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Using element-resolved x-ray magnetic circular dichroism and x-ray magnetic linear dichroism measurements,
we studied Ni/CoO/vicinal MgO(001) and Ni/CoO/Fe/vicinal MgO(001) systems at 350 and 78 K. Above the
CoO Néel temperature, the Ni magnetization is fully in plane and parallel to the atomic steps in both systems
due to step-induced magnetic anisotropy. Below the CoO Néel temperature, the CoO spins in Ni/CoO/vicinal
MgO(001) are fully in plane and parallel to the atomic steps and the Ni magnetization is fully in plane and
perpendicular to the atomic steps due to the 90° Ni/CoO magnetic coupling. The CoO spins in Ni/CoO/Fe/vicinal
MgO(001), however, develop an out-of-plane canted spin component in addition to the in-plane component
parallel to the atomic steps. Consequently, the Ni magnetization is canted towards the out-of-plane direction by
an appreciable angle. Photoemission electron microscopy imaging shows a 90° interfacial magnetic coupling
at both the Ni/CoO and the CoO/Fe interfaces and an absence of a direct interlayer coupling, showing that the
Ni spin canting is due to its coupling to the canted CoO spin components which is caused by the underlying
ferromagnetic Fe layer in Ni/CoO/Fe/vicinal MgO(001).
DOI: 10.1103/PhysRevB.96.214405
I. INTRODUCTION

One important topic in nanomagnetism research is the controlling of spin orientation in magnetic thin films, especially
the out-of-plane spin orientation, because the magnetic shape
anisotropy favors an in-plane spin direction in a magnetic thin
film. Magnetocrystalline anisotropy, which originates from
the spin-orbit interaction [1], has been employed to generate
an out-of-plane spin orientation. Since magnetocrystalline
anisotropy depends on the lattice symmetry breaking, early
realization of perpendicular magnetization was achieved by
either the interfacial [2–5] or magnetostrictive symmetry
breaking along the normal direction of the thin films [6].
Such lattice symmetry breaking permits the existence of a
uniaxial magnetocrystalline anisotropy which is forbidden in
bulk materials with cubic symmetry. Similarly, vicinal surfaces
were later employed to break the in-plane rotation symmetry
to generate an in-plane uniaxial magnetic anisotropy [7,8].
Parallel to the magnetocrystalline anisotropy, interfacial
coupling between ferromagnetic (FM) and antiferromagnetic
(AFM) materials was found to modify the spin orientation of
the FM layer. In addition to the well-known exchange bias
effect [9,10], the FM/AFM interaction is usually equivalent
to an addition of various types of magnetic anisotropies to
the FM layer [11], offering a new pathway to modify the
FM layer magnetic properties. For example, it is found that
a FM on top of an AFM layer could modify the FM layer
perpendicular magnetic anisotropy, leading to a shift of the spin
reorientation transition thickness [12,13]. Then it is obvious
that the AFM spin configurations and spin states are important
to the final magnetic anisotropies in the FM layer. For example,
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the rotatable and frozen AFM spins in CoO could lead to very
different magnetic anisotropies in the Fe film in the Fe/CoO
system [14,15]. The winding/unwinding of a spiral domain
wall in NiO film could lead to a uniaxial magnetic anisotropy in
the FM overlayer [16]. An even more interesting phenomenon
is that in a FM/AFM/FM sandwich, it is found that the two
FM layers could behave very differently for different cooling
histories due to different AFM spin configurations [17]. Then
the interesting question is whether the AFM/FM interaction by
one FM layer can modify significantly the magnetic anisotropy
of another FM layer in a FM/AFM/FM sandwich. In this
paper, we report a study of Ni/CoO/Fe grown on vicinal
MgO(001) in which the CoO/Fe forms single-crystalline
bilayer films. By comparing the Ni/CoO/vicinal MgO(001)
and Ni/CoO/Fe/vicinal MgO(001) systems, we revealed the
effect of the CoO/Fe interaction on the magnetic anisotropy
of the Ni film. Element-resolved x-ray magnetic circular
dichroism (XMCD) and x-ray magnetic linear dichroism
(XMLD) measurements were utilized to determine the Ni,
CoO, and Fe spin orientations separately. We find that the
insertion of the Fe layer results in a CoO spin configuration
different from the Ni/CoO bilayer system, and consequently
leads to a Ni spin canting towards the out-of-plane direction
in the Ni/CoO/Fe trilayers whereas the Ni spin in Ni/CoO
bilayers is fully in the film plane.
II. EXPERIMENT

Ni/CoO and Ni/CoO/Fe films were prepared by molecular
beam epitaxy (MBE) in an ultrahigh-vacuum (UHV) system.
A vicinal MgO(001) substrate (7◦ vicinal angle with steps parallel to the 110 directions, 10 mm × 10 mm) was prepared
by first annealing at 600 ◦ C for 10 h in the UHV chamber,
followed by a 5-nm-thick MgO seed layer growth at 500 ◦ C. A
5-nm-thick Fe film was deposited on half of the substrate using
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FIG. 1. (a) Schematic drawing of Ni/CoO bilayer and Ni/CoO/Fe
trilayer samples. LEED patterns from (b) MgO(001) substrate after
MgO seed layer growth at 130 eV, (c) 5-nm Fe layer at 184 eV, (d)
6.5-nm CoO layer at 129 eV, and (e) 2-nm Ni layer at 130 eV.

