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We present a joint experimental and theoretical study that demonstrates how to efficiently control
a canted state of magnetization in Fe films grown on Ag(001) vicinal surface and precisely character-
ize it with the magneto-optical Kerr effect. It is shown that by employing different mechanisms to
tune the magnetization tilting angle, any magnetization orientation within the plane perpendicular
to the step edges can be achieved. In particular, increasing the Fe film thickness leads to continuous
rotation of the magnetization easy axis towards the film surface and the sense of this rotation in un-
covered films is opposite to that in films covered with Au. Another tuning mechanism is provided by
oscillatory changes of the tilting angle at low temperatures due to formation of quantum well states
in Fe films. The observed canting of magnetization is explained within a phenomenological model
by an interplay of the shape anisotropy and two magnetocrystalline anisotropy terms, perpendicular
and step-induced anisotropies, which results in an effective uniaxial magnetic anisotropy. The fitted
thickness dependencies of the anisotropy constants accurately reproduce experimental variations of
the tilting angle with both Fe and Au thicknesses as well as transient changes of the magnetization
orientation in ultrathin Fe films upon sub-monolayer Au coverage, observed with spin-polarized low

energy electron microscopy.

PACS numbers:

I. INTRODUCTION

Demand for faster, smaller and low power consumption
data storage has fueled efforts to find alternative ways to
store magnetic bits’ 3. In the case of ferromagnetic tran-
sition metals, voltage pulses®®, microwaves® and optical
pulses” ® are arguably the most promising methods to
control the orientation of the magnetization. In all three
types of the excitations, a canted state of the magne-
tization is often desirable in order to increase a torque
on the magnetization vector®819. A canted state is usu-
ally achieved via an external magnetic field®, interlayer
exchange coupling!'! or an appropriate choice of a ferro-
magnetic film (and its thickness), in which a spin reori-
entation transition (SRT) from in-plane to out-of-plane
orientation occurs'2. The latter method is in general the
most straightforward, since it does not require an ex-
ternal field and additional coupling layers. In practice
however, the SRT thickness range is rather narrow and
dependent on even tiny changes in magnetic anisotropy
(which can be affected by many factors such as temper-
ature, preparation conditions, capping layers etc.). In
this context, ferromagnetic films grown on vicinal sur-
faces are advantageous, because they allow for observing
a canted magnetization in wider thickness range and with
well defined magnetization inclination direction as shown
for Ni'3:14 Co!® and Fe'S.

Here we focus on Fe thin films grown on the Ag(116)

vicinal surface, where a canted magnetization state ex-
tends over a wide Fe thickness range and is characterized
by stripe domains with domain walls oriented perpendic-
ular to the steps'®. Upon increasing the Fe film thickness
the magnetization rotates continuously from the direc-
tion perpendicular to the terraces plane towards the sam-
ple plane and switches the in-plane component abruptly
to the direction parallel to the step edges only when the
canting becomes small and the magnetization is oriented
nearly exactly in the sample plane'®. The rotation of
the magnetization is confined to the plane perpendicular
to the step edges. This allows us to employ magneto-
optical Kerr effect (MOKE) in longitudinal geometry,
where both polar and longitudinal MOKE signals can
be probed and the tilting angle of the magnetization §
can be precisely extracted!”. We show that the canted
magnetization can be controlled with high accuracy by
changing the thickness of either the Fe film or the Au cap-
ping layer. In particular, we demonstrate that covering
the Fe film with Au affects the magnetization rotation
direction and allows to reverse the sense of rotation.

An additional degree of freedom in the manipulation
of the canted magnetization state is achieved by cooling
the sample down to 5 K. At lower temperature the SRT
thickness range is broadened due to changed thickness
dependence of magnetic anisotropy'®. In consequence,
virtually any magnetization orientation within the plane
perpendicular to the steps can be achieved by appropri-



ate choice of Fe and Au thicknesses. Furthermore, the
measurements at 5 K allow to explore the effect of quan-
tum well states (QWS) on the magnetic anisotropy of our
system. While there have been several reports on QWS
driven magnetic anisotropy changes with the easy axis of
the magnetization in the sample plane'® 22, the experi-
ments on perpendicular magnetic anisotropy are sparse,
and concern solely slightly tilted magnetization'”.

In contrast to previous 1rep01rt516*17’20*21 here we
demonstrate a fine tuning of the canted state over ex-
tended thickness range including the magnetization ori-
entation perpendicular to the sample plane. In particu-
lar, we show that by covering Fe films with Au not only
the value of the tilting angle can be controlled but also
its sign. Furthermore, QWS induced changes of magnetic
anisotropy presented here significantly modify the SRT
process and result in substantial changes of the canted
magnetization, with amplitudes of the tilting angle oscil-
lations being one order of magnitude larger in comparison
to previously reported thicker Fe films'”.

Our experimental observations are elucidated within a
phenomenological model of magnetic anisotropy in ferro-
magnetic films with the symmetry reduced by steps. We
show that tilting of magnetization with respect to the
film plane originates from the competition of three uniax-
ial magnetic anisotropies acting within the vertical plane
perpendicular to the step edges. The superposition of
the shape anisotropy and magnetocrystalline anisotropies
due to film surface/interface and steps results in an ef-
fective uniaxial anisotropy with a tilted easy axis. This
mechanism is different than for films on atomically flat
substrates?32* where the magnetization tilting can arise
at SRT as a result of the competition between the effec-
tive uniaxial anisotropy (with the easy axis perpendicular
or parallel to the film surface, due to the combined shape
and perpendicular magnetocrystalline anisotropies) and
the bulk anisotropy. The model predicts that the tilting
angle of magnetization in the films on stepped substrate
can attain any value dependent on the relative strengths
of the three anisotropy terms. By fitting the thickness
dependencies of the respective anisotropy constants we
are able to reproduce the observed changes of the tilt-
ing angle which are driven by variations of Fe and Au
thicknesses, and d-band QWS at low temperature.

II. EXPERIMENTAL RESULTS: MOKE FOR Fe
FILMS ON STEPPED Ag(001) SUBSTRATE

A. Experimental details

The experiments were performed in a multi-chamber
ultrahigh vacuum system with the pressure below
2x10~ % mbar during deposition. An Ag(116) vicinal
crystal [13.3° off the (001) surface| with the step edges
oriented along the [110] direction was used. The Ag(116)
surface was cleaned by cycles of Ar ion sputtering at
1keV and annealing at ~775K. Such preparation pro-

cedure yields vicinal surface characterized by regular
monoatomic steps with an average terrace width of
0.86nm, as confirmed by sharp double-split diffraction
spots observed in low energy electron diffraction (LEED).
Note that a perfect epitaxial growth proceeds by match-
ing the [100] direction of a Fe film with the [110] direction
of the Ag substrate. The Fe films were grown at room
temperature (RT) by molecular beam epitaxy (MBE).
After growth, the films were warmed up to 450K in or-
der to improve the surface morphology?®. The Fe films
were grown as wedge samples with a slopes of 1 ML /mm.
The Au capping layers were grown by MBE at RT.

Magnetic hysteresis loops were probed by in situ lon-
gitudinal MOKE using s-polarized light with wavelength
670 nm and beam diameter <0.2 mm, incident at 30°
with respect to the sample normal. The magnetic field
was applied in plane, either parallel or perpendicular to
the steps. Thickness dependent Kerr ellipticity measure-
ments were performed by moving the sample across the
wedge at fixed laser beam position.

The domain structure of Au/Fe/Ag(116) was im-
aged by using spin-polarized low energy microscopy
(SPLEEM)26:27.  Three components of the magneti-
zation vector M,, M, and M, were probed by mea-
suring the magnetic contrast in three orthogonal spin-
polarizations of the incident beam. For detailed descrip-
tion of SPLEEM experiment we refer to27:28.

