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ABSTRACT: Magnetoelectric antiferromagnets like Cr2O3 are
attractive for the realization of energy-efficient and high-speed
spin−orbitronic-based memory devices. Here, we demonstrate that
the fabrication of polycrystalline bulk Cr2O3 samples in conditions
far out of equilibrium relying on spark plasma sintering allows high-
quality material with a density close to that of a single crystal to be
realized. The sintered sample possesses a preferential [0001] texture
at the surface, which can be attributed to uniaxial strain applied to
the sample during the sintering process. The antiferromagnetic state
of the sample and linear magnetoelectric effect are accessed all-
electrically relying on the spin Hall magnetoresistance effect in the Pt
electrode interfaced with Cr2O3. In line with the integral magneto-
metry measurements, the magnetotransport characterization reveals
that the sample possesses the magnetic phase transition temperature of about 308 K, which is the same as in a single crystal. The
antiferromagnetic domain pattern consists of small domains with sizes in the range of only several micrometers, which is formed due
to the granular structure of the sample. The possibility to access the magnetoelectric properties of the samples relying on
magnetotransport measurements indicates the potential of the polycrystalline Cr2O3 samples for prospective research in
antiferromagnetic spintronics.
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■ INTRODUCTION

Magnetoelectric Cr2O3 is a collinear antiferromagnetic
insulator below its Neél temperature of about 307 K.1,2 It is
also a room-temperature magnetoelectric material with uniaxial
anisotropy, which makes it a candidate material for magneto-
electric random access memory (MERAM)3 and purely
antiferromagnetic MERAM (AF-MERAM)4 as well as for
data storage concepts relying on antiferromagnetic domain
walls.5 Recently, it was shown that B-doping of Cr2O3 thin
films can control the nonvolatile rotation of the Neél vector up
to 400 K by an electric field only due to the indirect coupling
between electric polarization and antiferromagnetic order
parameter.6 With this work, one of the major issues of
Cr2O3, namely, its comparatively low Neél temperature, is
successfully addressed. We note that, due to the linear
magnetoelectric effect, the magnetic order parameter in
Cr2O3 can be switched by the electric field applied to the
antiferromagnetic insulator. This paves the way toward energy
efficient prospective memory devices based on antiferromag-
nets. In addition to magnetoelectric manipulation of the order
parameter as in Cr2O3, there are alternative concepts exploring
strain effects and spin(orbit)torques applied to metallic and

insulating antiferromagnets.7−9 For a review of different
electric field controls, see ref 10.
In contrast to single crystals and textured thin films, there

are no reports on the spintronic performance of devices based
on cost-efficient polycrystalline bulk Cr2O3. To this end, it is
known that a hot-pressed polycrystalline Cr2O3 material
reveals a sizable magnetoelectric effect, which is only about 3
times smaller than the one of a single crystal.11−13 We would
like to note that the symmetry of the magnetoelectric (ME)
effect does not allow the ME tensor average to be zero for
powders independently of the presence or absence of the
preferred texture. For example, for the random distribution of
grains in the powder and parallel electric and magnetic fields,
the ME effect in Cr2O3 is isotropic.
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models, which take into account intergrain interaction and
assume the Gaussian distribution of the orientation distribu-
tion function, allow one to obtain a good coincidence between
analytics and experimental data. In particular, the longitudinal
and transversal components of the ME tensor are reduced and
enhanced, respectively.12,13 Although a sizable ME coefficient
is relevant for spintronic devices, by now, polycrystalline bulk
materials are not implemented in spintronics research. For
instance, it is not demonstrated yet that polycrystalline bulk
Cr2O3 can be fabricated in a quality that is sufficient for all-
electrical readout of the antiferromagnetic order parameter as
would be needed for practical applications in spintronics.
Furthermore, it is not known if all-electrically it could be
possible to manipulate the order parameter using electric fields
as would be needed for energy efficient magnetic memory
applications. Another important aspect is the random
orientation of crystallites that limits the attractiveness of
polycrystalline antiferromagnets for research on antiferromag-
netic spintronics.14,15 The randomness of grain orientations is
a direct consequence of the fabrication methods relying on the
sample preparation at conditions close to thermodynamic
equilibrium.16,17

Here, we fabricate dense polycrystalline Cr2O3 samples at
conditions far out of equilibrium relying on the spark plasma
sintering (SPS) technique.18,19 The SPS is based on direct-
current (dc) pulses and uniaxial pressure applied to a powder
material, thus imposing an axial strain to the sintered material.
The analysis of the temperature dependent magnetic
susceptibility and grain orientations at the surface of the
sintered samples indicates a preferential [0001] texture. We
study integral magnetic properties of the samples using
superconductive quantum interference device vibrating sample
magnetometry (SQUID-VSM) and locally measure the
temperature evolution of the antiferromagnetic domain
patterns using scanning nitrogen vacancy (NV) center
magnetometry. Furthermore, we address the magnetoelectric
switching performance relying on magnetotransport measure-
ments. Sintered Cr2O3 pellets exhibit the Neél temperature of
about 308 K and possess micrometer-size antiferromagnetic
domains. Magnetotransport measurements relying on the spin
Hall effect in a Pt electrode in proximity to the polycrystalline

Cr2O3 confirm the linear magnetoelectric effect in the material.
The all-electrical access of the magnetoelectric responses of
polycrystalline Cr2O3 paves the way toward spintronic and
spin−orbitronic devices based on this inexpensive material
prepared by industry-scale methods.

