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Antiferromagnets have recently been propelled to the forefront of spintronics by their high po-
tential for revolutionizing memory technologies. For this, understanding the formation and driving
mechanisms of the domain structure is paramount. In this work, we investigate the domain struc-
ture in a thin-film canted antiferromagnet a-FesOs. We find that the internal destressing fields
driving the formation of domains do not follow the crystal symmetry of a-Fe2Ogs, 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 a-FeaO3 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.

I. INTRODUCTION

Antiferromagnets (AFMs) exhibit highly favor-
able properties such as robustness to external mag-
netic field, no stray field, and ultra-fast switching in
the terahertz regime making them promising candi-
dates for novel memory technologies [1-5]. Recent
interest in this field, and the canted antiferromagnet
a-Fes O3 in particular, was sparked by the experi-
mental demonstration of electrical control and read-
out of the Néel order in metallic AFMs [6-8], insu-
lating AFM /heavy-metal bilayers [9-15], and the ob-
servation of topological spin textures [16-18] paving
the path towards using AFMs as active materials for
spintronic devices.

Analogously to demagnetizing fields in ferromag-
nets, destressing 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 magnetocrystalline
easy-axes. However, the underlying model is strictly
true only for free layers. Our experimental findings
on a-FesOg thin films imply that substrate clamp-

ing results in a far more complex and disordered do-
main structure. We show that this leads to long-
range interactions that impose a locally-varying ef-
fective anisotropy. The local fluctuations of the
easy-axis orientations qualitatively impact the do-
main structure and magnetization process. These
previously unidentified effects should generally be
present and in competition with the magnetocrys-
talline anisotropy in antiferromagnetic oxide thin
films based on their similarities in magnetic, chem-
ical, and structural properties [21, 22]. Therefore,
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 antiferromagnets.

II. THIN FILM CHARACTERIZATION

Our epitaxial a-Fe;Og films (10 nm thick unless
mentioned otherwise) were grown at 640 °C on c-axis
(001) oriented Al,O3 with off-axis magnetron sput-
tering. In order to validate the quality of the thin
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FIG. 1. (a) Long-range (006)/(0012) symmetric scan of a-FezO3z (10 nm) on c-axis (001) oriented AlOs. (b) (1 0
10)- reciprocal space map of a-Fe;O3z (10 nm) on c-axis (001) oriented Al;Os. (c) Phi-scan of a-Fe;O3 (20 nm) on
c-axis (001) oriented Al,Os with inset of hexagonal crystal structure. (d) Raman spectrum of a-Fe;O3 (10 nm) thin
film on a AloOs substrate. (e) Cross-sectional HRTEM image of a-Fe2O3 (20 nm) on c-axis (001) oriented Al>Os.

The inset shows the Fourier transform of the image.

films, we have performed structure and composition
characterization.

Figure la-c show the structure characterization of
the a-FeyOg 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 20 scan shown in Fig. la
was used to determine the c lattice parameters of
the magnetic thin film and the substrate (co—pe,0,
= 13.79 A and CAl,05 = 12.99 A) The film thickness
was confirmed to be 11.88 nm (nominally 10 nm) us-
ing the Scherrer method which relates peak broad-
ening to the crystallite size. The peaks from gold
appear due to the gold contacts on the sample. The
strain state and degree of relaxation were deter-
mined from a reflection with in-plane and out-of-
plane components. In the (1 0 10)- reciprocal space
map (Fig. 1b), shifting of the a-Fe,Os film peak
around q; ~ —0.234 (red) towards the origin is in-

dicative of film relaxation with respect to the sub-
strate at q; &~ —0.247 (green). At the substrate-film
interface, the film experiences strain due to clamp-
ing on the substrate, as shown by the shadow peak
located along q, ~ —0.247. Through the thickness
of the a-Fes O3 film, the strain relaxes by 93.7 % to
a nearly fully relaxed film. The phi-scan (Fig. 1c)
confirms the six-fold symmetry in the a-Fe;O3 and
Al>O3 lattices.

To characterize the film-substrate interface in
more detail, we acquired cross-sectional high-
resolution  transmission electron  microscopy
(HRTEM) images on a 20 nm o-Fe;O3 film
(see supplemental material for details [23]). Fig. le
shows an HRTEM image exhibiting clear atomic
lattice plane contrast. The Fourier transform shown
as inset in Fig. le confirms the high crystallinity
of the a-Fe;O3 film. To quantify the strain dis-
tribution along the thickness of the a-FesOs film,



we conducted a geometric phase analysis [24]. We
find a sharp relaxation after 1 nm of the a-FeyOg
lattice clamped at the AlyOsz interface. This is
facilitated by the presence of misfit dislocations and
other crystal defects indicated with circles in the
HRTEM image in Fig. le. Moreover, we observe an
almost constant in- and out-of-plane dilation in the
a-Feo O3 lattice with respect to the smaller Al;Og
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 a-FesOg film support
the findings from the XRD measurements described
above.