B. Hysteresis loops for Fe films on vicinal surfaces

Epitaxial growth of Fe films on vicinal Ag(001)
substrates results in additional contributions to mag-
netic anisotropy, especially, in a step-induced uniaxial
anisotropy with the easy magnetization axis oriented
along or perpendicular to the step edges'®. In the case
of a thick Fe film with an in-plane magnetization, the
easy axes of the four-fold anisotropy of the Fe film are
oriented along and perpendicular to the step edges. One
of them becomes the easy magnetization axis and the
other the intermediate magnetization axis due to uniax-
ial in-plane anisotropy induced by steps. This results
in split hysteresis loops, when the magnetic field is ap-
plied along intermediate axis (i.e., perpendicular to the
easy axis in the sample plane). Split hysteresis loops
are characterized by a shift field Hg, which is a measure
of the step-induced in-plane uniaxial anisotropy. With
decreasing Fe film thickness, an uniaxial magnetocrys-
talline anisotropy favoring perpendicular orientation of
the magnetization along [001] direction, becomes compa-
rable to a shape anisotropy favoring in-plane orientation.
As a consequence of the competition between these two
anisotropies, the magnetization is tilted within the plane
perpendicular to the steps'®. By measuring the magneto-
optical Kerr signal in the longitudinal configuration and
with the field applied perpendicular to the steps, even
tiny changes of the tilting angle ¢ can be observed, as it
has been shown previously for nearly in-plane magnetized



(0202930 and Fel? films.

In order to probe the orientation of tilted magnetiza-
tion, in the first step the measurements were done in a
configuration a™, with the magnetic field and the laser
beam oriented as it is shown in Fig. 1(a),(b). The Kerr
ellipticity of the measured hysteresis loop in o™ geom-
etry, ¢l ., comprises both the longitudinal ¢; and the
polar ¢p Kerr ellipticities. Polar Kerr signal ¢p con-
tributes to the total Kerr signal due to a component of
the magnetization normal to the film plane which ex-
ists in the case the magnetization is tilted out of the
sample plane. If the normal magnetization component is
pointing outwards from the film surface the polar Kerr
ellipticity ¢p is positive (for the laser beam with the s
polarization) and changes to negative for the opposite
direction of that magnetization component. Since the
polar Kerr effect is much stronger than the longitudinal
Kerr effect®!, the polar term of the total Kerr ellipticity

1 | = ¢r + ¢p dominates and determines the sign of
ol ., unless the polar term is small.

The measured hysteresis loops change substantially
while varying the thickness of both Fe film and Au over-
layer. In particular, reversed square loops are found for
uncovered Fe films with the thickness from 5.1 to 6.9 ML
[Fig. 1(c)] and square loops are obtained if these films
are covered with Au [Fig. 1(d)] (where by a reverse loop
we mean positive Kerr signal at negative magnetic field
and negative negative Kerr signal at positive magnetic
field). As a result, the MOKE signal ¢ | at remanence
is negative for the uncovered films and becomes posi-
tive upon their coverage with Au, which corresponds to
changing direction of the normal magnetization compo-
nent. A square hysteresis loop, is also found for the Fe(7.9
ML) film, but with a further increase of the Fe thickness
it changes to the split hysteresis loop, indicating a spin
reorientation transition (SRT) to the magnetization di-
rection parallel to the steps [Fig. 1(e)].

Such SRT is not observed in the MOKE results shown
in Fig. 1(f) for Au-covered Fe films with thicknesses up
to 10 ML. However, the square loops are found to be re-
versed upon changing the Fe thickness from below 6.9 ML
to 8.0 and 9.25 ML, thus attaining similar shape to un-
covered Fe films, while further increasing the Fe thickness
to 10 ML for the Au-covered Fe films retains the origi-
nal loop character found for the Au-covered films with
the thickness of 6.9 ML or thinner. This indicates that
the normal component of magnetization at remanence
switches direction with increasing Fe thickness in the case
of the Au-covered films. Here, we refer to the remanent
magnetic state for both uncovered and Au-covered Fe
films obtained by switching off a positive magnetic field
applied perpendicular to the steps along the [331] axis .

The hysteresis loops for the magnetization perpendic-
ular to the steps are not strictly square. This is because
the magnetic field applied in-plane perpendicular to the
steps is not oriented along the easy axis which is tilted
away from the film plane. Thus, the measured Kerr signal
decreases with increasing magnetic field due to decreas-

ing polar Kerr signal ¢p (as a result of decreasing the
normal component of the magnetization which is forced
by the field to rotate from the easy axis towards the field
direction in the surface plane).

To understand the observed changes of magnetization
direction with increasing thickness of the Fe films and/or
with covering by Au, the following model of the magnetic
anisotropy of ferromagnetic films on vicinal surfaces has
been developed.

IIT. MAGNETIC ANISOTROPY OF Fe FILMS
ON STEPPED SUBSTRATES
-PHENOMENOLOGICAL MODEL

A. Model - general

The orientation of magnetization is characterized by
the polar angle # measured from the normal to the macro-
scopic film surface (i.e., the sample plane) and the az-
imuthal angle ¢ measured with respect to the in-plane
direction perpendicular to the step edges; Equivalently,
the tilting angle:

§=90°—0 (1)

measured with respect to the sample plane can be used
instead of @ for magnetization perpendicular to the steps;
see Fig. 2.

The total energy of a ferromagnetic film deposited on
the stepped substrate depends on direction of magneti-
zation M as follows:

E(0,¢) = Kaipcos® 0+ Kysin® ' — K, sin® ' sin® ¢’
1
—§Ksp sin20’ cosg’ + Epuk(0’,¢")
= Kaip cos? 0 + Eyica - (2)

which agrees with the formula used by Kawakami et al.'®
The shape anisotropy depends on the polar angle 6 and
the respective anisotropy constant Kgqip, = 27M 2ty in-
creases linearly with the film thickness tpy (if the film
energy is calculated per unit area of the film surface).
The magnetocrystalline anisotropy (MCA) energy Enica
arising from the spin-orbit interaction (treated as a per-
turbation in the Hamiltonian) comprises three second-
order contributions with the angular dependences shown
in Eq. (2) and the fourth-order bulk contribution Fhyx.

The MCA energy depends on the angles ' and ¢’
describing magnetization orientation with respect to the
main crystallographic axes of the bce Fe films. The angle
0’ is measured with respect to the [001] axis, while ¢’ is
measured — in the terrace plane (001) — with respect to
the [100] axis of the Fe film, which is perpendicular to the
steps and equivalent to the [110] axis of the Ag substrate.
If magnetization M is perpendicular to the steps and
shows positive longitudinal component (i.e, ¢ = ¢’ = 0),
as in remanence in the o configuration, we obtain:

0'=0+a (3)
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FIG. 1: (a) Crystallographic directions and corresponding possible canted magnetization orientations within the
plane perpendicular to the steps for FM film on the (116) vicinal surface. Magnetization vectors with positive and
negative tilting angles are shown by blue and red arrow, respectively. The miscut angle « defines the angle between
the sample plane and terraces plane and for our Ag(116) surface is equal to 13.3°. (b) Schematics of LMOKE
measurement and LMOKE signal decomposition into longitudinal (¢,) and polar (¢p) components (for clarity, only
the case of negative tilting angle is shown). The geometry of LMOKE with the light incident from the left with
respect to the terraces orientation as in (a) is defined as o™ geometry. Hysteresis loops measured at a™ geometry at
T =5 K for uncovered (c),(e) and covered with Au (d),(f) Fe films with different thicknesses. Schematic
representations of the magnetization directions corresponding to three different types of the hysteresis loops with
the easy axis oriented: perpendicular to the steps and negative tilting angle (g), perpendicular to the steps and
positive tilting angle (h), along the steps (i). The numbers 1-4 mark the orientations at different magnetic fields
while sweeping it from maximum negative torwards maximum positive.
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FIG. 2: Magnetization orientation characterized
(equivalently) by the angles 0, § and 6" within the plane
perpendicular to the steps for a Fe film on the Ag(116)

surface with the vicinal angle o = 13.3°.

where o denotes vicinal angle. For magnetization parallel
to the steps (i.e., at ¢’ = ¢ = 90°) the two polar angles
are equal: 6’ = 0.

