated from the
magnetic material, the disadvantages related to doping should
be circumventable. Although PIM in EuS/Bi,Se; has been
reported [16], the observation of the QAH effect has remained
elusive in these material systems. On the other hand, by using
(Zn,Cr)Te as the insulating ferromagnet, traces of the QAH
effect were found in large magnetic fields [20]. The difficulty
of probing the QAH in ferromagnetic insulator (FMI)/TI-
systems might be related to the inherent properties of the FMI
adlayer being used, i.e., strong magnetic stray fields which
interfere with the TI, thus making probing and optimization
of the PIM in the TI very difficult. One way to avoid the detri-
mental effects of stray fields is to replace the ferromagnet with
an antiferromagnet (AFM). If the antiferromagnetic order is
collinear, the uncompensated layer terminating the AFM, and
sharing an interface with the T1, acts in the same way as its FM
counterpart [21]. So far, exchange coupling has been observed
at the interface of the AFM CrSb sandwiched between the
two magnetically doped TI Cr-doped (Bi, Sb),Te; [22]. Here,
the AFM mediates an antiparallel magnetization orientation
between the ferromagnetic TIs and stabilizes their magnetic
order, manifesting itself in a higher Curie temperature (7¢)
compared to a single Cr-doped (Bi, Sb),Tes layer. Signatures
of the geometric Hall effect were found in bilayers of the AFM
MnTe and the TI (Bi, Sb),Tes [23]. Antisymmetric spikes
in the magnetoresistance during reversal were observed in
sandwich structures of the nonmagnetic TI (Bi, Sb),Te; and
the AFM CrSb [24]. A detailed study of the spin structure
of AFM/TI heterostructures, in particular, of their interfacial
magnetization, as has been carried out for FMI/TI interfaces,
is still lacking.

Here, we combine magnetotransport, polarized neutron
reflectometry (PNR) and magnetic x-ray spectroscopy to
gain a comprehensive understanding of the magnetization of
MnTe/Bi,Tes heterostructures and their interfaces. A non-
vanishing magnetic moment was detected in the CrSe seed
layer with indications for a nonvanishing magnetic moment
in both the bulk of the sample and the surface region
of the nonmagnetic TI BiTe; at 3 K. However, the lat-
ter two moments are small and within the statistical error
of the PNR measurements. The potential origins, such as
diffusion of magnetic constituents, interface roughness, al-
loying, and structural changes will be discussed against the
background of additional insight from magnetotransport and
element-sensitive magnetic x-ray spectroscopy. The combined
knowledge about the material system gives rise to a reliable
model for its magnetic depth profile, from which a PIM effect
at the interface between Bi,Te; and MnTe can be excluded,

highlighting the importance of a complementary, multimethod
approach.

II. SAMPLE GROWTH

Substrate/CrSe/MnTe/Bi,Te; samples with GaAs(111)B
as substrates were grown using molecular beam epitaxy
(MBE), as described in more detail in Ref. [25]. The na-
tive oxide layer on the epiready, semi-insulating GaAs(111)B
substrate was removed by annealing the wafer at 570°C in a
Se atmosphere. A CrSe layer was deposited at 180°C on the
GaAs substrate as a seed layer for the MnTe layer.

MnTe and the TI Bi,Te; were grown by codeposition
from effusion cells at 370 °C and 200 °C, respectively. Note
that the BiyTe; growth temperature is much lower than the
growth temperature for MnTe, thereby minimizing the possi-
ble diffusion of Mn into Bi,Tes; during the growth process.
The thicknesses were measured by x-ray reflectivity with the
MnTe and the Bi,Te; layer being (32 + 1) nm and (15 +
1) nm thick, respectively. Reflection high-energy electron
diffraction was employed to monitor the quality of the layers
in situ during growth, while transmission electron microscopy,
x-ray diffraction, and reflectivity were carried out ex situ to
confirm the crystal structure and quality, and to determine the
sample thickness [25].