Figure 1d shows the Raman measurement
data (black dots) taken using an excitation laser
wavelength of 532 nm with fits using Voigt func-
tions (solid line). The center of the peaks are
labelled 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 presence of a wide peak at
660 cm~! corresponding to the Raman-forbidden
longitudinal optical (LO) mode in «a-FesO3z due
to defect-induced scattering [27, 30, 31]. We find
that the experimental data is accurately fitted with
Raman peaks corresponding to a-FeoO3 and Al;Og,
with a small shift of up to 6 cm™! for a-FeyOs
compared to the bulk values. This shift agrees well
with previous reports that compressive strain as
observed in our in a-Fe;Os3 films in the XRD mea-
surements leads to higher peak center values [25, 32].

We note that the structure and composition char-
acterization based on XRD, HRTEM, and Raman
measurements presented here confirm the high epi-
taxial quality and phase-purity of the a-FesO3 thin
films grown on Al;Og3 substrates investigated in this
work. Importantly, we do not observe any evidence
of impurity phases of Fe3O, (see reference marks in
Fig. 1a,d).

III. EXPERIMENT

At room temperature, there is a strong easy-plane
anisotropy in a-FesOjz forcing the magnetic mo-
ments to lie in the basal plane. Additionally, there is
a weak six-fold magnetocrystalline anisotropy within
this easy-plane with an anisotropy field of H, =
1 uT [33-37]. The easy-axes are labeled Eq, Eg,
and Ej3 in the inset of Fig. 3b.

The two magnetic sublattices M4 and Mpg of a-
Fe; O3 are slightly canted due to the Dzyaloshinskii-
Moriya interaction (DMI) [38, 39] with a canting

angle 6 = 0.13 &+ 0.01°[40], giving rise to a small
FM moment m in the basal plane of the hexagonal
cell (see inset of Fig. 2b). Moreover, a-FepOg
exhibits pronounced magnetoelastic coupling with
a magnetostriction constant A ~ 107° originating
from spontaneous strain [41, 42].

The AFM state is commonly read electrically by
measuring the angle-dependent spin Hall magnetore-
sistance (SMR) in a-Fe;O3/Pt bilayers where the
perpendicular alignment of the Néel vector with re-
spect to the external magnetic field results in a neg-
ative sign of the SMR signal [43-47]. The electri-
cal measurements presented in this work were per-
formed by applying an AC probing current I, =
500pA and measuring the transverse resistance Ry,
of the Pt (5 nm thick and 20 pm wide) crossbar
grown on a-FesOg by magnetron sputtering.
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FIG. 2. (a) Angle-dependent SMR signal for magnetic
field varying 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 § =
45°. The gray line shows the initial field sweep from a
demagnetized state 04 to +Hsqt, the dark and light red
lines show the hysteresis between +Hsqt — —Hsq: and
—Hsat — +Hsqr field sweeps, respectively. The inset
illustrates the canting of the sublattice magnetizations
M4 and Mp.

As shown in Fig. 2a, the SMR shows the char-
acteristic sin(26) dependence, where 6 denotes the
angle between the current direction (along easy-axis
E,) and the external in-plane magnetic field. A mag-
netic 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 2b shows a measurement of the field depen-
dence of the SMR at a fixed angle § = 45°. Start-
ing from a demagnetized state at zero field 04, Ryy
initially increases linearly with magnetic field and
saturates at Hgq; = 2600 mT. Above H,,;, 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
04, signaling that the sample has demagnetized into
a multi-domain state with nearly zero net Néel vec-
tor. This implies the existence of strong internal
fields driving the formation of domains.

We have confirmed the strong dependence of the
AFM order on the magnetic field by measuring x-ray
magnetic linear dichroism (XMLD) contrast images
of the domain structure of a-Fe;O3 by total electron
yield using a scanning x-ray microscope (Maxymus)
(see Fig. 3a) [48].
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FIG. 3. (a) Positive field loop at 45°. The SMR sig-
nal shows small hysteresis below H;» &~ 200 mT and is
fully reversible above Hj,,. Insets show scanned XMLD
images of the a-FeoOs domain structure at 0 mT and
250 mT. Dark/ bright contrast corresponds to the hori-
zontal/ vertical orientation of the Néel vector. (b) Trans-
verse remanent resistance (dark red) after H has been re-
laxed 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 magneto-
crystalline easy-axes within the hexagonal unit cell.

