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Thickness-driven polar spin reorientation transition in ultrathin Fe/Au(001) films
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The magnetic properties of ultrathin Fe films grown on Au(001) were studied at room temperature as a
function of iron thickness in the range of two to three Fe monolayers (ML). The magneto-optic Kerr effect
(MOKE) indicated that a spin reorientation from an in-plane direction to the film normal direction takes place
when the iron thickness is reduced from 2.3 to 2.0 ML. Values of the effective magnetic anisotropy constants
were determined from MOKE and superconducting quantum interference device measurements. The flow
analysis of the effective anisotropy constants in anisotropy space revealed that the transition occurs via an

intermediate state of canted magnetization.
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I. INTRODUCTION

Thickness-induced spin reorientation transitions (SRTs),
which occur in many ultrathin ferromagnetic films, are of
special interest not only for basic research but also for appli-
cations. The most common of these is the so-called “polar
SRT,” which is a spin reorientation from an in-plane direc-
tion to an out-of-plane direction that is observed when the
film thickness is reduced below a critical value. Within a
simplified picture, this spontaneous reorientation can be ex-
plained as the result of an outweighing of the thickness-
dependent volume contribution to the effective anisotropy of
the system by surface anisotropy, whose contribution in-
creases with decreasing thickness. The volume part is domi-
nated by a shape anisotropy that strongly supports magneti-
zation parallel to the film plane, whereas the surface
anisotropy (being a result of a broken local symmetry at the
surface and/or at the interfaces) favors a perpendicular ori-
entation, so that below a critical thickness, the effective an-
isotropy forces magnetization along the film normal direc-
tion. Such a situation is commonly referred in the literature
as “perpendicular surface anisotropy.” The effective aniso-
tropy can be described by the well-known phenomenological
expression proposed by Gradmann,'

. - K5
Kleff:K1V+ le

K\'=K"-2aM}2, (1)

where K ° is the surface contribution (with dimensions of

energy per unit surface), K \V (energy per unit volume) is the
volume contribution that includes the shape anisotropy term
(—277Mf) and ¢ is the film thickness. It has to be noted that,
for a few monolayer thick films, a discrete approach to the
shape anisotropy is necessary that results in additional con-
tribution to the surface anisotropy K 1S.2 However, this is not
essential for the present investigation, since in the paper we
do not discuss separation of the magnetic anisotropy to the
different contributions but we analyze the thickness depen-

1098-0121/2010/81(6)/064421(7)

064421-1

PACS number(s): 75.70.—1i, 75.30.Gw, 75.50.Bb

dence of the effective anisotropy constants. At the critical
thickness, the volume and surface anisotropy contributions
cancel each other, and the effective anisotropy is literally
zero. According to the Mermin and Wagner theorem, in such
a system at the critical point, long-range magnetic order
should no longer be observed.> However, many experiments
have shown (e.g., Refs. 4 and 5) that the SRT is influenced
by higher-order anisotropy terms and that the behavior of the
system in the vicinity of the critical thickness is controlled
by the next nonvanishing contribution to the free-energy den-
sity.

Many experimental works have addressed the thickness-
driven polar SRT phenomenon for various systems such
as fcc  Fe/Cu(001)," bec Fe/Ag(001),”16-18  hep
Co/Au(111),%19-25 and many others (for a recent review, see
Ref. 26). Although Fe/Au(001) and Fe/Ag(001) systems are
similar in structure and although the SRT of silver-supported
iron layers has been widely investigated, little attention has
been given to the polar SRT within gold-supported iron
films.?®?7 This situation most likely arises because for the
Fe/Au(001) system, SRT is expected to occur at an extremely
low thickness, which is difficult to experimentally investi-
gate. Comparing the two systems, the room-temperature
critical thickness for Fe/Ag(001) is around 7 monolayers
(ML),'® whereas for Fe/Au(001), it is below 3 ML.2” This
stems from the fact that the perpendicular interface aniso-
tropy for iron on silver is nearly twice as large as that for
iron on gold [0.81 and 0.47 ergs/cm?, respectively, as com-
pared to 0.96 ergs/cm? for Fe(001)/vacuum].?® Although
Brockmann et al. examined the Fe/Au(001) system as a
function of the Fe thickness, that work concerned an in-plane
SRT that is observed for thicker films, around 7 ML.? To the
best of our knowledge, there has been only one previous
work dedicated to the anisotropy study as a function of iron
thickness for Fe/Au(001) in the polar-SRT thickness range.?’
Using the magneto-optic Kerr effect (MOKE), Liu et al. ob-
served an in-plane easy axis even in the monolayer regime
for Fe films grown at room temperature (earlier experiments
showed the same—Refs. 30 and 31), whereas for the 100 K
growth, the easy axis was along the film normal direction for
films thinner than 2.8 ML. Since until now, no systematic
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studies of the polar SRT for Fe/Au(001) have been under-
taken, the present work was intended to complete this experi-
mental gap.