III. MAGNETOTRANSPORT

The CrSe/MnTe/Bi,Tes; films were patterned into Hall
bars and transport measurements were carried out in a four-
terminal setup down to a temperature of 1.5K with the
magnetic field applied out of plane [see insert in Fig. 1(a)].
Transverse resistance plots (Ryy) are shown in Fig. 1, for
which a linear background, stemming from the ordinary Hall
effect, has been subtracted. Using the ordinary Hall resistance,
the carrier density was found to be —2.0 x 10'* cm~2 and
dominated by n-type charge carriers. Both the MnTe and
Bi, Te; layers are conductive, and it has to be pointed out that
the measured carrier density represents the overall carrier den-
sity of the multilayer. The hysteresis is a superposition of the
anomalous Hall effect (AHE) of the MnTe and Bi,Te; layers.
In line with earlier reports on CrSe/MnTe/Bi,Te; [25] and
CrSe/MnTe/(Bi, Sb),Te; layers [23], the signal is composed
of the contributions from the MnTe layer on the one hand and
the Bi,Tes or (Bi, Sb),Te; layer on the other hand, while CrSe
as an insulator does not have any direct impact on the transport
[25]. The two AHE contributions have opposite signs, leading
to the distorted shape of the hysteresis observed. Contribu-
tions with the same sign were observed in Ref. [23], where
an antiferromagnetic state of MnTe was reported. As will be
demonstrated in the subsequent x-ray spectroscopy measure-
ments, signatures of antiferromagnetism in MnTe could not be
observed. Hence, a different magnetic state of the MnTe layer
could be an explanation for the deviating transport behavior.

Three temperature regimes can be distinguished, which are
shown in the different panels in Fig. 1. At the lowest temper-
ature, the high field amplitudes of the two AHE contributions
are similar in value but opposite in sign, resulting in a total
resistance of about zero [see Fig. 1(a)]. With increasing tem-
perature, the AHE contribution of Bi,Te; decreases. This has
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FIG. 1. Plots of the Hall resistance R,y in different temperature regimes. The hysteresis is due to the AHE effect and obtained after
subtracting a linear background due to the ordinary Hall effect. In (a), the low temperature data is shown, which is governed up to 10 K
by a two-step behavior. The insert shows the geometry of the resistance measurement. The higher temperature data shown in (b) and (c) is
dominated by an increasingly square hysteresis loop, which rounds off between 150 and 200 K and finally vanishes between 200 and 250 K.
The inset in (b) shows the areas enclosed by the hysteresis loops as a function of temperature.

two implications: First, the humps in the AHE hysteresis get
smaller in size and disappear between 10 and 15 K. Second,
the resistance at high magnetic fields continuously increases
with rising temperature. A decrease of the coercivity sets in
and continues while warming up. Above 15 K, the humps
due to the Bi,Te; contribution have vanished completely, but
a deviation of the MnTe hysteresis from its regular square
shape is still visible. Furthermore, the saturation region for
fields larger than 1 T is nonlinear. This effect lasts up to a
temperature between 100 and 150 K [see Fig. 1(b)]. How-
ever, whether its origin is the same as for the humps is not
clear. Above 150 K, the coercivity of the AHE hysteresis
is considerably reduced. At higher temperatures, the shape
changes from square-shaped to a more rounded form, which
is an indication of a weakening of the magnetic anisotropy
and the most likely reason for the decrease in coercivity [see
Fig. 1(c)]. Between 200 and 250 K, the AHE hysteresis has
disappeared, resulting from the vanishing MnTe contribution.

These temperature regimes are also visible when the areas
enclosed by the hysteresis loops are plotted as a function of
temperature [see inset in Fig. 1(b)]. Here, the slope is very
steep below 15 K because of the vanishing contribution of
the BiyTes layer to the AHE. The change in loop area at
temperatures larger than 15 K is due to the narrowing of
the MnTe hysteresis, making it impossible to detect changes
above 150 K.