■ RESULTS AND DISCUSSION

For sample preparation, we used a commercially available
Cr2O3 powder (Figures 1a and S1), which was sintered by SPS
at 1573 K under uniaxial pressure of 30 MPa in an Ar
atmosphere. We prepared Cr2O3 pellets with a thickness of 0.5
mm and a diameter of 10 mm (Figure 1b). After synthesis, the
top surface of the sample was mechanically polished (surface
roughness of about 10 nm). In contrast to established
fabrication methods,11 the SPS technique allowed us to obtain
Cr2O3 pellets with a mass density of 99.5% of the theoretical
density, which renders the physical properties of the samples
close to those of single crystals. X-ray diffraction studies
confirm that SPS-processed samples are single phase with the
corundum-type crystal structure (space group R3̅c, a =
4.9585(1) Å, c = 13.5934(3) Å at 293 K; see Figure S2).
Microstructural investigations were done using scanning
electron microscopy (SEM) for the top surface character-
ization (Figures 1c,d and S3) and transmission electron
microscopy (TEM) for cross-sectional studies (Figures 1e, S4,
and S5). The sintered sample consists of grains with a typical
size of 1 to 5 μm (Figure 1c−e), each possessing the
corundum-type structure of Cr2O3 as confirmed via electron
diffraction analysis (Figure S4). Depth profiling of small
volume defects of the polished Cr2O3 pellet was carried out
using positron annihilation spectroscopy (PAS). From Doppler
broadening PAS (Figure S6a), an effective positron diffusion
length (L+) of 99.1 ± 0.6 nm was estimated, allowing for
calculation of the overall defect concentration of cV ≈ 0.66
ppm. The positron annihilation lifetime spectroscopy (PALS)
analysis, on the other hand, revealed that, in the subsurface
region of the sample within the topmost ∼300 nm, there are
defect clusters of about 7 vacancies in individual Cr2O3 grains
(inset in Figure 1e; see also Figure S6b,c). The cluster size was
defined from the comparison of the experimental PALS data
with the density functional theory (DFT) calculations carried

Figure 1. Fabrication and microstructure of SPS-sintered Cr2O3. (a) Cr2O3 powder is sintered by SPS using dc current pulses under uniaxial
applied pressure to obtain (b) a dense Cr2O3 pellet with a diameter of 10 mm. (c) SEM image of the top surface of the SPS-sintered pellet. (d)
Statistics on the grain sizes performed by the analysis of the data shown in panel (c). (e) High-angle annular dark-field scanning transition electron
microscopy (HAADF-STEM) image of the cross-sectional lamella of the SPS-sintered Cr2O3 sample. (inset) The schematic represents the
accumulation of small volume defects at the subsurface region of the sample. Deeper than 300 nm, individual grains behave as a single crystal in
terms of small volume defects.
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out for Cr2O3 (Figure S6d). It should be noted that the
vacancy clusters could be located at grain boundaries as well.
Deeper than 300 nm, the concentration of small volume
defects is likely even smaller when the unsaturated behavior of
the positron lifetimes is considered. This finding indicates a
high quality of individual Cr2O3 grains in the interior of the
sample.
To access the texture of the samples, we performed electron

backscatter diffraction (EBSD) investigations of the SPS-
sintered polycrystalline Cr2O3 (Figure 2). All crystallites show
different crystallographic orientations (Figure 2b), and the
standard EBSD analysis revealed no further orientation
variation within each crystal (Figure 2b,c). The texture analysis
demonstrates a preferred orientation of the [0001] direction of
the Cr2O3 unit cell parallel to the sample surface normal
(Figure 2c). The formation of preferentially [0001]-oriented
grains in polycrystalline Cr2O3 samples was not reported
before. We consider that the axial strain applied to the sample
during the SPS process can act as a driving force for the

formation of the preferential [0001] texture. In analogy with
Al2O3, the uniaxial pressure used during the SPS process
results in a deformation at high temperatures, leading to the
crystallographic slip of individual grains.20

There are independent slip planes in corundum structure at
high temperatures, namely, (0001) ⟨112̅0⟩, (12̅10) ⟨101̅0⟩,
(12̅10) ⟨101̅1⟩, (11̅02) ⟨011̅1⟩, and (101̅1) ⟨011̅1⟩.21

