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Abstract
We report the magneto-optical Kerr effect (MOKE) study of magnetic topological insulator
superlattice films with alternating transition-metal and rare-earth doping. We observe an
unexpected hump in the MOKE hysteresis loops upon magnetization reversal at low
temperatures, reminiscent of the topological Hall effect (THE) reported in transport
measurements. The THE is commonly associated with the existence of magnetic skyrmions, i.e.
chiral spin textures originating from topological defects in real space. Here, the observation of
the effect is tied to ferromagnetic ordering in the rare-earth-doped layers of the superlattice. Our
study may provide a new approach for the non-invasive optical investigation of skyrmions in
magnetic films, complementary to electrical transport measurements, where the topological Hall
signal is often the only hint of non-trivial magnetization patterns.

Keywords: topological insulator, magneto-optical Kerr effect, magnetic skyrmion,
magnetic superlattice, topological Hall effect
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1. Introduction

Topological insulators (TIs) are materials with a non-trivial
band topology in momentum space, which is rooted in their
strong spin–orbit coupling [1]. Magnetic doping or proxim-
ity coupling can break time-reversal symmetry in TIs and
induce a gap in the linearly dispersed surface bands [2], lead-
ing to exotic transport phenomena such as the quantum anom-
alous Hall effect (QAHE) with chiral edge conduction [3].
Recently, another intriguing Hall effect, the so-called topo-
logical Hall effect (THE), has been simultaneously observed
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with the QAHE in Cr:(Bi,Sb)2Te3/(Bi,Sb)2Te3 TI heterostruc-
tures [4]. In fact, the THE has been experimentally confirmed
in a number of magnetic TI (MTI) systems independent of the
presence of the QAHE [5–7]. Revealing itself as an additional
hump in the Hall resistance, the THE is a transport signature
of non-trivial spin textures such as magnetic skyrmions [8, 9].

Magnetic skyrmions are small whirls with concentrically
gradually canting spins, which can be regarded as pseudo-
particles originating from topological defects in real space
[10]. Skyrmions can be as small as several nanometres in
size and can be easily created, manipulated and annihilated,
making them ideal candidates for racetrack memories [11],
radio-frequency devices [12], logic gate devices [13], and
magnonic crystal applications [14], to name a few. The occur-
rence of the THE is strongly tied to the presence of skyrmions,
which provide an emergent magnetic field [8, 15]. The THE is
therefore a selective and unique way for detecting skyrmions
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in magneto-conductance experiments [16]. However, recent
studies suggested that the inverse conclusion is not necessar-
ily true, i.e. that the presence of the THE is a guarantee for
the presence of topologically non-trivial magnetic skyrmions
[17–20]. Also in case of TIs, several experimental studies
have cast doubt on whether the observed THE signal is indeed
due to skyrmions [21–23]. Instead, it is plausible that if dif-
ferent parts of a thin film system, e.g. the surface and bulk,
have different coercivities and temperature dependences, then
the combined hysteresis loop can have humps mimicking the
THE signal observed, e.g. in the prototypical skyrmion sys-
tem MnSi [8]. Although this argument does not conclusively
rule out the presence of skyrmions, it certainly highlights
the demand for complementary techniques that are able to
unambiguously confirm skyrmion phases in magnetic materi-
als, such as resonant soft x-ray scattering and magnetic force
microscopy [9, 24–27].

Here, we report the magneto-optical Kerr effect (MOKE)
study of an MTI superlattice system with alternating
transition-metal and rare-earth doping, i.e. [Cr:Sb2Te3 (CST)/
Dy:Bi2Te3 (DBT)]5. We observe an extra hump feature in the
MOKE signal of the superlattice at low temperatures, remin-
iscent of the THE observed in transport measurements, which
may be attributed to the occurrence of magnetic skyrmions.
Our work demonstrates that MOKE magnetometry may be
an alternative method to probe skyrmions in magnetic hetero-
structures, providing a new route to the exploration of Dirac
band materials with real-space spin topology.