The angular dependence of the second-order contribu-
tion to the MCA energy includes three anisotropy con-
stants K, Kp, and K,. They can be expressed by the
following energy differences:

K, = Eyea(100) — Eyca(001) (4)
Ky = Eyea(100) — Eyca(010) (5)
Ky = Enca(10T) — Eyca(101). (6)

defined with the MCA energy Ewyca(hkl) for different
orientations [hkl] of magnetization which are not equiv-
alent for the film on a stepped substrate. These direc-
tions are oriented along the following cubic symmetry
axes of the bee Fe: [001] (6’ = 0°, perpendicular to the
terrace surface), [010] (8" = 90°, ¢’ = 90°, parallel to
the steps), [100] (0" = 90°, ¢’ = 0°, perpendicular to the
steps within the terrace plane), [101] (0/ = 45°, ¢’ = 0°),
and [101] (0’ = —45°, ¢’ = 0°).

Thus, the uniaxial perpendicular anisotropy constant
K originates from the film’s interface, similarly to flat
films'®. The remaining two anisotropy constants K, and
K, arise from the steps of the vicinal surface and both
vanish for flat films with a cubic crystal structure and
the (001) surface. The phenomenological Néel’s model,
based on anisotropy contributions from pairs of the first-
nearest neighbours, predicts K, = 0 for films with bcc
lattice and steps along the [010] axis.!® However, this
anisotropy constant is not expected to vanish completely
in a more accurate quantum-mechanical approach?? since
the four-fold in-plane symmetry is broken in films grown
on stepped substrates. Therefore, we allow for a finite
value of K, though it is presumably much smaller than
the other step-induced anisotropy constant K, for the
considered bcc films.

The bulk anisotropy energy of a cubic crystal depends

on the magnetization orientation as follows:
1 12 ! 1 Al 2 ’
Epuk = ZKb sin“ 260" + ZKb sin® 0/ sin” 2¢ " ; (7)

Note that this dependence is different from but equivalent
to the expression used Ref.2? for stepped fcc films with
¢’ measured from the axis [110]. Since we consider the
energy per unit area of the surface (or suface atom) the
magnitude of the bulk anisotropy constant Kj, depends
linearly on the film thickness. Thus, the experimental
value 4.7 x 10° erg/cm? of the anisotropy constant for
bulk Fe?? results in K}, = 0.0035 X Npe meV /(surface
atom), where Ng, denotes the number of MLs in a Fe
film. For Fe films on Ag(001) substrate, the values of
K, are different for in-plane and out-of-plane directions
of magnetization3?> (and the dependence of Ej. on
the magnetization orientation is modified accordingly),
however the reported values of K}, are of the same order
as for bulk Fe. Thus, the variation of the bulk anisotropy
energy, given by Kp/4 (see Eq. (7)) is less than 0.01
and 0.02 meV/(surface atom) for Np. =10 and 20 ML,
respectively. Therefore, it can be neglected in comparison
with Ky and K, which are a few tens times larger'®. In
particular, we neglect Fyy,ix in calculations of the tilting
angle.

The bulk anisotropy can lead to a canted magnetiza-
tion in flat cubic films by competing with the effective
uniaxial (perpendicular) anisotropy Kai, — K close to
SRT?*24, However, such canting occurs only for nega-
tive values of Ky, which is not the case for (001) Fe films
thicker than 4.5 ML3%. Even if a negative K}, of a mag-
nitude comparable to that of bulk Fe was assumed the
magnetization canting would be present only in the small
interval of the film thickness where Kgi, — K changes
from K3, to —K3,/2. The width of this interval defines the
SRT thickness range of 3K1,/2kqip, and is estimated to be
0.2 ML using the shape anisotropy kqi, per 1 ML equal
to 0.142 eV/(surface atom), which corresponds to the
saturation magnetization of M=1725 emu/cm? in bulk
Fe. This SRT thickness range is around 10 times smaller
than the width of the actual thickness interval (around
3 ML) in which SRT takes places in the investigated Fe
films on the vicinal (116) Ag substrate (see Sec. IV).
Thus, it is expected that the bulk anisotropy is not a
major factor in the mechanism of magnetization canting
in stepped Fe films, which provides another argument for
neglecting it in the present model.

B. Magnetization tilt

The model predicts®” that the magnetization orienta-
tion, corresponding to the minimum of the energy E(6, ¢)
with Epyk = 0, is either along the steps (¢ = 0) or in
the vertical plane perpendicular to the steps (¢ = 0 or
© = 180° ), in agreement with SPLEEM experiment'¢.
In the latter case the magnetization vector M is tilted
from the terrace plane as well as from the macroscopic



film surface as it is found experimentally. The value of
the tilting angle (measured from the macroscopic film
surface)

§=90°—0y=90°— 0§ +a (8)
is obtained by minimizing the total energy
EL(0')=E@0"¢"=0°) =
Kaip cos® 0 + Kgsin? 0/ — % psin20’ . (9)

obtained with Ey i = 0 for magnetization oriented per-
pendicular to the steps, i.e., at ¢ = ¢’ = 0°. The ex-
pression for E, (6') is valid also for the extended range
of 8/ > 180° which corresponds to the polar angle
360° — 0’ < 180° and the azimuthal angle ¢’ = 180°
in the standard definition of these angles.

The necessary minimum condition 9E, (6")/90" = 0
yields the analytical solution for the optimal angle 6’ =

!/
0

Kaip — ks
tan 260 () = tan 2« ﬁ : (10)
dip — fAs

which includes the scaled anisotropy constants

I}dip = Kdip COS 20&, (11)

ksp = Kop/ tan(2c) . (12)

Consequently, the tilting angle § depends on K, K
and Kgi, but does not depend on K,. It would also
depend on K}, if the bulk anisotropy was accounted for
but such dependence is very weak since K, < K, Kgp
as explained above.

The choice between 6 (; and 0 {; +90° which both satisfy
Eq. (10), is done based on the energy minimum auxiliary
condition 9?E,(6')/00" > 0, where the second-order

derivative is given by 2(Ky — Kqip)/ cos20/, or, equiva-
lently, 2 tan 2cv(ksp — IN(dip)/ sin 20 (. Thus we obtain two
values of the tilting angle 6, and 6 { + 180° correspond-
ing to the opposite directions of magnetization for which
the film energy is the same in the absence of external
fields. These two directions are equivalent and define the
same easy axis of magnetization. The model does not dis-
tinguish between them, and one of the directions needs
to be chosen arbitrarily as the magnetization direction.
Naturally, these directions are distinguishable in MOKE
experiment and are determined by the applied magnetic
field direction, as shown schematically in Fig. 1(b). In
this work, we will consistently consider the magnetization
vector with a longitudinal component pointing towards
[331] crystallographic direction, i.e., towards the right
side of the sample in the o™ configuration, as shown in
Fig. 1(a) and (b). In the absence of external fields, for the
sample in a virgin magnetic state, stripe domains with
alternating magnetization orientations 6 ¢, and 6 (, + 180°
are formed, as it was shown by SPLEEM experiment'®.

C. Relations between anisotropy constants and
tilting angle: superposition of uniaxial anisotropies.
Effective uniaxial anisotropy

The analytical formula (10) for 6, provides also more
qualitative predictions of how the tilting angle depends
on the three scaled anisotropy constants Kgip, Ks, kep-
There are six possible different cases of mutual relations
between these constants, like Ky < ksp < Kgqip, which
correspond to six distinct (non-overlapping) intervals of
0 which cover the full range of the tilting angle. There
are also six borderline cases where two of the anisotropy
constants are equal which leads to a specific value of 9 in
each case.

