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Role of substrate clamping on anisotropy and domain structure in the canted
antiferromagnet α-Fe2O3
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Antiferromagnets have recently been propelled to the forefront of spintronics by their high potential for revo-
lutionizing memory technologies. For this, understanding the formation and driving mechanisms of the domain
structure is paramount. In this work, we investigate the domain structure in a thin-film canted antiferromagnet
α-Fe2O3. We find that the internal destressing fields driving the formation of domains do not follow the crystal
symmetry of α-Fe2O3, but fluctuate due to substrate clamping. This leads to an overall isotropic distribution of
the Néel order with locally varying effective anisotropy in antiferromagnetic thin films. Furthermore, we show
that the weak ferromagnetic nature of α-Fe2O3 leads to a qualitatively different dependence on the magnetic field
compared to collinear antiferromagnets such as NiO. The insights gained from our work serve as a foundation
for further studies of electrical and optical manipulation of the domain structure of antiferromagnetic thin films.

DOI: 10.1103/PhysRevB.106.224419

I. INTRODUCTION

Antiferromagnets (AFMs) exhibit highly favorable prop-
erties such as robustness to external magnetic field, no
stray field, and ultrafast switching in the terahertz regime
making them promising candidates for novel memory tech-
nologies [1–5]. Recent interest in this field, and the canted
antiferromagnet α-Fe2O3 in particular, was sparked by the
experimental demonstration of electrical control and read-
out of the Néel order in metallic AFMs [6–8], insulating
AFM/heavy-metal bilayers [9–15], and the observation of
topological spin textures [16–18] paving the path towards
using AFMs as active materials for spintronic devices.

Analogously to demagnetizing fields in ferromagnets, de-
stressing fields have been identified as the dominant driving
force behind domain formation in AFMs [19,20]. So far, it
was assumed that the domains are oriented along the mag-
netocrystalline easy axes. However, the underlying model is
strictly true only for free layers. Our experimental findings
on α-Fe2O3 thin films imply that substrate clamping results
in a far more complex and disordered domain structure. We
show that this leads to long-range interactions that impose

*Corresponding author: a.wittmann@uni-mainz.de

a locally varying effective anisotropy. The local fluctuations
of the easy-axis orientations qualitatively impact the domain
structure and magnetization process. These previously
unidentified effects should generally be present and in
competition with the magnetocrystalline anisotropy in anti-
ferromagnetic oxide thin films based on their similarities in
magnetic, chemical, and structural properties [21,22]. There-
fore, the insights and the refined model developed in this work
will allow for a more informed understanding of magnetic
switching and complex spin textures in easy-plane antiferro-
magnets.

II. THIN-FILM CHARACTERIZATION

Our epitaxial α-Fe2O3 films (10-nm thick unless men-
tioned otherwise) were grown at 640 ◦C on c-axis (001)-
oriented Al2O3 with off-axis magnetron sputtering. In order
to validate the quality of the thin films, we have performed
structure and composition characterization.

Figures 1(a)–1(c) show the structure characterization of the
α-Fe2O3 thin films using x-ray diffraction (XRD) confirming
the high epitaxial quality of the thin films (see Supplemental
Material for details [23]). The (006)/(0012) symmetric 2θ

scan shown in Fig. 1(a) was used to determine the c lat-
tice parameters of the magnetic thin film and the substrate
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FIG. 1. (a) Long-range (006)/(0012) symmetric scan of α-Fe2O3 (10 nm) on c-axis (001)-oriented Al2O3. (b) (1 0 10)-reciprocal space
map of α-Fe2O3 (10 nm) on c-axis (001)-oriented Al2O3. (c) Phi scan of α-Fe2O3 (20 nm) on c-axis (001)-oriented Al2O3 with inset of
hexagonal crystal structure. (d) Raman spectrum of α-Fe2O3 (10 nm) thin film on a Al2O3 substrate. (e) Cross-sectional HRTEM image of
α-Fe2O3 (20 nm) on c-axis (001)-oriented Al2O3. The inset shows the Fourier transform of the image.