2. Experimental

The TI superlattices were grown by molecular beam epitaxy
(MBE) in a Createc system with a base pressure of < 1×
10−10 Torr. For the growth of the [CST/DBT]5 structure on
c-plane sapphire substrates, a standard recipe was used [28],
starting with a 3-nm-thick Bi2Te3 seed layer. After its depos-
ition at 250 ◦C, the film was annealed at 300 ◦C under Te
flux, before the CST and DBT layers were alternately grown
at 300 ◦C. The nominal composition of the superlattice is
[Cr0.41Sb1.59Te3 (4 nm)/ Dy0.62Bi1.38Te3 (4 nm)]5. The super-
lattice was capped with an amorphous Bi layer. Reflection
high-energy electron diffraction (RHEED) was used to mon-
itor the growth in situ. The structural properties of the film
were characterized ex situ using X-ray diffraction (XRD).

Polar MOKE magnetometry was used to investigate the
magnetic properties of the superlattices. A stand-aloneMOKE
probe was mounted in a continuous-flow 4He cryostat, using a
continuous-wave diode laser with a wavelength of 850 nm and
a Glan–Taylor polariser. The laser beam was further focused
onto the sample, achieving a minimum spot size of 2.2µm in
diameter. The reflected light was modulated at 100 kHz using
a photoelastic modulator, before going through the second
polariser and finally reaching the photodetector. The Kerr
angle is then given by the ratio between the AC (at 100 kHz)
and DC photovoltages generated at the detector. For details of
our setup we refer to reference [29].

Magneto-transport experiments were carried out on Hall
bar devices measuring 1000 µm × 100 µm. They were

fabricated out of the superlattice films using standard optical
lithography and subsequent Ar+ ion milling. Ohmic contacts
were achieved using thermal evaporation and lift-off of Ti/Au
films. The Hall bar devices were then secured in leadless chip
carriers and electrically connected using wire bonding. The
chip carriers were placed at the end of a transport measurement
probe, which can also be loaded into the MOKE cryostat. The
standard four-terminal AC lock-in techniquewas employed for
the measurements, with an input current amplitude of 1µA at
a frequency of 77Hz.

3. Results

Figure 1(a) shows a schematic of the TI superlattice. Five
repeats of CST/DBT bilayers were grown on a Bi2Te3 seed
layer on c-plane sapphire, and then terminated by a layer of
amorphous Bi. The XRD spectrum of the TI superlattice dis-
plays the (00l) peaks of Sb2Te3 andBi2Te3 layers without signs
of secondary phases. These well-resolved (00l) peaks confirm
the c-axis orientation and crystal structure of the superlattice.
Figure 1(b) shows the XRD spectrum around the (00.15) and
(00.18) film peaks, highlighting the superlattice properties.
Throughout the growth, in situ RHEED shows clear streaks
(figure 1(c)), indicating the growth is two-dimensional with
smooth surfaces.

Figure 2 shows the temperature-dependent polar MOKE
results for the TI superlattice. The measurement geometry
is depicted in figure 2(a), where a magnetic field is applied
perpendicular to the film plane. A linearly polarized laser
beam at normal incidence is focused on the film and reflec-
ted with a small rotation angle (θK) in polarization. Figure
2(b) shows the magnetic hysteresis loops of the superlattice
with the down-sweep and up-sweep curves marked in blue
and red, respectively. The square shape of the loops con-
firms the ferromagnetic order of the material with its easy
axis oriented out-of-plane. Strikingly, below 20 K, an extra
hump feature can be found immediately after the magnetiz-
ation reversal, which mimics the THE observed in magneto-
transport experiments of various TI heterostructures [4–7]. To
quantitatively track this feature in the hysteresis loops, we plot
the magnitude of the hump versus temperature as shown in
figure 2(c). Clearly, the effect decreases linearly with increas-
ing temperature, and disappears at 20–25K. This transition
temperature may be related to the ferromagnetic ordering of
DBT layers [30]. Finally, the magnetization of the film also
decreases with temperature and approaches zero at about 55–
60K (figure 2(d)), marking the Curie temperature (TC) of the
dominant CST phase in the superlattice.

