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X-ray magnetic linear dichroism study of field-manipulated canted antiferromagnetism
in epitaxial «¢-Fe,O; films
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This paper describes manipulation of the antiferromagnetic (AFM) moment by external magnetic field in thin
epitaxial nanofilms of a-Fe,O3;—the iron oxide polymorph known for its canted antiferromagnetism above the
Morin temperature. The field-driven rotation of the AFM moment has been detected in thin o-Fe,03/GaN layers
by monitoring the azimuthal field dependence of the x-ray magnetic linear dichroism line shape at L,3 absorption
edge of iron. The presence of the tiny canted ferrimagnetic (FM) moment in «-Fe,O3; makes it possible to
manipulate the related AFM moment by applying external magnetic field, monitoring the field-driven rotation
of both AFM and FM moments that otherwise can be hardly detected in a nanoscale film by conventional
magnetometry. A controllable manipulation of the AFM moment in a thin film by external magnetic field is
supposed to be an important keystone for development of the emerging field of AFM spintronics.
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I. INTRODUCTION

Antiferromagnetic (AFM) spintronics as a part of modern
spintronics utilize different kind of magnetic properties such
as ferromagnetic-AFM exchange bias, spin torque currents,
and domain wall motion [1]. Within this field, emerging in-
terest in AFM spintronics is motivated by the possibility to
potentially utilize AFM materials for energy-saving informa-
tion storage and processing applications [2—4]. In this view,
there exists nowadays a growing interest in the manipulation
of the AFM order by electric current [3,5,6] or by interfacial
spin-orbit torque [4,7]. While numerous methods have been
used so far to study ferromagnetic and ferrimagnetic (FM)
materials, the observation of the magnetic effects related to
the AFM order is a challenging task due to the absence of
the net magnetic moment in an antiferromagnet. Among the
techniques able to probe the AFM order or Néel vector are
the anisotropic [8] and spin-Hall magnetoresistance [9-11].
The synchrotron method of x-ray magnetic linear dichroism
(XMLD) is another powerful tool to study the AFM order
through sensitivity of light scattering to magnetism [12-16].
XMLD is defined as the difference between the absorption
measured with light polarization parallel and perpendicular
to the spin direction. At the iron L edge, this difference is
due to the break of symmetry that occurs once an electron
is excited from the 2p to the 3d orbital upon absorption of an
x-ray photon. Being sensitive to the square of atomic magnetic
moment, the XMLD technique gives access to the AFM order.

Among the many known AFM materials, hematite
(x-Fe;03) is a widely studied prototypical insulating room-
temperature (RT) antiferromagnet. Having a simple chemical
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formula and exhibiting a bunch of nontrivial properties,
hematite is considered among others as a candidate material to
be used in photoelectrochemical cells for hydrogen generation
through water splitting [17,18]. From a magnetic point of
view, hematite features as a strongly correlated AFM system
due to the electron-electron interaction between Fe*t 3d or-
bitals mediated by octahedral oxygen environment. Above the
Morin spin reorientation transition temperature of 260 K, the
low symmetry at iron sites allows spin-orbit coupling to cause
canting of the moments lying in the basal plane perpendicular
to the ¢ axis along one of the twofold axes [19-22].

