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Anisotropies and magnetic phase transitions in
insulating antiferromagnets determined by a
Spin-Hall magnetoresistance probe
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Antiferromagnets possess a number of intriguing and promising properties for electronic
devices, which include a vanishing net magnetic moment and thus insensitivity to large
magnetic fields and characteristic terahertz frequency dynamics. However, probing the
antiferromagnetic ordering is challenging without synchrotron-based facilities. Here, we
determine the material parameters of the insulating iron oxide hematite, a-Fe,;Os3, using the
surface sensitive spin-Hall magnetoresistance (SMR). Combined with a simple analytical
model, we extract the antiferromagnetic anisotropies and the bulk Dzyaloshinskii-Moriya field
over a wide range of temperatures and magnetic fields. Across the Morin phase transition, we
show that the electrical response is dominated by the antiferromagnetic Néel vector rather
than by the emergent weak magnetic moment. Our results highlight that the surface sen-
sitivity of SMR enables access to the magnetic anisotropies of antiferromagnetic crystals, and
also of thin films, where other methods to determine anisotropies such as bulk-sensitive
magnetic susceptibility measurements do not provide sufficient sensitivity.
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enable easy and efficient ways to probe and manipulate the

antiferromagnetic order (or Néel vector) by electrical current!-3.
The Néel vector can be manipulated by electrical fields in mag-
netoelectric materials like Cr,05* or multiferroics like BiFeOs?, by
bulk spin-galvanic effects in conducting antiferromagnets®7, or by
interfacial spin-orbit torques in multilayers with the insulating
NiO3-10, For magneto-transport measurements, effects that are
even functions of the magnetic order parameter like
anisotropic! 12 and spin-Hall magnetoresistance (SMR)!3-1> could
be used to probe the antiferromagnetic state and detect switching
events®~10. However, it is not obvious how one can extract the
equilibrium state of an antiferromagnet and in particular determine
from the field dependence of the SMR key magnetic properties
such as the anisotropy values that are otherwise difficult to
ascertain.

The SMR technique can probe the magnetic state of bilayer
systems consisting of a ferromagnetic or antiferromagnetic
insulator and a heavy metal. In the simplest models [15,22,28],
the longitudinal SMR signal AR is proportional to (1 — (m - p)z)
for a ferromagnet and (1 — (n-p)z) for an antiferromagnet
(where the unit vector p of the spin-accumulation is perpendi-
cular to the charge current J in the heavy metal and m and n are
the magnetization and the Néel vector, respectively). As the
magnetization in ferromagnets aligns along the external magnetic
field, while the Néel vector of an antiferromagnet tends to align
perpendicularly, ferro- and antiferromagnets should exhibit a
different field dependence of the SMR signal on the external
magnetic field. When the magnetic field is applied parallel to the
current, the SMR contribution to the longitudinal resistance
should increase for a ferromagnet (positive SMR) and should
decrease for antiferromagnets (negative SMR). However, recent
experiments show a more complicated behavior of SMR in
antiferromagnets, with positive SMR in SrMnOj3!°, negative SMR
in the easy-plane NiO1718, and both positive!®20 and negative?!
SMR measured in the easy-axis antiferromagnet Cr,O;. To
explain the different SMR signs, there were suggestions of
mechanisms such as contributions from  proximity
induced magnetization?! or canted moments??. Additional
complications stem from the possible strong dependence of the
SMR response on the magneto-crystalline anisotropy resulting
from structural symmetries?>. However, such effects, can be
concealed in multi-domain states!”?* by the presence of
magneto-elastic coupling.

Hematite, a-Fe, 03, is not only the main component of rust, but
also a prototypical insulating antiferromagnet that lends itself to
disentangle the origins of the SMR signals in antiferromagnets
and identify the role of easy-axis and easy-plane symmetries in
the magnetoresistance response. This iron oxide has a hexagonal
crystal structure R3¢, and at room temperature shows an easy-
plane canted antiferromagnetic ordering in the basal crystal-
lographic plane. It undergoes a magnetic phase transition at the
Morin temperature?>-27 (at about 260 K), below which it exhibits
an easy-axis antiferromagnetic ordering along the c-axis. It also
possesses a bulk Dzyaloshinskii-Moriya internal field?82° along
the c-axis, which is thus hidden in the easy-axis phase and which
leads to a small (less than a millirad) canting angle between the
magnetic sublattices, generating a weak moment in the easy-plane
phase. Furthermore, hematite shows an accessible spin-flop field
below 10 Tesla so that the Néel vector fully reorients perpendi-
cular to external magnetic fields’®. The size of the magnetic
domains can exceed ten micrometers in both single crystals (see
Supplementary Fig. 1) and thin films3! enabling long distance
spin transport32, and domain redistribution in the easy-plane can
be dominated by the coherent rotation of the Néel vector instead

