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Tailoring of the Perpendicular Magnetization Component in Ferromagnetic Films
on a Vicinal Substrate
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We have engineered the magnetic properties of 1-8 nm Co films epitaxially grown on an Au-buffered
bifacial W(110)/W(540) single crystal. The surface of Au/W(110) was atomically flat, whereas the
Au/W(540) followed the morphology of the vicinal W surface, showing a regular array of monoatomic
steps. For Co grown on Au/W(540), the existence of the out-of-plane magnetization component extended
strongly to a thickness d of about 8 nm, which was accompanied by an anomalous increase of the out-of-
plane switching field with increasing d. In addition, the process of up-down magnetization switching
could be realized with both a perpendicular and in-plane external magnetic field.
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Perpendicular magnetization, essential for applications
in high density magnetic storage media, is an important
feature of low dimensional magnetic systems. Typically,
such a magnetic configuration in a ferromagnetic ultrathin
film results from a competing magnetocrystalline volume
and surface or interface anisotropies, and involves a spin
reorientation transition (SRT) from an in-plane to a per-
pendicular magnetization direction with decreasing film
thickness, as was observed for the first time by
Gradmann and Miiller [1]. Among many thin film epitaxial
systems in which a perpendicular magnetization and SRT
were found (for review, see [2]), for cobalt on Pt and Au,
the perpendicular magnetization persists up to relatively
large values of the Co film thickness. It is known that the
critical SRT thickness for ultrathin Au/Co/Au(111) is
slightly below 2 nm [3,4]. Remarkably, SRT strongly
depends on the substrate morphology, which can be modi-
fied in a controlled way by using vicinal surfaces (which
provide a regular array of oriented atomic steps with a
precisely determined density). The stepped substrates are
often used as templates for the growth of magnetic self-
organized nanostructures, such as atomic wires [5] or ultra-
thin stripes [6] and also for tailoring magnetic structure,
since the step contribution to the magnetic anisotropy of
the spin-orbit interaction can be comparable to the surface
interaction [7—10]. The critical thickness of SRT for Co
films on Au(788) is less than on the flat Au(111) substrate
[11]. The dipolar interaction always favors magnetization
along steps, while the Néel-type step anisotropy, depend-
ing on the system, can prefer magnetic directions parallel
or perpendicular to the steps [2,12]. Additionally,
Kawakami et al. [13] observed a slight (15%) shift of the
SRT thickness for Fe on stepped Ag(001).

In our report, epitaxial Co films deposited on a refer-
ence, an atomically flat Au/W(110), and a vicinal
Au/W(540) substrate were studied. We found that, for
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Co deposited on the vicinal substrate, an out-of-plane
magnetization state could be observed for cobalt films as
thick as d = 8 nm. The process of up-down magnetization
switching could be induced by both perpendicular and in-
plane external magnetic fields. These results suggest a new
class of magnetic recording media that have out-of-plane
magnetic moments but are switchable with in-plane mag-
netic fields. In addition, an anomalous increase of the
perpendicular switching field with increasing d was ob-
served for Co deposited on the stepped Au surface. The
samples were prepared and characterized in an ultra high
vacuum (UHV) system. A bifacial W single crystal [see
Fig. 1(a)] assembling both surfaces (flat W(110) and vici-
nal W(540) with a 6.34° miscut angle relative to the W[1-
10] direction of the W(110) surface) was cleaned by re-
peated heating to 1500 K at an oxygen pressure of
1077 mbar followed by flashing to above 2100 K. The
atomic scale purity of the tungsten surfaces was verified
by Auger electron spectroscopy. The structure and mag-
netic properties of the samples were monitored in situ by
low energy electron diffraction (LEED) and the magneto-
optical Kerr effect (MOKE). The typical (1 X 1) LEED
pattern could be observed on the W(110) substrate part,
whereas the W(540) surface gave split diffraction spots,
indicating the presence of ordered monatomic steps paral-
lel to the W[001] direction [Fig. 1(b)]. The average terrace
width for the W(540) surface could be estimated as 2 nm,
in perfect agreement with the nominal value 2.014 nm. The
sample configuration is schematically shown in Fig. 1(a).
A 5 nm thick Au buffer layer was deposited on both
tungsten surfaces at room temperature. From the symmetry
of the LEED pattern, it can be concluded that a slightly
distorted Au(111) grows on W(110), with the Au[—211]
direction parallel or close to the W[1-10] direction, in
rough agreement with previous studies [14]. The vicinality
of the Au surface on W(540) is clear from the LEED
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FIG. 1 (color online). Schematic configuration of the sample
(a). LEED patterns on the vicinal surface at different preparation
stages: (b) W(540) surface, (d) 8 nm Co film surface, and
(c) STM images for 5 nm Au on W(540). LEED patterns were
taken at electron energy of 120 eV.