IV. POLARIZED NEUTRON REFLECTOMETRY

To determine the spatial distribution of magnetic order in
the heterostructure, we performed PNR measurements on the
POLREF instrument at the ISIS Muon and Neutron Source
(Oxfordshire, UK). The data was collected over a wave-vector
range of 0.008 < Q < 0.12A~'. An in-plane magnetic field
of 0.7 T was applied to align the magnetization colinear with
the polarization vector of the beam and, consequently, in the
same direction as the neutron spin. The Fresnel PNR data
and the nuclear scattering length density (nSLD) profiles are

shown in Fig. 2. More information on the modeling to ob-
tain a good nSLD profile can be found in the Supplemental
Material [26].

The 3 and 300 K data sets were co-refined using a shared
nSLD profile, whereas the magnetic profiles were allowed
to vary independently at each temperature. Three different
magnetic models were considered, where the nSLD profiles
were allowed to change independently between them (see
Fig. 3). However, as can be seen in the tables in the Supple-
mental Material [26] as well, the nSLD profiles varied only
fractionally—an indication that the nuclear structure of the
sample is very well defined. There are four main points to
take from the nSLD profiles displayed in Fig. 2.

First, a good fit to the data could only be obtained by
introducing a thick GaAs buffer layer to the system. This is
in agreement with atomic force microscopy imaging of the
sample, showing that the substrate was very granular in nature
(see Supplemental Material [26] for further details).

Second, the CrSe layer nSLD consistently fits to a much
lower value of ~1.29 x 107® A=2 as compared to the bulk
value for CrSe of 3.6 x 107® A=2. A possible reason for this
is the diffusion of Mn from the MnTe into the CrSe layer,
whereby the negative SLD of Mn [27] reduces the overall scat-
tering length density (SLDy, = —3.071 x 107° A~2). This
assumption is reasonable, given that MnTe was deposited at
an elevated temperature of 370 °C, which may have enabled
the diffusion of Mn into the CrSe layer. The CrSe layer is
also consistently ~3.5 times thicker than the intended nominal
thickness of 2.4 nm.

Third, the interface between Bi,Te; and MnTe is not
abrupt. The interface width is consistently determined to be
~2.2 nm, in contrast to the interfaces shown in similar sys-
tems by Katmis et al. [16] (for different materials) and akin
to the very diffuse interfaces shown by He er al. [23]. The
nSLD for the MnTe layer is very close to its bulk value. If
there would be a significant Cr diffusion into the MnTe layer,
this agreement would not be expected. The Bi,Tes layer is
consistently found to be more dense. On the one hand, this
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FIG. 2. PNR (nuclear structural information) of the CrSe/MnTe/Bi,Te; trilayer stack as fitted by three different models. (a), (c), (e)
Fresnel reflectivity and best fits for 3 and 300 K, respectively. (b), (d), (f) Full-scale nSLD profile. The gray regions represent the 95%
Bayesian uncertainty intervals. Model 1 is the simplest possible case, with magnetism only in the CrSe buffer layer. In model 2, magnetism
exists both in the CrSe and MnTe layer. In model 3, all layers are assumed to be magnetic.

implies that any potential Mn diffusion would be small in the
Bi,Te; layer as Mn would be expected to reduce the nSLD
value; any Mn doping would have to be counteracted by a
higher scattering length (SL) material than Bi,Tes;. On the
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other hand, it gives a clear indication that the Bi,Te; layer
is not at the ideal elemental ratio neither. One possibility is
that the Bi,Tes was slightly Bi rich, leading to the increased
nSLD observed here. The only other high SL materials present
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FIG. 3. PNR of the CrSe/MnTe/Bi,Te; trilayer stack as fitted by three different models. The full nSLD profile, the Fresnel reflectivity
curves, and a short description of the models can be found in Fig. 2. Plots of the spin asymmetry (SA) and corresponding magnetic scattering
length density profiles (mSLD) are shown in (a), (c), (e) and (b), (d), (f), respectively. The upper panels show the 3 K and the lower panels the
300 K data sets and mSLD. The SA data sets were cofitted with all structural/nuclear parameters shared between the two temperatures. The
gray regions represent the 95% Bayesian uncertainty intervals.
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within the heterostructure that could increase the nSLD of this
layer would be Cr or Se. Given that these elements would have
to diffuse through the entire MnTe layer to reach the Bi,Tes,
diffusion of Cr and Se is unlikely to be the cause.