Consequently, to accommodate a significant axial strain
under SPS conditions, a possible rotation of the grains having
the (0001) plane oriented perpendicular to the uniaxial
pressure may occur.20 We anticipate that this mechanism
could be responsible for the development of the [0001] texture
in our Cr2O3 samples. Furthermore, theoretical calculations
have shown that thermodynamically favored orientation slides
(0001) withstand uniaxial pressure during the SPS proc-
ess.22−24 Therefore, complementary effects including recrystal-
lization, dislocation slip, grain boundary sliding, and aniso-
tropic grain growth could contribute to the texture formation
in Cr2O3 similar to the case of SPS-processed polycrystalline

Figure 2. Characterization of the orientation of grains at the surface. (a) EBSD quality map. (b) Grain orientation map (inverse pole figure Z)
showing the color coded crystallographic direction uv u v w( ){ + }, which is parallel to the sample surface normal. The color code is given in the
inset. (c) Frequency distribution of the crystallographic direction uv u v w( ){ + } along X, Y, and Z. Scaling is according to the color bar.

Figure 3. Magnetic characterization. (a) The magnetic susceptibility of the SPS-sintered sample (black curve) and of a single crystalline Cr2O3
sample measured with the magnetic field of 100 Oe applied along (blue curve) and perpendicular (red curve) to the c-axis of the sample. The SPS-
processed samples is measured in the geometry when the magnetic field is applied perpendicular to the surface of the pellet. (b) Scanning NV
magnetometry investigation of the antiferromagnetic domain pattern in the SPS-sintered Cr2O3 sample. The measurement is carried out at 295 K.
(c) Estimation of the magnetic phase transition temperature from the temperature dependent evolution of the magnetic stray fields measured using
NV magnetometry. Symbols correspond to the NV data (Figure S8). Solid orange curve is a fit to the NV data using the power law [1 − (T/TN)

3]β

calculated for the fixed TN = 307.5 K (estimated from the SQUID-VSM data, panel (a)) taking β as a free parameter. The best fit gives β = 0.32.
For comparison, we also show fits to the same equation with the fixed critical exponents [β = 0.314 (3D Ising universality class; solid black curve)
and β = 0.5 (mean field approximation; dashed black curve)] with TN taken as a fitting parameter.
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Al2O3.
25 Further in depth theoretical and experimental studies

are needed to understand the texture formation in SPS-
processed Cr2O3 powder.
Integral magnetic properties of the samples were studied

using SQUID-VSM. The magnetic susceptibility, χ, measure-
ments revealed the antiferromagnet−paramagnet transition
temperature (Neél temperature, TN) of 307.5 ± 2 K, which
corresponds to the TN of a single crystal26 (Figure 3a). The
temperature dependence of the magnetic susceptibility of the
isotropic polycrystalline sample (green curve, which is
calculated as (2/3χperp + 1/3χpara)) can be represented as a
combination of magnetic susceptibilities of a single crystal
measured with a magnetic field applied in the direction parallel
(blue curve, χpara) and perpendicular (red curve, χperp) to the
[0001] direction.26 The magnetic susceptibility of the SPS-
sintered Cr2O3 sample (black curve) does not coincide with
the one for the isotropic polycrystal and is closer to the curve
corresponding to the single crystal measured with the magnetic
field applied along the [0001] orientation. Since the magnetic
susceptibility is the bulk quantity, it is reasonable to assume
that the degree of [0001] texture should be related to the
deviation of the susceptibility from the isotropic case (black
curve in Figure 3a moves closer to the blue curve). From the
EBSD data (Figure 2), we know that the sample reveals about
10% of [0001] texture. We assume that it is possible to
introduce a correction to the equation of the isotropic case
(green curve in Figure 3a) to assess if the degree of the [0001]
texture corresponds to the shift of the measured curve for the
SPS-processed sample (black curve in Figure 3a) toward the
single crystal characterized in an external magnetic field applied
parallel to the c-axis (blue curve in Figure 3a). As one possible
way to introduce such a correction, we rewrite the
susceptibility for the isotropic sample as [(2/3 − ζ)χperp +
(1/3 + ζ)χpara] with an adjustment parameter ζ. By fitting the
latter equation to the experimental data (black curve in Figure
3a), we derive that the adjustment parameter ζ is equal to
about 0.032 (dashed orange curve in Figure 3a), which is
about 10% of the contribution of the [0001] texture for the
case of the ideal isotropic sample (1/3).
We analyzed the magnetic domain pattern of the SPS-

processed sample using scanning NV magnetometry, which
allows one to measure the spatial map of magnetic stray fields
at the nanoscale.27,28 This is the very first imaging of the
antiferromagnetic domain pattern of a polycrystalline bulk
Cr2O3 sample. The scanning NV magnetometry studies
performed at 295 K after zero field cooling reveal a complex
multidomain state with characteristic magnetic domain sizes in
the range of 1−5 μm (Figure 3b). The domain pattern differs
substantially from the one taken for a single-crystalline
sample5,29 with large mm-sized domains. In the case of the
SPS-processed sample, antiferromagnetic domain walls are
pinned at defects like grain boundaries resulting in a pattern,
which is similar to those observed in textured Cr2O3 thin
films.30 We note that the resolution of the scanning NV
magnetometry was not sufficient to unambiguously claim that
domain walls are exclusively pinned at grain boundaries. Still,
we do see correlation between the domain size and the grain
size, which allows us to expect that antiferromagnetic domain
walls in Cr2O3 “feel” grain boundaries. Indeed, NV data allows
us to estimate a characteristic magnetic domain size on the
order of several micrometers (Figure 3b), which is similar to
the typical grain size of the sintered sample (Figure 1c−e). To
assess the pinning of domain walls on defects, we performed