I n recent years, various new effects have been discovered which

of domain wall motion. To understand the spin structures and the
switching mechanisms, knowledge of the anisotropies and
Dzyaloshinskii-Moriya (DMI) fields is crucial, which is however
challenging in antiferromagnets using conventional approaches
requiring large scale facilities.

In this article, we determine the antiferromagnetic anisotropies
and the bulk Dzyaloshinskii-Moriya field of the insulating iron
oxide hematite, a-Fe,O; using a surface sensitive spin-Hall
magnetoresistance (SMR) technique. We develop an analytical
model that in combination with SMR measurements, allows for
the identification of the material parameters of this prototypical
antiferromagnet over a wide range of temperatures and magnetic
field values. The SMR measurements are thus directly related to
the equilibrium orientation of the Néel vector n calculated by
minimizing the magnetic energy of the sample. The SMR
response is shown to depend strongly on the direction of the
charge current with respect to the magneto-crystalline aniso-
tropies axes. Both the small net magnetization induced by the
external magnetic field H or by the bulk Dzyaloshinskii-Moriya
Hpy above the Morin transition, do not significantly contribute
to the electrical response in the canted easy-plane phase. These
results demonstrate that the SMR technique is a powerful and
alternative tool to the complex neutron scattering®® or X-ray?®
based measurements to ascertain not only the orientation of the
Néel vector as demonstrated previously, but also to extract key
parameters such as the magnetic anisotropies and DMI fields in
antiferromagnets.

Results

Analytical Model. We first develop the necessary model that
allows us to analyze the results of the SMR transport experiments.
We assume that the SMR signal depends only on the components
of the Néel vector?28;

A _ o{l_(n'm{j:k’ 1)

nin,j=k,

where j, k =x, y, are the coordinates along and perpendicular to
the current direction within the sample plane, the constant p,
depends on the spin-mixing conductance at the Pt-hematite
interface and is considered as a fitting parameter. The unit vector
of spin-accumulation p lays within the xy plane and is perpen-
dicular to the current. The equilibrium orientation of the Néel
vector n is calculated by minimizing the potential energy (per
unit volume)

ani

(2)

1
Wpot = 2M; EHexmz + Hpyy (nymy — nymy) —H-m| +w,

where H., parametrizes the exchange field which keeps the
magnetic sublattices antiparallel, Hpyy is the Dzyaloshinskii-
Moriya field, M; is the sublattice magnetization, n and m are the
Néel vector and magnetization of the antiferromagnet related by
the conditions n - m = 0 and n? + m? = 1. The coordinate frame
XYZ is related to the crystallographic axes and differs from the
xyz frame defined by the surface plane of the R-cut hematite
sample (x being the projection of the easy axis Z in the sample
plane, y the axis perpendicular to it) and its normal z. The ani-
sotropy energy of the antiferromagnet depends on two
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parameters:

The temperature-dependent uniaxial anisotropy field H, (T) is
positive at low temperature, where it stabilizes the easy-axis phase
with n||Z, and changes sign at the Morin temperature. The in-
plane anisotropy field H, >0 selects one of three equivalent easy
axes in the easy-plane phase. We keep the in-plane anisotropy
also in the easy-plane phase to remove degeneracy of states and
avoid multiple solutions. Based on the previously estimated
values?>29-30.34  of the parameters, we assume that
H,, > Hpy; > H,, H ., and, hence, m < n~ 1.