Finally, a large diffusive interfacial region at the surface is
required to get a good nuclear fit. This appears to be inher-
ently linked to the GaAs substrate roughness. Atomic force
microscopy of the layer stack exhibits a surface roughness of
between 2-3 nm, superimposed on a larger-scale modulation
with an amplitude of ~20 nm (see Fig. S2 in the Supplemental
Material [26]). On the other hand, the high quality of the
nuclear fits shows that the CrSe/MnTe/Bi,Te; heterostruc-
ture is remarkably conformal. The diffusive surface region is
therefore a result of a highly conformal trilayer, following the
substrate undulations, and the integration of the vacuum along
with the Bi,Tes surface region.

Figures 3(a), 3(c), and 3(e) show the spin asymmetry (SA)
data and 3(b), 3(d), 3(f) the magnetic scattering length den-
sity profiles (mSLD) for three different models. The upper
(lower) panels of each of those figures show data taken at
T =3 K (300 K), respectively. The SA is defined as SA =
(Ry — R_)/(R+ + R_) where R, and R_ are the spin-up and
spin-down neutron specular reflectivities. The SA scales with
the magnetism in the system. The blue dashed line acts as
a guide to the eye, indicating zero magnetism. The mSLD
profiles show the magnetic scattering density as a function
of depth down from the surface of the sample. The banded
regions represent the 95% Bayesian uncertainty intervals in
the mSLD for the given model.

The first model shown in Figs. 3(a) and 3(b) follows the
basic assumption that magnetism is only present in the CrSe
layer. This produces an excellent match to the SA data at both
3 and 300 K with a moment close to the interface with the
MnTe and a small reduced magnetism region close to the
GaAs substrate. This is in line with Bose and Kudrnovsky
[28], where it was found that CrSe is ferromagnetic when
deposited on GaAs(111)B substrates. However, as we detect a
magnetically depleted region close to the GaAs(111)B inter-
face, which, along with the reduced nSLD of the CrSe layer
resulting from the suspected Mn diffusion, implies that the
CrSe layer is not a simple binary FM. The magnitude of the
moment significantly reduces at 300 K, as to be expected from
the SQUID measurements (see Fig. S1 in the Supplemental
Material [26]).

Model 2, shown in Figs. 3(c) and 3(d) allows for mag-
netism in both the CrSe and MnTe layers, which, however,
does not improve the x2 figure of merit, indicating that the
model is over-parametrized. This model again produces a
clear nonzero magnetic moment in the CrSe layer near the
interface with MnTe, along with a depleted or dead layer re-
gion at the interface with the GaAs(111)B substrate. A small,
negative nonzero moment at 3 K is present in the MnTe layer,
however, there is a large uncertainty as shown by the 95%
confidence interval, which just crosses zero. This suggests that
this model and the data support the existence of a nonzero
moment in the MnTe with a statistical significance of slightly
<20. However, this does not allow us to draw conclusions
about the validity of this model over model 1. As in model
1, the moment in the CrSe becomes effectively zero at 300 K
within the confidence bounds, as does any indication of mo-
ment in the MnTe.