several temperature cycles (heating the sample to above the
Neél temperature and cooling to the antiferromagnetically
ordered state). This study allows us to check if the domain
pattern reappears at the same location. The results are shown
in Figure S7 (see also related Figures S8−S11). The data show
that the domain pattern reappears yet is not exactly the same.
The difference is seen via the reversal of the contrast at the
location of certain domain walls (indicated regions in Figure
S7). Still, the location of some domain walls remain the same
(only contrast is reversed), indicating that the morphology of
the domain pattern is dominated by the pinning of the
antiferromagnetic domain walls at the structural defects.
Considering that we do not have a correlation image where
topography of the sample is superimposed with the
antiferromagnetic domain pattern, we cannot exclude that
domains are spread over several grains and are not confined to
individual grains. This scenario could require at least a partial
exchange coupling between Cr2O3 grains, which was already
reported for the case of granular thin films of Cr2O3.

30

To access the local antiferromagnet−paramagnet transition
temperature, we follow the change of the contrast from the
antiferromagnetic domain pattern by performing NV imaging
of the sample at different temperatures (Figure S8). By fitting
the temperature dependence of the NV contrast to the power
law [1 − (T/TN)

3]β (Figure 3c),31 we determine the critical
exponent β = 0.32 ± 0.05 for the fixed TN = 307.5 K taken
from the SQUID-VSM study (Figure 3a). The value for the
critical exponent corresponds to the 3D Ising universality class
as established for high quality Cr2O3 single crystals.31 For
completeness, in Figure 3c, we show two fit curves calculated
for fixed critical exponents of β = 0.314 (3D Ising universality
class) and β = 0.5 (mean field approximation) with TN taken as
a free fitting parameter. The best fit provides estimates for the
Neél temperature of 307 K (for β = 0.314; solid black curve in
Figure 3c) and 309 K (β = 0.5; dashed black curve in Figure
3c). Although both fit curves describe the experimental data
well, the mean field model with β = 0.5 overestimates the Neél
temperature compared to the SQUID-VSM data (Figure 3a).
We further performed SQUID-VSM measurements of the
uncompensated magnetic moment as a function of temper-
ature for the SPS-processed sample (Figure S12). The fit of the
experimental data to the power law indicated above carried out
for the case of fixed critical exponents of β = 0.314 and 0.5
allows us to estimate the Neél temperature taken as a fitting
parameter. The best fit to the SQUID-VSM data (Figure S12)
gives a TN of 306.6 K (for β = 0.314) and 307.5 K (for β =
0.5), which agree well with the susceptibility study (Figure 3a).
Although the NV magnetometry measurements suggest that
the 3D Ising universality class could give a better fit to the
experimental data, the overall accuracy of the combined
SQUID-VSM data (Figures 3a and S12) and NV data (Figures
3c and S7−S11) does not allow us to unambiguously
determine the critical exponent for the SPS-processed sample.
Magnetotransport studies provide access to the magnetic

phase transition temperature at the sample surface for different
antiferromagnetic materials32−36 and to the magnetoelectric
effect in Cr2O3.

4,6,37 For these studies, the SPS-processed
Cr2O3 pellet was capped with a 5 nm-thick Pt film, which was
then contacted at four points for transverse resistance
measurements carried out by exposing the sample to the
out-of-plane magnetic field (Figure 4a). There are several
mechanisms that can lead to the change of the transverse
resistance of the Pt film, RT, interfaced with Cr2O3 including
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the spin Hall magnetoresistance effect36 and magnetic moment
at the Pt/Cr2O3 interface.