The external magnetic field induces a rotation of the Néel
vector towards a direction perpendicular to the magnetic field. In

the easy-axis phase (qu > 0), the final state with nLH can be
achieved either by a spin-flop or by a smooth reorientation,
depending on the orientation of the magnetic field with respect to
the easy axis. A spin-flop takes place at a critical value Hy =
VH HET when H is parallel to the easy-axis and competes with
the effective anisotropy field HSf = Hy| — H3\i/Hey. If, in
contrast, H is perpendicular to the easy-axis, the DMI field pulls
the magnetization along the applied field and simultaneously
induces a smooth rotation of the Néel vector into the state with
nlH and nlZ. In this case, the final state is achieved at the
critical field Hpyy ¢ = H%/Hpyy. For a generic configuration
with H forming an angle y,, with the easy axis, the critical field

0 90 180 270
Angle a (degree)

required for a reorientation is

H2 _ H2
Hcr (XH) = g d |SinXH|
2I_IDMI,sf (4)
]. 2 .
+ \/(HIZDMI,sf - Hszf) sin® Xu+ 4H1%)MI,SfH52f'

2Hpy o

By fitting the angular dependence of the critical field with Eq.
(4), we can then determine the parameters Hy and Hpyy o, and
calculate the anisotropy and DMI fields, as it will be
discussed below.

Spin-Hall magnetoresistance below the Morin transition.
Experimentally, we access the antiferromagnetic properties of
hematite using Hall bar devices (Fig. 1a), aligned along the pro-
jection of the c-axis in the R-plane (x-axis) or perpendicular to it
(y-axis). To determine the role of the crystal anisotropies in the
SMR response, we first perform measurements at T = 200K
below the Morin temperature (Ty; = 260 K) in the easy-axis phase
with zero magnetization (m = 0) and measure the SMR signal by
rotating the magnetic field in the sample plane.

For devices directed along y, we measure the field-dependence
of the SMR signal when applying a magnetic field in three
directions: parallel (x and y directions) and perpendicular (z
direction) to the sample plane, as shown in Fig. 1b. We define the
SMR zero signal to be the value at zero field. When the magnetic
field is applied in the sample plane perpendicular to the current
Jy» H||x, the SMR signal increases monotonically until it reaches
the critical field H,,(x, = 33°) = 6 T, which corresponds to the
transition into the “spin-flop” state with nLH. In this state the
Néel vector is parallel to the current and does not contribute to
the SMR signal, which reaches its maximal value. When the
applied magnetic field is perpendicular to the easy axis, H||y, the

0 90 180 270
Angle o (degree)

Fig. 1 Spin-Hall magnetoresistance (SMR) for Pt Hall bars deposited along the y-axis (direction of the injected current) of the R-cut single crystal of

hematite. a Schematic of the devices b The longitudinal SMR response as a function of the magnetic fields applied along x (red), y (black) and z (green)
axes. ¢, d Angular dependence of the longitudinal (¢) and transverse (d) SMR for different field values 6 (magenta), 8 (blue) and 11 teslas (black). The
magnetic field rotates within the xy plane, a is the in-plane angle between J, and H. Theoretical curves (solid lines) are calculated based on the model (1-3)
with HT = 23.8 mT, H, = 1.54uT, Hpyy = 2.72 T, and H,, = 1040 T34. The sample temperature is 200 K. Error bars (not visible, smaller than the symbol

size) account for the standard error

COMMUNICATIONS PHYSICS| (2019)2:50 | https://doi.org/10.1038/s42005-019-0150-8 | www.nature.com/commsphys 3


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-019-0150-8

SMR signal shows a non-monotonic field dependence, which can
be interpreted as a rotation of the Néel vector in the xz plane
according to theoretical predictions (solid line in Fig. 1b). In this
configuration, the magnetic field induces a small magnetization
along y and the equilibrium orientation of the Néel vector is
defined by the competition of the DMI and the easy-axis
anisotropy. Above the critical field H(90°) = Hpyy o =~ 10 T,
the Néel vector reaches its final state perpendicular to the easy
axis (and almost perpendicular to the sample plane) with a minor
projection on the direction of the spin accumulation p. This is
seen as the saturation of the SMR signal. Note that we can
interpret the experimental data using only the model of pure
SMRI!415, without the need to resort to any proximity effect-
induced anisotropic magnetoresistance!2, which would not lead
to a change of magnetoresistance for this magnetic transition in
the plane perpendicular to the applied current. Finally, for H || z,
we observe a monotonic fleld dependence with an intermediate
value of the critical field H,,(57°) = 6 T, as expected for an angle
of 57° between the applied field and the easy-axis. The agreement
between the theoretical model (1)-(3) and experiment indicates
that the main contribution to the SMR signal originates from the
Néel vector n and the contribution of the small induced magnetic
moment m to the SMR is not significant.

