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We report the magnetic properties of easy-plane antiferromagnetic NiO(111) thin films epitaxially grown on
ferromagnetic Fe(110) layers. We find that the magnetic moments in NiO are rotatable within the NiO(111)
sample plane and both magnetic anisotropy and orientation of antiferromagnetic NiO spins are determined by
the magnetic properties of underlying ferromagnetic Fe layer. Specifically, the magnetic state and anisotropy of
antiferromagnetic NiO can be modified by tuning the thickness of Fe, changing the temperature, or applying
small external magnetic field.

DOI: 10.1103/PhysRevB.104.134434

I. INTRODUCTION

During the past decades most of the spintronic applications
relied on the manipulation of magnetic moments in ferro-
magnets (FM) [1], with antiferromagnets (AFM) [2] acting
as passive elements only, for example as pinning layers in
spin valves. Due to the large potential for downscaling and
low power consumption, antiferromagnets are promising can-
didates for the next generation of spintronic devices [3–10].
Observation of skyrmions [11,12], spin Seebeck effect [13],
or large anomalous Hall effect [14] in antiferromagnetic ma-
terials unlocks their already known as well as newly identified
features for advantageous usage in spintronics. In this re-
spect, the possibility to tailor the magnetic anisotropy [15]
and control the spin orientation in AFM materials [16] is
one of the emergent topics in solid-state physics. The rich
variety of methods used to manipulate magnetic state of an-
tiferromagnets can be classified in four general groups [17],
i.e., optical, strain, electrical, or magnetic control. Methods
based on magnetic interactions, which are at the focus of
this paper, rely either on the application of strong external
magnetic fields, which drive the transition to spin-flop state
[18,19], or on interfacial exchange coupling to a neighboring
ferromagnet [20–22]. In the first case, the critical magnetic
field required ranges from ∼1.6–9 T for NiO [19] up to even
70 T for Mn2Au [23,24], which is too large for applications
and inconvenient for fundamental research. In the second
case, the AFM-FM coupling at the interface can be employed
to tune the magnetic properties of both ferromagnetic and
antiferromagnetic components of the system. In AFM/FM
systems the well-known exchange-bias effect [25,26] is usu-
ally manifested by a shift of the hysteresis loop along the
external magnetic field axis, as well as a coercivity enhance-
ment [27] below blocking temperature. Depending on the
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coupling mechanism and the mutual influence of the spin
arrangements between the AFM and FM components, a vari-
ety of interesting phenomena can be observed in both single-
and polycrystalline materials as well as in core/shell nanopar-
ticles [28]. Among these effects, magnetic domain patterns
imprinting was demonstrated in both AFM [29] and FM [30]
components of bilayered systems. Parallel and antiparallel
coupling was discussed [31] together with the so-called posi-
tive exchange bias [31,32] and orthogonal coupling (similar to
the classical “spin-flop” state in magnetically isolated antifer-
romagnets) was calculated [33] and experimentally observed
[34]. In view of exchange-bias origin, its correlation with
transition from rotatable to frozen antiferromagnetic spins
in CoO/Fe bilayers was studied [35]. Finally, the so-called
rotatable magnetic anisotropy [36] was introduced in order
to explain the coercivity enhancement in systems where the
exchange-bias shift in the hysteresis loops was not detected.