All these cases are presented in Fig. 3, which clearly
shows how the tilting angle § evolves when the values of
Kgip, Ks, ksp change, e.g., due to increasing thickness of
the Fe film N, or due to covering the film with the Au
overlayer. The figure can also be used in a reverse way
to predict how the anisotropy constants evolve, e.g., with
increasing Nge, to reproduce the dependencies of the tilt-
ing angle 0 on the Fe and Au layer thicknesses observed
experimentally. The reverse predictions are largely semi-
quantitative since one cannot determine exactly two un-
known variables: K and ks, on the basis of one known
quantity, i.e., 6. However, the two MCA constants and
K 4ip must satisfy the inequality relations which uniquely
correspond to each value of the experimental tilting an-
gle, according to the scheme shown in Fig. 3. In addition,
if specific values of the tilting angle, like § = £45°4« and
d =aord=—-90°+ a (or equivalent tilting angles) are
observed for Fe or Au/Fe films at specific thicknesses of
Fe film or Au overlayer, the equality relations Ks = IN(dip

and kep = IN(dip, respectively, must hold. Then, the cor-
responding anisotropy constants are determined exactly
for the films of the specific thickness since the values of
Kgip are known. Also, another strict condition K = kg,
is imposed on the anisotropy constants of the particular
films for which one of the following tilting angles, 6 = 0°,
6 = +90° or 6 = 180°, is found.

The obtained relation between the anisotropy con-
stants Kqip, Ks and K, and the tilting angle J can be
explained by superposition of three uniaxial anisotropies
within the plane perpendicular to the steps; see Figs. 3
(b) and (c). Each of them is described by an energy
dependence K sin®(f — f.,), where K denotes the cor-
responding anisotropy constant and the polar angle 0.,
determines orientation of the respective easy magnetiza-
tion axis. This orientation is given by 6., = 90° for the
shape anisotropy and 6., = —« (or equivalently 180° — )
for the perpendicular MCA term with Ky > 0. For
K, > 0 the corresponding easy axis is determined by
Oon = 45° — .

Superposition of two uniaxial anisotropies, described
by the sum of their energies, is also a uniaxial anisotropy
and the resultant easy axis is oriented in the acute
angle between the two easy axes of the contributing
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is done in the two cases: (b) ksp < K and (c) ksp > K.

anisotropies®”.  For superposition of the perpendicu-

lar (K) and the step-induced (Kp) magnetocrystalline
anisotropies we find that the effective easy axis is ro-
tated from the easy axis of the perpendicular magne-
tocrystalline anisotropy towards the easy axis of the step-
induced anisotropy. The rotation angle A" is less than
a if kg, < K, while otherwise this angle is larger than
«. In the former case the effective easy axis of the two
anisotropies is oriented at the polar angle 180° — a <
05,°P < 180°, while for kg, > K the orientation of the
effective easy axis is described by 180° < €52°P < 225° —«
or equivalently by 0° < 6P < 45° — q.

Therefore, when the effective magnetocrystalline uni-
axial anisotropy is added to the shape anisotropy it re-
sults in the final effective uniaxial anisotropy with the
easy axis oriented either at negative or positive tilting
angle ¢ depending on whether kg, is smaller or larger
than K, respectively; see Fig. 3 (b), (¢). While orienta-
tion of the easy axis of the effective anisotropy is given by
Eq. (10), the magnitude of the corresponding anisotropy
energy E | (0) = E | (0y) + Ken, 1 sin?(f — ) is given by

the effective anisotropy constant expressed as follows:

KcH,L = \/(I?dip — KS)Q =+ tan2 2a ([A&dip — ksp)2 . (13)

The above considerations are strictly correct for the
films where the spontaneous magnetization is oriented
within the vertical plane perpendicular to the steps. If
the easy axis is parallel to the steps, an external magnetic
field is necessary to align magnetization perpendicular to
the steps. If the field is applied in-plane perpendicular to
the steps, it needs to be equal to or larger than the shift
field Hy, since that is the field value required to switch
the magnetization to the direction within vertical plane
perpendicular to the steps. In the case of Fe/Ag(116), the
easy magnetization axis switches to the direction parallel
to the steps only when the absolute value |§| of the tilting
angle becomes small (as shown in'® and Sec. IV) and the
applied external field has negligible effect on the tilting
angle value.



D. Role of the anisotropy constant ksp

According to Fig. 3, the sign of the tilting angle § de-
pends on the value of kg, with respect to K. For positive
K, (as expected for Fe films), the angle § is positive if
ksp > K, while negative if ks, < K. The inclusion of
the anisotropy constant kg, in the theoretical model can
thus be crucial for a proper reproduction of the tilting
angle observed experimentally.

In particular, the magnetization of a stepped film can-
not orient perpendicular to the steps and parallel or per-
pendicular to the film surface, i.e., along the § = 0° or
0 = 90° directions, respectively, if ks is neglected. Also,
for ks, = 0, magnetization cannot be oriented perpen-
dicular to the terrace plane (§ = 90° + a, —90° + «).
In addition, the positive tilting angle within the interval
0 < <90° + « (or the equivalent interval —180° < § <
—90° 4+ « ) is not allowed for ks, = 0 and positive K.
Indeed, if ks, = 0 and K > 0, the possible relations be-
tweeen the three anisotropy constants kg, K and Kgip
correspond to the tilting angle —90° + o« < 6 < 0 or
equivalently the tilting angle 90° + a < § < 180°. The
fact that orientations of the easy axis which are not al-
lowed for kg, = 0, like those with a positive tilting angle,
are observed experimentally, means that the anisotropy
energy indeed must include the finite step-induced term
Ksp-

IV. EXPERIMENTAL VERIFICATION OF THE
MODEL

A. Experimental MOKE results - tilting angle

The theoretical model presented here shows that mag-
netization of a Fe film can be tilted due to broken symme-
try of the vicinal surface. The tilting angle can be either
positive or negative, depending on three anisotropy con-
stants Kqip, Ks and kgp. In order to evaluate the tilting
angle experimentally and compare it with the theoreti-
cal model, MOKE measurements are performed in two
different longitudinal geometries: o™ (perpendicular to
the steps) and a~ (perpendicular to the steps after 180°
rotation of the sample). Representative hysteresis loops
measured in the geometry o~ at 5K are shown in Fig. 4
and they are counterparts of the loops shown in Fig. 1
measured in the geometry a™.

Depending on the thickness of the Fe film, the easy
magnetization axis can be oriented parallel or perpendic-
ular to the steps. Thus, by applying the magnetic field
perpendicular to the steps, split loops or square loops
are observed, respectively (Figs. 1 and 4). The Kerr el-
lipticity extracted from both square and split hysteresis
loops can be unambiguously defined as the Kerr ellip-
ticity ¢ at Hy, i.e., at the minimum field necessary to
switch the magnetization to the direction perpendicular
to the steps. Therefore, in the case of the easy magneti-
zation axis oriented along the steps, the Kerr signals ¢

and ¢ . measured perpendicular to the steps require a
finite magnetic field and correspond to the orientations
of the intermediate axis rather than the easy axis. Natu-
rally, in the case of the easy magnetization axis oriented
perpendicular to the steps, square loops are measured
and therefore ¢ and ¢ . correspond to the Kerr el-

lipticities at remanence (i.e., Hy=0). The choice of H
at which ¢ is evaluated from the hysteresis loops mea-
sured perpendicular to the steps is important because ¢
depends on H due to the tilting angle of magnetization.
After applying sufficiently large magnetic field ¢ and
ol . will correspond to the saturation values, hence to
the Kerr ellipticity of the magnetization oriented in the
sample plane. As seen in Fig. 1(c) and 4(c) the Kerr
signal depends very weakly on the field H of moderate
magnitude larger than H, and therefore the longitudinal
and polar Kerr signals are still well defined once the field
switches the magnetization to the direction perpendicu-
lar to the steps.