38 When cooling the sample to the
temperature of choice in an external magnetic field of certain
strength (named here as the cooling magnetic field, Hcool), the
magnetic state of Cr2O3 adapts, leading to a predominant
stabilization of the antiferromagnetic state along the cooling
field direction. This dominance of one antiferromagnetic
domain leads to a spontaneous transverse resistance in the Pt
layer, even in a zero magnetic field (Figure 4a). We access the
transition temperature in the transport measurement by
performing the zero-field-warming experiment where the
transverse resistance is measured upon warming the sample
up from 270 to 320 K after it was cooled in the cooling field of
−15 kOe. At the temperature of about 308 ± 2 K, the signal
vanishes (Figure 4b). This temperature corresponds to the
Neél temperature measured using SQUID-VSM. Therefore, we
confirm that, also for the SPS-sintered Cr2O3 sample, the
magnetotransport characterization provides access to the
antiferromagnetic order parameter. We note that the criticality
behavior measured using magnetotransport (Figure 4b) and
NV magnetometry (Figure 3c) are different. This can be
caused by the different defect nanostructures of the top surface
region of the sample compared to the interior of the sample.
Indeed, magnetotransport is a surface sensitive method, which
does not allow us to probe bulk properties directly (unlike NV
as well as SQUID-VSM magnetometry). For our SPS-
processed sample, we know from the PAS analysis (see
discussion related to Figures 1e and S6) that the top 65 nm of
the sample contains various defects. As it was shown for the
case of Cr2O3 thin films,39 different type of defects located on
the interface between Cr2O3 and Pt, as well as their
concentration, have a significant influence on the behavior of
the transversal resistance and its response to the external
magnetic field.
One of the technologically relevant properties of Cr2O3 is its

linear magnetoelectric effect, which allows for the electric field
control of the antiferromagnetic order parameter. The
magnetoelectric performance of the sample is presented as
the dependence of the transverse resistance measured after the

magnetoelectric field cooling. In this study, the sample is
cooled through the Neél temperature from 320 down to 270 K
in the presence of the collinear electric (E, realized by the
applied cooling gate voltage, Vcool) and magnetic (Hcool) fields
oriented perpendicular to the sample surface (Figure 5a). The

main trend of the magnetoelectric map is that, for the constant
electric field, the transverse resistance increases and begins to
saturate for strong cooling magnetic fields (Figure 5b).
Furthermore, the change of the sign of the product of the
EH fields leads to the sign reversal of the measured signal,
which indicates the reversal of the antiferromagnetic order
parameter.4 The switching of the antiferromagnetic order
parameters is consistent with that expected in Cr2O3 due to the
linear magnetoelectric effect.1−4,40,41 We note that, to the best
of our knowledge, this is the first time the linear magneto-
electric effect of a polycrystalline Cr2O3 is measured using
magnetotransport techniques. The EH-field symmetry of the

Figure 4. Magnetotransport characterization of the SPS-sintered
Cr2O3. (a) Measurement of the transverse resistance change, RT, of a
Pt capping layer as a function of the cooling magnetic field applied
perpendicular to the sample plane. The measurement is carried out at
remanence at 270 K after the sample was cooled from 320 K in an
applied magnetic field Hcool. (b) Zero-field-warming experiment
where RT is measured upon warming the sample from 270 K after it
was cooled in the cooling field of −15 kOe. At the transition
temperature of about 308 K, the measured signal vanishes. In both
panels, red solid curves are guides to the eye. The red circle in both
panels indicates that the initial condition for the zero-field-warming
experiment (panel (b)) is prepared in the field cooling experiment
shown in panel (a).

Figure 5. Magnetoeletric characterization of the SPS-sintered Cr2O3
sample. (a) Magnetoelectric map revealing the dependence of the
transverse resistance, RT, on the magnetoelectric field cooling (applied
electric and magnetic fields). The electric field is controlled by
applying cooling gate voltages, Vcool. Red solid line in panel (a)
indicates the shift of the magnetoelectric map due to the gate bias
voltage. (b) Line cuts through the magnetoelectric map shown in
panel (a) at a selected Vcool of −100 V (indicated with a green dashed
line in panel (a)) and +75 V (indicated with a blue dashed line in
panel (a)). Solid curves in panel (b) are guides to the eye. All
measurements were collected after the sample was cooled from 320 K
through the antiferromagnetic ordering temperature to the measure-
ment temperature of 270 K.
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linear magnetoelectric effect is restored when accounting for a
gate bias voltage,4 which is about −45 V for this sample
(indicated with the red line in Figure 5a). The gate bias voltage
could be induced by defects in our polycrystalline SPS-
fabricated Cr2O3 samples.4,42−45 The magnetoelectric effect is
also confirmed via the measurement of the exchange bias in the
stack where the SPS-processed Cr2O3 sample is deposited with
[Co(0.4 nm)/Pt(0.7 nm)]5 multilayers (Figure S13). The
possibility to affect the exchange bias using the magnetoelectric
effect in Cr2O3 is in line with previous reports; see for instance
refs 3 and 46.