In contrast to collinear AFMs such as NiO, we
observe clear hysteresis in the SMR signal in o-
FeaO3/Pt. We define the location of the minima

of R,y to be the coercive field H. ~ 50 mT. The
hysteresis is a signature of the weak ferromagnetic
nature of a-Fe3O3. In collinear AFMs with an ap-
plied field greater than the spin-flop field, the Néel
vector can adopt either of the two directions orthog-
onal to the field. In canted AFMs, on the contrary,
the small FM moment prefers to align with the ex-
ternal magnetic field, and hence the 180° degener-
acy 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 a-FesOs.

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. Fig. 3a shows the SMR
signal for an in-plane field sweep from +H,; to zero
and back to +H,; oriented at 8 = 45°. R, initially
increases linearly with the magnetic field. This lin-
ear dependence is in stark contrast to the experimen-
tally 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 hystere-
sis below the irreversibility field H;.. =~ 200 mT.
At low fields 0 < H < Hj,.,, the reorientation of
the Néel order is dominated by domain wall move-
ment. Pinning of the AFM domain walls induces ir-
reversibility which manifests in the slight hysteresis
of the SMR signal. We can extract an effective pin-
ning field of the AFM domain walls of H,, ~ 20 mT.
For H > H;,,, Ry 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 domain structure, we have investigated the an-
gular dependence of the remanent state. We applied
an external in-plane magnetic field H = 1.2 T >
Hg, (light red curve in Fig. 3b) and measured
the remanent SMR signal R$™ (dark red curve)
as a function of the angle 6 of the preceding field.
If magneto-crystalline anisotropy were the driving
mechanism for relaxation in this system, one would
expect the Néel vector to relax towards the clos-
est anisotropy axis depending on the direction of
the preceding magnetic field. This would result in
maxima and minima in R;,;m along E; and Eg3 re-
spectively. However, R;7™ does not show any sig-
nature of the crystal symmetry. Fitting R;{™ to
sin 20 (gray) shows good agreement, implying a sim-
ple scaling RyS™(0) = wR3SH () with w ~ 0.2 be-
tween the two curves. This suggests that the rema-
nent signal arises from a small fraction of domains



that are oriented perpendicular to the preceding sat-
urating magnetic field direction.

A A — 6-fold Ani.

= Isotropic
® 04— Hoat

0 90 TR0 270 360
0 (degrees)

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 sur-
roundings. (c) Schematic of distribution of orientation of
Néel vectors ranging from strongly aligned with a mag-
netocrystalline anisotropy (dark gray) to isotropic (red).
(d) Slope of the linear SMR signal at small H as a func-
tion of the angle of the field calculated using the modified
destressing model based on a six-fold anisotropy (black
line) and isotropic distribution of Néel vector orienta-
tions (red line). The isotropic model shows good agree-
ment with the experimental data for a field sweep from
a demagnetized state and saturated state (dots and tri-
angles respectively).

IV. THEORETICAL DISCUSSION

In order to identify the different contributions to
the formation of the domains, we have investigated
the underlying driving mechanisms in more detail.
The formation of a multi-domain state when the
magnetic field is reduced has been investigated re-
cently in several AFMs [13, 44, 45, 49-52]. So far,
it has been presumed that the domains are oriented
along the magneto-crystalline anisotropy axes. The
hysteresis and formation of well-defined small do-
mains in zero external magnetic field are evidence for
the existence of anisotropy in our system. The lack
of signatures of the six-fold symmetry of the mag-
netocrystalline 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 effective anisotropy is composed of a
competition between the short-range magnetocrys-
talline anisotropy and a long-range contribution of
magnetoelastic nature.

First, we note that the spontaneous magnetoelas-
tic strains in the AFM layer are incompatible with
the non-strained nonmagnetic substrate and create
a long-range so-called destressing field which is sim-
ilar to the stray field in ferromagnets [19, 20] (see
supplemental material for details [23]). The local
orientation of the easy magnetic axes is parameter-
ized by the angle ¢(r) that is calculated from the
easy-axis Eo within the film plane. By minimizing
the energy of the antiferromagnetic layer, we get the
following equation for ¢(r):

H.psin 69 + Hyestr [t1 8in 2¢0 — 1P cos 2¢] = 0,

¥ (r) = ;/W&(z)dr’, (1)
_ 1 Sin290(r,) / /
Yo(r) = o / Wé (z)dr’,

where H,, denotes the in-plane magnetic anisotropy
and Hgestr is the destressing field which is propor-
tional to the magnetoelastic constant A, and ¢'(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 distri-
bution of the effective anisotropy by solving Eq. (1).
The first term in Eq. (1) stems from the six-fold
crystallographic anisotropy and turns to zero for
wo = 0,7 (direction along Ej), 7/3,47/3 (E;), or
27 /3,57/3 (E3). The second term originates from
the magnetoelastic coupling and depends on the dis-
tribution of the magnetic texture in the whole sam-
ple. To estimate this term, we note that the destress-
ing fields ¥ (r), 12 (r) satisfy the Poisson equations

