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Coincidence of superparamagnetism and perfect quantization in the quantum anomalous Hall state

S. Grauer, S. Schreyeck, M. Winnerlein, K. Brunner, C. Gould, and L. W. Molenkamp
Faculty for Physics and Astronomy and Rontgen Center for Complex Material Systems, Universitdit Wiirzburg,
Am Hubland, D-97074, Wiirzburg, Germany
(Received 31 July 2015; published 30 November 2015)

Topological insulators doped with transition metals have recently been found to host a strong ferromagnetic
state with perpendicular to plane anisotropy as well as support a quantum Hall state with edge channel transport,
even in the absence of an external magnetic field. It remains unclear, however, why a robust magnetic state should

emerge in materials of relatively low crystalline quality and dilute magnetic doping. Indeed, recent experiments
suggest that the ferromagnetism exhibits at least some superparamagnetic character. We report on transport
measurements in a sample that shows perfect quantum anomalous Hall quantization, while at the same time
exhibits traits in its transport data which suggest inhomogeneities. We speculate that this may be evidence that
the percolation path interpretation used to explain the transport during the magnetic reversal may actually have

relevance over the entire field range.
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The recent report on the experimental observation of a quan-
tum anomalous Hall effect (QAHE) in Cr-doped (Bi,Sb),Tes
[1] generated significant interest in this material system for its
potential as a magnetic topological insulator and as a test bed
for the study of the quantum Hall effect without the need for an
external magnetic field [2—-6]. This original report showed that
the anomalous Hall contribution [1] appeared to saturate to a
value of one conduction quantum as the sample was cooled to
millikelvin temperatures, but did not yet provide evidence that
the transport takes place in edge states.

In order to convincingly verify that the transport takes place
in quantum Hall like edge states, nonlocal geometries are
required. Such measurements were first reported in [3], albeit
in configurations where the signals were very small, and where
their interpretation required invoking some loss mechanism in
the edge channels, and subsequently in [4], where convincing
evidence of edge state transport was reported. This last paper
also observed some unusual temperature and sweep rate related
features in their data, which were at least in part interpreted as
additional cooling through adiabatic demagnetization mecha-
nisms.

Shortly after the first reports on Cr-doped layers, it was
discovered by the Moodera group [5-7] that using V instead
of Cr appears to lead to more reproducible samples with a
more robust magnetic and quantum anomalous Hall state.
Using this material system, the authors were able to reproduce
both precise quantization of the quantum Hall state [S5], and
unequivocal evidence of edge state transport [6].

While the described quantum anomalous Hall phenomenol-
ogy is now well established, its microscopic origin remains
much less clear. The proposed mechanism for the QAHE is
the breaking of time-reversal symmetry by a perpendicular to
plane internal magnetic field which leads to the reversal of the
band inversion of one of the two spin species in a ferromagnetic
two-dimensional topological insulator [1,8]. The origin of the
ferromagnetic state in the original paper [1] was attributed
to van Vleck ferromagnetism, which was first described by
Bloembergen and Rowland [9].

It is unclear, however, why such a perfect magnetic state
should come to occur in dilute magnetic semiconductors, and
how this interpretation is to be reconciled with supercon-
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ducting quantum interference device (SQUID) visualization
of the magnetic reversal in such layers, which show clear
superparamagnetic behavior with magnetic clusters on the
nanometer scale [10]. It is also unclear how such perfect
transport behavior emerges from a material in which random
dilute magnetic doping leads to a strongly locally disordered
band gap [11].

Finally it is surprising that such a state with a topological
origin can be observed in this material with far from perfect
crystal quality. Bi,Se; and related compounds are well known
to exhibit rotational twinning inherent to the crystal structure
which can only be avoided for some specific substrate
morphology [10,12—18]. All the above may suggest that the
percolation picture used for the description of transport during
the reversal of the magnetic orientation [19] may indeed be
applicable for the quantized QAHE state as well.

In this Rapid Communication we report on transport
experiments of the QAHE state in a V-doped (Bi,Sb), Te; layer,
and show that it exhibits some temperature and relaxation time
related anomalous behavior. While a microscopic explanation
for these anomalies has not yet been identified, we speculate
that their understanding may lead to insight on the true nature
of the magnetization in these samples.

