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Spin canting of Ni/CoQO/Fe films grown on curved MgO(001) substrate
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Using element-resolved x-ray magnetic circular dichroism (XMCD) and x-ray magnetic linear dichroism
(XMLD) measurements, we determined the spin orientations of Ni, CoO and Fe films in Ni/CoO/Fe films grown on a curved
MgO(001) substrate. We find that the vicinal surface of MgO(001) substrate results in a spin canting towards out-of-plane
direction in the Ni and CoO films as a result of the interfacial coupling. The Ni spin canting angle increases monotonically
with the vicinal angle in the studied range of 0°-17° and the CoO spin canting angle increases more rapidly towards saturation
only at a few degrees of the vicinal angle. The uniaxial magnetic anisotropy induced in the Ni layer by the Ni/CoO interfacial
coupling is quantitatively determined and is shown to increase monotonically with the vicinal angle. Our result provides a
new pathway for tailoring the spin orientation by modifying the substrate surface symmetry in combining with the
ferromagnetic/antiferromagnetic interfacial interaction in thin-film based spintronic devices.

PACS numbers: 75.70.Ak

L. INTRODUCTION

Controlling spin orientation in devices is one of the
most fundamental topics in spintronic technology such as
the magnetic recording, magnetic field sensors, and the
nonvolatile memories, etc.!!! In particular, tailoring spin
orientation between in-plane and out-of-plane directions
has attracted enormous attention because of the importance
of perpendicular magnetic anisotropy (PMA) in magnetic
materials! 2 - > 1. Among many different methods of
modulating the spin orientation of a ferromagnetic (FM) or
antiferromagnetic (AFM) thin film, the most common
method is to tailor the magnetic anisotropy by growing the
FM (AFM) thin film on different substrates. For example,
recognizing that magnetocrystalline anisotropy is very
sensitive to local crystalline and electronic structures, the
common practice of tailoring the magnetic anisotropy is to
grow FM (AFM) thin films on substrates with different
crystalline orientation® * - 35 1 or with different
tensile/compressive strain from lattice mismatching 671,
This method is very effective for both conventional FM
materials as well as for the recently emerging two-
dimensional van der Waals ferromagnet materials' ® .
Further extension of this method is growing FM thin films
on vicinal surfaces which break in-plane rotational
symmetry so that additional in-plane uniaxial magnetic
anisotropy can be created in the FM overlayer thin films®
10, 11, 121" Different from the above approach, interfacial
coupling between FM and AFM materials is also an
effective method to modify the spin orientation of the FM

and AFM layers. The advantage of using AFM layer is that
FM/AFM interfacial interaction could generate several
types of magnetic anisotropies in the FM layer such as the
unidirectional anisotropy from the exchange bias!!'3:14],
uniaxial anisotropy from the spin-flop coupling!'>'®!7], and
the out-of-plane magnetic anisotropy from magnetic
frustrations! 18- 12-201 From the above discussion, it is
interesting to ask whether it is possible to develop a
promising method to control the spin orientation of a FM
thin film by combining the structural modification of the
substrate and the FM/AFM interaction?

In our previous study!l, we found strong evidence that
both Ni and CoO spins could cant towards the out-of-plane
direction in Ni/CoO/Fe films grown on vicinal MgO(001).
The key role played in the whole process is the vicinal
surface which is responsible for the CoO spin canting and
the Ni wuniaxial magnetic anisotropy. Although the
underlying mechanism was attributed to the Fe spins which
cause a canted CoO spin component that consequently
induces the Ni spin canting by the Ni/CoO interfacial
coupling, it is unclear on the relation between the vicinal
angle and the spin canting angles of the FM and AFM
layers. In this paper, we report a comprehensive study of
Ni/CoO/Fe sandwich grown on a curved MgO (001)
substrate. The use of curved MgO(001) substrate permits a
continuous change of the vicinal angle so that films grown
on this substrate would have the identical sample growth
conditions such as the substrate temperature, film thickness,
and oxygen atmosphere, leaving the vicinal angle of the



substrate the only varying parameter. 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 Ni layer shows a spin
orientation canting towards the out-of-plane direction,
which increases monotonically with the vicinal angle. CoO
spin canting angle shows a rapid increase within a few
degrees of vicinal angle and saturates at larger vicinal
surface. Furthermore, the Ni uniaxial anisotropy induced by
the interfacial coupling is also quantitively determined and
was shown to increase monotonically with the vicinal
angle.