(cα-Fe2O3 = 13.79 Å and cAl2O3 = 12.99 Å). The film thickness
was confirmed to be 11.88 nm (nominally 10 nm) using the
Scherrer method which relates peak broadening to the crystal-
lite size. The peaks from gold appear due to the gold contacts
on the sample. The strain state and degree of relaxation were
determined from a reflection with in-plane and out-of-plane
components. In the (1 0 10)-reciprocal space map [Fig. 1(b)],
shifting of the α-Fe2O3 film peak around qx ≈ −0.234 (red)
towards the origin is indicative of film relaxation with respect
to the substrate at qx ≈ −0.247 (green). At the substrate-film
interface, the film experiences strain due to clamping on the
substrate, as shown by the shadow peak located along qx ≈
−0.247. Through the thickness of the α-Fe2O3 film, the strain
relaxes by 93.7% to a nearly fully relaxed film. The phi scan
[Fig. 1(c)] confirms the sixfold symmetry in the α-Fe2O3 and
Al2O3 lattices.

To characterize the film-substrate interface in more de-
tail, we acquired cross-sectional high-resolution transmission
electron microscopy (HRTEM) images on a 20-nm α-Fe2O3

film (see Supplemental Material for details [23]). Figure 1(e)
shows an HRTEM image exhibiting clear atomic lattice plane

contrast. The Fourier transform shown as the inset in Fig. 1(e)
confirms the high crystallinity of the α-Fe2O3 film. To quan-
tify the strain distribution along the thickness of the α-Fe2O3

film, we conducted a geometric phase analysis [24]. We find a
sharp relaxation after 1 nm of the α-Fe2O3 lattice clamped at
the Al2O3 interface. This is facilitated by the presence of mis-
fit dislocations and other crystal defects indicated with circles
in the HRTEM image in Fig. 1(e). Moreover, we observe an
almost constant in- and out-of-plane dilation in the α-Fe2O3

lattice with respect to the smaller Al2O3 substrate lattice. The
relative dilation by 6% agrees well with the ratio of the lattice
plane distances for in-plane and out-of-plane directions. The
sharp relaxation and dilation of the α-Fe2O3 film support the
findings from the XRD measurements described above.

Figure 1(d) shows the Raman measurement data (black
dots) taken using an excitation laser wavelength of 532 nm
with fits using Voigt functions (solid line). The center of
the peaks are labeled by vertical dashed lines corresponding
to the identified Raman modes based on previous reports
in literature [25–29] (see Supplemental Material for detailed
peak information [23]). In particular, we note the pres-

224419-2



ROLE OF SUBSTRATE CLAMPING ON ANISOTROPY AND … PHYSICAL REVIEW B 106, 224419 (2022)

FIG. 2. (a) Angle-dependent SMR signal for magnetic field vary-
ing from 50 mT (light orange) to 1 T (dark red). Inset shows a
schematic of the SMR measurement geometry. (b) SMR signal as
a function of field at θ = 45◦. The gray line shows the initial field
sweep from a demagnetized state 0d to +Hsat, and the dark- and
light-red lines show the hysteresis between the +Hsat → −Hsat and
−Hsat → +Hsat field sweeps, respectively. The inset illustrates the
canting of the sublattice magnetizations MA and MB.

ence of a wide peak at 660 cm−1 corresponding to the
Raman-forbidden longitudinal optical (LO) mode in α-Fe2O3

due to defect-induced scattering [27,30,31]. We find that the
experimental data is accurately fitted with Raman peaks cor-
responding to α-Fe2O3 and Al2O3, with a small shift of up
to 6 cm−1 for α-Fe2O3 compared to the bulk values. This
shift agrees well with previous reports that compressive strain
as observed in our α-Fe2O3 films in the XRD measurements
leads to higher peak center values [25,32].

We note that the structure and composition characterization
based on XRD, HRTEM, and Raman measurements presented
here confirm the high epitaxial quality and phase purity of the
α-Fe2O3 thin films grown on Al2O3 substrates investigated
in this work. Importantly, we do not observe any evidence of
impurity phases of Fe3O4 [see reference marks in Figs. 1(a)
and 1(d)].