Our layer is grown by molecular beam epitaxy on a
hydrogen passivated Si(111) wafer, and capped in situ with
10 nm amorphous Te to protect the topological insulator from
the environment. The composition of the film is determined
by comparison to electron dispersive x-ray spectroscopy on
bulk reference samples grown under identical conditions. For
the main layer used in this study, the composition is found
to be Vg 11Big445Sb; 40Tes 045, while the thickness of the
investigated film is determined to be 10 nm by x-ray reflection
measurements. XRD observation on these samples confirm
that these layers are indeed heavily rotational twinned, with
roughly equal representation of each twin, and thus nowhere
near homogeneous single crystals.

The grown film is patterned into a gated Hall bar geometry
using standard optical lithography, with a layer comprised
of 20 nm of AlO, and 1 nm of HfO, grown conformally
by atomic layer deposition providing insulation for the top
gate. An image of the resulting sample is shown in Fig. 1.
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FIG. 1. (Color online) Top: p,, and p,, of the small Hall bar as
a function of magnetic field. Bottom: Non-local measurement on the
large Hall bar evidencing the edge state transport. For both curves,
current flows from contact 1 to the ground at 6 (see picture on the
right). For the red curve the voltage is also detected at 1 and 6, whereas
for the blue curve it is measured between 4 and 6. On the right is an
optical photograph of the device with the numbering of the leads
indicated for the large Hall bar. G denotes the gate contact.

The two investigated Hall bars, big and small, have widths
of 200 and 10 pum, respectively, and separations of 600 and
30 um, respectively, between adjacent contacts. The numbered
contacts in Fig. 1 belong to the large Hall bar.

After the sample was cooled, in a dilution refrigerator
equipped with a high field magnet, Hall and longitudinal
resistance measurements were performed to determine the
gate voltage range where the topological insulator bulk is
in its insulating state, and where, as a result, one observes
the maximum value in the Hall signal, and the minimum
longitudinal resistance. All data presented in this Rapid
Communication is taken at the gate voltage in the center of
this range. Measurements were taken on the large or small
Hall bar as indicated in the figure captions. Both devices show
qualitatively the same results.

Figure 1 shows results of the basic experiment. The sample
is cooled to a base temperature of nominally 15 mK, and its
Hall and magnetoresistive behavior is measured using standard
high-precision, low-frequency ac techniques (2-14 Hz). In
the top panel, a traditional configuration is used, where a
current is passed from contacts 1 to 4, and determined by
measuring the voltage drop across a calibrated resistor in series
with the device. The longitudinal (px,) and transversal (oxy)
resistances are then determined from measuring the voltages
between 2 and 3, or between 3 and 5, respectively. Ignoring
for the moment the feature which appears shortly after the
external applied field H = 0, the data looks similar to that
published in Cr-doped [1-4] and in V-doped samples [5,6].
The as-measured values of p,, and p,, at fields just before
this feature are 0.005 and 0.996, respectively, in units of the
von Klitzing constant Rg. This small deviation from the von
Klitzing constant results from current leakage through the
impedance of the instrument and cryostat leads to the voltage
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probes. Since the capacitance of the various components is not
accurately known, this contribution cannot be corrected for
exactly, but an order of magnitude estimate is in agreement
with the measured deviation for the literature value.

In the lower part of the panel we show a nonlocal
measurement to confirm that the transport takes place through
edge states. R,p s is simply the voltage between ¢ and d
divided by the current flowing from a to b, so for both the red
and blue curves, the current is passed between 1 and the circuit
ground at 6. In the edge state picture, the voltage injected into
contact 1 will be transported around the edge of the device,
clockwise or counterclockwise depending on the direction of
the internal magnetic field, until it can be drained into the
ground. For the red curve, which measured the voltage also
between contacts 1 and 6, the measured value is near R except
for during the reversal of the magnetization, where the bulk
becomes conducting and normal bulk transport is observed [6]
and at the feature just after H = 0. The small deviations from
quantization at higher fields come from the contact resistances,
with a possible additional contribution from remaining bulk
conductance.