II. EXPERIMENT

MgO/Ni/CoO/Fe/curved MgO(001) multilayer samples
were prepared in an ultrahigh vacuum (UHV) system by
molecular beam epitaxy (MBE). The MgO(001) substrate
was polished into a curved shape with the atomic step edges
parallel to the [110] direction [Fig. 1(a)]. The coordinate
system was defined as x//MgO[110], y//MgO[lIO] and
7z//MgO[001], as shown in Fig. 1(a). The curved substrate
serves as multiple local substrates with the vicinal angle o
varying continuously from 0° to ~17° [Fig. 1(b)]. The
curved substrate was annealed at 600 °C for 10 hours in the
UHV chamber, followed by a 5-nm-thick MgO seed layer
growing at 500 °C. A 6 nm Fe film was deposited on the
substrate at room temperature from an e-beam evaporator.
Then a 4 nm CoO film was grown by a reactive deposition
of Co under the oxygen pressure of 1.5x10¢ Torr!''211 A
2.2 nm Ni film was grown on top of the whole substrate
with a 2.5 nm MgO capping layer to avoid ambient
oxidation. The Fe and CoO epitaxial layers are single
crystalline films with the in-plane lattice relation of
CoO[110])//Fe[100]//MgO[110] (111617211 and the Ni film is
polycrystalline [see the LEED patterns in Fig. 1 (c)].
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FIG.1: (a) Schematic drawing of the sample structure on a
curved MgO substrate. (b) Schematic drawing of the
curved surface in the yz-plane. The vicinal angle « is
defined as the angle between surface normal direction
and the MgO [001] direction (z-axis). The orange arrow
represents the incident x-ray beam along -z direction. (c)
LEED patterns from sample of MgO(2.5nm)/Ni(2.2
nm)/CoO(4 nm)/Fe(6 nm)/curved MgO(001). (d) Ni x-
ray absorption spectra (XAS) and the corresponding
XMCD signal. (e) Fe XAS and the corresponding
XMCD signal. o in (d) and (e) represent the incident
direction of circular polarized x-ray.

After growth, the sample was brought to Beamline
6.3.1 at the Advanced Light Source (ALS) for XAS,
XMCD and XMLD measurements. Since the XMCD
measures the projection of the magnetization along the x-
ray incident direction and the magnetic field at BL 6.3.1
can be applied only along the x-ray direction, we performed
the XMCD measurements for Fe and Ni with the magnetic
field parallel and antiparallel to the x-ray incidence
direction [Figs. 1 (d), (e)]. The XAS for Ni was collected
by total electron yield (TEY) mode, while the XAS for Fe
was collected by luminescence yield (LY) mode to
overcome the limited probing depth of the TEY mode. The
element-resolved XAS and XMCD measurements enable
the direct detection of magnetic properties from each of the
FM layers in our sample!?>?3, The XMLD measurement of
CoO was performed by rotating sample to ensure different
incidence angles of linear polarized x-ray. All the
measurements were performed at low temperature (~78 K)
except mentioned. The sample was cooled down from 330
K with an in-plane magnetic field applied perpendicularly



to the atomic steps [x axis in Fig. 2(a)] of the curved
surface. It is known that CoO on vicinal MgO(001) has its
in-plane easy magnetization axis parallel to the steps!'! and
that the FM/CoO interfacial coupling favors a
perpendicular alignment between the Fe and CoO spins due
to spin-flop coupling%!17-241 below CoO’s Néel temperature.