III. EXPERIMENT

At room temperature, there is a strong easy-plane
anisotropy in α-Fe2O3 forcing the magnetic moments to lie
in the basal plane. Additionally, there is a weak sixfold
magnetocrystalline anisotropy within this easy plane with an
anisotropy field of Ha ≈ 1 µT [33–37]. The easy axes are
labeled E1, E2, and E3 in the inset of Fig. 3(b).

The two magnetic sublattices MA and MB of α-Fe2O3 are
slightly canted due to the Dzyaloshinskii-Moriya interaction

FIG. 3. (a) Positive field loop at 45◦. The SMR signal shows
small hysteresis below Hirr ≈ 200 mT and is fully reversible above
Hirr. Insets show scanned XMLD images of the α-Fe2O3 domain
structure at 0 and 250 mT. Dark/bright contrast corresponds to the
horizontal/vertical orientation of the Néel vector. (b) Transverse
remanent resistance (dark red) after H has been relaxed from a
saturated state at 0.6 T (light red) to zero field as a function of the
angle of the applied magnetic field. The inset shows the orientation
of the magnetocrystalline easy axes within the hexagonal unit cell.

(DMI) [38,39] with a canting angle δ = 0.13 ± 0.01◦ [40],
giving rise to a small ferromagnetic (FM) moment m in the
basal plane of the hexagonal cell [see inset of Fig. 2(b)]. More-
over, α-Fe2O3 exhibits pronounced magnetoelastic coupling
with a magnetostriction constant λ ≈ 10−5 originating from
spontaneous strain [41,42].

The antiferromagnetic state is commonly read electrically
by measuring the angle-dependent spin Hall magnetoresis-
tance (SMR) in α-Fe2O3/Pt bilayers where the perpendicular
alignment of the Néel vector with respect to the external
magnetic field results in a negative sign of the SMR sig-
nal [43–47]. The electrical measurements presented in this
work were performed by applying an AC probing current Ip =
500 µA and measuring the transverse resistance Rxy of the Pt
(5-nm thick and 20-µm wide) crossbar grown on α-Fe2O3 by
magnetron sputtering. As shown in Fig. 2(a), the SMR shows
the characteristic sin(2θ ) dependence, where θ denotes the
angle between the current direction (along easy axis E2) and
the external in-plane magnetic field. A magnetic field smaller
than 500 mT is not sufficient to fully reorient the Néel order
perpendicular to the field, resulting in a smaller amplitude of
the angle-dependent SMR.

Figure 2(b) shows a measurement of the field dependence
of the SMR at a fixed angle θ = 45◦. Starting from a demagne-
tized state at zero field 0d , Rxy initially increases linearly with
magnetic field and saturates at Hsat = ±600 mT. Above Hsat,
the Néel order is oriented fully perpendicular to the magnetic
field. When the field is reduced back to zero, the SMR signal
decreases to nearly the initial value at 0d , signaling that the
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sample has demagnetized into a multidomain state with nearly
zero net Néel vector. This implies the existence of strong
internal fields driving the formation of domains.

We have confirmed the strong dependence of the antifer-
romagnetic order on the magnetic field by measuring x-ray
magnetic linear dichroism (XMLD) contrast images of the
domain structure of α-Fe2O3 by total electron yield using a
scanning x-ray microscope (Maxymus) [see Fig. 3(a)] [48].

In contrast to collinear AFMs such as NiO, we observe
clear hysteresis in the SMR signal in α-Fe2O3/Pt. We define
the location of the minima of Rxy to be the coercive field
Hc ≈ 50 mT. The hysteresis is a signature of the weak fer-
romagnetic nature of α-Fe2O3. In collinear AFMs with an
applied field greater than the spin-flop field, the Néel vec-
tor can adopt either of the two directions orthogonal to the
field. In canted AFMs, on the contrary, the small FM moment
prefers to align with the external magnetic field, and hence the
180◦ degeneracy of the orientation of the Néel order is lifted
due to the coupling of the AFM and FM moments by DMI.
As a consequence, the interpretation of angle-dependent SMR
at low fields, where hysteresis plays a significant role, is not
straightforward in α-Fe2O3.