Model 3, shown in Figs. 3(e) and 3(f), introduces mag-
netism in all the layers of the system, but only produces a
marginal change in x2. The CrSe region is reproduced, and,
as in model 2, nonzero moments are found in the MnTe layer.
In contrast to the other models, nonzero moments can be
observed in the Bi,Te; and the surface region. However, since
the 95% uncertainty intervals for the mSLD for both the MnTe
and Bi,Tes layers are far greater than the absolute values
from the best fit and cross through zero, it cannot be stated
that model 3 supports the existence of nonzero moments in
these layers. Thus, it is not surprising that the moments are
smaller than in case of model 2. In accordance with the other
models, no indication of an induced magnetic moment at the
MnTe/Bi,Tes interface could be found. For the Q-range and
counting statistics present within the data, the PNR results do
not detect any presence of PIM in this particular sample - this
is not surprising given the broad MnTe/Bi, Te; interface width
(~2.2 nm; see Supplemental Material [26] for details) and the
evidence of interdiffusion present within the heterostructure.
As for models 1 and 2, the moments in all the layers become
effectively zero at 300 K.

Other modeling was attempted to deliberately introduce
PIM-like effects at the interface of the MnTe/Bi,Te; layers
(not shown), however, this produces either significantly worse
fits or very large uncertainties in the interface region, prevent-
ing the models from converging.

In summary, it is difficult to evaluate the three models
describing the magnetic profile of the CrSe/MnTe/Bi,Tes
layers. Their goodness-of-fit values from the Bayesian anal-
ysis of the PNR data are very close to each other. Given that
a small nonzero ferromagnetic moment in the CrSe layer is
consistently observed within all three models, there is strong
evidence that this layer is indeed magnetic (albeit nonuniform
with respect to depth). Beyond this, models 2 and 3 do not
show significant evidence for nonzero moments in the other
layers within the heterostructure. Consequently, none of the
models supports the presence of PIM at the MnTe/Bi,Tes
interface. From model 2, the best fit value shows hints of
antialigned ferromagnetism in the MnTe layer. However,
this is not conclusive as determination of the mSLD in the
MnTe layer and at the MnTe/Bi,Te; interface are hampered
by high uncertainty. Because of this, we performed element-
selective x-ray spectroscopy using both total electron yield
(TEY) and fluorescence yield (FY).

V. X-RAY SPECTROSCOPY

Starting with the Bi,Tes layer, its contribution to the AHE
is evidence that some form of magnetic order must be present
in the nominally undoped, nonmagnetic TI. The likely can-
didates are unintentional Cr- or Mn-doping stemming from
the migration of metal ions from the respective CrSe or MnTe
layers into the TI. We employed element-selective x-ray ab-
sorption spectroscopy (XAS) using polarized x rays to shed
light on this issue. By measuring the TEY, we are able to
exclusively probe the uppermost layers, which is essentially
the TI, i.e., contributions from the CrSe and MnTe layers
which are buried deeper under the surface are not detected.
No sign of Cr can be found in the TI [see Figs. 4(c) and 4(d)].
Instead, the spectra show a contribution at the Te Ms edge
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FIG. 4. (a), (c) XAS and (b), (d) XMCD at the Mn and Cr L; 3
edges measured in surface-sensitive total electron yield (TEY) mode.
The measurements were carried out at 1.5 and 250 K, but only the
XAS at 1.5 K for both positive (pc) and negative circular (nc) helicity
is shown. A magnetic field of 6 T was applied along the incident
x-ray direction, perpendicular to the sample plane, to saturate the
magnetization of the sample. The geometry of the setup and available
detectors is shown in the inset in (c).

(compare to Fig. 3(d) in Ref. [29]). An XAS spectrum typical
for the Mn L, 3 edges can be seen in Fig. 4(a). Moreover, the
nonzero x-ray magnetic circular dichroism (XMCD) at 1.5 K
is evidence for ferromagnetic ordering due to the magnetic Mn
doping of the TI. This is commensurate with model 3 where a
slight nonzero magnetic moment was observed in the surface
region of the TI at 3 K, but not in its bulk [see Fig. 3(f1)]. The
Mn-XMCD disappears at 250 K [see Fig. 4(b)], matching well
with the change in transport properties shown in Fig. 1. The
diffusion of Mn into the TI can take place firstly along grain
boundaries, i.e., vertically, followed by horizontal diffusion
along the van der Waals gap [30,31]. Mn has been shown
to enter BiyTes interstitially instead of substitutionally [32],
precluding the formation of a MnBi,Te4 phase. The spectral
line shape allows us to identify the local electron state of the
ground state. Different electron configurations give markedly
different spectral shapes [33]. The shape of the Mn XMCD in
TEY [see Fig. 5(b)] agrees well with that of Mn-doped Bi, Tes
with Mn in the 2+ state [32].