II1. RESULTS AND DISCUSSION

We first studied the Ni layer magnetic property in
Ni/CoO/Fe/curved MgO sample by measuring the Ni
hysteresis loops at low temperature. According to our
previous result?!, Ni spin is always in the yz-plane, i.e.
perpendicular to the atomic steps (x axis) below the CoO’s
Néel temperature (Tn). Therefore, we focused our
discussion on the Ni spin direction in the yz-plane in this
work. Firstly, the hysteresis loops were taken for x-ray
beam along the -z direction [Fig. 2(a), 6=0°] with the
magnetic field sweeping along the x-ray incidence
direction. The hard-axis loop with nearly zero remanence
shows that the easy axis (EA) of Ni magnetization is fully
in the film plane at near zero vicinal angle of a=0.8° [Fig.
2(c)]. Then we studied the Ni remanence at 6=0° as a
function of the vicinal angle ¢ by measuring the Ni
hysteresis loops at different positions [along y direction in
Fig. 2(a)] of the curved MgO substrate. Fig. 2(d) and (e)
show two selected Ni hysteresis loops at vicinal angles of
6.5° and 17.3°, respectively. The hysteresis loops clearly
show a non-zero remanence, indicating that the Ni easy
magnetization axis cants towards the out-of-plane direction,
i.e. there is an obvious z-component of the Ni
magnetization at zero magnetic field. Then we performed
the Ni hysteresis loop measurement at three represented
locations of the curved substrate (labeled as the black
square, blue triangle and red circle at Fig. 2(a)) with vicinal
angles of 0=0.8°, 6.5° and 17.3° and at various incidence
angles of the x-rays. The relative magnetic remanence
(M,./Mg) was extracted from each hysteresis loop and
plotted in Fig. 2(b) as a function of the x-ray incidence
angle 6. The magnetic remanence shows a symmetric
behavior around #=0° at 0=0.8°, indicating the absence of
Ni spin canting (i.e. Ni spin is fully in-plane which is
consistent with the result in Fig. 2(c)). However, the
magnetic remanence at vicinal angles of a4=6.5° and 17.3°
shows a symmetric center away from 6=0°, indicating that
the Ni spin cants towards out-of-plane direction. Since
XMCD measures the projection of the magnetization to the
x-ray direction, the Ni magnetization EA direction can be
determined quantitatively using the following formula:

M,/ Mg = |cos(6-On;)|. (D

Here Oy; is defined as the angle between the Ni EA
direction and MgO[001] direction [z direction in Fig. 2(a)].
Then Oy — « is the angle of Ni EA away from the vicinal
surface normal direction [Fig. 2(i)], i.e., ¢y = 90°—

(Oyi — @)is the Ni spin canting angle towards the out-of-
plane direction [Fig. 2(i)]. By fitting the 6-dependent
remanence signal, we obtained On\i=90° for vicinal
angle 0=0.8° (i.e., the Ni EA is in plane, Fig. 2(h))), and
Oni=76° for 0=6.5° (i.e., the Ni EA cants 20.5° out of the
vicinal surface) and Oni=70° for a=17.3° (i.e., the Ni EA
cants 37.3° out of the vicinal surface, Fig. 2(i)).

To obtain the relationship between the Ni spin canting
angle and the substrate vicinal angle, the Ni magnetic
hysteresis loops at various vicinal angles were taken at
three x-ray incident angles of 6=-30°, 0°, 30°. The
remanence of the Ni hysteresis loops at #=30° and 6=-30°
overlaps at M,/Ms=0.5 for vicinal angle of 0°, which is
consistent with the projection of in-plane magnetization at
vicinal angle of 0° along x-ray incidence direction [Fig.
2(f)]. With increasing the vicinal angle, the difference
between the magnetic remanence at 6=-30° and 6=30°
increases monotonically [Fig. 2(g)]. By fitting the
remanence result using Eqn. (1), we obtained the Ni EA
direction as a function of the vicinal angle. We summarized
the Ni spin canting angle (¢y;) as a function of the vicinal
angle in Fig. 2(g). The result shows that the Ni spin canting
angle increases monotonically with the vicinal angle and
reaches about 37.3° at vicinal angle a=17.3°.

Our previous study demonstrated that an in-plane Fe
magnetization in Ni/CoO/Fe/vicinal MgO(001) leads to a
spin canting of CoO due to Fe/CoO interfacial coupling. To
verify the generality of this result for all vicinal angles, we
performed the XMCD/XMLD measurement to determine
the Fe and CoO spin cantings on the curved substrate. We
first took the Fe magnetic hysteresis loops with circular
polarized x-rays at three selected spots [Fig. 3(a)]. Fig. 3(b)
shows the represented Fe hysteresis loops at incident angles
of 6=-30°, 30° at the blue triangle position (0=6.5°). The
almost identical magnetic hysteresis loops for these two
cases indicate the absence of Fe spin canting at this vicinal
angle. Then we performed the hysteresis loop measurement
at different x-ray incident angles at three vicinal angles and
extracted the Fe magnetic remanence as a function of 6
[Fig. 3(c)]. The Fe remanence in all three cases is
symmetric to 0°, indicating an in-plane Fe spin orientation
throughout the curved films. Quantitative fittings using
M,/ Mg = |cos(6-0p.)| further confirmed this conclusion
(i-e., Or=90°).