Therefore, we focus on a field regime with a single polarity,
where all Néel vectors are oriented within a semicircle defined
by the direction of the preceding saturating magnetic field.
Figure 3(a) shows the SMR signal for an in-plane field sweep
from +Hsat to zero and back to +Hsat oriented at θ = 45◦.
Rxy initially increases linearly with the magnetic field. This
linear dependence is in stark contrast to the experimentally
observed and theoretically modeled quadratic dependence on
the magnetic field in the low-field regime previously reported
in collinear AFMs such as NiO [45]. We note that there is a
small hysteresis below the irreversibility field Hirr ≈ 200 mT.
At low fields 0 � H < Hirr, the reorientation of the Néel order
is dominated by domain wall movement. Pinning of the AFM
domain walls induces irreversibility which manifests in the
slight hysteresis of the SMR signal. We can extract an effec-
tive pinning field of the AFM domain walls of Hp ≈ 20 mT.
For H > Hirr, Rxy is independent of the preceding magnetic
field. In this regime, the reorientation of the Néel order is
dominated by coherent rotation of the Néel vectors within the
domains and is, hence, fully reversible.

To elucidate further details of the equilibrium AFM do-
main structure, we have investigated the angular dependence
of the remanent state. We applied an external in-plane mag-
netic field H = 1.2 T > Hsat [light-red curve in Fig. 3(b)] and
measured the remanent SMR signal Rrem

xy (dark-red curve)
as a function of the angle θ of the preceding field. If mag-
netocrystalline anisotropy were the driving mechanism for
relaxation in this system, one would expect the Néel vector
to relax towards the closest anisotropy axis depending on the
direction of the preceding magnetic field. This would result
in maxima and minima in Rrem

xy along E1 and E3, respectively.
However, Rrem

xy does not show any signature of the crystal sym-
metry. Fitting Rrem

xy to sin 2θ (gray) shows good agreement,
implying a simple scaling Rrem

xy (θ ) = wRsat
xy (θ ) with w ≈ 0.2

between the two curves. This suggests that the remanent
signal arises from a small fraction of domains that are ori-
ented perpendicular to the preceding saturating magnetic field
direction.

IV. THEORETICAL DISCUSSION

In order to identify the different contributions to the for-
mation of the domains, we have investigated the underlying
driving mechanisms in more detail. The formation of a mul-
tidomain state when the magnetic field is reduced has been
investigated recently in several AFMs [13,44,45,49–52]. So
far, it has been presumed that the domains are oriented along
the magnetocrystalline anisotropy axes. The hysteresis and
formation of well-defined small domains in zero external
magnetic field are evidence for the existence of anisotropy in
our system. The lack of signatures of the sixfold symmetry
of the magnetocrystalline anisotropy despite the high-quality
crystallinity of the epitaxially grown films, however, implies
that different contributions are dominant for the effective
anisotropy. In the following section, we show that the effec-
tive anisotropy is composed of a competition between the
short-range magnetocrystalline anisotropy and a long-range
contribution of magnetoelastic nature.

First, we note that the spontaneous magnetoelastic strains
in the AFM layer are incompatible with the nonstrained
nonmagnetic substrate and create a long-range so-called
destressing field which is similar to the stray field in ferromag-
nets [19,20] (see Supplemental Material for details [23]). The
local orientation of the easy magnetic axes is parametrized by
the angle ϕ(r) that is calculated from the easy-axis E2 within
the film plane. By minimizing the energy of the antiferromag-
netic layer, we get the following equation for ϕ(r):

Han sin 6ϕ + Hdestr[ψ1 sin 2ϕ − ψ2 cos 2ϕ] = 0,

ψ1(r) ≡ 1

4π

∫
cos 2ϕ(r′)
|r − r′| δ′(z)dr′,

ψ2(r) ≡ 1

4π

∫
sin 2ϕ(r′)
|r − r′| δ′(z)dr′, (1)

where Han denotes the in-plane magnetic anisotropy and Hdestr

is the destressing field which is proportional to the magnetoe-
lastic constant λ, and δ′(z) is the derivative of the Dirac delta
function. Here, we neglect the contributions from the AFM
domain walls within the plane.