The PNR results did not provide evidence for Mn in the
Bi,Te; layer. However, XMCD in TEY is very surface sensi-
tive and the observed signal is an indication for trace amounts

Mn Cr
(a) pc . —1.5K
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FIG. 5. (a), (c) XAS and (b), (d) XMCD at the Mn and Cr L, 3
edges measured in fluorescence yield (FY). The inset in (c) shows
the out-of-plane XMCD hysteresis at the Cr L; edge at 1.5 and at
250 K.

of Mn within the first few nm of the sample surface [34]. As-
suming such a very low concentration of Mn in the immediate
vicinity of the surface, it is not surprising that PNR does not
pick up its presence.

CrSe has been reported to be antiferromagnetically ordered
[35,36], but calculations have shown that ferromagnetic or-
der is possible, depending on the lattice spacing [28,37,38].
In particular, if the CrSe layer is lattice matched to the
GaAs(111)B substrate, a ferromagnetic state might be ex-
pected [28]. We demonstrate the latter using element-specific
XAS by showing a nonzero XMCD signal at the Cr L3
edge. Measurements in FY mode provide information about
the layers deeper down in the sample. Here, Cr-XMCD can
be detected although the signal is quite weak [see Fig. 5(d)],
suggesting that CrSe is, or at least a fraction of the film,
ferromagnetically ordered. Another potential source of the
XMCD is ferromagnetic Mn;_xCryTe due to migration of
Cr into the MnTe layer [39-41]. Nevertheless, a substantial
level of doping of >10% would be required, which is rather
unlikely, and the fitted PNR nSLD value for the MnTe agrees
well with the bulk value. For lower doping levels, an anti-
ferromagnetic phase was observed [42], in agreement with
theoretical calculations [43]. To explore the magnetic state
of the CrSe layer further, field-dependent XMCD scans were
carried out at the Cr-L; edge [see inset in Fig. 5(c)]. At
1.5 K, a hysteresis is observed, which clearly proves that the
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FIG. 6. XMLD at the Mn L, 3 edges in FY mode. (a) XAS for
linear horizontal (lh) and linear vertical (lv) polarization at 1.5 K,
and (b) XMLD spectra. The incidence angle of the x rays was
perpendicular to the sample surface to probe the in-plane component
of the antiferromagnetic vector. No magnetic field was applied.

CrSe layer is ferromagnetic. Because of the small and noisy
signal, it is difficult to gain quantitative information about the
coercivity and magnetic anisotropy. No hysteresis is visible at
250 K, in line with the static XMCD measurements.

What remains is the question about the magnetic state
of the MnTe layer, where both magnetoresistance and PNR
measurements hint at traces of ferromagnetism. This stands in
opposition to the fact that, in principle, the most stable phase
of MnTe under atmospheric conditions is @-MnTe, an A-type
semiconducting AFM with a Néel temperature of 310 K [44].
We expect Mn L, 3 XMLD spectra comparable to those of
Ref. [45], where the integrated signal over each edge van-
ishes for Mn%*. Instead, however, the spectrum in Fig. 6(b)
shows a nonvanishing signal with definite sign. The fact that
the XMLD resembles the shape of the XAS spectra [see
Fig. 6(a)] points to an artifact resulting from drift. However, a
nonzero XMCD at the Mn L, 3 edges cannot be interpreted
as resulting from drift, since the characteristic sign change
between the two edges is observed [see Fig. 5(b)]. What is
more important, when a magnetic field with opposite sign is
applied, the XMCD contrast inverts (not shown here), provid-
ing further evidence for a magnetic origin. Both XMLD and
XMCD were taken with the x rays perpendicular to the sample
plane. Hence, evidence for an in-plane antiferromagnetic spin