a knife-edge shutter. Then a wedged CoO film (0–7.5 nm)
was grown by a reactive deposition of Co under an oxygen
pressure of 1.5 × 10−6 Torr on the whole area of the MgO
substrate by moving the substrate behind the shutter during
the CoO growth. A 2-nm Ni film was grown on top of the
whole substrate. Therefore we prepared Ni/CoO bilayers and
Ni/CoO/Fe trilayers on the same substrate under the same condition (Fig. 1). Low-energy electron diffraction (LEED) at each
stage of the growth shows the formation of single-crystalline
bcc Fe and fcc CoO films with Fe[100]//CoO[110]//MgO[110]
and polycrystalline Ni film [18,19].
Finally, the sample is capped by a 2-nm MgO layer as
a protective layer and was brought to Beamline 6.3.1 at

the Advanced Light Source for magnetic measurement using
XMCD and XMLD. Since XMCD measures the projection of
the magnetization along the x-ray direction and that magnetic
field can be applied only in the x-ray direction at Beamline
6.3.1, we probed the in-plane and out-of-plane component
of the FM magnetization by taking the hysteresis loops at
different incidence angle (θ ) of the circular polarized x ray
[12]. For an out-of-plane hysteresis loop, it is straightforward
to take the hysteresis loop at normal incident of the x rays
(θ = 0◦ ). For the in-plane component of the magnetization,
grazing incidence of the x rays (θ = 0◦ ) was used for the
measurement so that the in-plane component of the magnetic
field switches the in-plane magnetization [Figs. 2(d) and 2(g)].
Since it is known that CoO on vicinal MgO(001) has its easy
magnetization axis parallel to the steps and that the FM/CoO
interfacial coupling favors a perpendicular alignment between
the FM and CoO spins [18], all low-temperature (LT) states
of the sample at Beamline 6.3.1 were achieved by cooling the
sample with an in-plane magnetic field applied perpendicularly
to the atomic steps of the vicinal surface (y axis in Fig. 2).
III. RESULTS AND DISCUSSION

We first studied the magnetic properties of Ni(2 nm)/
CoO(6.5 nm) bilayers grown on vicinal MgO(001)
through element-specific XMCD and XMLD measurements.
Figures 2(b) and 2(c) show the Ni hysteresis loops taken
at normal incidence (θ = 0◦ ) [Fig. 2(a)] at temperatures
of 350 and 78 K, respectively. The hard-axis loops with

FIG. 2. Schematic drawing of different conditions for (a,d,g) Ni XMCD hysteresis loop measurement and (j) CoO XLD measurement
from Ni(2 nm)/CoO(6.5 nm)/vicinal MgO(001) sample. The magnetic field is applied along the x-ray direction. (b,e,h) and (c,f,i) show the Ni
hysteresis loops at 350 and 78 K, respectively. (k,l) show the Co L3 edge absorption spectra with linearly polarized x ray at normal incidence
as shown in (j) at 350 and 78 K, respectively. The result shows that the CoO is AFM ordered at 78 K with its spins in plane and parallel to the
atomic steps. As a consequence of the Ni/CoO 90° coupling, the fully in-plane Ni magnetization changes its EA direction from the parallel to
the perpendicular direction of the atomic steps.
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zero remanence at both high and low temperatures show
that the easy axis (EA) of Ni magnetization is fully in the
plane of the film at both high temperature (HT) and LT.
The greater saturation field at LT could be attributed to the
enhancement of the demagnetization field due to the increased
Ni magnetization at LT. Since the Néel temperature of the
6.5-nm CoO is between 78 and 350 K [18,20], the result of
Figs. 2(b) and 2(c) shows that the AFM order of the CoO film
in the Ni/CoO bilayer does not change the Ni magnetization
EA from in plane towards the out-of-plane directions. To
determine the in-plane EA of the Ni magnetization, Ni
hysteresis loops were taken at θ = 60◦ with the x-ray incident
plane perpendicular and parallel to the atomic steps of the
substrate [Figs. 2(d) and 2(g)], respectively. At 350 K, the Ni
magnetization exhibits a double-split hard-axis (HA) character
for the in-plane component of the magnetic field perpendicular
to the steps [Fig. 2(e)] and an EA square-shape loop for
the in-plane component of the magnetic field parallel to the
steps [Fig. 2(h)], indicating that the step-induced magnetic
anisotropy favors the Ni magnetization parallel to the atomic
steps above the CoO Néel temperature in the Ni/CoO bilayer
on vicinal MgO(001) [7,8,18]. At 78 K, however, the Ni
magnetization exhibits the EA square shape for in-plane
magnetic field perpendicular to the steps [Fig. 2(f)] and a HA
loop for in-plane magnetic field parallel to the steps [Fig. 2(i)],
showing that the Ni/CoO interfacial magnetic coupling [21]
switches the Ni EA from a parallel to perpendicular direction
relative to the steps. This EA switching and the much greater
HA saturation field show a stronger Ni/CoO magnetic coupling
than the step-induced anisotropy. This phenomenon has also
been observed in other systems such as in Fe/CoO [17], Fe/NiO
[22], and Fe/FeF2 [23]. To explore the CoO spin structure and
its coupling to the Ni in Ni/CoO system, CoO x-ray absorption
spectra (XAS) were taken at the Co2+ L3 edge with the linear
polarization of the x rays parallel and perpendicular to the
steps at normal incidence [Fig. 2(j)]. The spectra difference
[i.e., x-ray linear dichroism (XLD)] is zero at 350 K [Fig. 2(k)]
but nonzero at 78 K [Fig. 2(l)], indicating the AFM origin of
the Co2+ L3 edge XLD at 78 K [24,25]. The peak intensities
at 777 and 778.8 eV are lower for E//step than for E⊥step
(E is the polarization direction of the x rays), indicating that
the CoO AFM spins are parallel to the steps along the 110
directions [14,18]. Therefore the coupling between Ni and
CoO is confirmed to be a 90° coupling, which is consistent with
the previously reported result [21]. To make a brief summary
of the Ni/CoO/vicinal MgO(001) result, the Ni magnetization
is in plane and parallel to the steps at 350 K (above the CoO
Néel temperature), and is in plane and perpendicular to the
steps at 78 K (below the CoO Néel temperature) with the CoO
spins parallel to the steps.
Next we discuss the result of Ni/CoO/Fe/vicinal MgO(001).
At 350 K, the Ni magnetization exhibits double-split HA loop
with the in-plane magnetic field perpendicular to the steps
[Fig. 3(e)] and EA loop with the in-plane magnetic field
parallel to the steps [Fig. 3(h)], and a zero remanence HA loop
for magnetic field in the out-of-plane direction [Fig. 3(b)]. The
above result shows that the Ni magnetization in Ni/CoO/Fe
trilayers behaves similarly to that in Ni/CoO bilayers; i.e., the
Ni magnetization is fully in plane and parallel to the steps
at 350 K. Below the CoO Néel temperature, we obtained