In the second step, we analyze the possible distribution of
the effective anisotropy by solving Eq. (1). The first term in
Eq. (1) stems from the sixfold crystallographic anisotropy and
turns to zero for ϕ0 = 0, π (direction along E2), π/3, 4π/3
(E1), or 2π/3, 5π/3 (E3). The second term originates from
the magnetoelastic coupling and depends on the distribution
of the magnetic texture in the whole sample. To estimate this
term, we note that the destressing fields ψ1(r), ψ2(r) satisfy
the Poisson equations

−	ψ1 = δ′(z) cos 2ϕ(r),

−	ψ2 = δ′(z) sin 2ϕ(r), (2)

in which the functions cos 2ϕ(r), sin 2ϕ(r) play the role of
magnetoelastic charges. Based on the analogy with electro-
statics, we conclude that the crystalline anisotropy defined
by the first term in Eq. (1) can only be restored by either a
vanishingly small destressing field Hdestr or an equiprobable
distribution of domains in which case the average charges in
Eq. (2) vanish. However, in AFM thin films with finite-sized
domains, such averaging can only take place by considering

224419-4



ROLE OF SUBSTRATE CLAMPING ON ANISOTROPY AND … PHYSICAL REVIEW B 106, 224419 (2022)

FIG. 4. (a),(b) Schematic illustrating the deflection of the
anisotropy axis away from the magnetocrystalline easy axis in the
central domain depending on the local surroundings. (c) Schematic
of distribution of orientation of Néel vectors ranging from strongly
aligned with a magnetocrystalline anisotropy (dark gray) to isotropic
(red). (d) Slope of the linear SMR signal at small H as a function
of the angle of the field calculated using the modified destressing
model based on a sixfold anisotropy (black line) and isotropic dis-
tribution of Néel vector orientations (red line). The isotropic model
shows good agreement with the experimental data for a field sweep
from a demagnetized state and saturated state (dots and triangles,
respectively).

a sufficiently large area including enough different domains.
On a smaller scale, the local anisotropy is very sensitive to the
direct surroundings. A local imbalance between the domains
E1, E2, and E3 creates a local nonzero density of charges
leading to a rotation of the local anisotropy axis away from
the magnetocrystalline anisotropy axis, as illustrated schemat-
ically in Figs. 4(a) and 4(b). In this example, the Néel vector
in the central domain in Fig. 4(a) is oriented along E2 as
long as the areas S1 and S3 of the surrounding domains along
E1 and E3, respectively, are equal. In this configuration, the
magnetoelastic charge sin 2ϕ is fully compensated [53] The
noncompensated charge cos 2ϕ, in this case, creates a field ψ1

that affects the value of the anisotropy but not the direction.
However, an imbalance S1 �= S3 between the areas along E1

and E3 creates a nonzero charge sin 2ϕ ∝ |S1 − S3|/(S1 + S3)
and a related field ψ2. As a result, the equilibrium orientation
of the Néel vector in the central domain rotates away from
the crystalline axis E2 by ϕ ∝ (Hdestr/Han )|S1 − S3|/(S1 +
S3) [Fig. 4(b)]. Hence, spatially fluctuating magnetoelastic
charges result in local anisotropy axes which do not have to
coincide with the crystalline anisotropy axes [35]. Depending
on the relative strength of the crystalline anisotropy Han and
the fluctuating destressing fields, the domains in an AFM thin
film can range from distributed sharply around the crystalline

anisotropy axes up to an isotropic distribution as illustrated in
Fig. 4(c).

Based on our model, we can introduce a characteristic
“Debye radius” D at which the effect of fluctuations of
the magnetoelastic charges is fully screened. To estimate D,
we assume that the orientations of different domains are
statistically independent. We can model the probability to
find a domain with a given orientation ϕ using the Boltz-
mann distribution with effective temperature Teff . In analogy
to the Debye model, we estimate the Debye radius D =
tAFM

√
Teff/(HdestrMs), where tAFM is the thickness of the AFM

layer, and Ms/2 is the sublattice magnetization.
We associate the statistical independence of the domain

distribution with the process of magnetic ordering when cool-
ing through the Néel temperature. However, on a short length
scale (below the Debye radius D) temperature-induced redis-
tribution of the domains can be blocked, e.g., by domain-wall
pinning. In this case, correlations between the different do-
main types result in local fluctuations around the equilibrium
distribution and rotation of the Néel vector away from the
crystallographic directions, as explained above.