—Ayy = 6'(2) cos 2¢(r), (2)
— Ay = 6'(2) sin 2¢(r),

in which the functions cos2p(r), sin2¢(r) play the
role of magnetoelastic charges. Based on the anal-
ogy with electrostatics, we conclude that the crys-
talline anisotropy defined by the first term in Eq. (1)
can only be restored by either a vanishingly small
destressing field Hqesty Or an equiprobable distribu-
tion 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 a sufficiently large area
including enough different domains. On a smaller
scale, the local anisotropy is very sensitive to the di-
rect surroundings. A local imbalance between the
domains E;, E5, and Ej3 creates a local nonzero



density of charges leading to a rotation of the lo-
cal anisotropy axis away from the magnetocrys-
talline anisotropy axis, as illustrated schematically
in Fig. 4a,b. In this example, the Néel vector in
the central domain in Fig. 4a is oriented along Eo
as long as the areas S7 and S3 of the surrounding
domains along E; and Ej3 respectively are equal. In
this configuration, the magnetoelastic charge sin 2¢
is fully compensated.[53] However, an imbalance
S1 # S3 between the areas along E; and Ej cre-
ates a nonzero charge sin2¢ o |S; — S3|/(S1 + S3)
and a related field 1. As a result, the equilibrium
orientation of the Néel vector in the central domain
rotates away from the crystalline axis Eo by ¢
(Hdcstr/Han)|Sl - Sg|/(Sl + Sg) (Flg 4b) 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
H,, and the fluctuating destressing fields, the do-
mains in an AFM thin-film can range from dis-
tributed sharply around the crystalline anisotropy
axes up to an isotropic distribution as illustrated in
Fig. 4c.

Based on our model, we can introduce a char-
acteristic ”Debye radius” D at which the effect of
fluctuations of the magnetoelastic charges is fully
screened. To estimate D, we assume that the ori-
entations of different domains are statistically inde-
pendent. We can model the probability to find a
domain with a given orientation ¢ using the Boltz-
mann distribution with effective temperature Teog.
In analogy to the Debye model, we estimate the De-
bye radius D = tapm/Torr/ (Hdestr Ms), where tapm
is the thickness of the AFM layer, and M,/2 is the
sublattice magnetization.

We associate the statistical independence of the
domain distribution with the process of magnetic or-
dering when cooling through the Néel temperature.
However, on a short length scale (below the Debye
radius D) temperature-induced redistribution of the
domains can be blocked e.g. by domain wall pin-
ning. In this case, correlations between the differ-
ent domain 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 re-
fined the existing theoretical framework [45, 54,
55|, which was developed for a compensated three-
domain collinear AFM. Here, we consider the com-
petition between destressing energy and Zeeman en-
ergy. Starting from an equiprobable domain dis-
tribution at zero field, the existing theory pre-

dicts that the dominant domain fraction increases as
H?/(HgestHer) (see Eq. S27 in SI) [46]. The DMI
in a-FesO3 and the corresponding nonzero FM mo-
ment m give rise to an additional Zeeman term pro-
portional to mH /(M Hgest). 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. 2b and 3a).

To calculate the angular dependence of the SMR
signal, we add the Zeeman contribution to Eq. (1)
(see SI). We consider two limiting cases of the equi-
librium domain distribution schematically shown in
Fig. 4d: i) isotropic distribution of all ¢ values due
to destressing effects (red line); ii) sharp peaks cor-
responding to six-fold crystalline anisotropy (dark
grey line). Fig. 4d shows the results of the theoret-
ical models and the experimental data of the slope
dR,,/dH at low field. The experimentally extracted
slope dR,, /dH of the field-dependent SMR signal in
the linear regime (triangles and dots) shows the qual-
itative sin 260 angle-dependence irrespective of the
preceding magnetic field history. This dependence
is in agreement with the theoretical prediction

Ryy o< (mH/Hgegty) sin 26 (3)

for an isotropic distribution with the maxima lo-
cated at 6 = 45° and 225°. In contrast, the six-fold
anisotropy leads to peaks at # = 30° and 150°. This
further confirms that the orientation of the domains
in AFM thin films does not follow the crystal sym-
metry but lies along isotropically distributed local
anisotropy axes due to substrate clamping.

FIG. 5. (a) Vector map of the a-Fe;Os domain struc-
ture constructed from angle-dependent XMLD XPEEM
images. The orientation 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 un-
certainty is larger than 15° are marked in gray.



V. EXPERIMENTAL VERIFICATION

In order to investigate the orientation of the Néel
vectors in the multi-domain state, we have per-
formed angle-dependent XMLD x-ray photoemission
electron microscopy (XPEEM) on a-Fe;O3 (20 nm
with 2 nm Carbon capping). Varying the angle be-
tween the linear polarization of the incident x-rays
and the sample allows reconstruction of the orienta-
tion of the Néel orientation (see supplemental mate-
rial for details of analysis [23] and references [48, 56]
theirein).