The magnetic moments of the two «-Fe,O; sublattices M
and M; lie in the basal (0001) plane almost antiparallel to
each other (Fig. 1). The resulting uncompensated magnetic
moment M = M; + M, lies in the same basal plane almost
perpendicular to M; and M, and exactly perpendicular to the
AFM moment L. = M; — M. The canting angle is a fraction
of a degree, and the corresponding very small magnetic mo-
ment is below 2 emu/ c¢m?. In bulk hematite, there is almost no
magnetic anisotropy in the basal plane, which means that the
resulting magnetic moment M rotates almost freely around the
[001] axis. Below the Morin transition, the anisotropy makes
the moments align antiferromagnetically along the ¢ axis.
In the nanoscale objects, the transition temperature depends
on the particle size [23] and can be totally suppressed due
to the presence of impurities and defects. A strong magnetic
field along the ¢ axis in the AFM state below the Morin tran-
sition is known to induce a spin-flop transition, whereas spins
get aligned perpendicular to the ¢ axis [24,25]. The Morin
transition significantly affects other physical properties of
hematite such as electrical resistance and Hall effect [26-28].
It has been shown in Ref. [29] that the spin Hall magnetore-
sistance is dominated by the AFM Néel vector rather than
by the weak magnetic moment caused by spin canting. The
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FIG. 1. A schematic representation of magnetic moments in «-Fe,O3. The orientation of resulting ferromagnetic and antiferromagnetic
moments in external magnetic field is shown for vertical and horizontal field. The geometry of the normal incidence x-ray magnetic linear

dichroism (XMLD) experiment is shown in the bottom image.

electrical switching of the Néel vector in Pt/a-Fe, O3 bilayers
has been demonstrated recently [30]. Taking advantage of the
large XMLD effect associated with the Fe L,3 edge, it can be
effectively applied to «-Fe;O3. An XMLD study of the Morin
transition in epitaxial a-Fe, O3 films doped with Ti, Sn, and Zn
is described in Ref. [31]. More recently, magnetic vortex pairs
were observed at RT in planar Co/a-Fe, O3 films by XMLD
photoemission electron microscopy [32]. Being the most ther-
modynamically stable iron oxide, hematite can be epitaxially
grown on many substrates. As was recently demonstrated
in Refs. [33-36], the high crystalline quality epitaxial films
of hematite and a number of other iron oxide polymorphs
can be grown by pulsed laser deposition on a semiconductor
GaN surface, opening the way to combine semiconducting
and magnetically ordered materials in a hybrid epitaxial het-
erostructure. In this paper, we have utilized vectorial-field
magnetic linear x-ray dichroism and magneto-optical Kerr
effect (MOKE) to study magnetic field manipulation of the
Néel vector in thin «-Fe,O3/GaN films above the Morin tem-
perature.

II. EXPERIMENTAL

The «-Fe,0; single crystal films were grown by means
of pulsed laser deposition on the Ga terminated surface of
the 3 mkm GaN(0001)/Al,O; templates fabricated by metal
organic vapor phase deposition. Following the growth ap-
proach described in Ref. [33], iron oxide was deposited from a
Fe, O3 stoichiometric target ablated by KrF excimer laser. The
growth was performed in oxygen at a pressure of 0.02 mbar

at a substrate temperature of 600°C. The crystallinity, epitax-
ial relations, and defect structure of the grown layers were
monitored by in situ reflection high-energy electron diffrac-
tion (RHEED) reciprocal space three-dimensional mapping
[37,38] and x-ray diffraction. As described earlier in Ref. [33],
the hematite film grows on GaN with its [001] axis per-
pendicular to the substrate surface and with the [110] axis
parallel to the in-plane GaN [1-10] direction. Figure 2(a)
shows typical in-plane and out-of-plane reciprocal space maps
obtained by RHEED in «-Fe,03/GaN. The experimentally
observed reflections appear exactly where expected for the
hematite lattice (the model nodes are shown with circles).
The in-plane magnetization curves were measured at RT using
the Quantum Design PPMS vibrating sample magnetome-
ter (VSM) and the longitudinal MOKE setup described in
Ref. [39]. The x-ray absorption spectroscopy (XAS), x-ray
magnetic circular dichroism (XMCD) and XMLD studies
have been carried out at the ID32 beamline of ESRF syn-
chrotron (Grenoble, France), the BL7A beamline of KEK PF
synchrotron (Tsukuba, Japan), and the BOREAS beamline 29
of ALBA synchrotron (Barcelona, Spain) [40]. The XMCD
studies were carried out with the photon incident at 30°,
while the XMLD measurements were performed at close to
normal incidence. In both cases, the measurements were done
in total electron yield (TEY) mode with the magnetic field
applied almost in plane of the sample and at RT. The magnetic
field was spanned in the range of —2 T to +2 T (ID32 and
BL7A beamlines) and could be additionally rotated by 90° in
plane of the sample by using a vectorial electromagnet (BL29
beamline).
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FIG. 2. (a) In-plane (top) and out-of-plane (bottom) reciprocal space maps of «-Fe,O3 film obtained by reflection high-energy electron
diffraction (RHEED). The expected positions of reciprocal space nodes in hematite lattice are shown with circles. (b) In-plane magnetization
reversal curves measured by longitudinal Kerr effect (left axis) and vibrating sample magnetometer (VSM; right axis) in «-Fe, O3, Fe;0y4, and