■ CONCLUSION
We identify spark plasma sintering as a fabrication method to
obtain fully dense polycrystalline Cr2O3. The SPS-sintered
Cr2O3 samples reveal the same magnetic phase transition
temperature of about 308 K as the corresponding single-
crystalline material. In contrast to single crystals,5 SPS-sintered
samples possess an irregular antiferromagnetic domain pattern
with a characteristic domain size of several micrometers. As the
domain size is similar to the average grain size of Cr2O3
crystallites, we anticipate that grain boundaries can act as
pinning sites for antiferromagnetic domain walls. The
fundamental understanding of the mechanism of the domain
wall pinning on structural defects in antiferromagnets
represents an interesting prospective research direction.
Furthermore, it is insightful to study the change of the
antiferromagnetic domain pattern upon magnetoelectric
manipulation.
The temperature dependence of the magnetic susceptibility

as well as the EBSD analysis indicated a preferred orientation
of the [0001] direction of the Cr2O3 unit cell parallel to the
sample surface normal. We outlined several mechanisms, which
can be responsible for the texture formation in SPS-processed
Cr2O3 samples. In analogy to the isostructural Al2O3
compound, the uniaxial pressure applied to the Cr2O3 powder
upon SPS processing might lead to the crystallographic slip of
individual Cr2O3 grains resulting in a preferential [0001]
texture. Our results are expected to stimulate further
theoretical and experimental studies, which are needed to
understand the mechanism of the texture formation in SPS-
sintered Cr2O3 samples. This research could enable the
realization of well textured Cr2O3 samples relying on the
industry-scale cost- and time-efficient SPS fabrication method.
We perform magnetotransport measurements to access the

surface Neél temperature (found to be the same as in the
interior of the sample) as well as the linear magnetoelectric
effect. For the latter, the simultaneous application of magnetic
and electric fields while cooling the sample through the Neél
temperature allows the antiferromagnetic order parameter to
be switched, which is probed by measuring the spin Hall
magnetoresistance effect in a Pt layer in proximity to Cr2O3.
Our study enables the use of SPS-sintered bulk Cr2O3 samples
for prospective spintronic and spin−orbitronic devices. Follow
up research should include the validation of the possibility of
isothermal switching of the antiferromagnetic order parameter
and realization of AF-MERAM memory cells on this material.
Furthermore, it is insightful to study the impact of the
intergrain interaction on the magnetoelectricity.

■ METHODS
Spark Plasma Sintering (SPS). The SPS procedure was carried

out in a protective argon atmosphere at a pressure of 1 atm (SPS: 515

S, Syntex-Fuji, Japan). Cr2O3 powder (Alfa Aesar) was placed into
graphite dies with a diameter of 10 mm. The powder contains Cr2O3
particles with a broad size distribution (the maximum size of the
particles is 22 μm determined by the used mesh). Graphite foil was
used as a protective layer to avoid direct contact between the die and
powder. A uniaxial pressure of 30 MPa and high electrical current
pulses of 700 A (dc) were simultaneously applied to the graphite die
filled with Cr2O3 powder. As Cr2O3 is an insulator, the electrical
current in the form of dc pulses flows mainly through the graphite die,
leading to the increase of its temperature (1573 K in this study) by
the Joule heating effect. A major advantage of the SPS technique is a
high heating rate of 100 K/min (in this study), leading to Cr2O3 grain
growth and allowing for rapid compaction of the powder to highly
dense pellets.

Powder X-ray Diffraction (PXRD). Phase identification was
performed on the basis of the X-ray Guinier diffraction technique
(Huber G670 camera, Cu Kα1 radiation, λ = 1.54056 Å, Δ2θ =
0.005°, 2θ range of 3.0° to 100°, exposure time of 6 × 15 min). The
reflection positions obtained by profile deconvolution were corrected
using the internal LaB6 standard. Lattice and structure parameter
refinements were performed with the program package WinCSD.47

An attempt to use powder XRD for the characterization of the sample
texture was not successful. The XRD pattern of the sample is shown
in Figure S2. We analyzed the sample after SPS sintering, which is
reprocessed in a powder form. We confirmed that the sample is single
phase with the corundum-type crystal structure. The texture analysis
includes a comparison of the intensity of relevant diffraction peaks.
For instance, to determine the [0001] texture, we need to compare
the intensity of all diffraction peaks with respect to the case of an
ideally isotropic sample (without texture). This comparison is
simulated in Figure S14a for the case of an isotropic sample (black
pattern) and the same structural model but with 10% texture (as
estimated from our EBSD study) along the [0001] direction (red
pattern). The difference between the two patterns is shown in Figure
S14b. The difference is very small, less than 3% of the maximum
relative intensity. Now, we can compare the experimental XRD
pattern taken of the powder sample (blue pattern), where we assume
a random orientation of the particles with the isotropic model (black
pattern; the same as in Figure S14a); please see Figure S14c. We note
that the experimental XRD pattern was refined to have the smallest
reliability factors (RI for intensity and RP for profile) with respect to
the isotropic model (details on the refinement procedure are given ref
47). The difference between these best matched patterns is shown in
Figure S14d. Next, we can compare the experimental XRD pattern
taken of the powder sample (blue pattern; the same as in Figure
S14c), where we assume a random orientation of the particles with
the model pattern for the sample with 10% [0001] texture (red
pattern; the same as in Figure S14a); please see Figure S14e. We note
that the experimental XRD pattern was refined to have the smallest
reliability factors (RI for intensity and RP for profile) with respect to
the model with the 10% [0001] texture. The reliability factors remain
low, which indicates that the quality of the structure refinement is
good. The difference between these best matched patterns is shown in
Figure S14f. The main issue is that the difference between the two
models (Figure S14b) is 2−3 times smaller than the difference
between experimental data and any of the assumed models (Figure
S14d,f). Hence, no statement on the texture can be done on the basis
of the results obtained using powder XRD. For this reason, for the
texture analysis, we applied EBSD, which is established as an accurate
and representative method for estimating the degree of predominant
grain orientation. The results of the EBSD study are shown in Figure
2 of the main text.