Figure 3 shows the temperature-dependent anomalous Hall
effect (AHE) loops obtained on the TI micro-device in an out-
of-plane magnetic field, following the measurement geometry
depicted in figure 3(a). The longitudinal resistance (Rxx) of
the micro-device reveals a ferromagnetic transition at 56K,
indicated by the maximum in Rxx (figure 3(b)). This tem-
perature aligns with the TC confirmed by the MOKE meas-
urements. Interestingly, a minimum in resistance is found
at 21K, suggesting another magnetic phase transition, most
likely associated with the DBT layers [30]. Figure 3(c) shows
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Figure 1. Structural characterization of the TI superlattice. (a) Schematic of the Cr:Sb2Te3 (CST)/Dy:Bi2Te3 (DBT)]5 superlattice on a
c-plane sapphire substrate. (b) X-ray diffraction data (2θ−ω scan) for the CST/DBT superlattice on Al2O3 (0001), highlighting the
superlattice peaks around the (00.15) and (00.18) film peaks. (c) Streaky RHEED patterns obtained from the CST surface at the end of the
bilayer growth, along the [101̄0] and [112̄0] azimuths, respectively.

Figure 2. MOKE magnetometry results of the TI superlattice. (a) Measurement geometry of the polar MOKE experiment. (b) MOKE
hysteresis loops for a range of temperatures between 1.8 and 60K. The loops have been offset for clarity. The field plots obtained during
down-sweeps are shown in blue and up-sweeps are in red, respectively. (c) Zoom-in image of the hump-like feature (illustrated by the
shaded area in (a)), which is often referred to as the topological Hall signal in transport measurements. This feature is observed below 20K.
(d) Temperature dependence of the hump size, θhump, showing a linear decrease between 1.8 and 25K. (e) Temperature dependence of the
overall MOKE signal, θK. This signal vanishes above ∼60K, indicating a phase transition of the whole film to a non-magnetic state.

the hysteresis loops of the Hall resistance (Rxy) as a func-
tion of magnetic field for selected temperatures. The down-
and up-sweeps of the field are marked in blue and red,
respectively. Note that at 45K there is still a small, barely

recognizable opening in the hysteresis loop. In contrast to the
MOKE results, in which a hump appears right after magnet-
ization reversals below 20K, no such feature is found in the
transport data across the entire temperature range. Finally,
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Figure 3. Magneto-transport results of the TI superlattice. (a) Hall bar measurement geometry with the field applied perpendicular to the
superlattice. (b) Longitudinal resistance, Rxx, as a function of temperature. (c) Temperature-dependent anomalous Hall effect (AHE) loops
for different temperatures from 1.8 to 60K. The loops have been offset for clarity. The field plots obtained for the down-sweeps are shown
in blue, and the opposite traces are in red. (d) Temperature dependence of the magnitude of the AHE signal.

figure 3(d) shows the monotonic decrease of the magnetiza-
tion with increasing temperature. According to this graph, fer-
romagnetic order of the micro-device disappears at∼45–50K,
slightly below the TC extracted from the MOKE and longitud-
inal resistance measurements.

4. Discussion

In a previous study [30], we examined the magnetic proper-
ties of [CST/DBT]5 films using element-specific X-ray circu-
lar magnetic dichroism (XMCD) at the Cr and Dy absorption
edges, through which we confirmed ferromagnetic ordering in
the DBT layers close to the interfaces with a Curie temperat-
ure of ∼17K. This finding was supported by first-principles
calculations that estimated a Curie temperature of 23K in
DBT, which was induced by proximity-coupling across DBT
and CST interfaces. Here, in our transport experiments, this
temperature is echoed by the minimum longitudinal resistance

at 21K. Furthermore, it is reasonable to assume that the
appearance of humps in the MOKE loops below 20K are tied
to the presence of ferromagnetic ordering in the DBT layers.

Magnetic skyrmions, in which the spins are canted
with respect to each other, rely on the appearance of the
Dzyaloshinskii-Moriya interaction (DMI) which arises from
strong spin–orbit coupling. MTIs are no strangers to skyrmi-
ons, and in fact, composite skyrmions have been observed
in MTI/ferromagnet heterostructures [31]. Further, in TI het-
erostructures, the coupling between Bi p-orbitals and Cr d-
orbitals can significantly enhance the DMI [32]. This could
be a route leading to skyrmions in [CST/DBT]5 superlat-
tices as well, with Bi and Cr atoms located closely to one
another at the interfaces. In fact, a hump feature similar to the
one reported here has also been seen in the magneto-optical
response of ferromagnetic SrRuO3 thin films [33]. Bartram
et al interpreted the results on SrRuO3 using a Landau theory
analysis ofmagneto-elastic coupling, fromwhich they claimed
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that strain gradients in the film lead to DMI, and further to the
formation of skyrmions. Eventually, the skyrmions result in
a laser-frequency-dependent Kerr signal which is modulated
by an effective Hund’s coupling. Although the true origins of
the exotic hysteresis features in SrRuO3 are still under debate
[18, 34–36], strain could be a reason we observe a skyrmion-
related hump feature in [CST/DBT]5 as well. The lattice mis-
match between CST and DBT of 3% can result in a built-up of
strain in the superlattice [37], changing its physical properties
compared to single-layer films.