patterns, and the analysis of the spot splittings points to the
Au(544) surface. Such a surface (nominal miscut 6.21°
towards the [2-1-1] azimuths with respect to the [111]
direction) consists of nine-atomic rows of Au(111) ter-
races, separated by monoatomic steps along the dense
packed [0-11] directions. The stepped morphology of the
Au surface was confirmed also by scanning tunneling
microscopy (STM) measurements, performed in another
UHV system, as can be seen from the image in Fig. 1(c).
On the Au buffer layer, using a movable shutter, a striped
Co layer, with an individual stripe thickness d ranging
from 1 to 8 nm, was simultaneously grown at room tem-
perature on both flat and vicinal parts of the substrate [see
Fig. 1(a)]. Cobalt grows epitaxially on Au(111) and Au
(544), and homogenously broadened LEED spots indicated
a grainy Co structure, also confirmed by STM, with a ty-
pical grain size of several nanometers. Characteristically,
the step structure is not transferred to the Co surface, for
which LEED reveals (1 X 1) patterns relative to the Au
(111) surface [Fig. 1(d)]. This also holds for the final 2 nm
thick Au protective layer, which enables ex sifu studies.
The magnetization reversal process and magnetic an-
isotropy were studied in detail ex situ at room temperature
using a MOKE-based magnetometer with A = 640 nm
laser light. The perpendicular magnetization component
was measured using polar MOKE (P-MOKE) geometry,
with the angle of incidence of the laser light close to the
sample normal and the external magnetic field H | perpen-
dicular to the crystal surface. For the purpose of the vector
magnetometry [15], an additional in-plane magnetic field

could be applied. The perpendicular magnetization com-
ponent could also be derived from the longitudinal MOKE
(L-MOKE) data, after separation of the polar component.
The measurements of the longitudinal hysteresis loops
were performed with the in-plane external magnetic field
H, applied along various angles ¢y with respect to the W
[1-10] direction [see Fig. 1(a)].