In the case of the blue curve, the voltage is measured
between 4 and 6. In the case of negative fields, as the current
is flowing counterclockwise, directly from 1 to 6, no current
flows between 4 and 6, and thus the resulting resistance is
near 0. After the magnetization reverses at slightly above
1 T, the current begins to flow clockwise, and contact 4 is
at the same potential as contact 1, leading to a measured
resistance of one conductance quantum. Again the deviation
from perfect quantization (and a perfect zero) results from
imperfect contacts, as the finite resistance of the lead connected
to contact 6 causes a series resistance and thus a voltage drop
between the potential of the edge state to be measured and the
measuring instrument.

While the majority of the results in Fig. 1 are in agreement
with previous works on both Cr- and V-doped samples, all
curves in the figure show a resistance feature after H = 0,
which has not been previously discussed. It should be noted,
however, that a similar feature is clearly visible for p,, in
Fig. 2(b) of [3] and Fig. 1(b) of [4], and indeed can also be
seen for p,, in [4] if one knows to look for it. We now turn our
attention to studying this feature in more detail.

In the top part of Fig. 2 we see a zoomed in version of
the py, feature, and show that it is hysteretic in nature in that
it is observed immediately upon crossing H = 0 from either
direction. Such a feature is inconsistent with the picture of a
perfect macrospinlike ferromagnet, because in such a material,
where the internal field B = H + uM, there is no particular
feature in B at H = 0. We therefore interpret this as further
evidence that the magnetic state is more complex and quite
possibly is of some superparamagnetic nature. The middle
part of the figure shows curves taken at different temperatures
showing that this feature, which is still clearly visible in the
530 mK curve, survives to temperatures well beyond those for
which the anomalous Hall effect is quantized, but dies by 1 K,
well before the macroscopic Curie temperature of 7c = 26 K
(as determined by SQUID) is reached.

In the bottom panel of the figure we show measurements
of the same feature observed on a second sample (with about
6% less Sb). In this case, p,, is measured for various current
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FIG. 2. (Color online) Measurements focusing on the feature
near H = 0. Top: A low-temperature, low-current measurement on
the large Hall bar showing the hysteretic nature of the feature. Middle:
Temperature dependence of the feature measured on the small Hall
bar, and in the inset, time dependence after the field sweep has been
paused, for the conditions indicated by the black circle on the 15 mK
curve of the main figure. Bottom panel: Current dependence of the
feature taken on the large Hall bar of the second sample.

levels ranging from 3 to 180 nA. We observe that large currents
can suppress the feature, perhaps hinting at a spin torque
contribution from the flowing current stabilizing the magnetic
domains.

Further evidence that this feature may relate to superpara-
magnetism or an akin magnetic viscosity is provided in the
inset of the figure. Here, the 15 mK measurement of the main
figure is repeated, sweeping the field up to the black circle.
At this point, the field is held constant and the Hall resistance
continues to be monitored. The feature relaxes partially away
over the time scale of several minutes, but it should be noted
that it relaxes back only to —0.986 Ry, and on the observation
time scale, not all the way to the baseline, which for this
measurement configuration has a value of —0.993 Rg.

While the low field feature may be the most prominent
indication that there is something complex going on in the
magnetic state, it is by no means the only one. In Fig. 3
we highlight a region of field where the resistance exhibits
spontaneous jumps. This noise is only observed in a region
of external magnetic fields after the magnetic reversal, and
up to a field corresponding to about thrice the coercive field.
The region where this noise is visible is reproducible when
repeating the measurement, as seen from the three successive
measurements plotted in various colors in the figure. The exact
noise pattern, however, changes randomly from curve to curve.
The right hand of the figure highlights that the noise is only
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FIG. 3. (Color) p,, measured at low current on the small Hall bar,
showing a series of spikes in resistance which occur at fields after the
magnetic switching event under proper sweep conditions (see text for
details). The right panels show that the spikes only occur in one field
sweep direction as given by the arrows. Bottom panel: measurement
taken on the large Hall bar of the second sample showing that the
density of spikes depends upon how strongly the preparation state is
saturated. (Curves offset vertically for clarity.)