In our approach we take the advantage of the exchange
coupling strength at the interface of an epitaxial AFM/FM
bilayer. The target of our research consists of the prototypical
room-temperature antiferromagnet NiO [37,38], epitaxially
grown on Fe(110)/W(110), a model ferromagnetic system
[39–41]. In bulk NiO, below the Néel temperature TN ≈
523 K, the Ni2+ spins order ferromagnetically within {111}
planes with 〈11−2〉 in-plane easy axes, while adjacent planes
couple antiferromagnetically. This insulating antiferromagnet
has recently regained huge attention as it can be used as
a spin conductor or in THz frequency generators [42–44].
On the other hand, the magnetic properties of Fe thin films
on W(110) single-crystal surface have been intensively stud-
ied for decades and are now well known [45–47]. As we
will show, the advantages of Fe(110) films as supporting
layer for NiO result from their structural and magnetic
properties, which can be conveniently controlled by tuning
film thickness, preparation conditions, or temperature [48].
The well-known Fe(110) spin reorientation transition (SRT)
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[40,49–51], which determines a rotation the Fe easy axis
from [11̄0] to the bulk-like [001] in-plane direction, proves
to be especially advantageous for our purposes. Such [1–
10] to [001] SRT can be driven either by increasing the
Fe thickness [52] or decreasing the temperature [53] and is
also observed in Fe(110) films coupled to an AFM layer,
as we have recently reported for CoO(111)/Fe(110) [54,55]
and NiO(111)/Fe(110) bilayers [56]. Here, we study the way
in which the well-defined uniaxial magnetic anisotropy of
ferromagnetic Fe(110) sublayer is directly imprinted onto
the adjacent antiferromagnetic NiO(111) overlayer. Conse-
quently, we also prove that the AFM magnetic state is fully
determined by the current state of the FM component, and
thus it can be controlled either thermally in a field-free manner
or by means of very small external magnetic fields, orders of
magnitude smaller than the reported spin-flop fields [19,23].

II. EXPERIMENTAL DETAILS

The Fe(110) films were grown by molecular-beam epi-
taxy on atomically clean W(110) single-crystal surfaces at
room temperature and subsequently annealed at 675 K for
15 min, prior to preparation of NiO overlayers. We made use
of shutter shadowing the sample during Fe growth in order
to prepare macroscopic regions with different Fe thicknesses
dFe covering the range (50, 150) Å. The sample prepared
specifically for the x-ray photoemission electron microscopy
measurements (PEEM) presented in this paper consisted of
two regions with 50- and 150-Å Fe thickness. In order to doc-
ument field-free, temperature-driven switching of NiO spins,
also another sample consisting of several 300-μm-wide Fe
stripes, with the thickness in the range of (92–113 Å), was
prepared. In both samples, the Fe(110) surface was covered
by NiO overlayers with homogeneous thickness dNiO = 40 Å.
The NiO overlayers were grown at room temperature by re-
active deposition of Ni in a partial oxygen pressure PO2 =
1 × 10–6 Torr. After each processing step, the structure of
the surface was monitored in situ using low-energy electron
diffraction (LEED).

The magnetic properties of the NiO/Fe(110) bilayers were
monitored by means of x-ray magnetic linear and circu-
lar dichroism (XMLD and XMCD). These analyses were
complemented by both in situ and ex situ longitudinal
magneto-optic Kerr effect (MOKE) measurements. Most of
the spectroscopic data were obtained in the total electron-
yield (TEY) mode at the x-ray absorption spectroscopy
(XAS) end-station of the Polish synchrotron SOLARIS [57].
The microscopy studies were carried out using the Spectro-
scopic PhotoEmission and Low Energy Electron Microscope
(SPELEEM) at the Nanospectroscopy beamline of Elettra
synchrotron (Trieste, Italy) [58]. In the SPELEEM setup the x
rays are incident on the sample at 16° grazing angle from the
surface. Therefore, one of the two linear polarization states
was within the sample plane, giving sensitivity to the change
in the in-plane spin orientation of NiO. The XMLD-PEEM
images were obtained by subtracting the two PEEM images
(and normalizing to their sum) acquired at photon energies
of 868.9 and 870.2 eV, which correspond to the two distinct
absorption peaks within the Ni L2 edge. The XMCD imaging

with circular x-ray polarization was mostly sensitive to in-
plane magnetization along the beam direction.