Transmission Electron Microscopy (TEM). TEM analysis was
conducted on thin cross sections of specimens after SPS processing.
The cross sections were prepared by in situ lift-out using a Helios 5
CX focused ion beam (FIB) device (Thermo Fisher). To protect the
sample surface, a carbon cap layer was deposited beginning with
electron-beam-assisted and subsequently followed by Ga-FIB-assisted
precursor decomposition. Afterward, the TEM lamella was prepared
using a 30 keV Ga FIB with adapted currents. Its transfer to a 3-post
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copper lift-out grid (Omniprobe) was done with an EasyLift EX
nanomanipulator (Thermo Fisher). To minimize sidewall damage, Ga
ions with only 5 keV energy were used for final thinning of the TEM
lamella to electron transparency. Cross-sectional bright-field TEM
imaging and selected-area electron diffraction were performed using
an image-Cs-corrected Titan 80−300 microscope (FEI) operated at
an accelerating voltage of 300 kV. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) imaging
and spectrum imaging analysis based on energy-dispersive X-ray
spectroscopy (EDXS) were performed with a Talos F200X micro-
scope (FEI) operated at 200 kV. Prior to (S)TEM analysis, the
specimen mounted on a high-visibility low-background holder was
treated for 8 s with a Model 1020 Plasma Cleaner (Fischione) to
remove possible contaminations.
Microstructural Analysis. For EBSD measurements, the sample

was embedded in a conductive phenolic resin and metallographically
prepared with the usual multistep grinding and polishing process. The
measurements were performed in a scanning electron microscope
(Jeol JSM 7800F) with an attached EBSD detector (Bruker
CrystAlign System 400) at the acceleration voltage of 15 kV and
excitation current of about 3 nA.
Integral Magnetic Characterization. These measurements were

carried out on a single phase SPS-sintered sample as well as for a
single-crystalline sample. In particular, a 1 mm-thick Cr2O3 single
crystal (MaTecK) with [0001] surface orientation was used as a
reference sample. Magnetic susceptibility was measured using
SQUID-VSM in the temperature range from 4 to 400 K in the
magnetic field of 100 Oe. For the measurement, the SPS-processed
pellet was mounted with its normal along the field direction. To
access the temperature dependence of the uncompensated moment in
the SQUID-VSM (Figure S12), the following measurement protocol
was applied: (i) the sample was heated to 400 K. Then, a magnetic
field of +30 kOe was applied upon cooling the sample to the lowest
measurement temperature. At this temperature, ac demagnetization of
the solenoid magnet of the SQUID-VSM was carried out. After this,
we measured the temperature dependence of the magnetic moment
upon warming up the sample. (ii) The same process was repeated as
described above, but the cooling field was set to −30 kOe. (iii) The
uncompensated magnetic moment was calculated as a difference
between the two measured magnetic moments.
Magnetotransport Measurements. We measured the trans-

verse resistance, RT, of the Pt thin film using a Tensormeter
measurement device (HZDR Innovation GmbH). The transverse
resistance is modified in a distinct way, allowing for the determination
of the antiferromagnet−paramagnet phase transition temperature.
After cooling the sample from 320 to 270 K in a magnetic field Hcool,
we predominantly select one of two possible antiferromagnetic
domains in the Cr2O3 sample. This dominance of one domain leads to
the emergence of a spontaneous transverse resistance, even at a zero
magnetic field. When heating the sample, this antiferromagnetic
domain state decays and vanishes at the Neél temperature, as shown
in Figure 4b. Ta foil (25 μm-thick) was used as a back-gate electrode.
A source meter was used to apply a dc voltage in the range from −100
to +100 V between the Pt top electrode and the back-gate electrode.
Exchange Bias Study. We prepared an exchange biased stack by

magnetron sputtering of substrate//Pt(0.5 nm)/[Co(0.4 nm)/Pt(0.7
nm)]5/Pt(2 nm) on the SPS-sintered Cr2O3 sample. The thin film
deposition was carried out at room temperature (base pressure: 5 ×
10−8 mbar; Ar sputter pressure: 8 × 10−4 mbar; deposition rate: 0.1
nm/s). Before the thin film deposition, the Cr2O3 sample was
annealed at 700 °C for 10 min in the vacuum chamber (Ar
background pressure: 5 × 10−3 mbar). Exchange bias was measured
using a zero offset Hall preset of a Tensormeter device (HZDR
Innovation GmbH). For the measurement, the sample was supplied
with a current of 5 mA. To access the exchange bias, the change of the
transversal resistance was measured in the magnetic field applied in
the out-of-plane direction at different temperatures from 288 to 320
K. Prior to the measurement of each hysteresis loop, the sample was
heated to 335 K for 1 min and then cooled to the measurement
temperature under applied external magnetic and electric fields. An