Figure 1c-d, show the angular dependences of the longitudinal
and transverse SMR signal measured for the fields around
the minimal critical field (6 T), above the maximal critical field
(11T), and also for an intermediate field value (8 T). The
magnetic field is rotated within the sample plane, the in-plane
angle a is measured relative to the current direction Jy, as shown
in Fig. la. In all cases, the longitudinal SMR signal shows a
negative sign (ie a maximum resistance is achieved for the
magnetic field applied perpendicular to the injecting current).
The amplitude of the SMR angular dependence peaks at the spin-
flop field (H = 6 T), when the Néel vector spans all possible states
within the sample plane xy. In contrast, for the rotation at H=
11 T, the Néel vector varies between two “spin-flop” states (along
X and Y crystallographic axes) with minor projections on
the spin-accumulation axis x. This explains the lower value of
the SMR signal. The transverse SMR signal (Fig. 1d) shows
similar behavior with a maximal amplitude at 6 T.

Reasonable agreement between experimental data and theore-
tical modelling for all angular and field dependences of the SMR
signal shows that our single-domain approximation is sufficient
to describe the system and allows us to estimate the values for the
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DMI constant and H* based on the minimal and maximal values
of critical fields (in combination with the reported value of the
exchange field (H,, = 1040 T3%). However, these parameters can
be determined directly with higher accuracy from fitting the
angular dependence of the critical field H,, measured by rotating
the magnetic field in the xz plane, see Fig 2.

Angular dependence of the critical fields in presence of DMI.
Figure 2 shows the results of such measurements for a Pt Hall bar
directed along y. In Fig. 2a. we demonstrate typical field depen-
dences of the longitudinal SMR for different orientations of the
magnetic field. When the magnetic field is almost parallel to the
easy axis (fp=—30°), the SMR curve changes step-wise, thus
reflecting the spin-flop reorientation of the Néel vector. The
decrease of the signal in the near-spin-flop region originates from
small (3°) misalignment of the field which induces tilting of the
Neel vector from z axis. Such an abrupt transition is typical for
easy-axis antiferromagnets, which can possess only indis-
tinguishable 180° domains. This behavior is in contrast with the
smooth variation of the SMR signal in easy-plane antiferro-
magnets, where the magnetic field can induce domain wall
motion between non-180° domains!”724. For other field direc-
tions, the SMR signal varies smoothly, in accordance with theo-
retical predictions (solid lines). The critical field in these cases is
associated with the points of saturation of the SMR signal (ver-
tical arrows). We can further exclude a contribution from a
magnetic proximity effect in the platinum due to both the sign of
the magnetoresistance, the absence of a spin-reorientation at low
magnetic fields, and the absence of XMCD signals (Supplemen-
tary Fig. 1 & Note 1).

In Fig. 2b. we present the full field-angular dependence of the
longitudinal SMR signal calculated according to Egs. (1)-(3). The
black solid line delineates the region of the spin-flop state (with
n_LH) and the corresponding saturation of the SMR signal. This
line, determined from Eq. (4), coincides with the experimental
angular dependence of the critical field H (y,;). By fitting the
experimental data H_ () (dots) with the predicted dependence
H,(xy) (taking into account that y,, =+ 33°), we extract the
values of the internal DMI and effective anisotropy fields as Hpp
=2.72T and Hf =23.8 mT. These values are consistent with the
previous measurements®® and show that the simple surface-
sensitive electrical measurements allow for a direct and precise

0 3 6 9
Magnetic field (tesla)

40 80 120

Angle B (degree)

Fig. 2 Longitudinal Spin-Hall magnetoresistance (SMR) in the $-plane of Pt Hall bars deposited along the y-axis. a Field dependence of the longitudinal SMR
signal for magnetic fields applied parallel (f = —30°) and perpendicular (f = 60°) to easy axis and for two intermediate orientations in the xz plane (= 0°
and 90°). b Dependence of the longitudinal SMR (color code) as a function of the amplitude and direction of the magnetic field in the xz plane calculated
from the model (1)-(3) with Hf = 23.8 mT, H, = 1.54 uT, and Hp,,; = 2.72 T. Solid line (theory) and dots (experiment) show the angular dependence of
the critical field. Vertical arrows correspond to the extracted critical fields. (a). The angle B is calculated from x-axis, the current is applied along y, as shown
in Fig. 1a. In calculations we account for a shift between crystallographic and experimental axes, y;, = (8 + 33)°. The sample temperature is T=200K.
Error bars (if not visible, smaller than the symbol size) account for (a) the standard error, (b) fit parameters errors and saturation field uncertainty
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Fig. 3 Spin-Hall magnetoresistance (SMR) for Pt Hall bars deposited along the x-axis (direction of the injected current) of the R-cut single crystal of
hematite. a Schematic of the devices, a is the angle between J, and H. b The longitudinal SMR response as a function of the magnetic fields applied along x
(red), y (black) and z (green) axes (c-d) Angular dependence of the longitudinal (¢) and transverse (d) SMR for different field values 8 (blue) and 11T
(black). Error bars (not visible, smaller than the symbol size) account for the standard error

access to the magnetic state and properties of antiferromagnetic
system.