Fig. ba shows a vector map of the antiferromag-
netic domain structure. The orientation of the Néel
vectors encoded by different colors is shown in the
histogram in Fig. 5b. While the histogram does not
show any signatures of the hexagonal crystal struc-
ture of a-FeoOs3, the distribution of domain orienta-
tion 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.
Combining imaging of the AFM domain structure
with electrical measurements, we find that the for-
mation of domains is predominantly driven by de-
stressing fields which do not follow the hexagonal
crystal symmetry of a-FeoO3 but rather result in an
overall isotropic distribution of the Néel vector ori-
entations with fluctuating easy-axes depending on

the local surrounding domains. Our work demon-
strates that understanding the formation of the do-
main structure and effective anisotropy in thin films
is paramount for realizing AFM-based memory tech-
nologies.

ACKNOWLEDGMENTS

The authors thank M. Birch, S. Meyer, D.
Bono, and B. Neltner for their valuable contribu-
tions to this work. We thank A. Lee for the use
of his Raman spectrometer and P. Askeland for
technical assistance. The x-ray imaging measure-
ments were carried out at the UE-49-PGM-SPEEM
(XPEEM) and UE46 MAXYMUS (STXM) beam-
lines at Helmholtz-Zentrum Berlin. We thank HZB
for the allocation of synchrotron radiation beam-
time. This work is supported in part by SMART,
one of seven centers of nCORE, a Semiconduc-
tor Research Corporation program, sponsored by
the National Institute of Standards and Technology
(NIST), and by the DARPA TEE program. A. W.
acknowledges financial support from the Swiss Na-
tional Science Foundation. O.G. acknowledges sup-
port of the ERC Synergy Grant SC2 (No. 610115),
the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) - TRR 173 — 268565370
(project B12) and TRR 288 — 422213477 (project
A09). A.L. and D.W. acknowledge funding from the
Wiirzburg-Dresden Cluster of Excellence on Com-
plexity and Topology in Quantum Matter—ct.qmat
(EXC 2147, project no. 390858490). F.B. acknowl-
edges financial support from the Helmholtz Young
Investigator Group Program. N. B. thanks G.S.D.
Beach and his group for their hospitality during his
sabbatical visit to MIT.

[1] K. Olejnik, T. Seifert, Z. Kaspar, V. Novik,
P. Wadley, R. P. Campion, M. Baumgartner,
P. Gambardella, P. Némec, J. Wunderlich, J. Sinova,
P. Kuzel, M. Miiller, T. Kampfrath, and T. Jung-
wirth, Science Advances 4, eaar3566 (2018).

[2] T. Jungwirth, X. Marti, P. Wadley, and J. Wunder-
lich, Nature Nanotechnology 11, 231 (2016).

[3] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama,
T. Ono, and Y. Tserkovnyak, Reviews of Modern
Physics 90, 015005 (2018).

[4] T. Jungwirth, J. Sinova, A. Manchon, X. Marti,
J. Wunderlich, and C. Felser, Nature Physics 14,
200 (2018).

[5] J. Zelezny, P. Wadley, K. Olejnik, A. Hoffmann, and
H. Ohno, Nature Physics 14, 220 (2018).

[6] P. Wadley, B. Howells, J. Elezny, C. Andrews,
V. Hills, R. P. Campion, V. Novak, K. Olejnik,

F. Maccherozzi, S. S. Dhesi, S. Y. Martin, T. Wag-
ner, J. Wunderlich, F. Freimuth, Y. Mokrousov,
J. Kune, J. S. Chauhan, M. J. Grzybowski, A. W.
Rushforth, K. W. Edmonds, B. L. Gallagher, and
T. Jungwirth, Science 351, 587 (2016).

[7] S. Y. Bodnar, L. Smejkal, I. Turek, T. Jungwirth,
O. Gomonay, J. Sinova, A. A. Sapozhnik, H.-J.
Elmers, M. Klaui, and M. Jourdan, Nature Com-
munications 9, 348 (2018).

[8] J. Godinho, H. Reichlové, D. Kriegner, V. Novak,
K. Olejnik, Z. Kagpar, Z. Soban, P. Wadley, R. P.
Campion, R. M. Otxoa, P. E. Roy, J. Zelezny,
T. Jungwirth, and J. Wunderlich, Nature Commu-
nications 9, 4686 (2018).