the Ni EA loop at θ = 60◦ with the in-plane magnetic field
perpendicular to the atomic steps [Fig. 3(f)], and a HA loop
with the in-plane magnetic field parallel to the atomic steps
[Fig. 3(i)]. At the normal incidence of the x rays, the Ni
magnetization exhibits a loop with a large remanence at 78 K
[Fig. 3(c)] which is different from the situation for Ni/CoO
bilayers. The above results indicate that the Ni magnetization
in the Ni/CoO/Fe trilayer at 78 K has a canted remanence
towards the out-of-plane orientation.
To make sure that the Ni spin canting is from the CoO AFM
order rather than from other temperature effect (for example,
temperature-dependent magnetocrystalline anisotropy), we
measured the Ni hysteresis loops at 78 K as a function of the
CoO thickness with the incident x rays in the yz-plane. Because
the step-induced anisotropy is smaller than the coercivity
[Fig. 3(e)], Ni spin canting in the yz plane can be easily
reflected in the difference between hysteresis loops taken at
+θ and −θ . For Ni/CoO (0.6 nm)/Fe, where the 0.6-nm CoO
has a Néel temperature lower than 78 K, the Ni hysteresis
loops have almost identical shapes for θ = 30◦ and θ = −30◦
[Fig. 4(a)], showing the absence of the Ni spin canting. For
Ni/CoO (6.8 nm)/Fe, where the CoO is AFM ordered at 78 K,
the Ni hysteresis loops are obviously different for θ = 30◦
and θ = −30◦ [Fig. 4(b)], showing a spin canting behavior
of the Ni layer due to the CoO AFM order. In addition, the
much greater remanence at θ = 30◦ than at θ = −30◦ shows
that the Ni spin canting is towards the +θ direction. The
difference between the Ni magnetic remanences at θ = 30◦
and θ = −30◦ actually develops drastically above 1.2-nm
CoO thickness [Fig. 4(c)]. Noting that the Néel temperature
of the CoO film increases with CoO film thickness [18,20]
and that the CoO critical thickness from paramagnetic to
antiferromagnetic state is ∼1–3 nm at low temperature [18],
the result of Fig. 4(c) further proves that the Ni spin canting at
78 K must come from the CoO AFM order. To quantitatively
determine the EA direction of the Ni magnetization, hysteresis
loops were measured at different x-ray incident angles θ to
obtain the relative magnetic remanence (Mr /MS ) as a function
of θ [Figs. 4(d) and 4(e)]. Since the magnetic remanence taken
for x ray in the yz plane represents the projection of the Ni EA
along the x-ray incident direction in the yz plane, we use the
following formula to fit the θ -dependent remanence signal:
Mr /MS = |cos (θ − θNi )|.