III. RESULTS AND DISCUSSION

The typical LEED pattern of Fe grown on the W(110)
surface is shown in Fig. 1(a), where sharp diffraction spots
clearly indicate a smooth unreconstructed (110) surface.
Within the 50–200-Å thickness range of Fe, we find that the
in-plane lattice spacing along the Fe[001] direction is a001 =
2.88 ± 0.02 Å. This matches well the value for bulk Fe and
thus corresponds to an almost relaxed Fe(110)/W film. The
LEED pattern from the NiO/Fe(110)/W(110) surface, shown
in Fig. 1(b), indicates a hexagonal NiO(111) surface structure
independently from the thickness of the underlying Fe layer.
Accordingly, ball models of Fe(110) and NiO(111)/Fe(110)
surfaces are presented in Figs. 1(c) and 1(d), respectively.
From the LEED data analysis we can conclude that, within the
surface plane, the Fe[001] and Fe[11̄0] in-plane directions are
parallel to NiO[01̄1] and NiO[2̄11] directions, respectively.
Additional LEED analysis was performed for NiO/(50 Å
Fe) and NiO/(150 Å Fe) regions of the sample, which was
a subject of further magnetic characterization. From anal-
ysis presented in Supplemental Material [59] we conclude
that both uncovered Fe(50 Å) and Fe(150 Å) as well as
NiO(111)/(50 Å Fe) and NiO(111)/(150 Å Fe) regions can
be treated as almost perfectly isostructural which means that
all observed differences between these two regions have mag-
netic origin.

In Fig. 2(a) XAS spectra covering the L3 and L2 absorp-
tion edges of Fe are shown for NiO(111)/(50 Å Fe) and
NiO(111)/(150 Å Fe) regions, as measured with left- and
right-handed circular polarization of the beam. One can note
that they significantly deviate from typical metallic Fe spectra,
indicating partial oxidation of the topmost Fe layers, which
results from reactive deposition of NiO overlayers. Please note
that different preparation protocols were attempted in order to
minimize this unwanted oxidation of Fe. Specifically, we tried
to systematically increase the thickness of the initial metallic
Ni layer grown before the oxygen pressure is increased in
the preparation chamber. In such a way the oxidation of Fe
can be avoided (if the reactive deposition of NiO starts above
∼4 Å of metallic Ni) but this, on the other hand, leads to not
fully oxidized Ni overlayer. We found a compromise between
these two unwanted effects and consequently, all presented
results are obtained for samples where 2-Å-thick metallic Ni
is grown on the Fe surface before the reactive deposition of
NiO. For these samples the oxidation of Fe is minimized while
the whole Ni layer is fully oxidized to NiO, as confirmed by
the lack of any detectable XMCD around L3 and L2 absorption
edges of Ni (please see Supplemental Material [59]). A large
XMCD asymmetry is observed in the thin Fe region, around
L3 and L2 absorption edges of Fe, indicating that here the
magnetization M is oriented along [11̄0], which coincides
with the x-ray propagation direction. On the contrary, there
is no XMCD asymmetry on the thicker part of the sample,
consistent with M being oriented along [001], perpendicular
to the beam propagation vector (see Supplemental Material
for corresponding differential XMCD spectra of Fe). This,
together with MOKE data (not shown), directly confirms the
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FIG. 1. LEED patterns of (a) uncovered Fe(110) and (b) NiO(111)/Fe(110) surfaces. Corresponding ball models of (c) Fe(110) and (d)
NiO(111)/Fe(110) surfaces. The relative Fe and NiO in-plane directions as concluded from the LEED analysis are sketched in (e).