electric field was applied between the Co/Pt stack (top metal layer)
and the Cu back gate. The thickness of the Cr2O3 sample was 0.5 mm.
The exchange bias performance is shown in Figure S13a−c for the
sample annealed at a zero electric field and cooling magnetic field of
+15 kOe. A clear shift of the magnetic hysteresis loop is observed
(Figure S13a). The coercive field of the sample is about 140 Oe
(Figure S13b). The exchange bias field at 288 K is about 20 Oe
(Figure S13c). The magnetoelectric cooling of the sample was
realized by applying a voltage of ±100 V in the magnetic field of +15
kOe (Figure S13d) and −15 kOe (Figure S1e). The sign of the
magnetoelectric cooling field (positive for parallel and negative for
antiparallel orientation of magnetic and electric fields) determines the
sign of the exchange bias field; i.e., a positive (negative) shift of the
hysteresis loop is observed for a positive (negative) magnetoelectric
cooling field.

Positron Annihilation Spectroscopy (PAS). We quantified the
type and concentration of defects in polycrystalline bulk Cr2O3
samples by carrying out PAS measurements,48 which offer sensitivity
for sparse small volume defects. By measuring the positron
annihilation lifetime (PALS) components τi and their corresponding
relative intensities Ii (i denotes the respective component number),
we accessed the defect type, average defect dimensions, and their
concentrations. The PALS measurements were performed at the
Monoenergetic Positron Source (MePS) beamline at ELBE (HZDR,
Germany).49 Positrons in solids thermalize, diffuse, and then
annihilate with core and valence electrons of the material, which
results in the emission of at least two ∼511 keV gamma photons. Due
to the momentum of the electrons, the variation from that value is a
result of Doppler broadening of the annihilation line. The Doppler
broadening is characterized by the so-called shape parameter S,50,51

which is typically more sensitive to the concentration of open volume
defects. The depth sensitivity is given by the variation of the positron
incident energy, Ep. The setup allows for the positron energy Ep to be
tuned from 0.05 to 35 keV. The energy resolution of the high purity
Ge detector at 511 keV is 1.09(1) keV, resulting in a high sensitivity
to changes in the material defect nanostructure from the surface to
depth. To analyze the experimental data, the positron stopping
profiles are approximated by a Makhovian distribution, and the mean
positron penetration depth is ⟨z⟩ = Aρ−1Ep

n, where ρ is the material
density and the parameters A and n are material-related constants.

Calculation of the Positron Diffusion Length L+ Using
PALSfit. The S(Ep) dependence is fitted with the VEPFIT code52 to
calculate the effective diffusion lengths, L+. This parameter is inversely
proportional to the defect concentration cV. The code allows one to fit
the S(Ep) curves for single and multilayered films and to acquire
thicknesses, L+, and specific S-parameters for each layer within a stack.
In this work, we analyzed the data for a homogeneous material and
determined that L+ = 99.1 ± 0.6 nm and S = 0.4973(2). The
calculated S-parameter coincides with the experimentally determined
bulk value (Figure S6a), and L+ is in the range for a defect free
material. The material density [ρ(Cr2O3)] of 5.22 g·cm

−3 was utilized
for the calculations.

Evaluation of the Defect Concentration Based on the
Positron Diffusion Length. We assume a single major defect type
in the sample (vacancy complex as indicated by PALS), which leads to
the vacancy concentration cV:

53 cV = [(L+,B/L+)
2 − 1]/(υVτB), where

υV is a specific positron trapping rate (trapping coefficient) and τB (=
0.1517 ns) and L+,B (= 130 nm) are the bulk lifetime and the diffusion
length in a defect free material. The typical specific positron trapping
rate (υV) is ≈1 × 1015 s−1 54 for single vacancies and N·υV for an N
number of vacancies within a complex.55 In our case, an N of 7 is
estimated. Hence, υV of ≈7 × 1015 s−1 was taken to calculate the
defect concentration of cV (≈ 0.66 ppm).

Nitrogen Vacancy (NV) Magnetometry. NV magnetometry
makes use of the electronic spin triplet ground state of the atomic NV
defect in the diamond to measure stray fields on the nanoscale.27 A
small bias field (<60 Oe) is applied along the NV axis (54° from the
sample normal) to split the ms = |±1⟩ states of the NV. The magnetic
stray field along the NV axis is then proportional to the Zeeman
splitting of the ms = |±1⟩ states, allowing us to achieve quantitative
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nanoscale imaging. For imaging, a single NV center is located at the
tip of an all-diamond scanning probe28 to provide scanning
magnetometry capabilities with ∼50 nm spatial resolution. The
imaging is performed using feedback to lock to one of the NV
resonances,56 thereby extracting the local stray field.
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