(1)

Here θNi is defined as the angle between the Ni EA direction
and the sample normal direction. We obtained θNi = 90◦ at
350 K (i.e., the Ni EA is in plane at high temperature), and
θNi = 57◦ at 78 K (i.e., the Ni EA cants 33◦ away from the
sample surface in the yz plane). This value is apparently larger
than the vicinal angle (7◦ ) of the MgO(001) substrate. In
contrast to the spin canting of Ni layer, the Fe magnetization in
the Ni/CoO/Fe trilayer remains in plane at 78 K. This point was
proved by incidence angle (θ ) -dependent remanence signal
[Fig. 4(d)], where the remanence signal shows a symmetric
behavior around 0°. To prove that vicinal surface is crucial in
producing the spin canting, we also performed measurements
on the Ni/CoO/Fe trilayer grown on flat MgO(001). The result
[Fig. 4(e)] shows an absence of the Ni spin canting in this
case, proving the necessary condition of the vicinal surface
for the Ni spin canting. The small nonzero Ni remanence
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FIG. 3. Ni hysteresis loops from Ni(2 nm)/CoO(6.5 nm)/Fe(5 nm)/vicinal MgO(001) taken under different conditions shown in (a–c) for
the corresponding column. The magnetic field is applied along the x-ray direction. The result shows that while the Ni magnetization at 350 K
is in plane and is parallel to the steps, the Ni magnetization at 78 K is canted towards the out-of-plane direction in the yz plane.

for field along the hard axis could either come from small
misalignment of the magnetic field to the sample holder,
or from higher-order magnetic anisotropy in Ni film. The
exchange coupling in the FM/FM system has been reported
to induce fourfold magnetic anisotropy in addition to the
dominant uniaxial magnetic anisotropy [15,26], which could
introduce the nonzero remanence for field along the HA of
uniaxial anisotropy. However, since the high-remanence parts
of Ni can be well fitted by Eq. (1), we will only consider the
uniaxial anisotropy later.
The in-plane Ni EA magnetizations in the Ni/CoO system
and the canted Ni EA magnetization in Ni/CoO/Fe systems on
vicinal MgO(001) at 78 K show that the CoO spins must be
different in the bilayer and trilayer systems; i.e., the addition
of the CoO/Fe magnetic coupling has made the CoO spin
configuration in the Ni/CoO/Fe trilayers different from that in
the Ni/CoO bilayers. To determine the CoO compensated bulk
spin orientation in experiment, we measured x-ray absorption
spectra at the Co2+ L3 edge at different x-ray incident angles
with the linear polarization in the incident plane [27,28].
Figures 5(a) and 5(d) show the spectra at 78 K at normal
and grazing incidence of the x rays with the incident plane
perpendicular and parallel to the atomic steps, respectively.
There is an obvious difference at the peaks of ∼777,778.8,

and 779.6 eV. Van der Laan et al. pointed out that one has
to be careful in analyzing the spectra because it is very easy
to make a mistake in the AFM spin-axis determination due
to the lattice distortion effect in the XLD spectrum [29]. In
particular, the CoO L3 edge at ∼777 eV could be attributed
to a charge anisotropy rather than a magnetic anisotropy. To
avoid this complexity factor, we define the CoO RL3 ratio as
the intensity ratio of the peak at ∼778.3 eV over the peak at
∼778.8 eV as denoted by the two arrows in Fig. 5(d).
Figures 5(b) and 5(e), and 5(c) and 5(f) show the CoO
RL3 ratio as a function of the x-ray incidence angle θ
from Ni/CoO bilayers and Ni/CoO/Fe trilayers on vicinal
MgO(001), respectively. All these RL3 (θ ) curves show a clear
quadratic dependence on the sinusoidal θ , and indeed can
be well fitted by RL3 (θ ) = A cos (θ − θ0 )2 + B [24,30,31].
Comparing the CoO RL3 (θ ) curves at 78 and 350 K, the
Ni/CoO bilayers display almost identical amplitudes of RL3 (θ )
curves for x-ray incident plane perpendicular to the steps
[Fig. 5(b)], and an obvious difference for the x-ray incident
plane parallel to the steps [Fig. 5(e)]. The XLDs at the Co
L3 edge are contributed from both the crystal-field effect
and the AFM order. While the AFM contribution vanishes
above the Néel temperature, the crystal-field effect persists at
high temperature [24,25]. Then the fact that the two curves in
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FIG. 4. Ni hysteresis loops from the Ni (2 nm)/CoO wedge (0–
7.5 nm)/Fe (5 nm)/vicinal MgO(001) obtained at 78 K in the geometry
of Fig. 2(a) at the x-ray incident angle of θ = 30◦ and θ = −30◦ with
(a) 0.6-nm CoO and (b) 6.8-nm CoO. (c) Ni remanence as a function
of CoO thickness at θ = 30◦ and θ = −30◦ . (d) Ni and Fe magnetic
remanence as a function of θ at 78 and 350 K from Ni (2 nm)/CoO
(6.5 nm)/Fe (5 nm)/vicinal MgO(001). The solid lines are the fitting
result using Eq. (1). The Ni EA direction is shifted from θNi = 90◦ at
350 K to θNi = 57◦ at 78 K. (e) Ni magnetic remanence as a function
of θ at 78 K from Ni(3 nm)/CoO(6 nm)/Fe(5 nm)/flat MgO(001). The
minimum Mr /MS at θ = 0◦ shows the absence of Ni spin canting in
Ni/CoO/Fe grown on flat MgO(001).