The rectangular shape of P-MOKE hysteresis loops
observed for the 1 nm thick Co film grown on both the
flat and vicinal substrate parts indicates a perpendicular
magnetization of Co (see Fig. 2). For the Co film on the flat
Au, the shape of the polar magnetization curves changed
with increasing Co thickness, showing a gradual reduction
of the remanent magnetization (normalized to the satura-
tion magnetization M, = (My—_o)/M,) and coercive field,
accompanied by an increase of the saturation field. Above a
certain critical thickness, the P-MOKE magnetization
curve with zero remanence was observed; this is exempli-
fied by the sample of Co with a thickness of 3 nm by open
points in Fig. 2, indicating the reorientation of the easy
magnetization direction from the out-of-plane to an in-
plane orientation. The critical thickness of this SRT for
the flat region, estimated from the P-MOKE and L-MOKE
data to be close to d = 2 nm, is slightly higher than the
literature data for typical Au/Co/Au films on flat sub-
strates [3,4]. A different situation was found for the Co
layer grown on the vicinal substrate where, over the entire
investigated Co thickness range, the out-of-plane magne-
tization component was observed in the MOKE measure-
ments. This can be clearly seen by comparison of the small
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FIG. 2 (color online). Dependence of normalized remanent
magnetization M, on the Co thickness for W(110) (open points)
and W(540) (full points) substrate regions. Solid lines are
calculated within the proposed model (Eq. (1)). Inset: the hys-
teresis loops for the 4.5 nm thick Co film on both the flat and
vicinal region measured by P-MOKE. The loops linked with the
arrows to the full points show a small field range for 1, 3.5, 4.5
and 8 nm thick Co on the vicinal surface.
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field P-MOKE hysteresis curves recorded for different Co
thickness, as well as from the loop measured at d =
4.5 nm, shown in Fig. 2 and its inset, respectively. The
shape of the P-MOKE hysteresis loop indicates that the
magnetization reversal process induced by the H | field
occurs by switching the normal magnetization component
followed by coherent magnetization rotation. The thick-
ness dependence of the remanent magnetization obtained
from the normalized P-MOKE loops is plotted in Fig. 2 for
the Co films grown on the both substrates. For the
Co/Au/W(540) system, both a shift of the SRT and a
change of the transition character can be deduced. It is
also clear that the canting angle of the magnetization can
be controlled with the Co thickness. On the contrary, for Co
grown on the flat substrate, a different mechanism of SRT
is manifested by a sharp M, (d) profile.

The in-plane magnetization curves measured with the
external magnetic field H| along the [1-10] and [001]
directions for the 4.5 nm thick Co film on the flat and
vicinal substrate are shown in Fig. 3(a) and 3(b), respec-
tively. The shape of the loops indicates that the easy in-
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FIG. 3 (color online). Hysteresis loops measured as longitudi-
nal Kerr ellipticity for the in-plane magnetic field applied along
W/[1-10] and W[001] directions for a Co thickness d = 4.5 nm
(a),(b). Also, polar plots of the angular dependence of the
coercive field (c),(d) and the polar component measured at H =
0.14 T for the in-plane field magnetization reversal (e),(f) are
shown (left column) flat W(110) and (right column) W(540)
region.

plane magnetization axis is parallel to the W[1-10] direc-
tion, i.e., to Au[—211] in the both substrate regions. The
angular dependence of the coercive field determined from
the L-MOKE loops that is registered for the various angles
@ is also shown in Fig. 3(c). The twofold symmetry of the
in-plane magnetic anisotropy can be concluded for Co
deposited on the flat Au(111)/W(110) substrate, reflecting
the symmetry of the misfit strains in the Co/Au/W system.
The magnetization reversal induced by H) occurs in the
plane of the sample without a change of the perpendicular
magnetization component, as can be seen from the iso-
tropic character of the polar component measured in H)| =
0.14 T, shown in Fig. 3(e). Similarly, the twofold sym-
metry of the in-plane angular dependence of the coercive
field was observed also for Co on the vicinal surface, see
Fig. 3(d). Contrary to the process in the perpendicular
magnetic field, the vectorial magnetometry showed that
the magnetization reversal process induced by H) occurs
in the three dimensional space, involving a change of the
perpendicular magnetization component. This can be seen
from the polar plot in Fig. 3(f), presenting the azimuthal
dependence of the polar components for the in-plane mag-
netization reversal. The switching of the perpendicular
magnetization component could be also directly seen
from the polar hysteresis loop (with the laser light along
the surface normal) with the in-plane external field H), as
shown in the upper inset to Fig. 4.