occurrence of thickness-induced SRT in NiO/Fe(110) films.
Figure 2(b) shows XAS spectra at the Ni L2 edge from both
sample regions, acquired with linear polarization of the pho-
ton beam parallel to the in-plane Fe[11̄0] direction. One can
readily distinguish two peaks around the L2 absorption edge
of Ni. The ratio of these two intensity maxima, called RL2, is
routinely used as a probe of NiO magnetic moments orienta-
tion [60,61]. The small but noticeable XMLD effect, visible as
a difference between two XAS spectra in Fig. 2(b), indicates
that the thickness-induced Fe[11̄0] to Fe[001] SRT in Fe is

accompanied by a NiO[2̄11]�Fe[11̄0] to NiO[011̄]�Fe[001]
SRT in antiferromagnetic NiO. This result is strongly sup-
ported by the XMCD- and XMLD-PEEM data presented in
Fig. 2(c), top and center panel, respectively. Clearly, in the
vicinity of 50/150-Å Fe border, the magnetic domain pattern
of Fe, visible in XCMD-PEEM image, is directly reflected
in the NiO magnetic structure, as seen in the corresponding
XMLD-PEEM image acquired with polarization parallel to
the sample surface plane [Fig. 2(c), middle]. In the lower
panel of Fig. 3(c), an XMLD-PEEM image acquired with
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FIG. 2. (a) Fe L2,3 XMCD spectra from the NiO(111)/(50 Å Fe) and NiO(111)/(150 Å Fe) regions of the sample. LHP and RHP stand
for circular left- and right-handed polarization, respectively. (b) Ni L2 XMLD spectra acquired on two sample regions using x rays with linear
polarization vector parallel to the in-plane Fe[11̄0] direction. (c, top panel) Fe L3 XMCD-PEEM image of the SRT in NiO/Fe(110) at the
150-Å Fe (up)/50-Å Fe (down) boundary. The image contrast originates from the relative alignment of the photon propagation direction k and
magnetization M, (c, center panel) corresponding Ni L2 XMLD-PEEM image of the same area obtained with x-ray polarization along in-plane
Fe[001] direction. In the bottom panel of (c) XMLD image obtained with x-ray polarization along the surface normal is shown. Modulations of
the image intensity, appearing as intensity minima and maxima, affect the XMLD images, superimposed to the magnetic signal. These artifacts
are caused by the inhomogeneity of the (improperly) focused x-ray-beam spot on the sample, which drifts during image acquisition. Scale bar
in (c) corresponds to 5 μm. Intensity profiles across the domain boundary for both XCMD and XMLD images are presented in Supplemental
Material [59].
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FIG. 3. (a) Schematic sketch of the angle-resolved XMLD measurements geometry. (b) RL2 ratio dependence on the polar angle θ (fixed
ϕ = 0) for 80 K (circles), 300 K (squares), and 350 K (triangles), for both studied Fe thicknesses, 50 Å (red) and 150 Å (black). (c) Temperature
dependence of RL2 ratio for NiO/(50 Å Fe) and NiO/(150 Å Fe) regions of the sample. (d) Temperature dependence of difference of RL2 ratios
from (c) defined as �RL2(θ=0) = RL2(50 Å) − RL2(150 Å).

linear polarization, which is close to the surface normal, is
shown. In this case the lack of magnetic contrast confirms the
conclusion that NiO spins are confined within NiO(111) sam-
ple plane, as expected. We note that XMCD-PEEM images
acquired at the Ni L3 edge (not shown) do not exhibit any
magnetic contrast across the 50/150-Å Fe border, confirming
that the contrast visible in XMLD-PEEM image in Fig. 2(c)
originates purely from the antiferromagnetic ordering in NiO.
Thus, Fig. 2 proves that in-plane SRT is observed across the
50/150-Å Fe border in both ferromagnetic Fe and antiferro-
magnetic NiO sublayers of NiO(111)/Fe(110) bilayer.