Fig. 5(b) have amplitudes almost identical to the 350 K curve in
Fig. 5(e) shows that these three curves are from the crystal-field
effect. In order to single out the magnetic contribution in
RL3 , we fit each RL3 using RL3 (θ ) = A cos (θ − θ0 )2 + B and
use the difference of the fitted RL3 between 78 and 350 K,
RL3 ≡ RL3 (78 K)–RL3 (350 K) [Figs. 5(h) and 5(i)], as the
magnetic contribution to the CoO XLD. For Ni/CoO biayers,
RL3 reaches maximum at the normal incidence (θ = 0◦ ) for
the x-ray incident plane parallel to the steps and is virtually
constant for x-ray incident plane perpendicular to the steps
[Fig. 5(h)], showing that the CoO spins in Ni/CoO/vicinal
MgO(001) are in the film plane and parallel to the atomic
steps. This result is the same as in the Fe/CoO/vicinal
MgO(001) system [18]. The in-plane CoO spin orientation
can be attributed to the compressive strain on the MgO(001)
substrate (aCoO = 4.26 Å > aMgO = 4.21 Å) [27,28].
Next we discuss the CoO XLD result in Ni/CoO/Fe/vicinal
MgO(001). Figure 5(f) depicts the RL3 (θ ) curves at 78 and
350 K for the x-ray incident plane parallel to the steps. It is
interesting to note that while the RL3 (θ ) at 350 K is similar to

that in the Ni/CoO bilayer, the RL3 (θ ) at 78 K has a smaller
amplitude than that of the Ni/CoO bilayer system, indicating
a reduction of the CoO spins parallel to the atomic steps (or
equivalently a development of spin component in the yz plane)
in the Ni/CoO/Fe compared to the Ni/CoO. Figure 5(c) depicts
the RL3 (θ ) curves from Ni/CoO/Fe for the x-ray incident plane
perpendicular to the steps. Note that while the RL3 (θ ) curve
at 350 K is symmetric with respect to the surface normal
direction and similar to that of the Ni/CoO bilayer, the RL3 (θ )
curve at 78 K in Ni/CoO/Fe exhibits an asymmetric behavior
with its maximum appearing at an off-normal direction of the
sample surface, showing that there exists a certain number of
CoO spins in the yz plane in the Ni/CoO/Fe system which is
consistent with the reduced CoO spins parallel to the steps.
Quantitatively, Fig. 5(i) shows the θ dependence of the RL3
for x-ray polarization parallel and perpendicular to the atomic
steps. The evidently much larger RL3 for x-ray polarization
parallel to the atomic steps shows that the dominant component
of the CoO AFM spins is parallel to the steps, similar to that in
the Ni/CoO bilayer system. However, the nonzero RL3 for
x-ray polarization perpendicular to the steps, especially the
occurrence of maximum XMLD at 41◦ , shows that the CoO
AFM spins also have a canted component towards the outof-plane direction in the yz plane [Fig. 5(g)]. This additional
CoO component in the yz plane in the Ni/CoO/Fe trilayers is
absent in the Ni/CoO bilayers and should be related to the Ni
spin canting in the yz plane in the Ni/CoO/Fe trilayers. We
will discuss this relation later in this paper.
The above result shows clearly that the Fe in
Ni/CoO/Fe/vicinal MgO(001) causes a Ni spin canting in the
yz plane as well as a CoO spin canting component in the yz
plane. Note that if the Ni spin canting towards +θ rather than
–θ in the yz plane breaks the inversion symmetry (y → –y),
then it is natural to ask if this symmetry breaking is a result
of the Ni/Fe interlayer coupling or a result of the Ni/CoO
interfacial coupling due to the CoO yz component. The
difference between these two mechanisms can be distinguished
by an examination of whether the Ni magnetization direction is
directly correlated to the Fe magnetization direction, i.e., if the
Ni magnetization would be reversed after the reversal of the Fe
magnetization. From the hysteresis loop measurement, the
Ni layer from Ni/CoO/Fe/vicinal MgO(001) actually shows
identical spin canting for both zero field cooling and field
cooling, suggesting that the Ni spin canting is not from a direct
coupling between the Fe and the in-plane Ni magnetizations.
To prove this speculation, we did photoemission electron microscopy (PEEM) measurements after zero field cooling so that
the in-plane Ni and Fe magnetizations would not be aligned
to the same direction by a field cooling process. We imaged
the ferromagnetic Ni and Fe domains by taking the ratio
of left and right circularly polarized incident x rays at the
corresponding Ni and Fe L3 absorption edges at 110 K after
zero field cooling utilizing the element-resolved XMCD and
XMLD effect. In our measurement, the x ray is at an incident
angle of 60◦ with respect to the surface normal direction
[Fig. 6(a)]. The sample was azimuthally rotated by about 10°
to distinguish any possible FM magnetizations parallel to the
atomic steps. Figures 6(b) and 6(e) show that there exist only Ni
and Fe domains with their magnetization perpendicular to the
steps (both the white and dark domains have magnetizations
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FIG. 5. (a,d) Co L3 edge spectra from Ni(2 nm)/CoO(6.5 nm)/Fe(5 nm) with the incident x rays at normal (θ = 0◦ ) and grazing incidence
(θ = 60◦ ). The x-ray linear polarization is in the incident plane. (b,e,h) and (c,f,i) show the CoO RL3 ratio as a function of different grazing
incidence angle θ at both 78 and 350 K from Ni(2 nm)/CoO(6.5 nm) bilayers and Ni(2 nm)/CoO(6.5 nm)/Fe(5 nm) trilayers, respectively. The
x-ray incident plane is (a–c) perpendicular to the steps, and (d–f) parallel to the steps. (h,i) RL3 ≡ RL3 (78 K)–RL3 (350 K) is the magnetic
contribution to the RL3 . (g) Schematic drawing of the Ni EA and CoO spin orientation.