&-Fe, 05 films on GaN.

III. RESULTS AND DISCUSSION
A. MOKE and VSM studies

The in-plane magnetization reversal in sub-100 nm
a-Fe,03/GaN layers was studied by MOKE (more sensitive)
and VSM (more quantitative) to detect the tiny ferromagnetic
moment above the Morin temperature. The magnetization
loops obtained in an 80 nm «-Fe, O3 film are shown in Fig. 2
together with the curves measured in Fe;O4 and &-Fe,03
layers of similar thickness (shown for comparison). Because
the canting angle between the AFM aligned magnetic mo-
ments in a-Fe,0; is just a fraction of a degree, the resulting
ferromagnetic moment of a sub-100 nm film has appeared
too small to be reliably measured by VSM. A magnetiza-
tion value of below 5emu/cm? was estimated from a rather
noisy loop shown in Fig. 2 (negligibly smaller than in the
e-Fe,03/GaN film of a similar thickness). Remarkably, de-
spite the small net magnetic moment, «-Fe,03/GaN films
showed a well-pronounced Kerr polarization rotation of up to
300 prad [Fig. 2(b)]. These observations go in line with the
anomalously strong magneto-optical effects observed previ-
ously in canted antiferromagnets [41] due to the sensitivity of
the method to the large Néel vector. Strong linear magnetic
birefringence [42] and Kerr rotation [43] comparable with
rare earth iron garnets [44] were reported in the early works
related to hematite and could be utilized to visualize magnetic
domains by polarization microscopy [45]. The unusually high
magneto-optical response in materials with weak magnetic
moment has been also reported in Ref. [46] for Mn3Sn, rare
earth garnets [47], and rare earth ferrites [48].

The field dependence of the MOKE signal was measured
in «-Fe,03/GaN film up to a maximum field of 0.5 T. The
shape of the slightly undersaturated minor magnetization loop
(Fig. 2) allows estimating coercivity >0.3 T. Such a large
coercivity is not typical for the large natural hematite crystals
that usually exhibit a much softer magnetic behavior with a
typical coercive field of 0.3 to 3 mT. The magnetization in
bulk hematite crystals is free to rotate in the basal (001) plane.

In contrast to this, in the large volume samples containing
hematite nanoparticles, the coercivity of a few kilo-oersted
and saturation field >20 kOe are often observed [49-51].
The main source of the high coercivity in nanoscale objects
is believed to be related to magnetoelastic anisotropy asso-
ciated with the nanoparticle structure, strain, and twinning
[52,53]. The high coercivity values in «-Fe,O3/GaN films
may be due to the anisotropy related to the columnar structure
of the films resulting from the twofold ambiguity of epitax-
ial relations between trigonal o-Fe,O3; and hexagonal GaN.
Encouraged by the high magnetic sensitivity of the visible
light magneto-optics, the study of magnetization reversal in
a-Fe,03/GaN films has been continued using synchrotron
light x-ray magneto-optical methods.