In order to verify this model, we investigate the response
of the domain structure to an external in-plane magnetic
field. For this, we have refined the existing theoretical frame-
work [45,47,54], which was developed for a compensated
three-domain collinear AFM. Here, we consider the competi-
tion between destressing energy and Zeeman energy. Starting
from an equiprobable domain distribution at zero field, the
existing theory predicts that the dominant domain fraction
increases as H2/(HdestHex) [see Eq. (S27) in the Supplemen-
tary information]. The DMI in α-Fe2O3 and the corresponding
nonzero FM moment m give rise to an additional Zeeman term
proportional to mH/(MHdest ). Our estimations show that the
linear Zeeman term dominates over the quadratic term for
magnetic fields H < 8 T. This agrees with our experimental
findings that the SMR signal depends linearly on the magnetic
field in the low field regime [see Figs. 2(b) and 3(a)].

To calculate the angular dependence of the SMR signal,
we add the Zeeman contribution to Eq. (1) (see Supplemental
Material). We consider two limiting cases of the equilib-
rium domain distribution schematically shown in Fig. 4(d):
(i) isotropic distribution of all ϕ values due to destressing
effects (red line); (ii) sharp peaks corresponding to sixfold
crystalline anisotropy (dark-gray line). Figure 4(d) shows the
results of the theoretical models and the experimental data of
the slope dRxy/dH at low field. The experimentally extracted
slope dRxy/dH of the field-dependent SMR signal in the
linear regime (triangles and dots) shows the qualitative sin 2θ

angle dependence irrespective of the preceding magnetic field
history. This dependence is in agreement with the theoretical
prediction

Rxy ∝ (mH/Hdestr ) sin 2θ (3)

for an isotropic distribution with the maxima located at θ =
45◦ and 225◦. In contrast, the sixfold anisotropy leads to
peaks at θ = 30◦ and 150◦. This further confirms that the
orientation of the domains in AFM thin films does not follow
the crystal symmetry but lies along isotropically distributed
local anisotropy axes due to substrate clamping.
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FIG. 5. (a) Vector map of the α-Fe2O3 domain structure con-
structed from angle-dependent XMLD XPEEM images. The orien-
tation of the Néel vector represented by different colors is shown in
the histogram in (b). The height of the bars in the circular histogram
marks the frequency of occurrence of the given orientation of the
Néel vectors on a linear scale. Pixels for which the uncertainty is
larger than 15◦ are marked in gray.

V. EXPERIMENTAL VERIFICATION

In order to investigate the orientation of the Néel vectors
in the multidomain state, we have performed angle-dependent
XMLD x-ray photoemission electron microscopy (XPEEM)
on α-Fe2O3 (20 nm with 2 nm carbon capping). Varying the
angle between the linear polarization of the incident x rays
and the sample allows reconstruction of the orientation of
the Néel orientation (see Supplemental Material for details of
analysis [23], and Refs. [48,55] therein).

Figure 5(a) shows a vector map of the antiferromagnetic
domain structure. The orientation of the Néel vectors encoded
by different colors is shown in the histogram in Fig. 5(b).
While the histogram does not show any signatures of the
hexagonal crystal structure of α-Fe2O3, the distribution of
domain orientation is not fully isotropic either in the limited
field of view of the figure. This agrees well with the model of
locally varying effective anisotropies we introduce above.

VI. CONCLUSIONS

This work highlights the impact of strain effects on the
equilibrium domain structure in thin-film AFMs. Combin-

ing imaging of the AFM domain structure with electrical
measurements, we find that the formation of domains is pre-
dominantly driven by destressing fields which do not follow
the hexagonal crystal symmetry of α-Fe2O3 but rather result in
an overall isotropic distribution of the Néel vector orientations
with fluctuating easy axes depending on the local surround-
ing domains. Our work demonstrates that understanding the
formation of the domain structure and effective anisotropy
in thin films is paramount for realizing AFM-based memory
technologies.
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