perpendicular to the steps but with opposite magnetization
directions). Although it is difficult to identify the Ni spin
canting configuration from the PEEM image due to the fixed
grazing angle of the incident x rays, the Ni magnetization
should be pointing to an angle of θNi = 57◦ towards the
out-of-plane direction as determined by the hysteresis loop
measurement. The most important PEEM result is that the
Ni and Fe magnetizations exhibit different domain patterns
[Figs. 6(b) and 6(e)] although both are perpendicular to the
steps, showing a lack of direct correlation between the Ni
and Fe magnetizations across the 6.5-nm CoO layer. This
result shows that the Ni and Fe spin orientations should
be determined separately by their couplings to the CoO at
the corresponding interfaces rather by a direct interlayer
coupling; i.e., the effect of the Fe is to introduce a uniaxial
anisotropy rather than a unidirectional anisotropy to the Ni
layer to cause its spin canting towards the +θ direction. In
principle, a vicinal surface is inherently asymmetric under

the inversion of y → –y, thus permitting inversion symmetry
breaking between +θ and –θ . The CoO AFM domains in
the Ni/CoO/Fe trilayer were also imaged using the XMLD
effect. Figure 6(d) showed that the CoO AFM domain is a
single domain with the major component of the CoO spins
parallel to the steps. These PEEM images clearly demonstrate
the 90◦ coupling at both Ni/CoO and CoO/Fe interfaces,
which is the same as that in Ni/CoO and CoO/Fe bilayer
systems [14]. Again the CoO canting component in the yz
plane cannot be picked up by PEEM due to the measurement
constraint. We then imaged the uncompensated spin of the
CoO layer using the XMCD effect. The result [Fig. 6(c)]
shows the existence of uncompensated FM Co which has the
same domain pattern as that of the Ni layer, indicating that
the uncompensated FM Co spins are located at the Ni/CoO
interface. The existence of uncompensated AFM spins at the
top interface of the FM/AFM/FM trilayer system was also
reported in other systems [32]. The same domain pattern of the
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FIG. 6. (a) PEEM measurement condition. (b) Ni and (e) Fe XMCD images and (c) Co XMCD and (d) XMLD images taken from Ni (2 nm)/
CoO (6.5 nm)/Fe (5 nm). The scale of the views is 22 × 22 μm.

uncompensated CoO spins as the Ni domain pattern suggests
that the ferromagnetic Co spins at the Ni/CoO interface behave
more likely as part of the FM Ni rather than being responsible
for the spin canting of the Ni layer.
To explore the origin of spin canting in the CoO layer, we
also studied the CoO/Fe bilayer on vicinal MgO(001). For this
CoO/Fe bilayer without Ni, the Fe magnetization exhibits an
easy-axis loop at 60° incidence of the x rays and a hard-axis
loop at normal incidence of the x rays [Fig. 7(a)]. The remanence as a function of the x-ray incidence angle shows a symmetric behavior around 0°, proving an in-plane orientation of

FIG. 7. (a) Fev XMCD hysteresis loop with x-ray at normal incidence (θ = 0◦ ) and grazing incidence (θ = 60◦ ) from CoO(6.5 nm)/
Fe(5 nm)/vicinal MgO(001). (b) shows the remanence signal of the
Fe layer at different incidence angle θ . CoO RL3 ratio as a function of
different grazing incidence angle θ at both 78 and 350 K with x-ray
incident plane (c) perpendicular to steps and (d) parallel to steps. The
insets of (c,d) show the measurement geometries.