Given the lack of the independent confirmation of skyrmi-
ons in this material, e.g. through magnetic microscopy, it is
important to consider alternative explanations of the observed
MOKE feature. In general, hump-like features are known to
exist in MOKE hysteresis loops, and they are caused by dif-
fracted laser beams from nano-sized patterns such as magnetic
gratings and circular Permalloy disks [38]. In such diffraction-
MOKE (or D-MOKE) experiments, the array size of the
sample is required to be within λ/2 – 10λ, where λ is the
wavelength of the laser [39]. As a wavelength of 850 nm was
used in our study, the occurrence of a D-MOKE signal would
require lateral correlation lengths of 425 nm–8.5µm from the
structural features. The lowest required length of 425 nm is
still larger than the typical size of quintuple-layer surface ter-
races of <100 nm, which are observed in magnetically doped
Sb2Te3 films [28]. Further, depending on the growth recipe,
rotational domains may measure some µm across and there-
fore lead to D-MOKE humps. However, the typical domain
sizes of CST are less than 500 nm and it is therefore unlikely to
expect a significant contribution from D-MOKE [28]. In fact,
we have not seen a D-MOKE contribution in any DBT or CST
single-layer films or heterostructures [29, 40]. More import-
antly, since the laser beam is probing the magnetic film at nor-
mal incidence, surface terraces in the lateral direction should
not contribute to the D-MOKE signal.

Another possible explanation of the hump feature is the
two-domain transport model for TI heterostructures. By com-
bining magnetic layers which may have different coercivities
and signs of the anomalous Hall signal in a single system,
their respective contributions to the magnetic and transport
properties can lead to enhancement or compensation effects.
In fact, extra humps in the transverse overall resistance have
been experimentally observed in TI heterostructure systems,
and several research groups have attributed this phenomenon
to the two-domain model [18, 21–23]. Analogously, it appears
possible that the MOKE signal of the TI superlattice may also
show a hump feature, due to an averaged response of the dif-
ferent layers (or different magnetic domains for that matter).
However, in our case, the THE-like hump is not present in
the electrical magneto-transport measurements. At this point
it is important to remember that MOKE and electrical trans-
port (done on a patterned Hall bar) are probing on different
lateral length scales and over different depths. Whereas trans-
port measurements probe the entire volume of the Hall bar
(100 µm in width), in MOKE measurements the probed
sample volume is reduced, due to the laser spot size of 2µm
in combination with the limited laser penetration depth, which

makes MOKE surface-sensitive. Therefore, the hump feature
measured in surface-sensitive MOKE may reflect the local or
microscopic properties of the sample near the interface, which
may not result in a THE-like signal in electrical Hall meas-
urements. By relocating the laser spot, we have systematic-
ally probed several areas of unpatterned superlattice samples
(measuring 4mm× 4mm), which consistently show the same
Kerr hump feature, indicating a good lateral uniformity of
the sample. It is therefore unlikely that the same compens-
ating two-domain effect is governing the measured MOKE
response.

5. Conclusions

In conclusion, we report the observation of an additional hump
feature in MOKE measurements of the magnetic TI super-
lattice [CST/DBT]5. Using XRD and RHEED, we confirm
the high structural quality of the superlattice film. The hump
feature persists up to 20K, coinciding with the temperature
of proximity-induced ferromagnetic ordering in DBT. The
origin of the Kerr hump is consistent with the presence of
skyrmions, which could be due to the emergence of a strain-
enhanced DMI as observed in oxide thin films. Further mag-
netic microscopy work is needed to either confirm or disprove
the existence of skyrmions by direct imaging in real space or
reciprocal space. Our study highlights the possibility of topo-
logically non-trivial spin configurations in magnetic TIs, pro-
moting the development of dissipationless spintronics by util-
izing the interplay of chiral spin textures in real space and
chiral band topology in momentum space. We encourage the-
orists to look into the origins of this novel Kerr feature, either
linking it to magnetic skyrmions or other effects that have not
been considered.
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