The Kerr ellipticity measured at o™ and o~ geome-
tries consists of longitudinal and polar contributions aris-
ing from the respective components of the magnetization.
The idea of separation of longitudinal and polar compo-
nents is schematically illustrated in Figs. 1(b) and 4(b)
for negative tilting angle, § < 0. In this case, when the
magnetization is probed in the o™ geometry, at positive
H the polar component ¢p of the Kerr signal is nega-
tive and adds to the positive longitudinal component ¢y,
while at negative H the magnetization is reversed and
the positive polar component ¢p adds to the negative
longitudinal component ¢r. On the contrary, when the
magnetization is probed in the o~ geometry, at positive
H the positive ¢p adds to the positive ¢y, and after re-
versing the H , the negative ¢p adds to the negative ¢ .
One can therefore notice that the longitudinal signal ¢,
has always the same sign as the applied magnetic field,
regardless of the geometry, but the sign of the polar Kerr
signal ¢p depends on the sign of the tilting angle and
is always reversed while changing between these two ge-
ometries.

In the case of the hysteresis loops measured for un-
covered Fe films the polar Kerr signal is additive in the
o~ geometry [Fig. 4(c),(e)] and subtractive in the a™ ge-
ometry [Fig. 1(c),(e)]. As a result, the hysteresis loops
measured at ot are reversed, i.e., show positive signal
at negative magnetic field and negative signal at positive
magnetic field). With decreasing the Fe thickness, in par-
ticular below 6 ML of Fe, the coercivity increases. This
is associated with the SRT from in-plane to out-of-plane
orientation of magnetization. Therefore, the magnetic
field which is applied in the sample plane, has to be larger
in the vicinity of SRT, since the out-of-plane component
of the magnetization becomes dominant. For thicknesses
lower than 4 ML, magnetization could not be switched
even with the maximum available magnetic field 6000 Oe.
Note however that by using MOKE in the polar geom-
etry (i.e. by applying magnetic field perpendicular to
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the sample plane), square hysteresis loops are detectable
down to 2 ML of Fe.

In order to obtain more quantitative information about
the magnetization from the hysteresis loops measured
perpendicular to the steps, a deconvolution of the total
Kerr signal into the longitudinal ¢; and polar ¢p com-
ponents has to be performed. By measuring ¢ 4 and

H_ the longitudinal ¢y, and polar ¢p Kerr ellipticities

can be obtained from!”:

or = (dar + ¢a-) /2 (14)

op = (duy — o) /2 (15)

Since the mixture of ¢y and ¢p components is a con-
sequence of tilted magnetization (), one can use these
values to estimate § quantitatively. Indeed, the tilting
angle § can be extracted from:

M. _or 0}
M, oL 9%

where ¢7 and ¢} are the saturation Kerr signals in lon-
gitudinal and polar geometries, respectively. The satura-
tion longitudinal Kerr signal ¢} can be obtained from the
Kerr signal measured in all geometry (in which the mag-
netic field is applied along the steps), however, only in
the case of § smaller than ~ 10°. For larger ¢§, the avail-
able magnetic field is usually not sufficient to saturate
magnetization along the steps (all). Fortunately, since
the theory of MOKE in ultrathin FM films has been well
developed!”:29:39:38 the ratio of the longitudinal and po-
lar saturation signals can be calculated theoretically by
utilizing the values of the refractive indices3%% and the
Voight constant of Qp. = 0.376 4+ 0.0066i*!. Since the
polar Kerr effect is much stronger than the longitudinal
one, even tiny changes of the tilting angle § (of the or-
der of ~ 1°) are detectable by longitudinal MOKE with
the in-plane magnetic field applied perpendicular to the
steps”.

The dependence of Kerr ellipticity ¢ at H, on Fe
thickness for three geometries a®, a~ and all is shown
in Fig. 5. It is immediately visible that Kerr ellipticity
¢ measured at o™ and a~ geometries is significantly
different than measured at oll, indicating changes of po-
lar Kerr contribution ¢p related to normal component of
the magnetization. Note however that the increase of ¢
at Hg does not automatically means the increase of the
tilting angle value, as both polar and longitudinal Kerr
signals change with thickness. Negative values of ¢ de-
note that measured hysteresis loops were reversed. At
5K, oscillatory behavior of ¢ is observed when probed
at a® and a~. The fact that oscillatory behavior of ¢ is
observed only at low temperature and only at a™ and o~
geometries (no oscillations at all), clearly indicates that
the oscillations of ¥ observed in our experiment are not

tand =

(16)

10

related to the oscillatory magneto-optical effects due to
QWS formed by unoccupied sp-states??43. Instead, the
oscillations of ¢ result from the oscillatory changes of
magnetization orientation due to the MCA energy oscil-
lations caused by QWS formed by d-states close to the
Fermi level?1:44:45,

The longitudinal ¢, and polar ¢ p contributions to the
total Kerr ellipticity were calculated according to the
equations (14) and (15). Consequently, the tilting angle
d of magnetization was obtained from the formula (16).
The dependence of § on Fe film thickness of uncovered
sample at 300 K is shown in Fig. 6(b). For uncovered Fe
films thicker than 15 ML, the tilting angle J is positive,
slightly exceeding zero. It means that the magnetization
is tilted from the sample plane towards the terraces plane
(with J defined as shown in Fig. 1(a)). With decreasing
thickness of the Fe film, ¢ decreases changing its sign at
around 13 ML and becomes negative. Below 8 ML, tilting
angle changes rapidly due to SRT and reaches the maxi-
mum value § = — 76° for ~5 ML. This angle corresponds
roughly to [001] direction, which for bare Ag(116) crystal
is oriented 13.3° off the sample normal, i.e., is equivalent
to & = —76.7°.

At 5K the overall changes of § are similar as at 300K,
but additional, oscillatory behavior of § as a function
of Fe thickness is observed [Fig. 6(d)]. Three extrema
of § can be distinguished at ~8.5ML, ~12.8 ML and
~18.7ML, which are the same thicknesses of Fe (within
the experimental error £0.3 ML), at which maxima of the
photoemission spectroscopy and the anisotropy of the or-
bital magnetic moment were observed?'. Therefore, the
oscillatory changes of § with increasing Fe film thickness
are due to the quantization of d states with Aj spatial
symmetry2!. The oscillations of § are perturbed below
~T7ML of Fe due to a rapid change of the tilting angle
related to SRT. As already mentioned, below 4 ML of
Fe, the hysteresis loops could not be measured due to
large coercivity exceeding the maximum available mag-
netic field.

Covering the Fe films with a 15 ML-thick overlayer of
Au changes the dependence of the tilting angle dramati-
cally. In particular, at T = 300K the tilting angle of the
magnetization becomes positive [Fig. 7(a)]. It is close
to & = +70° for the film thickness of 2.5 ML, and quickly
decays with increasing Fe thickness reaching a nearly in-
plane direction, 6 = 0°, for Ng, > 5 ML. At low temper-
ature of T'= 5 K, tilting angle oscillates with increasing
thickness of the Fe film and the oscillations are more pro-
nounced than for the uncovered films at the same tem-
perature [Fig. 7(c)]. The oscillatory dependence leads to
negative tilting angle, reaching almost § = —20°, in the
thickness range from 7 to 10 ML. For thicker films, the
tilting angle oscillates around § = 0°, but the oscillation
amplitude does not exceed a few degrees. The extrema
of § can be distinguished at ~8.4 ML and ~13 ML, i.e.,
at the same thicknesses of Fe (within the experimental
error £0.3 ML) as for the uncovered sample.
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FIG. 5: Kerr ellipticity ¢ at H, as a function of thickness of Fe film grown on Ag(116) surface obtained from
hysteresis loops measured at (a) T=300K and (b) T=5K

B. Fitting anisotropy constants to tilting angle of
experimental magnetization of Fe/Ag(116) and
Au/Fe/Ag(116) films

To reproduce the experimental tilting angle ¢ in the
described model one needs to fit two magnetocrystalline
anisotropy constants: Ky and Ky, (or ksp) since the shape
anisotropy constant Kgip, is known. The third magne-
tocrystalline constant K, does not need to be accounted
for since it does not affect the tilting angle (though it af-
fects the shift field, which is not discussed in this article).