B. XMCD and XMLD studies

The x-ray absorption technique empowered by XMCD and
XMLD is a valuable tool to probe oxidation state, coordina-
tion, and magnetization of the 3d elements in magnetically
ordered materials. In iron oxides, the ligand field of the oxy-
gen atoms splits the Fe 34 into e, and #,, manifolds, providing
a highly sensitive probe of coordination and magnetization
within individual sublattices. The Fe L3 line shape measured
in an 80 nm «-Fe,03/GaN film is shown in the inset of
Fig. 3(a). The deep depression between the main peak at 709.5
eV and the satellite at 708 eV are typical of purely octahedral
Fe3t [54-56]. This feature is less pronounced in the Oy, + T
coordinated iron oxides [54,56-58] (see the L line shape in
e-Fe, 03 shown in the inset to Fig. 3 for comparison).

The XMCD across the Fe L3 absorption edge was mea-
sured in the same «-Fe,03/GaN film to detect the presence of
an uncompensated magnetic moment. At a field of 2 T applied
in plane, the difference in absorption of left-right circularly
polarized light could hardly be distinguished with the avail-
able accuracy [Fig. 3(b)]. Such small XMCD is not surprising
considering the very small value of the ferromagnetic moment
in a-Fe, O3 above the Morin temperature confirmed earlier by
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FIG. 3. (a) X-ray absorption spectra measured in «-Fe,O; films.
The inset shows the pure O, Fe L; absorption peak shape compared
with O, + T, shape measured in e-Fe,O; (BL7A). (b) The x-ray
magnetic circular dichroism (XMCD) spectrum measured in 2 T
in-plane field at 30° incidence with circularly polarized light. The
x-ray magnetic linear dichroism (XMLD) spectra measured at BL29
at normal incidence with vertical/horizontal linear polarization for
the sample magnetized (c) horizontally and (d) vertically under 2
T applied field. (e) The absorption and (f) XMLD maps (ID32)
measured as a function of photon energy and magnetic field. (g) The
field-even behavior of XMLD signal at E = 708.3 eV. The expected
field-odd behavior of magnetization is shown schematically in panel
(g) for ease of interpretation.

our VSM studies. Though hard to be detected by XMCD, the
response of the M vector to the external magnetic field could
be successfully tracked down in the a-Fe,O3/GaN films by
applying XMLD. The trick was to look at the AFM moment L,
which is large and, in a canted antiferromagnet, perpendicular
to M. The anisotropy associated with the AFM moment L
allows us to detect its direction by the pronounced differ-
ence in absorption of linearly polarized light with polarization
parallel-perpendicular to L. The XMLD is proportional to
(M?), being therefore sensitive to the orientation but not to
the sign of the collinear in-plane magnetization.

In this paper, the field behavior of the canted antiferrimag-
netism in o-Fe,O3/GaN films was investigated by measuring
Fe L3 XMLD as a function of field strength and orientation.
Unlike with the circularly polarized light, a very pronounced
XMLD difference was found between the spectra measured
in linear polarization with polarization parallel and perpen-
dicular to the field [Fig. 3(c)]. To prove that the dichroism
has purely magnetic rather than crystallographic origin (nat-
ural dichroism), the XMLD spectra were measured twice
for mutually perpendicular field directions. The vector field

capability at ALBA XMCD endstation was used to rotate the
field direction without moving the sample (see the sketch in
Fig. 1). The linear dichroism changed sign [Figs. 3(c) and
3(d)] upon 90° rotation, indicating that the Néel vector is
rotated synchronously with the field. Thus, we demonstrate
that the direction of the Néel vector, which is perpendicular
to the very small uncompensated ferromagnetic moment M,
can be manipulated by driving M with an external field and
monitored by XMLD. The structural part of the linear dichro-
ism, if any, seems negligible compared with the magnetic
part.