the Fe spin magnetization [Fig. 7(b)], which is the same as the
Fe in the Ni/CoO/Fe trilayer shown in Fig. 4(d). Figures 7(c)
and 7(d) depict the θ dependence of the RL3 of the CoO layer
from the CoO/Fe bilayer for x-ray polarization perpendicular
and parallel to the atomic steps. The much larger amplitude of
the RL3 (θ ) curve at 78 K for x-ray polarization parallel to the
atomic steps indicates that the dominant CoO AFM spins are
parallel to the steps [Fig. 7(d)]. The nonzero RL3 for x-ray
polarization perpendicular to steps with the maximum position
of RL3 (θ ) at θ ∼ 15◦ indicates the existence of a canted CoO
AFM spin component in the yz plane [Fig. 7(c)]. The spin canting of the CoO layer is retained in the CoO/Fe bilayer without
a Ni layer, confirming the fact that the canting of CoO AFM
spins originate from CoO/Fe interfacial coupling. Note the
CoO spin canting angle in the Co/Fe bilayer is different from
that in the Ni/CoO/Fe trilayer, which might be attributed to the
influence of the magnetic interaction between Ni and CoO [33],
or different interfacial anisotropies between the MgO/CoO
interface and the Ni/CoO interface, respectively [34].
It is well known that growing CoO on top of Fe results in
the formation of a Fe oxidization layer (FeCo alloy or FeCoO
ferrite layer) at the CoO/Fe interface which could influence
the magnetic properties of the CoO/Fe system [35–37]. There
have been contradicting results on the effect of this ferrite layer,
where some works reported an important effect in mediating
the exchange coupling [38,39] while other works reported no
observable effect [40]. Different from the high-temperature
growth of the AFM layer, all the films in our work were
deposited at room temperature which should greatly suppress
the intermixing and formation of the ferrite layer. Then it is
natural to ask what the role is of the Fe oxidization layer in
the CoO spin canting. To single out the interfacial Fe oxide
feature from the overall Fe spectrum, we prepared a sample of
CoO/Fe/vicinal MgO(001) in which the Fe was grown into a
wedge shape. The XAS at the Fe L3 edge clearly shows a split
double peak at 707.3 and 708.5 eV, respectively [Fig. 8(a)].
Similar to what has been reported in the literature, the
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FIG. 8. XAS at the Fe L3 edge from (a) CoO(1.2 nm)/Fe wedge/vicinal MgO(001) and (b) CoO(1.2 nm)/Co(0.7 nm)/Fe wedge/vicinal
MgO(001). (c) Ni XMCD hysteresis loop with x ray at normal incidence (θ = 0◦ ) and grazing incidence (θ = 60◦ ) from Ni(2 nm)/CoO(3
nm)/Co(0.7 nm)/Fe(5 nm)/vicinal MgO(001). The Ni remanence as a function of the x-ray incidence angle (inset) shows the same Ni spin
canting behavior after adding the Co buffer layer.

double peak’s intensity relative to the whole Fe peak intensity
increases with decreasing the Fe film thickness, showing that
the oxidized Fe is localized at the CoO/Fe interface [41]. Then
the key question is whether the interfacial Fe oxide or FeCoO
layer just serves to mediate a magnetic coupling between the
FM Fe and the AFM CoO or are any specific chemical states
of the Fe oxide or FeCoO interfacial layer critical to the Ni
spin canting. To answer this question, we grew another sample
in which a Co buffer layer (0.7 nm) was grown on top of the Fe
layer before leaking oxygen into the chamber for the growth
of the single-crystalline CoO film [35,36]. The LEED result
confirms the single-crystalline growth of the Co buffer layer.
The Fe XAS [Fig. 8(b)] exhibits only a single peak at 707.3 eV,
indicating the absence of any Fe oxide layer; i.e., the interfacial
oxide layer should be formed at the CoO/Co interface in this
sample. Then we measured Ni magnetic properties in this new
sample of Ni/CoO/Co/Fe/vicinal MgO(001) to study the spin
canting in the Ni layer [Fig. 8(c)]. The Ni spin clearly exhibits
a spin canting behavior similar to that in the Ni/CoO/Fe system
without the Co buffer layer, i.e., a larger remanence at normal
incidence of the x rays than at grazing incidence of the x rays
with the minimum of remanence occurring at an off normal
direction of the sample surface. This result proves that different
oxide chemical states between the AFM CoO and the FM Fe
may only modulate the CoO-Fe coupling strength and the Ni
canting angle value but will not change the Ni spin canting
behavior.
To quantitatively analyze the Ni spin canting in the
Ni/CoO/Fe trilayer, we consider the competition between
the Ni/CoO interfacial coupling energy and demagnetization
energy of the Ni layer in the remanence state. For the
configuration shown in Fig. 5(g), i.e., for Ni magnetization
in the yz plane, the Ni magnetization is perpendicular to the
steps so that its coupling to the CoO spin component parallel
to the steps remains a constant but its coupling to the CoO spin
component in the yz plane varies with its spin canting angle
ϕ. Then the Ni energy density is given by
E = 2π M 2 cos2 ϕ − Kcos2 (ϕ − θ0 ).

(2)

Here M is the Ni saturation magnetization, K is the uniaxial
anisotropy constant induced by the magnetic coupling between
Ni and the yz component of the CoO spins in the yz plane, and

θ0 is the EA angle due to this Ni/CoO coupling in the yz plane
which can be obtained from the RL3 (θ ) curve in Fig. 5(i). The
final direction of the Ni EA (ϕ0 ) can be obtained by minimizing
the energy density with respect to the Ni magnetization angle
∂E
= 0:
∂ϕ
tan 2ϕ0 =

K/2π M 2 sin 2θ0
.
K/2π M 2 cos 2θ0 − 1

(3)