[9] X. Z. Chen, R. Zarzuela, J. Zhang, C. Song, X. F.
Zhou, G. Y. Shi, F. Li, H. A. Zhou, W. J. Jiang,
F. Pan, and Y. Tserkovnyak, Physical Review Let-


https://doi.org/10.1126/sciadv.aar3566
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1038/s41567-018-0063-6
https://doi.org/10.1038/s41567-018-0063-6
https://doi.org/10.1038/s41567-018-0062-7
https://doi.org/10.1126/science.aab1031
https://doi.org/10.1038/s41467-017-02780-x
https://doi.org/10.1038/s41467-017-02780-x
https://doi.org/10.1038/s41467-018-07092-2
https://doi.org/10.1038/s41467-018-07092-2
https://doi.org/10.1103/PhysRevLett.120.207204

ters 120, 207204 (2018).

[10] I. Gray, T. Moriyama, N. Sivadas, G. M. Stiehl,
J. T. Heron, R. Need, B. J. Kirby, D. H. Low, K. C.
Nowack, D. G. Schlom, D. C. Ralph, T. Ono, and
G. D. Fuchs, Physical Review X 9, 041016 (2019).

[11] L. Baldrati, O. Gomonay, A. Ross, M. Filianina,
R. Lebrun, R. Ramos, C. Leveille, F. Fuhrmann,
T. R. Forrest, F. Maccherozzi, S. Valencia, F. Kro-
nast, E. Saitoh, J. Sinova, and M. Kl&ui, Physical
Review Letters 123, 177201 (2019).

[12] Y. Cheng, S. Yu, M. Zhu, J. Hwang, and F. Yang,
Physical Review Letters 124, 027202 (2020).

[13] P. Zhang, J. Finley, T. Safi, and L. Liu, Physical
Review Letters 123, 247206 (2019).

[14] C. C. Chiang, S. Y. Huang, D. Qu, P. H. Wu, and
C. L. Chien, Physical Review Letters 123, 227203
(2019).

[15] A. Churikova, D. Bono, B. Neltner, A. Wittmann,
L. Scipioni, A. Shepard, T. Newhouse-Illige,
J. Greer, and G. S. D. Beach, Applied Physics Let-
ters 116, 022410 (2020).

[16] F. P. Chmiel, N. Waterfield Price, R. D. Johnson,
A. D. Lamirand, J. Schad, G. van der Laan, D. T.
Harris, J. Irwin, M. S. Rzchowski, C.-b. Eom, and
P. G. Radaelli, Nature Materials 17, 581 (2018).

[17] H. Jani, J.-C. Lin, J. Chen, J. Harrison, F. Mac-
cherozzi, J. Schad, S. Prakash, C.-B. Eom, A. Ar-
iando, T. Venkatesan, and P. G. Radaelli, Nature
590, 74 (2021).

[18] A. Ross, R. Lebrun, C. Ulloa, D. A. Grave, A. Kay,
L. Baldrati, F. Kronast, S. Valencia, A. Rothschild,
and M. Kldui, Physical Review B 102, 094415
(2020).

[19] H. V. Gomonay and V. M. Loktev, Physical Review
B 75, 174439 (2007).

[20] O. Gomonay, S. Kondovych, and V. Loktev, Jour-
nal of Magnetism and Magnetic Materials 354, 125
(2014).

[21] C. N. R. Rao, Annual Review of Physical Chemistry
40, 291 (1989).

[22] L. Duo, M. Finazzi, and F. Ciccacci, Magnetic Prop-
erties of Antiferromagnetic Oxide Materials: Sur-
faces, Interfaces, and Thin Films, edited by L. Duo,
M. Finazzi, and F. Ciccacci (Wiley, 2010).

[23] See supplemental Material at xxx for more detailed
information .

[24] M. Hytch, F. Houdellier, F. Hiie, and E. Snoeck,
Ultramicroscopy 111, 1328 (2011).

[25] M. Liibbe, A. M. Gigler, R. W. Stark, and
W. Moritz, Surface Science 604, 679 (2010).

[26] Z. Cvejic, B. Antic, A. Kremenovic, S. Rakic,
G. Goya, H. Rechenberg, C. Jovalekic, and V. Spa-
sojevic, Journal of Alloys and Compounds 472, 571
(2009).

[27] A. M. Jubb and H. C. Allen, ACS Applied Materials
and Interfaces 2, 2804 (2010).

[28] M. J. Massey, U. Baier, R. Merlin, and W. H. We-
ber, Physical Review B 41, 7822 (1990).

[29] S. P. S. Porto and R. S. Krishnan, The Journal of
Chemical Physics 47, 1009 (1967).

[30] I. V. Chernyshova, M. F. Hochella Jr, and A. S.
Madden, Physical Chemistry Chemical Physics 9,
1736 (2007).

[31] Y. Xu, D. Zhao, X. Zhang, W. Jin, P. Kashkarov,
and H. Zhang, Physica E: Low-dimensional Systems
and Nanostructures 41, 806 (2009).

[32] R. J. Angel, M. Murri, B. Mihailova, and M. Alvaro,
Zeitschrift fur Kristallographie - Crystalline Mate-
rials 234, 129 (2019).