Role of the anisotropy axis in the electrical read-out. In anti-
ferromagnets, the SMR response strongly depends on the orienta-
tion of the anisotropy axis relative to the patterned devices. Contrary
to ferromagnets with low anisotropies like YIG or NiFe, the pro-
jection of the Néel vector along the spin-accumulation can even be
zero as long as the applied magnetic fields are lower than the large
critical fields. To identify and corroborate the role of anisotropy
fields in the transport measurements, we thus repeat the measure-
ments for Pt Hall bars rotated by 90°, with injected currents parallel
to the x-axis (Fig. 3a). For this geometry of the devices, the Néel
vector is perpendicular to the spin-accumulation at zero field. The
field dependences of the longitudinal SMR measured for H||x and
H]|z (Fig. 3b) are in good agreement with the theoretical model (Egs.
(1)-(3)) and show the same critical fields (6 and 8 T respectively) as
the devices with a y-oriented electrode. For H||y the SMR signal is
nearly constant, as the Néel vector rotates in the plane perpendicular
to the spin-accumulation. In this case, the SMR response does not
reflect the Néel reorientation observed for Pt devices directed along
y. The small quantitative discrepancy between the theoretical model
and the experiments at high magnetic fields, larger than the critical
fields, could be associated with a residual contribution from the
emerging canted moment and from the limitations of our analytical
model. The angular dependences of the longitudinal (Fig. 3c) and
transverse (Fig. 3d) SMR are negative, in agreement with the model
predictions (Eq. 1). This further confirms that we indeed measure a
pure SMR effect with no significant proximity induced magnetic
moment contributions. Note that in spite of a visual difference in the
SMR dependences measured for x- and y-oriented devices, all the
data can be consistently interpreted within the same theoretical
model that we develop. This also means that SMR signal must be
analyzed taking into account the device orientation relative to the
crystallographic axis. In our case, information from the x-oriented

devices is limited, due to the absence of an electrical signature of the
DMI induced reorientation for H||y.

Spin-Hall magnetoresistance through the Morin phase transi-
tion. Finally, the SMR technique allows one to probe the equili-
brium states of hematite over a wide temperature range to study
the (T, H) magnetic phase diagram. To illustrate this, we measure
field dependences of the longitudinal SMR for x-oriented devices
at different temperatures (see Fig. 4a), below and above the Morin
transition temperature which separates the easy-axis and easy-
plane phases. Extracted values of the critical fields (closed black
dots) are shown in Fig. 4b as a function of temperature. Within
the interval 160-255 K, the temperature dependence of the critical
field is well described by H_,(T) o< /Ty — T, with Ty; = 255K.
Such a temperature dependence is typical for the second-order
phase transitions within the Landau theory and was also reported
earlier343°, Below 160 K, H_(T) stays around a constant value of
8T, above 255K its value is close to zero. Using Eq. (4) and
the experimental dependence H_ (T), we then determine the
temperature dependence of the effective anisotropy H (T') (blue
line in Fig. 4b) assuming that Hpyy=2.72T is temperature-
independent (as previously found3>37). The last assumption is
consistent with the observed (open dots in Fig. 4b) and predicted
(solid line) temperature dependence of the maximal critical field.
Note, that as the SMR is a surface sensitive technique, similar
measurements could determine the magnetic anisotropies of high
quality epitaxial hematite thin films3!, for which magnetometry
measurements such as SQUID do not provide sufficient sensi-
tivity. Indeed, one can notice here the excellent agreement
between previous bulk measurements and the measurements and
theory presented here with a surface sensitive technique. This also
indicates that the surface and the bulk of the crystal have similar
anisotropies.