The model provides exact values of K and kg, for the
Fe film thicknesses at which ¢ attains some specific val-
ues. In particular, the following relations must be satis-
fied for Fe/Ag(116) films: Ky = Kg;p if 6 = —45° + o =
—31.7° and ks, = Kaip if § = —90° + a = —76.7°. The
model also predicts ks, = K at the Fe thickness for
which 6 = 0°. These are the basic bounds imposed on
the fit of the anisotropy constants in our model for the
Fe/Ag(116) films. While applying the above relations
we assume Kgi, = 0.142 x Ng. meV/(surface atom) cor-
responding to the saturation magnetization of M=1725
emu/cm? in bulk Fe.

For uncovered Fe films thicker than 10 ML we take K=
1.77 erg/cm?= 0.91 meV/(surface atom) obtained as the
sum of the experimental values of K (Fe/Ag) = 0.81
erg/cm? and Ky(Fe/vacuum) = 0.96 erg/cm? found by
Heinrich et al. for the Fe/Ag(001) flat films.*6 To meet
the condition Ky = IN(dip for the film thickness Np, = 6.2
ML at which the tilting angle is § = —31.7° at T' = 300 K,
the anisotropy constant K is assumed to decrease with
decreasing the Fe thickness below 10 ML. The decrease is
described with a quadratic function in a good agreement
with the experimental trends. In particular, a rapid de-
crease of K, for the Fe thickness less than 7ML — with
K, at 3 ML dropping to around half of K at 7 ML — was
observed for flat Fe/Ag(001) films in the Brillouin light
scattering (BLS) experiment by Hicken et al.36. Also

our previous fits based on the SPLEEM measurements!6
predict a monotonic decrease of Ky and kgp, in the whole
investigated thickness range from 5.6 to 2.8 ML of Fe.

Such decrease of K can be attributed to the pres-
ence of Ag atoms on the upper surface of the Fe films so
that the anisotropy constant K for the nominally uncov-
ered Fe film becomes closer to K for the Fe film covered
with Ag. Such an explanation is supported by the find-
ing of Hicken et al*® who reported that covering Fe(3.2
ML)/Ag(001) with an Ag overlayer changes Ky by 0.025
erg/cm? only (from 0.43 to 0.405 erg/cm?) which is much
smaller than the change of K by 0.15 erg/cm? (from 0.66
to 0.51 erg/cm?) upon covering Fe(6 ML)/Ag(001) with
Ag. The segregation of Ag atoms on top of Fe/Ag(001)
films have been reported for the growth of Fe(10ML) at
elevated temperatures (500K) and for the growth of Fe
films with the thicknesses from 4 to 6 ML at 150K fol-
lowed by annealing at 500-550 K.47-48

We also assume that the two anisotropy constants kp
and K, which come into play when a Fe film is deposited
on the stepped Ag substrate, have bulk-like contribu-
tions proportional to the Fe thickness. The contributions
result from the film structure, more precisely from its
local symmetry, which is severely disturbed in each Fe
atomic layer by stacking faults which develop through-
out the Fe film thickness over each step on the Ag(116)
surface. Such defects arise due to the large vertical mis-
match of around 42% between the interlayer distances
in fcc-Ag and bee-Fe. The linear dependence of kg, on
the Fe thickness Ng. is assumed for Ng, > 10ML and
also includes a constant term corresponding to the inter-
faces of the Fe film. For thinner Fe films we allow for
deviations from the linear dependence and describe the
anisotropy constant by a quadratic function of Np, in
a similar way as we do for K. All fitted dependencies
of the anisotropy constants on the Fe thickness are as-
sumed to be continuous and to have a continuous slope.
In this way our theoretical model reproduces accurately
the tilting angle observed experimentally for uncovered
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Fe films grown on the Ag(116) substrate using the sim-
ple dependencies of the fitted anisotropy constants K
and ke, on the Fe thickness shown in Fig. 6. Note that

the plotted quantities kg, and IN(dip are scaled anisotropy
constants. The original step-induced anisotropy constant
K, = ksp tan 2acis smaller than kg, by the factor of 0.501
for Fe films on the (116) Ag substrate while the shape

anisotropy constant Kqi, is Kqip/ cos2a = 1.12I~{dip.
For Fe/Ag(116) films covered with 15 ML-thick layer
of Au, the model readily provides the values of kg, and

K equal to Kgjp for the thicknesses of Fe for which the
experimental tilting angle is 6 = a = 13.3° and 0 =
45°+a = 58.3°, respectively. At T' = 300 K, the constant
ksp has to be larger than K to keep the tilting angle
positive for all Fe thicknesses as is found experimentally,
whereas the almost vanishing tilting angle (6 = 0°) for
the Fe thickness range of 5-7 ML requires kg, almost equal
to K.

The step-induced anisotropy constant kg, of the Au-
covered Fe films is also assumed to grow linearly with
the thickness of Fe for Ng, > 10 ML due to the stack-
ing faults. The slope of the kg, linear dependence
on thickness is larger than the corresponding slope for
Fe/Ag(116), which can be attributed to different relax-
ation of the atomic structure in the interior of the Fe film
if the Au cap is present. The value of Kj is assumed to be
constant for Ng, > 10 ML but shifted downwards in com-
parison with Fe/Ag(116) to 0.65 meV/(surface atom),
which is the value measured for Au/Fe/Ag(001) by Hein-
rich et al.#6. For the Fe films thinner than 10 ML, the
best fits of K and ks, are obtained by using quadratic
functions, similarly as in the case of uncovered films. The
theoretical model based on the so obtained dependencies
of Ky and ks, on Fe thickness provides an excellent fit
to the experimental tilting angle for the Au-covered Fe
films at T = 300 K; see Fig. 7 (a,b).

Although the assumed thickness dependencies of K
and kg, anisotropy constants have physical justifications
and are supported by previous reports, one can still
achieve fairly accurate fits to the experimental § by as-
suming fixed values of Ky and ks,. In particular, the
constant values Ky = 0.8 meV and kg, = 0.6 meV
(per surface atom) reproduce the experimental tilting
angle of the uncovered Fe film with the accuracy of 5°
in the whole thickness range. For the Au-covered films,
K, = 0.35 meV and kg, = 0.45 meV lead to the theoreti-
cal dependence §(Ng.) that differs from the experimental
results by no more than 7°. One can also show, by min-
imizing the film energy, Eq. (2), that inclusion of the
bulk anisotropy has negligible effect on the tilting angle
and therefore omission of this anisotropy term is well jus-
tified. These results show that good agreement between
the theoretical model and the experiment is not a result
of specific details of the fitted dependencies and confirm
that the applied phenomenological model includes the
key ingredients needed to explain the canted magnetiza-
tion observed for films on vicinal substrate.

The fits of anisotropy constants measured at T =

13

uncovered

FIG. 8: Schematic of the magnetization easy axis
rotation for uncovered and Au-covered Fe/Ag(116) films
upon increasing the Fe film thickness, as obtained from

MOKE measurements of the tilting angle at 5 K.

300 K are the starting point for the T' = 5 K fits.
The oscillatory contributions of sinusoidal form are first
added to the room-temperature fits of K and kg, for
Ny > 7 ML followed by small constant shifts to improve
the fits; see Figs. 6 (d) and 7 (d). The extra shifts
can be attributed to the temperature dependence of the
anisotropy (or rather its part not related to the quantum
well states). With a suitably chosen phase of the Ky os-
cillations we successfully reproduce the shallow minimum
of the magnetization tilting angle for the uncovered Fe
films at around 8 ML of Fe.