[33] A. Tasaki and S. Iida, Journal of the Physical Soci-
ety of Japan 18, 1148 (1963).

[34] P. J. Flanders and J. P. Remeika, The Philosophical
Magazine: A Journal of Theoretical Experimental
and Applied Physics 11, 1271 (1965).

[35] P. J. Besser, A. H. Morrish, and C. W. Searle, Phys-
ical Review 153, 632 (1967).

[36] P. Chen, N. Lee, S. McGill, S. W. Cheong, and J. L.
Musfeldt, Physical Review B - Condensed Matter
and Materials Physics 85, 1 (2012).

[37] Y. Cheng, S. Yu, A. S. Ahmed, M. Zhu, Y. Rao,
M. Ghazisaeidi, J. Hwang, and F. Yang, Physical
Review B 100, 220408 (2019).

[38] I. Dzyaloshinsky, Journal of Physics and Chemistry
of Solids 4, 241 (1958).

[39] T. Moriya, Physical Review 120, 91 (1960).

[40] A. H. Morrish, Canted Antiferromagnetism:
Hematite (WORLD SCIENTIFIC, 1995).

[41] H. M. A. Urquhart and J. E. Goldman, Physical
Review 101, 1443 (1956).

[42] R. Voskanyan, R. Levitin, and V. Shchurov, Soviet
Journal of Experimental and Theoretical Physics
27, 790 (1968).

[43] N. Vlietstra, J. Shan, V. Castel, B. J. van Wees,
and J. Ben Youssef, Physical Review B 87, 184421
(2013).

[44] G. R. Hoogeboom, A. Aqeel, T. Kuschel, T. T. M.
Palstra, and B. J. van Wees, Applied Physics Letters
111, 052409 (2017).

[45] J. Fischer, O. Gomonay, R. Schlitz, K. Ganzhorn,
N. Vlietstra, M. Althammer, H. Huebl, M. Opel,
R. Gross, S. T. B. Goennenwein, and S. Geprags,
Physical Review B 97, 014417 (2018).

[46] R. Lebrun, A. Ross, O. Gomonay, S. A. Bender,
L. Baldrati, F. Kronast, A. Qaiumzadeh, J. Sinova,
A. Brataas, R. A. Duine, and M. Klaui, Communi-
cations Physics 2, 50 (2019).

[47] S. Geprdgs, M. Opel, J. Fischer, O. Gomonay,
P. Schwenke, M. Althammer, H. Huebl, and
R. Gross, Journal of Applied Physics 127, 243902
(2020).

[48] D. Alders, L. H. Tjeng, F. C. Voogt, T. Hibma,
G. A. Sawatzky, C. T. Chen, J. Vogel, M. Sac-
chi, and S. Iacobucci, Physical Review B 57, 11623
(1998).

[49] J. H. Han, C. Song, F. Li, Y. Y. Wang, G. Y. Wang,
Q. H. Yang, and F. Pan, Physical Review B 90,
144431 (2014).

[50] L. Baldrati, A. Ross, T. Niizeki, C. Schneider,
R. Ramos, J. Cramer, O. Gomonay, M. Filianina,
T. Savchenko, D. Heinze, A. Kleibert, E. Saitoh,
J. Sinova, and M. Kl4ui, Physical Review B 98,