According to the theoretical model, the effective anisotropy
vanishes at the Morin temperature, H*(Ty) = 0, and changes
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Fig. 4 Temperature dependence of the Spin-Hall magnetoresistance (SMR). a Field dependence of the longitudinal SMR for H parallel to J (||x) at different
temperatures (below and above the Morin temperature of 260 K). b Temperature dependence of the critical field H,, (left axis) for H||x (HCI(T;)(H = 33"),
black dots) and Hlly (H. (T;x,, = 90°), blue dots). Solid lines shows the fitting with H, o /Ty — T. Blue line (right axis) shows the calculated

temperature dependence of the effective anisotropy Hifnf(T) based on fitting of critical fields and Eq. (4). € Schematic of the two device orientations (J||y
and J||x). Shaded is the easy plane with orientations (double-arrows) of the Neel vectors in different domains. d Angular dependence of the longitudinal
SMR signal for J||y (green) and J||x (brown) at H=0.5T (full dots) and H=5.5T (open dots) in easy-plane phase (T =280 K). Field is rotated in the xy
plane, angle « is calculated from the current direction. Symbols are experimental data; solid lines correspond to fitting with H;g =238mT, H =154T,
and Hpyg = 2.72 T. Error bars (if not visible, smaller than the symbol size) account for (a & d) the standard error, (b) fit parameters errors and saturation

field uncertainty

sign and becomes negative in an easy-plane phase (above T),).
However, the SMR signal at 260 and 300 K still shows the features
of the spin-flop transition at small field around 0.4 T (Fig. 4a), a
feature also observed in neutron diffraction and resonance
measurements [33, 37]. Moreover, the SMR has the same sign
below and above T,y which indicates that the SMR is still
dominated by the Néel vector and not by the small canted
moment. Assuming that reorientation of the Néel vector in the
easy-plane phase (represented in Fig. 4c) is driven mainly by in-
plane anisotropy (Eq. 3), we estimate the value of the in-plane
anisotropy field H, from the angular dependences of the SMR
measured for small (0.5T) and large (5.5 T) fields applied in the
xy plane and for the two orientations of the Pt stripes (Fig. 4d). As
seen from Fig. 4d, the amplitude of the SMR signal remains the
same for small and large fields. According to theoretical
predictions this means that the critical field in the easy-plane
phase is below 0.4 T, which gives H, < 1.6 uT. The weak field-
dependence of the SMR amplitude also means that the field-
induced “weak” magnetic moment only contributes negligibly.
Note, that for geometrical reasons, the SMR amplitude is larger
for x-oriented device demonstrating again the role of the crystal
and device symmetry in the electrical response.

Discussion

We have combined theory with experiments to analyze the
properties of the insulating antiferromagnetic hematite, a-Fe,Os,
using accessible transport measurements. We successfully model
Spin-Hall magnetoresistance measurements in a-Fe,O; by a
simple analytical model. From comparison and fitting of our
electrical measurement results, we determine the values of ani-
sotropy and Dzyaloshinskii-Moriya fields, which drive the Néel
vector reorientation. Measuring the SMR across the Morin
transition, we determined the specific properties of the easy-axis

6

and canted easy-plane phases, and observed that the contribution
of the weak moments is negligible for the electrical response,
which is governed by the Néel vector. The shape of the SMR
curves strongly depends on the orientation of the devices with
respect to the crystallographic axis in line with our model pre-
dictions. Our observations demonstrate that the Spin-Hall mag-
netoresistance technique is a unique surface sensitive technique
that allows us to easily access to the fundamental properties of
insulating antiferromagnets without the need to resort to large
scale facility measurements as previously required.

Methods

Experimental setup. The devices were carried out based on a sample geometry
that was defined using electron beam lithography and the subsequent deposition
and lift-off of a 7 nm platinum layer by DC sputtering in an argon atmosphere at a
pressure of 0.01 mbar. The devices were contacted using a bilayer of chromium
(6 nm) and gold (32 nm). The sample was mounted to a piezo-rotating element in a
variable temperature insert that was installed in a superconducting magnet capable
of fields up to 12 T and cooled with liquid helium. For the rotation measurements,
the sample was rotated in a constant field.

Single crystal of a-Fe,05. The single crystal of hematite, a-Fe,O3, was obtained
commercially and has an R-cut orientation, which means that the c-axis of the
hexagonal structure is tilted 34 degrees below the surface plane. This orientation
was chosen because of the large in-plane projection of the c-axis in addition to the
stability of the sample terminating with the r-plane.

Data availability

The data that support the findings of this study are available from the corresponding
authors upon reasonable request. Correspondence and requests for materials should be
addressed to R.L. or M.K.
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