In order to follow the magnetic properties of antiferromag-
netic NiO(111) overlayers in detail, systematic angle-resolved
and temperature-dependent XMLD measurements were per-
formed, which are depicted in Fig. 3(a) along with the sketch
of experimental geometry. First, the RL2 ratio dependence
on the polar angle θ was followed for various temperatures
[Fig. 3(b)] and fixed azimuthal angle ϕ = 0. In such geometry
the electric field vector E projection on the NiO(111)||Fe(110)
sample plane is parallel to the NiO[2̄11]�Fe[11̄0] in-plane
direction. Consequently, on 50-Å-thick Fe region increasing
the polar θ angle is equivalent to increasing the angle between
E and NiO spins. On the contrary, in the 150-Å-thick Fe
region, the angle between E and NiO spins stays constant as
the θ angle is changing. Naively, one would expect strong
dependence of RL2(θ ) on the 50-Å-thick Fe region and no

dependence on 150-Å-thick Fe region. This is obviously not
the case in Fig. 3(b), where RL2 ratio at 80 K strongly depends
on θ for 150-Å region (black circles) while on 50-Å-thick Fe
region (red circles) the corresponding dependence is much
weaker. This seemingly surprising observation is consistent
with a previous report [48], resulting from the fact that the
XMLD asymmetry in NiO depends not only on the relative
orientation of electric field E and AFM spins, but also the
angular dependence with respect to the crystallographic axes
has to be taken into account [60,62]. Low-temperature angular
dependencies of RL2 ratios (see Fig. 3) confirm the in-plane
confinement of NiO spins and their collinear coupling to ad-
jacent Fe magnetic moments, as expected for uncompensated
NiO(111) interface and in agreement with previous report on
NiO(111)/CoFe bilayers [63]. With increasing temperature,
the observed angular dependence is continuously damped and
at 350 K the RL2 ratio is almost independent of θ for both
sample regions. This means that the Néel temperature of
40-Å-thick NiO(111) is significantly reduced as compared to
its bulk value due to finite-size effects, in agreement with the
pioneering work on (001)-oriented NiO films [64].

Systematic, temperature-dependent XAS measurements
were performed in normal incidence geometry (θ = 0) with
E||NiO[2̄11]�Fe[11̄0] (ϕ = 0). The corresponding results are
shown in Fig. 3(c) (RL2 ratios for both sample regions) and
in Fig. 3(d) where the difference of two RL2 ratios defined as
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FIG. 4. In-plane angular dependencies of (left) Fe magnetization in remanent state as determined from MOKE hysteresis loops and (right)
XMLD magnitude defined as �RL2ϕ = |RL2(θ = 0◦) − RL2(θ = 60◦)|, as a function of the in-plane angle ϕ. Arrows at the bottom of the image
schematically mark the easy axes of ferromagnetic Fe and antiferromagnetic NiO sublayers for both sample regions. Red and black colors
correspond to 50- and 150-Å sample regions.

�RL2(θ=0) = RL2(50 Å) − RL2(150 Å) can be seen. Based on
these results, the Néel temperature of 40-Å-thick NiO(111)
layer can be roughly estimated to be ∼380 K. This value is
consistent with the reported TN = 295, 430, and 470 K found
for the 5, 10, and 20 monolayers of (001)-oriented NiO films
[64]. As discussed in Ref. [64], in order to prepare NiO layer
with bulk Néel temperature, one would need to exceed at least
a thickness of 30 monolayers, i.e., ≈60 Å. For such thick NiO
layers, XAS measurements performed in TEY mode would
not provide enough sensitivity to the buried NiO/Fe interface,
due to the limited probing depth, which for NiO is estimated
to be around 50 Å. Additionally, one can note the variation of
RL2 ratio above Néel temperature which can be attributed to
the spin-spin correlation effects that influence the shape of the
isotropic XAS spectrum as shown in Ref. [64].

We now focus on the in-plane magnetic anisotropy of both
Fe and NiO sublayers. The corresponding results are shown in
Fig. 4, left and right panels, respectively. In case of ferromag-
netic Fe(110) sublayer its in-plane magnetic anisotropy was
followed by angle-dependent MOKE measurements. From
magnetic hysteresis loops the magnetization in the remanence
state was determined and plotted as a function of in-plane
azimuthal angle ϕ (Fig. 4, left panel). The presented re-
sults clearly confirm the existence of strong uniaxial in-plane
magnetic anisotropy, which, for 50-Å-thick Fe, favors the
Fe[11̄0] easy axis, while for 150-Å-thick Fe favors the bulk-