The value of θ0 is determined to be 41◦ from the fitting
result in Fig. 5(i). Then for the value of ϕ0 = 57◦ determined
from Fig. 4(d), an anisotropy constant of K/2π M 2 = 1.7 is
needed to generate the Ni spin canting. Then the question is if
this value is reasonable or not. Although we cannot determine
K directly in experiment, we could have a rough estimation
of its value. With the following four facts—(1) the coupling
of the Ni spin to the yz component of the CoO spin (SCoO,yz )
generates the Ni uniaxial anisotropy in the yz plane (K); (2) the
coupling of the Ni spin to the xy component of the CoO spin
(SCoO,xy ) generates the Ni uniaxial anisotropy in the xy plane
(K ) which is proportional to the saturation field in Fig. 3(i)
(HS,xy = 2K /M ∼ 3.5–4 T × sin60◦ = 3.0–3.5 T); (3) (K/
K )2 ∼ (SCoO,yz /SCoO,xy )2 is the ratio of the two XMLD
amplitudes in Fig. 5(i), i.e., (K/K )2 ∼ 0.079/0.310 = 0.255
or K/K ∼ 0.5; and (4) the out-of-plane saturation field
of Ni is HS,z = 4π M ∼ 0.7 T [Fig. 2(c)]—we estimate the
anisotropy K to be K/2π M 2 = (K/K )(2K /M)/(4π M) =
(K/K )(HS,xy /HS,z ) ∼ 0.5 × (3.0–3.5)/0.7 ∼ 2.1–2.5 which
is more but roughly agrees with the value of 1.7 needed for
the 57◦ Ni spin canting. The next question is why we did
not observe obvious spin canting for Fe magnetization which
should also be coupled to the yz component of the CoO
spins. Note that the Fe magnetization is about 4 times the
Ni magnetization; the K/2π M 2 value for 5-nm Fe should
be scaled down by a factor of (1/42 )(2 nm/5 nm) ∼ 0.025
which gives K/2π M 2 ∼ 1.7 × 0.025 = 0.043 for 5-nm Fe.
Then according to Eq. (2), the Fe magnetization should
have an EA at ϕ0 ∼ 88.7◦ or be canted only ∼1.3◦ towards
the out-of-plane direction, which explains why we did not
observe the Fe spin canting.
From all the above results, it is clear that the most
important finding of this work is that the CoO AFM spins in
Ni/CoO/Fe/vicinal MgO(001) system are canted towards the

214405-8

Ni AND CoO SPIN CANTINGS INDUCED BY Fe . . .

PHYSICAL REVIEW B 96, 214405 (2017)

out-of-plane direction at a sizable angle, which consequently
causes the Ni spin canting due to the Ni/CoO interfacial
magnetic coupling. The absence of the CoO spin canting in
Ni/CoO/vicinal MgO(001) demonstrates the crucial role of Fe
in the CoO spin canting. The insertion of the Co layer at the
CoO/Fe interface eliminates the oxidization of the Fe layer, but
keeps the spin canting, indicating the independence of the Fe
oxidization state. All the films in our sample are deposited at
normal incidence from a commercial four-pocket evaporator,
thus ruling out any uniaxial anisotropy induced by oblique
incidence deposition [42]. Then is it the lattice distortion effect
or the CoO/Fe interfacial magnetic coupling effect? For the
lattice distortion effect, a compression in the film plane usually
promotes the CoO or NiO towards in-plane spin alignment.
For example, a smaller lattice constant of Ag than of MgO
makes NiO/Ag(001) in-plane spin orientation as opposed to the
out-of-plane NiO/MgO(001) orientation, and a greater CoO
lattice constant than NiO has an in-plane spin orientation in
CoO/MgO(001) [18,30]. Then the smaller lattice constant of
Fe compared to that of MgO should promote more in-plane
spin orientation of CoO on Fe/MgO(001) than of MgO(001).
This point is further confirmed by our measurement on
Ni/CoO/Fe/flat MgO(001) which shows in-plane CoO AFM
spins. Therefore the CoO/Fe magnetic coupling is necessary to
induce the CoO spin canting in Ni/CoO/Fe/vicinal MgO(001).
Furthermore, the Ni spin canting towards +θ as opposed to –θ
and the fact that the spin canting is absent in Ni/CoO/Fe/flat
MgO(001) [Fig. 4(e)] show that the vicinal surface is necessary
in producing the CoO spin canting. Therefore we conclude that
it is the CoO/Fe interfacial magnetic coupling on the vicinal
surface that causes the CoO spin canting. The result that Ni in
Ni/CoO/Fe/vicinal MgO(001) has a step-induced anisotropy at
high temperature [Fig. 3(e)] shows the persistence of vicinal
steps on the top CoO surface. In the Néel-pair-bonding model
used to understand the step-induced anisotropy, the magnetic
anisotropy is determined by the spin-orbit interaction through
the nearest-neighbor electronic hybridization [7,8]. The necessary condition of the CoO/Fe magnetic coupling in producing
the CoO spin canting shows that any explanations involving
the Néel-pair-bonding model have to include the ferromagnetic
state of Fe. We noticed one recent paper report that the change
of interfacial bond angles induced dramatic perpendicular

magnetic anisotropy in (La1–x Srx MnO3 /SrIrO3) superlattices
[43]. Our result also indicates the missing chemical bonds
at the step-edge atoms lead to the perpendicular anisotropy
in CoO film. With all experimental results presented in this
paper, the last unanswered question is how the vicinal surface
of a ferromagnetic Fe induces the CoO spin canting. We could
not answer this question and would like to keep it open for the
community and future works to address.
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