visible after the switching event, which is to say that when
sweeping the field up from negative field towards zero we
do not observe it, but we do see it in the same field range
when coming from positive fields, and thus switching the bulk
magnetization. This too suggests some superparamagneticlike
switching behavior, as it may indicate that shortly after the
magnetic reversal, some domains are not stable and can
spontaneously reverse their magnetization, causing domain
walls to move around and generate stochastic jumps in the Hall
resistance. Only when a sufficiently large H field is applied
are all domains passivated, and a stable magnetic state is
reached. This interpretation is further supported by the data
shown in the bottom of Fig. 3, which was measured on the
second sample. For these measurements the magnetic state of
the device was prepared by sweeping the external magnetic
field from positive values to the specified starting field. The
field was then swept back to positive values and we observe
that the density of spikes in the curve depends strongly on the
amplitude of the preparation field. The top curve is prepared,
such that the magnetization of the sample is barely reversed,
as the coercive field is about 1.1 T at base temperature, and
no spikes are seen. If the absolute value of the preparation
field is further increased, making more domains switch on
the down sweep, the spikes return. Interestingly, the density of
peaks increases as the preparation field is made more and more
negative. This suggests that preparing the field by sweeping it
to say, 2.6 T, well beyond its coercive field, does not saturate
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FIG. 4. (Color online) py, of the small Hall bar as a function of
temperature, highlighting the peculiar behavior that the resistance
appears to at least partly depend on the rate of change of temperature.
The top panel shows the time derivative of the mixing chamber
temperature during warming.

the magnetic state, as it would in the case of a macrospin
ferromagnet. Instead, the data implies that much larger fields
are required to reverse all the magnetic domains, which then
switch in the form of the spikes when the field is reversed in
the final measurement. Consistent with this interpretation is
that the reason these spikes are visible in these measurements
and not in the data of Fig. 1 has to do with a detail of the data
acquisition. In Fig. 1, the data was collected by allowing the
external magnetic field to stabilize for 3 s at each field value
before collecting the data, whereas in Fig. 3 the measurements
were done without settling the field. We further note that in
the other region of magnetic instability, which is to say on the
zero-field features, similar, albeit of much lower amplitude,
jumps in the p,, are observed.

And lastly, one further peculiarity is observed in the
temperature dependence of the anomalous Hall effect. The
sample was prepared by saturating the magnetization at a
positive field and then performing the measurement at an
external field of 0.5 T to exclude influence of the feature at
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H = 0. The cooling curve in Fig. 4 monitors the Hall resistance
as the fridge is cooled from 1 K down to base. We see an already
fairly large anomalous Hall effect at 1 K, which grows to its
quantized value around 50 mK. This curve looks qualitatively
as one might expect. The warming curve is a different matter
altogether. Shortly after beginning to warm the fridge, and
at temperatures much lower than 50 mK, the Hall resistance
drops considerably. More peculiar still is the effect of changing
the warming rate of the fridge. Here it was observed that such
changes are often accompanied by strong changes in the Hall
resistance. Great care was taken to verify that there is no short
in the wiring, or defect in the heater power supply, and that
the only influence on the sample is indeed the warming rate.
The correspondence between changes in warming rates and
jumps in the Hall resistance is not one-to-one perfect, but it is
much too high to be a coincidence, and again suggests some
stochastically sensitive magnetic state.

In summary, we have seen in V-doped (Bi,Sb),Te; which
exhibits perfect QAHE quantization and clear edge state
transport a number of anomalies in the transport behavior,
which all point to instabilities in the magnetic state of the
sample. This confirms the magnetic imaging work of [10]
and strongly suggests that a macrospin-type description of the
magnetization is inappropriate for such samples. This may
indeed indicate that a percolation picture of the transport
phenomenology in these materials is not only appropriate
for description of the transport at the transition between Hall
plateaus [19], but that similar considerations may govern the
entire field range. While we do not at present have a model
for what type of superparamagnetic or magnetically viscous
contributions might cause this phenomenology, we hope that
publication of this data will stimulate modeling and theoretical
work in this area and may lead to a better understanding of the
magnetism in these interesting materials.
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