In addition to studying the magnetization behavior in
«-Fe,03/GaN in a field of a variable orientation, we have
investigated the response of the Néel vector to a variable mag-
netic field of fixed orientation. The maps shown in Figs. 3(e)
and 3(f) reflect the shape evolution of XAS and XMLD
spectra upon scanning the field from —2 T to +2 T. The
instrumental dependence of TEY on magnetic field has been
compensated in both maps by normalization applied to the
nondichroic spectrum regions. To compare behaviors of the
ferromagnetic M with AFM L vectors on the same field scale,
the field dependence of XMLD measured at E = 708.3eV
is shown in Fig. 3(g). Being taken with an increasing field,
the XMLD map corresponds to the lower branch of the mag-
netization loop. The upper branch is built by inversing the
lower branch and is shown with a dashed line. The resulting
hysteresis loop has a butterfly shape typical for the quadratic
magnetic effects.

The XMLD map is almost symmetrical with respect to
H = +40.5T, at which point the net magnetization M pre-
sumably crosses zero. At saturation (H < —1.5T or H >
+1.5T), where M lies parallel or antiparallel to H (L lies
perpendicular to H), the XMLD spectrum shape does not
depend on H. At small fields where magnetization switch-
ing occurs, the XMLD signal changes fast and behaves even
with field. Remarkably, the XMLD signal at 708.3 eV ap-
proaches zero at H. = +0.5T but does not turn negative
like in the experiment with the 90° field rotation discussed
above. This likely corresponds to the almost equal absorp-
tion of horizontally and vertically polarized light observed
when the AFM moments are inclined at 45° to polarization.
As schematically shown in Fig. 3(g), the orientation of the
net magnetic moment changes from negative to positive, and
the orientation of the Néel vector is in a qualitative agree-
ment with the shape of the butterfly loop. The corresponding
spin reorientation is most likely a combination of a slow
rotation followed by abrupt switching, rather than domain
wall motion. To account for the observed hysteresis, there
must be some anisotropy in the system that prevents mag-
netic moments to rotate freely. As discussed in the literature
[49-51], a large anisotropy (and the related coercive forces)
often appears in single-domain granular hematite systems due
to magnetoelastic anisotropy associated with internal strains
arising from fine particle size as well as from crystal de-
fects such as growth and deformational twinning, antiphase
boundaries, and dislocations. For a more detailed analysis of
the path which the magnetization vector follows during field
reversal, it is suggested to perform a vectorial measurement
of magnetic moment, e.g., by longitudinal and transversal
MOKE.
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IV. CONCLUSIONS

In this paper, we have demonstrated the possibility to ma-
nipulate the orientation of the AFM moment in thin epitaxial
nanofilms of canted AFM «-Fe, O3 by applying an external
magnetic field of variable orientation and strength. In contrast
to the large volume hematite crystals, where magnetization
behavior can be readily visualized by using conventional
techniques such as vibrational and superconducting quan-
tum interference device (SQUID) magnetometry, detecting
the very small magnetic moment in a nanoscale a-Fe,;O3 film
requires a much more sensitive technique. We have demon-
strated that visible range MOKE in combination with XMLD
are highly appropriate tools to study magnetization in thin
films of canted antiferromagnets. The enhanced sensitivity
of MOKE to the net magnetization in «-Fe,O3; can be suc-
cessfully used to acquire magnetization curves helpful for
examination of the loop shape, coercivity, and saturation mag-
netization. The XMCD at the L3 edge of iron was shown
to be not as sensitive to the ferromagnetic component of
magnetization as MOKE. However, linearly polarized x-ray
light can be effectively used to detect the orientation of the
large AFM moment in «-Fe,O;. The presence of the tiny
ferromagnetic moment in a canted antiferromagnet makes it
possible to manipulate the AFM moment by applying ex-
ternal magnetic field. The field-driven rotation of the Néel
vector in «-Fe, O3 can be tracked down by monitoring the
azimuthal field dependence of the XMLD line shape. To our
knowledge, XMLD detection of Néel vector rotation above
the Morin temperature in hematite has been never reported.
The benefit from being able to manipulate the AFM moment

by external magnetic field and to monitor it by XMLD or
XMLD-photoemission electron microscopy makes it possible
to deeper investigate the AFM domain dynamics, which is
a keystone in development of the emerging field of AFM
spintronics.
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