orientation, as predicted for «-MnTe, could not be found. The
XMLD measurement was repeated with the beam at 60° with
respect to the sample normal to check for an out-of-plane an-
tiferromagnetic orientation, but no XMLD could be detected
as well (not shown here). The failure to detect a measurable
XMLD is in itself not proof for the absence of antiferromag-
netism in the MnTe layer since the effect could be too small
to be detected in a layer buried deep within the sample. The
XMCD observed in the FY [see Fig. 5(b)] can be explained in
several ways, and the likelihood of a ferromagnetic phase in
the MnTe layer will be discussed in the following.

First, it has to be noted that the majority of experiments
[25,44] and theoretical calculations report the observation of
a NiAs-type hexagonal a-phase in which MnTe is antifer-
romagnetic [46]. Besides this phase, MnTe can be found in
a wurtzite-type hexagonal B phase, zincblende y phase, or
rocksalt § phase. A switching between these phases by re-
versible polymorphic transformations has been reported [47].
Temperature or strain could act as trigger for a phase change
[48]. Furthermore, Watanabe et al. [49] observed a partial
structural change of MnTe in MnTe/InP heterostructures and
found a small subsection of the MnTe film to exhibit both fer-
romagnetism and conductivity. The latter would conveniently
explain the AHE effect observed.

In addition, it is possible that the Mn dopants in the Bi, Te;
layer, the source of the XMCD observed in the TEY, con-
tributes to the XMCD measured in FY as well. The analysis of
the Mn L, 3 peaks, however, is hampered by the well-known
self-absorption effect in thick layers when using the FY mode,
often expressing itself as dips in the spectra instead of absorp-
tion peaks [50]. A sensible sum rules analysis from which
meaningful, quantitative values of the magnetization in the
MnTe layer could be derived is unfortunately not possible.
The TEY mode, on the other hand, is not affected by this
shortcoming, however, it is unable to probe such deeply buried
layers as the MnTe layer.

VI. SUMMARY

We presented a comprehensive study of a TI proximity
coupled to a magnetically ordered system using magne-
totransport, PNR, and x-ray spectroscopy. We studied the
magnetic properties of CrSe/MnTe/Bi,Te; heterostructures
and confirmed that CrSe is ferromagnetic and that Bi,Tejs is,
at least partially, unintentionally doped with Mn. The trans-
port, as well as the x-ray spectroscopy data, suggest that
the MnTe layer is not in its often-desired antiferromagnetic
phase. The XMCD signal stemming from within the bulk of
the sample could be an indication of a ferromagnetic phase
in the MnTe layer, however, other explanations are possible,
such as Mn doping of the CrSe or Bi,Te; layer.

Finally, the magnetic depth profile of the trilayer was
probed at 3 and 300 K using depth-sensitive PNR. Impor-
tantly, no indications for PIM could be found, independent
of the model used for the PNR fits. We conclude that the
magnetic landscape in TI-magnetic layer heterostructures is
more complex than often assumed. Given that the magnetic
moments in such systems can be very small, neutron-based
techniques such as PNR are clearly at the limit for the
counting statistics within the available time. Sufficient
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statistics is critical so the highly complex multiparameter fit
models for the PNR data can provide reliable results. As we
have shown, magnetotransport and x-ray spectroscopy are ide-
ally suited to complement the PNR measurements. Only with
the additional information provided were we able to exclude
the formation of an induced magnetization at the interface
of the TI-magnetic layer interface. The complexity of these
systems, and the large sensitivity to interfacial effects, ex-
plains why so far the elusive QAH effect has not been found
in such systems. A better understanding and control of the
magnetic properties of TI-magnetic layer heterostructures
has to be gained to be able to optimize these in principle
promising systems for future quantum applications at ambient
temperatures.
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