(a)

m circular
X ray
/]

3 3 3
ao a a
¥ 9 <
2 2 2
= < ”
1 a 3
0 1
H(T)
0.8 e~ 0.6 ————r————— >
@ ©® ¢ o3
| 630 < | =Y o
0.6} o0 04 Y130
A 630 * w4 Py
st aTa > =
< 04} =os 22
= | S e &0
e =
| T t 10.5
0.2} VAN E E
200 0 8
ool —— .. ] = S0 &
0 5 10 15 20 0 5 10 15 20
o (degree) o (degree)
(h) ntz @] \Z
1 n H
| \
valo=17.3°
Ni canting S\ Pl
[ > Oy -
Ni canting Y N1 0=0.8° B
; y"fm, % T
-7 \ ‘\ '
vicinal surface' vicinal surface '\ |
N Y 1
3 A% 1
Y ! N
b | N
\\ | N
s A
N] N
e} o

FIG.2: (a) Schematic drawing of measurement configuration
for Ni XMCD hysteresis loops at three selected vicinal
angles. The black square, blue triangle and red circle
represent the measure positions for vicinal angles of
0.8°, 6.5° and 17.3°, respectively. (b) Ni magnetic
remanence as a function of @ at the three selected vicinal
angles. Ni XMCD hysteresis loops for (c) 0=0.8°, (d)
0=6.5° and (e) 0=17.3° with normal incident circular x-
rays. (f) Ni remanence as a function of vicinal angle «
with circular x-ray incidence angles of -30°, 0° and 30°.
(g) The difference of Ni magnetic remanence at 8=30°
and £=-30° and the Ni canting angle as a function of a.
Schematic drawing of Ni EA, the angle of a, &niand ¢y;
in yz-plane at vicinal angles of (h) a=0.8° and (i)
a=17.3°.

As reported in our previous studies, CoO spin axis is
mainly parallel to the atomic steps (x direction) but with a
small canting component in the yz-plane?!. To determine
the AFM CoO spin canting direction in the yz-plane, we
took Co L3 edge absorption spectra (XAS) using linearly
polarized x-rays (Fig. 3(a)). Fig. 3(d) shows the
representative Co L3 edge XAS with linearly polarized x-
rays at +30° and -30° incident angles for vicinal angle of
6.5° at 78 K. There is an obvious difference at the peaks of
~777 eV, 778.3 eV, 778.8 ¢V and 779.6 eV at the two
incidence angles of linear polarized x-ray, indicating the

existence of the x-ray linear dichroism (XLD). To avoid the
complexity effect of charge anisotropy in the XLD™!, we
define the CoO R;; ratio as the intensity ratio of peaks at
~778.3 eV over the peak at ~778.8 eV as denoted by the
two arrows in Fig. 3(d). The #-dependent CoO R;; ratio at
the three selected measurement locations are shown in Fig.
3(e). Both the crystal-field effect and the AFM order
contribute to the XLD at the Co L; edge!''?!l. While the
AFM contribution vanishes above Néel temperature, the
crystal-field effect persists at high temperature?2”1, Thus
the Ry ratio curve at 330 K is due to the crystal-field effect
and the three R;; ratio curves at 78 K come from both the
crystal-field effect and the AFM order contribution. All
these Ri3 (0) curves show a clear quadratic dependence on
the sinusoidal 6, and indeed can be well fitted by
R;3(0)=Ac0s%(0-0.,0)+B!?%. To single out the magnetic
contribution to R;3, we defined A4R;; = R;3(78K)-
R;3(350K) to eliminate the crystal-field effect. From
fittings of 4R;3(0) in Fig. 3(f), we obtained O.,o= 4.8°,
40.2°, 50.8° from sample at vicinal angles of
0=0.8°,6.5°,17.3°, respectively. This result unambiguously
demonstrates that the CoO spin canting angle towards the
out-of-plane direction increases at larger vicinal angles.
Moreover, the increase of amplitude from fittings of
A4R;;(0) in Fig. 3(f) suggests the increasing component of
the CoO spin in the yz-plane at larger vicinal angle.
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FIG. 3: Schematic drawing of measurement configurations for

(a) Fe XMCD hysteresis loops and (d) CoO XAS at
three selected vicinal angles. The black square, blue
triangle and red circle represent the measure positions



for vicinal angles of 0=0.8°, 6.5° and 17.3°
respectively. (b) Fe magnetic hysteresis loops with
circularly polarized x-rays at 6=+30° and -30° incident
angles for vicinal angle of 0=6.5°. (c) Fe magnetic
remanence as a function of 6 at three selected vicinal
angles. The solid lines are the fittings of Fe remanence
using Eqn. (1). (d) Co L3 edge absorption spectra with
linearly polarized x ray at +30° and -30° incidence
angles for vicinal angle of 6.5°. Inset is the enlarged
spectra of the dashed area which shows the peaks at
~778.3 eV and ~778.8 eV. (e) CoO Ry3 ratio as a
function of incidence angle 6 for three selected vicinal
angles at 78 K and for 6.5° at 330 K. Solid lines are
fittings using R;3(0)=Acos?(8-8;0)+B. (f) Lines of
CoO 4R, 3(0) from subtraction of fitting lines in (e) as a
function of incidence angle 6.