like Fe[001] orientation. Such twofold symmetry of in-plane
magnetic anisotropy is mimicked by neighboring antifer-
romagnetic NiO. Its magnetic anisotropy was followed by
measuring XAS spectra as a function of ϕ angle. For each
given ϕ angle, two spectra were collected, one for θ = 0
(normal incidence geometry) and second for θ = 60◦ (close to
grazing incidence geometry). RL2 ratios were determined for
both geometries and their difference is defined as �RL2ϕ =
|RL2(θ = 0◦) − RL2(θ = 60◦)|. In the right panel of Fig. 4,
corresponding plots of �RL2ϕ (ϕ) as a function of the in-plane
angle ϕ are shown for both thicknesses of Fe sublayer. Instead
of threefold in-plane symmetry observed for bulk NiO(111)
in early works [65], exchange coupling with neighboring Fe
layer makes the in-plane magnetic anisotropy of NiO twofold
with its easy axis determined by the magnetic anisotropy
of the ferromagnet. Specifically, due to collinear coupling
between NiO and Fe spins at the interface, the easy axis of
NiO is parallel to NiO[2̄11]�Fe[11̄0] and NiO[01̄1]�Fe[001]
on 50- and 150-Å-thick regions, respectively. One can note
that while for NiO/(50 Å Fe) region the XMLD effect totally
vanishes along the Fe easy axis (ϕ = 0), its value is nonzero
(∼25% of maximum XMLD) for NiO/(150 Å Fe) sample area
along Fe easy axis at ϕ = 90◦. This suggests that on thick Fe
films some additional magnetic anisotropy of NiO is showing
up. This can be understood bearing in mind conclusions from
LEED results presented in Fig. 1. The easy axis of thin Fe,
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FIG. 5. Element-sensitive XMCD (top) and XMLD (bottom)
magnetic hysteresis loops of Fe and NiO sublayers, respectively.

Fe[11̄0], is aligned with one of three easy axes of bulk NiO,
namely with NiO[2̄11] direction. Consequently, both inter-
action with Fe and intrinsic NiO magnetic anisotropy make
the NiO[2̄11]�Fe[11̄0] orientation of AFM spins favorable.
This is not the case on NiO/(150 Å Fe) sample region. The
easy axis of thick Fe, Fe[001], does not coincide with any of
the easy axes of bulk NiO directions 〈211〉 but it lies exactly
between two of them, i.e., 30° away from both. As a result, the
intrinsic contribution to the effective magnetic anisotropy of
NiO influences the angle-dependent XMLD results and causes
its nonzero value for ϕ = 90◦.

Beyond the issue of in-plane magnetic anisotropy of both
FM and AFM components of NiO/Fe bilayer there is a ques-
tion concerning NiO spin orientation during the magnetization
reversal of Fe. Specifically, in case of the so-called rotatable
antiferromagnetic spins [35], their orientation can be changed
for example by application of external magnetic fields. In
the second scenario, namely frozen AFM spins [35], their
orientation is insensitive to any switching of FM magnetiza-
tion induced by external fields, temperature, etc. In Fig. 5 we
show element-sensitive magnetic hysteresis loops measured
by means of XMCD and XMLD for ferromagnetic Fe and
antiferromagnetic NiO sublayers, respectively. During mea-
surements external magnetic field was applied in the geometry
in which (ϕ = 0, θ = 60◦), and thus the in-plane component
of magnetic field was along Fe[11̄0] direction. Please note
that due to large in-plane magnetic anisotropy of Fe/W(110)
films, the nonzero out-of-plane component of external mag-
netic field has no effect on Fe magnetic state as orders of
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FIG. 6. Easy-axis magnetic hysteresis curves for NiO/(50 Å Fe)
region as measured by MOKE at 300 and 80 K; external magnetic
field was applied along Fe[11̄0] in-plane direction.