Since the oscillations originate from QWS regu-
larly crossing the Fermi level with increasing the Fe
thickness*>%°, all magnetocrystalline anisotropy con-
stants (K, ksp, and also K, ) have either the same phase
or some of them oscillate in antiphase with respect to
the others. The reason for this is that originally each
anisotropy constant is defined as a difference of two en-
ergies, corresponding to two relevant magnetization di-
rections [Eq. (4)]. While the second-order perturbation
theory predicts that a quantum state (coupled to elec-
tronic states of opposite occupancy by the spin-orbit in-
teraction) gives a negative contribution to the film en-
ergy, this contribution varies with magnetization direc-
tion due to the change of the spin-orbit matrix elements
and can even vanish for some directions due to symme-
try. Therefore, the contribution of such a state to each
of the two concerned energies can be different and as a
result its contribution to the anisotropy constant defined
as the difference of these energies can be either positive
or negative. This possibility is exploited in the present
fit by assuming that the anisotropy constants K and kgp
oscillate in antiphase with increasing the Fe thickness.

The obtained fits accurately reproduce the experimen-
tal tilting angle for both Fe/Ag(116) and Au/Fe/Ag(116)
films at 5 K; see Figs. 6(c) and 7(c). The fitted oscilla-
tion period of the anisotropy constants in both samples is
4.8 ML. Note that the period of the magnetic anisotropy
oscillations observed in experiment is not constant and
changes with the Fe film thickness, from ~5.7 ML in



the thick Fe limit, down to ~4.1 ML for thicknesses be-
low 10 ML2!. Such thickness dependent oscillation period
can be ascribed to the lattice relaxation of the Fe film

50 which in consequence can modify the electronic
structure, and therefore also A5 band forming QWS. The
extrema of § at ~8.5ML, ~12.8 ML, and ~18.7 ML ob-
tained in the present MOKE measurements appear at the
same Fe thicknesses at which QWS and the anisotropy
of the orbital moment were previously observed!'6. It
corresponds to the period of ~4.3 ML and ~5.9 ML, re-
spectively, which on average gives ~5.1 ML and hence
agrees (within the experimental error 0.3 ML) with the
theoretical value of 4.8 ML.

For the Au/Fe/Ag(116) films, at T = 5 K, the fitted
oscillations of the anisotropy constants have the same
phase as for the Fe/Ag(116) films and both K and kg
are shifted upwards with respect to their RT values (and
their shifts are larger in comparison to uncovered Fe
films). The dependencies of K and kg, on thickness sat-
isfy the conditions Ky = f(dip and ke = f(dip at the Fe
thicknesses of 3.2 ML and 7.15 ML for which the specific
values of 0 = 45° + o = 58.3° and § = +«a = 13.3° are
observed, respectively.

Based on the MOKE experimental results and the fits
to the model we find that the orientation of the easy axis
at T'= 5 K approaches the direction perpendicular to the
terraces plane in the case of uncovered sample and per-
pendicular to the sample plane in the case of Au-covered
sample (i.e., along [001] and [116] crystallographic direc-
tions, respectively). Although there are no experimental
data points for uncovered films below 4 ML of Fe, previ-
ous SPLEEM results including thinner Fe films show that
the tilting angle does not change substantially within this
thickness range'®. Upon increase of the Fe film thick-
ness, the magnetization rotates continuously following
the changes of the tilting angle shown in Figs. 6 and
7. The direction of the rotation is different for the two
considered types of systems: it is anticlockwise for the
Fe/Ag(116) films and clockwise for the Au/Fe/Ag(116)
films viewed in the a+ configuration [Fig. 1(a)] as illus-
trated schematically in Fig. 8. Obviously, this rotation
direction is reversed if it is viewed in the a— configura-
tion [Fig. 4(a)]. For the thinnest measured Fe thicknesses
of uncovered and Au-covered films the magnetization di-
rections (i.e., the easy axes) are originally aligned along
[001] and [116] crystallographic directions, respectively,
and therefore divergent only by ~ 13.3°. Upon increas-
ing the Fe thickness the directions of magnetization easy
axes in the two types of films become very different and
at 5 ML are nearly orthogonal (Fig. 8). With further
increase of the Fe thickness, the two easy axes become
again close to each other as they approach in-plane di-
rection, perpendicular to the steps. Note however that
for even thicker Fe films the easy axis becomes parallel
to the step edges which corresponds to finite H,.5!

The herein reported results of the MOKE experiments
for uncovered Fe films are consistent with previous mea-
surements of domain structure with SPLEEM'6. Al-
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though the orientations of the canted magnetization in
SPLEEM experiments have been acquired in the absence
of magnetic field and at different temperature T=130K
(Fig. 2 of Ref.1%), they agree very well with the presently
obtained values of the tilting angle for uncovered sample
at T=300K (Fig. 6(b)). The comparison of the results
of the two different experiments confirms the validity of
our method for probing the canted state of magnetization
by using MOKE in longitudinal geometry.

V. EFFECT OF VARYING Au COVERAGE ON
MAGNETIZATION DIRECTION

In order to get more insight into the effect of Au
on magnetic anisotropy of the underlying FM film,
MOKE measurements were performed on 13 ML thick
Fe film covered by Au wedge. Covering with Au remark-
ably affects the Kerr ellipticity ¢! at H, [Fig. 9a(a)],
and therefore also the calculated values of the tilt-
ing angle [Fig. 9a(b)]. For uncovered part of the
Fe(13ML)/Ag(116) film the ellipticity ¢! measured at
the o~ and o™ geometries is larger and smaller, respec-
tively, than ¢ at the ol configuration. This corresponds
to the orientation of the magnetization with the tilting
angle 6 = —3°. After deposition of barely 1 ML of Au,
the relation of the Kerr ellipticity at o~ and ot with re-
spect to all is just opposite (i.e., ¢ at at is larger than
at all, while ¢ at o~ is smaller than at al). Tt means
that the magnetization, initially tilted by § = —3°, ro-
tates upon covering with Au and becomes tilted by about
0 = +3°. The tilting angle value is nearly constant with
further increase of Au thickness and starts to decrease
gradually only above 8 ML of Au. The fact that Kerr
ellipticity at ol is independent of Au thickness confirms
that the observed change of the Kerr ellipticity at o™ and
«a~ is not related to any magneto-optical effects. At 5 K
(not shown), the dependence of the tilting angle looks
qualitatively similar and no indication of the oscillatory
behavior as a function of Au thickness is found neither
for ¢ at H, nor 6.

In order to explain theoretically the changes of the
tilting angle with the increasing Au coverage we start
with the values of K and kg, fitted for the uncovered
Fe(13ML) film and the film covered with 15 ML of Au.
We also assume that the anisotropy constants change
with increasing Au thickness Na, only in the range from
0 to 2ML of Au and this dependence is linear, whereas
for the Au overlayer thicker than 2 ML the constants K
and kg, are constant and equal to their fitted values at
Nay = 15 ML. This assumption is supported by the pre-
vious experimental finding by Hicken et al3® that the
anisotropy Ks of the Ag/Fe(6 ML)(001) film decreases
almost linearly with the Ag overlayer thickness Nag if
it is less than 2ML and rapidly saturates at Ny, = 3
ML. The assumed dependences of K and kg, versus Nay
[Fig. 9a(c)] readily give the variation of ¢ with Ny sim-
ilar to the experimental dependence of the tilting an-
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gle which changes most significantly in the Au thickness
range of 0 to 2 ML [Fig. 9a(d)]. One can notice however
the difference of around 3 degrees between the experi-
ment and theory for the uncovered Fe film (Au = 0 ML).
This discrepancy is due to small deviations in the tilt-
ing angle values between different samples. By growing
several test samples with uniform Fe thicknesses we have
confirmed that even in the case of nominally homoge-
nous substrate (as confirmed by Low Energy Electron
Diffraction (LEED) and Scanning Tunneling Microscopy
(STM)), there are always tiny differences in the mag-
netic anisotropy (and therefore the tilting angle) at dif-
ferent positions of the sample/crystal. In consequence,
for the Au wedge sample shown in Fig. 9a(b), the value
of the tilting angle for uncovered Fe film (§ = —3°) is
slightly different than in the case of Fe wedge sample
from Fig. 6(b) (where for 13ML thick Fe film § = —1°).
The theoretical dependence reflects therefore what one
would expect from Au wedge sample grown on perfectly
homogenous Fe/Ag(116) surface.