To further confirm the relationship between the CoO
spin canting angle and the vicinal surface angle, we carried
out the XAS measurements with x-rays at incident angles
of 8=-60°, -30°, 0°, 30° and 60° at different vicinal angles
a. Then after fitting the R, ; ratios using AR, ;(0)=Acos?(6-
Oc00)tB, we obtained the CoO spin canting angle ¢¢y0,
which is defined as the angle of CoO EA relative to the
vicinal sample surface, i.e. 0,0 —a in Fig. 4(a), as a
function of vicinal angle o [Fig. 4(b)]. To compare the Ni
spin canting angle and CoO spin canting angle, we also
plotted the Ni spin canting angle (e.g. ¢y; in Fig. 4(a)) in
Fig. 4(b)). We found that Ni spin canting angle increases
monotonically with the vicinal angle while the CoO spin
canting angle shows a rapid increase within a few degrees
of vicinal angle and then saturates at larger vicinal angle.
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FIG. 4: (a) Schematic drawing of Ni and CoO spin orientation
on curved MgO(001) surface in yz-plane. Ni EA denotes
the easy axis of Ni layer, and Ni coupling EA denotes
the CoO/Ni exchange coupling-induced EA in Ni layer,
which is perpendicular to the yz component of CoO spin
(Scooyz). (b) Ni canting angles and CoO canting angles
as a function of vicinal angle a. The solid lines are guide
to the eye. (c) Open symbols represent the yz component

of CoO spin as a function of vicinal angle a. Solid line
is a guide to the eye about the uniaxial anisotropy
K/21M* as a function of the vicinal angle o.

Since we found that the CoO/Fe magnetic interfacial
coupling on a vicinal surface could modify the CoO spin
configuration and consequently induce a uniaxial magnetic
anisotropy in the Ni film, it is natural to consider the
competition between the Ni/CoO interfacial coupling
energy and the demagnetization energy of the Ni layer in
the remanence state when analyzing the Ni spin canting on
curved substrate!®!!. For the spin configuration shown in
Fig. 4(a), the Ni energy density is given by

E = 2nM’sin’py;-Ksin® (Pni + Peoo) 3)

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, ¢¢, is the CoO spin angle which can
be obtained from the fitting of 4AR;;(6#) curve. The Ni
uniaxial anisotropy K/2ntM?can be obtained by minimizing
the energy density with respect to the Ni magnetization

OE
angle M—O.
K/2nM?*=

“

sin(2¢ i)
sin(2¢ni)cos2pco0) +sin(2Pcoo)cos2Pn:)

Using this formular, we calculated Ni uniaxial
anisotropy as a function of vicinal angle a [Fig. 4(c)] based
on the Ni and CoO spin canting angles in Fig. 4(b). The
initial increase of Ni uniaxial anisotropy at a few degrees of
vicinal angle could be attributed to the rapid increase of
CoO spin canting angle. Fig. 4(c) shows the summarized
CoO yz component, which was obtained through fitting of
CoO 4R;3(0) with the relation of Sgyp,, being
proportional to the squareroot of XMLD amplitude as
shown in Fig. 3(f). We found S¢, ;s a function of vicinal
angle shows similar trend with the curve of the Ni uniaxial
anisotropy, showing that the Ni uniaxial anisotropy is
induced by CoO spin cantings in the yz-plane.

IV. SUMMARY

In summary, we studied Ni and CoO spin cantings
in Ni/CoO/Fe/curved MgO(001) sample. By determining
the Ni spin orientation through XMCD hysteresis loop
measurement and the CoO Néel vector orientation through
XMLD analysis, we show that both Ni and CoO spins cant
towards out-of-plane direction with increasing the vicinal
angle. Furthermore, the Ni uniaxial anisotropy induced by
the interfacial coupling between Ni and CoO spin cantings
in the yz-plane is also quantitively determined to
monotonically increase with the vicinal angle. Our result on



the continuous spin canting orientation provides a new
route to control the spin orientation in magnetic thin films.
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