magnitude higher fields are necessary to switch Fe(110) mag-
netic moments out of (110) sample plane. A typical square
hysteresis curve is observed for the thin Fe region, which
is below the SRT critical thickness, while a hard axis loop
with almost zero magnetization in remanent state is seen for
the 150-Å-thick Fe. In case of NiO, on the 50-Å-thin Fe
region, external magnetic field makes no changes in XMLD
as it is insensitive to a 180° reversal. On the contrary, on the
thick Fe region one can clearly see a change of Ni RL2 as
a function of external magnetic field. This observation can
be easily understood by considering magnetization reversal
of 150-Å-thick Fe along its hard magnetic anisotropy axis
and interfacial exchange coupling between Fe and NiO spins.
Above the in-plane anisotropy field of 150-Å-thick Fe sub-
layer (∼750 Oe) the magnetization is forced to align along
the hard axis, i.e., Fe[11̄0]. As the field is reduced, the Fe
magnetic moments reorient by 90° and align with their easy
axis, i.e., Fe[001]. Due to exchange coupling at the NiO/Fe
interface such reorientation is also accompanied by in-plane
90° switching of AFM NiO spins.

The data shown in Fig. 5 prove clearly that NiO spins in
NiO/Fe bilayer are rotatable and their orientation can be easily
changed, for example by applying small external magnetic
field on the order of 500 Oe. Observation of rotatable AFM
spins agrees well with the fact that no exchange bias (no
shift field along the external magnetic field axis) is observed
in our NiO(111)/Fe(110) system, as can be seen from mag-
netic hysteresis loops of Fe (Fig. 5, top) that are symmetric
with respect to H = 0 axis. The same observation was also
confirmed by numerous magnetic hysteresis loops acquired
for NiO(111)/Fe(110) bilayers with MOKE, as for example
the one measured at 80 K for NiO/(50 Å Fe) with external
magnetic field applied along Fe[11̄0] direction; see Fig. 6
(black loop). It has to be also noted that applying a field-
cooling procedure with starting temperature well above NiO
Néel temperature does not lead to the onset of exchange bias
and does not freeze the AFM spins of NiO, in contrast with
isostructural CoO(111)/Fe(110) system where large exchange
bias can be easily induced and frozen antiferromagnetic spins
of CoO observed [54]. This means that NiO spins are fully
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FIG. 7. (a) Schematic sketch of the sample specially prepared in order to present tuning of SRT critical temperature in NiO/Fe bilayer.
(b) Temperature dependence of XMLD (RL2) shows SRT in AFM NiO during heating process for various Fe(110) thicknesses. Results were
obtained in normal incidence geometry θ = 0◦ and with azimuthal angle ϕ = 90◦ which means E||Fe[001].

rotatable at low temperature, which can be attributed to much
smaller intrinsic magnetic anisotropy of NiO as compared to
magnetically hard CoO. The absence of the shift of the hys-
teresis loops could potentially be also explained by possible
spin-flop coupling between Fe and NiO magnetic moments.
Such orthogonal coupling has been however already excluded
by angle-dependent XMLD studies presented in Figs. 3 and
4. Also, this conclusion corresponds well to what is expected
for nominally fully uncompensated NiO(111) interface. It has
to be however underlined that the AFM-FM coupling is also
manifested in the coercivity enhancement. In Fig. 6 the easy-
axis hysteresis curves for NiO/(50 Å Fe) region are presented,
as measured by MOKE at 300 and 80 K. A significant increase
of the coercive field is observed with decreasing temperature,
which can be interpreted in terms of rotatable anisotropy
[66] that apparently turns on below Néel temperature of NiO
overlayer. Note that such temperature-induced dependence of
coercivity can only be attributed to FM-AFM coupling as for
the AFM-free systems the coercive field of Fe(110) films very
weakly depends on the temperature. For example the coercive
field of 60-Å-thick Fe(110) film in W(110)/Fe(110)/W(110)
epitaxial stack changes from ∼30 to ∼40 Oe as the temper-
ature decreases from 300 to 10 K [67]. In contrast, in our
NiO/Fe(110) system, due to AFM-FM interaction the coer-
cive field increases from ∼30 Oe at 300 K to ∼130 Oe at
80 K. This means that the detectable rotatable anisotropy is
present in our AFM/FM system, although its magnitude is
much smaller as compared for example to Ref. [36]. This
again can be understood bearing in mind intrinsically small
and nonuniaxial magnetic anisotropy of NiO, in contrast to
magnetically much “harder” antiferromagnet CoO [36].