https://doi.org/10.1103/PhysRevLett.120.207204
https://doi.org/10.1103/PhysRevX.9.041016
https://doi.org/10.1103/PhysRevLett.123.177201
https://doi.org/10.1103/PhysRevLett.123.177201
https://doi.org/10.1103/PhysRevLett.124.027202
https://doi.org/10.1103/PhysRevLett.123.247206
https://doi.org/10.1103/PhysRevLett.123.247206
https://doi.org/10.1103/PhysRevLett.123.227203
https://doi.org/10.1103/PhysRevLett.123.227203
https://doi.org/10.1063/1.5134814
https://doi.org/10.1063/1.5134814
https://doi.org/10.1038/s41563-018-0101-x
https://doi.org/10.1038/s41586-021-03219-6
https://doi.org/10.1038/s41586-021-03219-6
https://doi.org/10.1103/PhysRevB.102.094415
https://doi.org/10.1103/PhysRevB.102.094415
https://doi.org/10.1103/PhysRevB.75.174439
https://doi.org/10.1103/PhysRevB.75.174439
https://doi.org/10.1016/j.jmmm.2013.11.003
https://doi.org/10.1016/j.jmmm.2013.11.003
https://doi.org/10.1016/j.jmmm.2013.11.003
https://doi.org/10.1146/annurev.pc.40.100189.001451
https://doi.org/10.1146/annurev.pc.40.100189.001451
https://doi.org/10.1002/9783527630370
https://doi.org/10.1002/9783527630370
https://doi.org/10.1002/9783527630370
https://doi.org/10.1016/j.ultramic.2011.04.008
https://doi.org/10.1016/j.susc.2010.01.015
https://doi.org/10.1016/j.jallcom.2008.05.026
https://doi.org/10.1016/j.jallcom.2008.05.026
https://doi.org/10.1021/am1004943
https://doi.org/10.1021/am1004943
https://doi.org/10.1103/PhysRevB.41.7822
https://doi.org/10.1063/1.1711980
https://doi.org/10.1063/1.1711980
https://doi.org/10.1039/b618790k
https://doi.org/10.1039/b618790k
https://doi.org/10.1016/j.physe.2008.12.015
https://doi.org/10.1016/j.physe.2008.12.015
https://doi.org/10.1515/ZKRI-2018-2112/MACHINEREADABLECITATION/RIS
https://doi.org/10.1515/ZKRI-2018-2112/MACHINEREADABLECITATION/RIS
https://doi.org/10.1143/JPSJ.18.1148
https://doi.org/10.1143/JPSJ.18.1148
https://doi.org/10.1080/14786436508224935
https://doi.org/10.1080/14786436508224935
https://doi.org/10.1080/14786436508224935
https://doi.org/10.1103/PhysRev.153.632
https://doi.org/10.1103/PhysRev.153.632
https://doi.org/10.1103/PhysRevB.85.174413
https://doi.org/10.1103/PhysRevB.85.174413
https://doi.org/10.1103/PhysRevB.100.220408
https://doi.org/10.1103/PhysRevB.100.220408
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1142/2518
https://doi.org/10.1142/2518
https://doi.org/10.1103/PhysRev.101.1443
https://doi.org/10.1103/PhysRev.101.1443
http://jetp.ac.ru/cgi-bin/e/index/e/27/3/p423?a=list
http://jetp.ac.ru/cgi-bin/e/index/e/27/3/p423?a=list
http://jetp.ac.ru/cgi-bin/e/index/e/27/3/p423?a=list
https://doi.org/10.1103/PhysRevB.87.184421
https://doi.org/10.1103/PhysRevB.87.184421
https://doi.org/10.1063/1.4997588
https://doi.org/10.1063/1.4997588
https://doi.org/10.1103/PhysRevB.97.014417
https://doi.org/10.1038/s42005-019-0150-8
https://doi.org/10.1038/s42005-019-0150-8
https://doi.org/10.1063/5.0009529
https://doi.org/10.1063/5.0009529
https://doi.org/10.1103/PhysRevB.57.11623
https://doi.org/10.1103/PhysRevB.57.11623
https://doi.org/10.1103/PhysRevB.90.144431
https://doi.org/10.1103/PhysRevB.90.144431
https://doi.org/10.1103/PhysRevB.98.024422

024422 (2018).

[61] T. Hajiri, L. Baldrati, R. Lebrun, M. Filianina,
A. Ross, N. Tanahashi, M. Kuroda, W. L. Gan,
T. O. Mentes, F. Genuzio, A. Locatelli, H. Asano,
and M. Klaui, Journal of Physics: Condensed Mat-
ter 31, 445804 (2019).

[62] J. Fischer, M. Althammer, N. Vlietstra, H. Huebl,
S. T. Goennenwein, R. Gross, S. Geprigs, and
M. Opel, Physical Review Applied 13, 014019
(2020).

[63] The non-compensated charge cos 2y, in this case,
creates a field 1, that affects the value of the

anisotropy but not the direction.

[54] H. Gomonay and V. M. Loktev, Journal of Physics:
Condensed Matter 14, 3959 (2002).

[65] S. Geprdgs, M. Opel, J. Fischer, O. Gomonay,
P. Schwenke, M. Althammer, H. Huebl, and
R. Gross, Journal of Applied Physics 127, 243902
(2020).

[56] E. Arenholz, G. van der Laan, R. V. Chopdekar, and
Y. Suzuki, Physical Review B 74, 094407 (2006).


https://doi.org/10.1103/PhysRevB.98.024422
https://doi.org/10.1088/1361-648X/ab303c
https://doi.org/10.1088/1361-648X/ab303c
https://doi.org/10.1103/PhysRevApplied.13.014019
https://doi.org/10.1103/PhysRevApplied.13.014019
https://doi.org/10.1088/0953-8984/14/15/310
https://doi.org/10.1088/0953-8984/14/15/310
https://doi.org/10.1063/5.0009529
https://doi.org/10.1063/5.0009529
https://doi.org/10.1103/PhysRevB.74.094407

	Role of substrate clamping on anisotropy and domain structure in the canted antiferromagnet -Fe2O3
	Abstract
	Introduction
	Thin film characterization
	Experiment
	Theoretical discussion
	Experimental verification
	Conclusions
	Acknowledgments
	References