For the quantitative analysis of the MOKE measure-
ments, the following expression for Co film anisotropy
energy was assumed:

EA(0, ©) = K,[1 — (m - v)*] — SuoM3sin?6
+ K,o[1 — (m - v)? T + Kjpsin?6sin’e, (1)
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FIG. 4 (color online). Thickness dependence of H, for Co on
the vicinal substrate. The solid line represents the Haw* field
calculated using Eq. (2). The insets show the P-MOKE loops for
a Co thickness of 4.5 nm measured as a function of the perpen-
dicular (lower curve) and in-plane (upper curve) magnetic field.
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where m is the normalized magnetization vector defined by
polar and azimuthal angles 6 and ¢, respectively, (¢ is
measured from the W[1-10] direction), vy is the unit
vector defining the miscut direction, V36 = (siné e, 0,
cosf i), and Kj, is the in-plane anisotropy constant. The
classical thickness dependence of the out-of-plane anisot-
ropy constant, K,;(d) = K, + 2K,/d, is assumed taking
into account the volume K, and surface K, anisotropy
constants. The miscut unit vector was taken to be v,;s =
(0,0, 1) for the flat region. The bulk value of saturation
magnetization (M, = 1400 A/m) was assumed for the
whole Co thickness range. First, for Co deposited on the
flat substrate, the effective anisotropy constants were de-
termined from the hard axis P-MOKE hysteresis loops
dominated by the coherent magnetization rotation for d >
2 nm. The volume K, = 0.29 MJ/m? and the surface
K, = 1.16 mJ/m? anisotropy contributions were deter-
mined from the fitted hysteresis loops for different Co
thicknesses. The basic influence of the steps on the per-
pendicular magnetization component is reflected in two
constants of uniaxial out-of-plane and in-plane anisotropy.
It is important to note that the K;, constant is approxi-
mately an order of magnitude smaller than the perpendicu-
lar one (K,;) [16]. The magnetic anisotropy constants K,,
and K; determined for the Co films grown on the flat
reference region, were used for the fitting the P-MOKE
loops measured for Co on the vicinal part. The thickness
dependence of the normalized perpendicular remanent
magnetization M,(d) Fig. 2 calculated using Eq. (1) (as-
suming 6, = 6.34° for vicinal and 0.1° for flat sub-
strates) agrees very well with the experimental points.
The perpendicular switching field H, for Co on the
vicinal substrate, derived from the P-MOKE data, is shown
in Fig. 4. The switching is observed in the whole range of
Co thicknesses. The theoretical value of the switching
field, Hy,, for the given Co thickness could be obtained
from the minimization of the sum of the anisotropy energy
E, and the Zeeman energy in the perpendicular external
magnetic field. With increasing H,, the magnetization
rotates towards the sample plane and approaches 6 =
90° for
Fmx — K1 sin20,, + 4K,,sin 0, COS@mis’ )
ILLOM s
where H&* is the upper limit of the switching field Hy,
(defined in the inset in Fig. 4) for the vicinal surface. The
calculated H5**(d) dependence is shown by the continuous
line in Fig. 4. For a small Co thickness, the magnetic
reversal process occurs in a magnetic field much smaller
than H3X*. The process is connected with nucleation of
reversed domains and propagation described by the coer-
cive field [17]. With increasing d, magnetization rotation
towards the direction of the applied field becomes more
important and the switching field approaches H&2*. It can

be clearly seen in Fig. 4 that the experimental H, ap-
proaches the theoretically determined H3* for d = 8 nm.

In conclusion, we have studied the magnetic properties
Au/Co/Au films deposited on both a flat W(110) and
vicinal W(540) substrate. On W(540), we observed the
out-of-plane magnetization state in the whole Co thick-
nesses range, from 1 to 8 nm, with an easy magnetization
axis that increases in inclination from the normal with an
increase of the Co thickness. The magnetization could be
switched between the two magnetic states by both a per-
pendicular and in-plane magnetic field, and the perpen-
dicular switching field increased with increasing Co
thickness. We proposed a phenomenological, simplified
model that describes the magnetic properties of the Co
films on the vicinal surface well, involving only magnetic
parameters of the film on the flat substrate and the geomet-
rical factor of vicinality. As was shown recently, self-
organized nanostructures grown on vicinal substrates pro-
vide a unique opportunity to engineer the spin-orbit inter-
action [5]. The present results can be applied for a broad
class of magnetic thin films, thus allowing one to control
the perpendicular magnetic anisotropy and out-of-plane
magnetization states of a material, which is interesting
for basic knowledge and possible applications.
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