Thus, the rotatable nature of NiO spins suggests that their
switching can be induced in a field-free manner, for ex-
ample by combining AFM-FM exchange coupling with the
temperature-induced SRT in the FM sublayer. Recently we
showed that in a uniform thickness NiO(111)/Fe(110) epi-
taxial bilayer system, two magnetic states with orthogonal
spin orientations can be stabilized at a given temperature near
250 K in antiferromagnetic NiO due to thermal hysteresis

of temperature-induced SRT in both FM and AFM sublayers
[56]. As a result, field-free, reversible switching between these
two AFM states was demonstrated. In order to make a sys-
tematic investigation of such field-free, temperature-induced
switching of AFM NiO spins, a sample which contained
several 300-μm-wide Fe stripes [Fig. 7(a)] with different
thicknesses in the range of (92–113 Å), was prepared. Figure
7(b) shows the temperature dependence of the RL2 ratio for
various thicknesses of Fe. As the thermal expansion of the
sample manipulator can reach up to millimeter scale for the
temperature range from 80 to 300 K, one has to stabilize
a given temperature for a long time in order to be able to
correct for drifts and to provide reliable measurements on
particular stripes with well-defined Fe thickness. For such
procedure in case of systematic temperature-dependent mea-
surements at a synchrotron facility, time constraints become
important. For this reason, only the heating branch of the
temperature-induced SRT is shown in Fig. 7(b), while cooling
branches were not monitored for all Fe stripes. Instead, we
refer to the Supplemental Material [59], in which full cooling-
heating thermal hysteresis of both XMCD and XMLD (for
two experimental geometries) are shown, as determined for
a homogeneous sample with selected uniform Fe thickness.
From Fig. 7(b) it is clear that depending on the Fe thickness
a critical temperature of SRT in AFM NiO can be tuned pre-
cisely and in a broad range. With increasing Fe thickness the
critical temperature, at which NiO spins rotate in plane by 90º
towards the Fe[1–10] direction, continuously increases. This
provides the possibility to cover a wide temperature window
∼(250–370 K) for field-free, reversible switching of AFM
spins.

IV. CONCLUSIONS

The magnetic properties of prototypical, easy-plane an-
tiferromagnetic NiO(111) films supported by ferromagnetic
Fe(110) layers were characterized by means of spectroscopic
and microscopic XMLD techniques. 90° spin reorientation
transition can be induced in the easy planes of both NiO(111)
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and Fe(110) sublayers of AFM/FM bilayers, either by increas-
ing the Fe thickness or by changing the temperature. The
latter case allowed us to implement field-free switching of
antiferromagnetic spins between two orthogonal in-plane ori-
entations. The critical temperature of such AFM reversal can
be precisely tuned in a range from 250 to 370 K, which, impor-
tantly, covers room temperature. Element-sensitive magnetic
hysteresis loops collected for FM and AFM components of
the bilayer system prove that NiO spins are fully rotatable.
Due to strong interfacial exchange coupling to neighboring
Fe magnetic moments, the orientation of AFM NiO spins can

be switched by small external magnetic fields on the order
of only 500 Oe, orders of magnitude below spin-flop fields
reported for magnetically isolated antiferromagnets.
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[22] A. Kozioł-Rachwał, M. Slȩzak, M. Zajac, P. Drózdz, W. Janus,
M. Szpytma, H. Nayyef, and T. Slȩzak, Control of spin orienta-
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