The question remains whether the observed abrupt

changes of the magnetization orientation upon sub-
monolayer Au coverage depend on the Fe film thickness.
In particular, one should note that in the case of 13 ML
thick Fe film, the easy magnetization axis is oriented
along the steps and therefore, the Kerr ellipticities ¢
at H, as well as the tilting angle shown in Fig. 9a were
obtained from the split hysteresis loops, i.e., correspond
to the behavior of the intermediate axis, not the easy
axis. To confirm the effect of Au on thinner Fe film, with
canted magnetization, we report the results of SPLEEM
experiment at zero magnetic field for the 4.5 ML thick Fe
film as a function of Au coverage. The magnetic asymme-
try, shown in Fig. 10(a) for three mutually perpendicular
directions, provides information on how the easy direc-
tion of magnetization varies with the Au overlayer thick-
ness. It is observed that the magnetization for the uncov-
ered Fe(4.5 ML) films (Na, = 0 ML) is canted within the
plane perpendicular to the steps with the tilting angle of
around 6 = —73°, which agrees with the MOKE results.
Already 0.8 ML of Au causes dramatic changes in the do-
main structure and magnetic contrast is visible solely in
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the sample plane, with a strong contrast parallel to the
step edges and hardly noticeable contrast perpendicular
to the step edges. The magnetization remains oriented
along the steps until the amount of deposited Au equals
to 1.3 ML, where one can observe the magnetic contrast
in both in-plane directions: parallel and perpendicular
to the steps; state of coexisting phases is observed with
adjacent domains oriented parallel and perpendicular to
the steps. With further deposition of Au, the magneti-
zation reorients fully towards perpendicular to the step
edges direction (1.45 ML of Au) and no contrast along
the step edges is visible.

To understand this variation of the easy magnetiza-
tion direction we assume that all three MCA anisotropy
constants K, kg, and K, change linearly with the Au
overlayer thickness in the range from Nj, = 0 ML to

Nauw = 2 ML and are thickness-independent for thicker
Au overlayers; see Fig. 10(b). We again take the bound-
ary values of K and kg, at Na, = 0 and 2ML from the
previous fits for the uncovered and Au-covered Fe films
(the anisotropy constants for Ny, = 2 ML are assumed
to be the same as for N, = 15 ML). Then, also by taking
suitable boundary values of K, at Na, = 0 and 2 ML, we
find that, in some intermediate range of the Au thickness
from 0.7 to 1.3 ML, the film energy for the magnetiza-
tion parallel to the steps £ = E(6 = 90°,¢ = 90°) be-
comes lower than the minimum energy for magnetization
perpendicular to the steps Eimm) = E,(0), in a good
agreement with the SPLEEM experiment; see Fig. 10(c).

This particular switching of the easy axis is possi-
ble because the difference of the two relevant energies,

AFE = Eg_min) — E)|, comprises two terms: AE; =



(1/2)(Kaip— Ks— Kegr, 1), which grows with the Au thick-
ness for the Au-covered Fe(4.5 ML) film, and AE; = Ky,
which decreases linearly with Na,. The first term, which
is present even for vanishing uniaxial anisotropy Ky
within the terrace plane, results from the interplay of the
three anisotropy constants Kaip, K, ksp and its depen-
dence of these constants is nonlinear. The term is found
to change sign from negative to positive, thus favouring
switching the magnetization direction from perpendicu-
lar to parallel to the steps, while the tilting angle is still
large (§ =~ 60° in the case shown in Fig. 10(b)). However,
the presence of the second term can significantly change
the favoured orientation of magnetization. In particu-
lar, it can keep the magnetization perpendicular to the
steps even when the tilting angle is very small which is
the case for the considered Fe(4.5 ML) film covered with
a Au layer of the thickness of 1.45 ML and larger, like
15 ML (see Fig. 7). For this film, the superposition of
the two terms of the AE has a maximum at Na, = 0.95
ML, so that it is positive for 0.7ML < Na, < 1.3 ML
and negative outside this thickness interval which corre-
sponds to the observed sequence of switching the easy
axis orientation with respect to the direction of the step
edges when the Au thickness increases. This agreement
with the experimental results confirms the need for inclu-
sion of the finite anisotropy constant K, in the applied
theoretical model of the magnetic anisotropy for cubic
films on vicinal substrate surface though K, has been
claimed to be negligible for the bee Fe films based on the
Neel model*8:52,

VI. CONCLUSIONS

The results of this work demonstrate that well defined
canted magnetization can be achieved without applica-
tion of an external field. By taking advantage of bro-
ken symmetry of a vicinal substrate, we show that mag-
netic anisotropy of Fe films grown on the Ag(116) surface
results in the canted magnetization with its azimuthal
orientation locked within the plane perpendicular to the
step edges. The value of the tilting angle can be probed
by longitudinal MOKE and precisely tuned by changing
the thickness of Fe film and Au overlayer. This is possi-
ble thanks to continuous rotation of magnetization dur-
ing the SRT from out-of-plane to in-plane direction with
increasing thickness of Fe and the fact that the direction
of magnetization rotation can be reversed by covering
Fe films with Au layers. The change of the Fe magne-
tization direction takes place for the sub-monolayer Au
coverage, up to 2 ML of Au. At low temperatures, QWS
formed within Fe films come into play and contribute to
the magnetocrystalline anisotropy, resulting in periodic
modulations of the tilting angle, which substantially af-
fects the magnetization rotation associated with the SRT.
Employing all these mechanisms to modify the magnetic
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anisotropy of the Fe film allow for subtle adjustments of
the tilting angle and virtually any magnetization orien-
tation within the plane perpendicular to the step edges
can be achieved in a reproducible manner. Furthermore,
prior application of an external magnetic field applied
in the sample plane perpendicular to the steps allows to
choose one of the two possible canted magnetization ori-
entations along the easy axis. Then the perpendicular
component of the magnetization at remanence has oppo-
site orientations for uncovered and Au-covered ultrathin
Fe films which may be useful in magnetic nanopatterning.

The analysis of the proposed theoretical model re-
veals that the ferromagnetic system grown on vicinal sur-
face can only be fully described if two additional, step-
induced, anisotropy constants are included in the mag-
netic anisotropy energy of the film. The model repro-
duces the experimental findings and predicts that the su-
perposition of the shape anisotropy and the MCA terms
due to the film surface and steps leads to an effective
uniaxial anisotropy within the vertical plane perpendic-
ular to the step edges. The tilting of magnetization,
aligned along the effective easy axis, arises due to the fact
that for films on vicinal substrates the easy axes of the
shape and perpendicular magnetocrystalline anisotropies
are not perpendicular to each other since they are ori-
ented perpendicularly to the sample surface and the ter-
race planes, respectively. As a result, SRT takes place
over a thickness interval of around 3 ML, several times
wider than for films on flat substrates where the magne-
tization tilting is possible at SRT due to a small bulk
anisotropy term competing with the effective uniaxial
anisotropy whose easy axis is parallel or perpendicular
to the film surface.2324 For films on vicinal substrates,
the tilting angle is significantly affected also by the step-
induced anisotropy term with the easy axis oriented at
45° or —45° to the terrace plane. The presence of this
term is crucial for explaining why the direction of mag-
netization rotation with increasing the film thickness is
reversed upon covering the stepped Fe films by Au.

The presented methods allow for fine engineering of
canted magnetization state and can be beneficial for con-
trol of the magnetization direction via voltage or optical
pulses since tilted magnetization provides an additional
torque and reduces the external energy required to switch
the magnetization.
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