Notwithstanding the lack of thorough studies of aniso-
tropy, the Fe/Au(100) system has been a subject of numerous
investigations concerning its structural, e.g., Refs. 32—-43 and
magnetic, e.g., Refs. 27, 29-31, 42, and 44-50 properties. It
often plays a role as a model system for different theoreti-
cally predicted phenomena, such as the existence of ferro-
magnetism on an atomic level,>' quantum wells,’? or inter-
layer exchange coupling through a nonmagnetic spacer.’>~>>
Fe monolayers grown on Au(001) have been cited as a model
two-dimensional ferromagnet.® Fe films on Au(001) are
only weakly strained due to the nearly perfect one to one
lattice match of the bee Fe(001) to fec Au(001) lattice spac-
ing (mismatch: 0.6%). The growth of Fe on Au(100) has
been found to proceed via a layer-by-layer mode,*® despite
the unfavorable surface-energy relations between iron and
gold. Due to the surface segregation of gold, the iron films
are covered with a gold monolayer, which acts as a surfac-
tant. It lowers the surface energy of the growing film and
thereby prevents the formation of islands,?*”>7 as has been
confirmed by numerous experimental techniques over a wide
thickness range.’3-#1"257 On the other hand, the process of
gold segregation is very sensitive to the preparation condi-
tions (substrate temperature and deposition rate), which may
lead to subtle differences in the morphology and composition
of this apparently flat and perfect system.*?

In the present paper, we report systematic investigations
of the magnetic anisotropy of this system as a function of the
Fe layer thickness around the polar SRT critical thickness,
based mainly on MOKE measurements. This simple and
well-established technique® has a surface sensitivity in the
submonolayer range. The small area of the laser beam allows
for studies of laterally inhomogeneous samples, which is ex-
tremely advantageous when experiments are carried out as a
function of the film thickness. Instead of a series of samples,
only one sample can be used in a MOKE experiment, with
the thickness varying during a single preparation run in a
continuous (a wedge form) or step fashion. In this way, the
problem of irreproducibility of the deposition conditions is
eliminated.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Ultrathin Fe/Au(001) films were grown by molecular-
beam epitaxy under ultrahigh-vacuum (UHV) conditions
(base pressure below 1X 107! mbar). Polished MgO(001)
crystals, 1 mm thick, were used as substrates. A 200-A-thick
Au(001) buffer layer was deposited in a multistep process, as
described in detail elsewhere.* The (001) orientation of gold
was forced by a 40 A Cr seed layer directly deposited at
100 °C on a thermally cleaned MgO substrate. On the
Au(001) surface, iron was deposited at room temperature as
a stepped film, with the Fe thickness changing from 2 to 3
ML (1 Fe ML is equivalent to 1.435 A), e.g., in the thick-
ness range of the expected spin reorientation transition. The
thicknesses of the successive steps were 2.0, 2.3, 2.5, 2.7,
and 3 ML, and their width was 2 mm. Additionally, a uni-
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FIG. 1. (Color online) Right column: LEED patterns collected
for: (a) Au(001) buffer layer, (b) 2.0 ML of Fe, and (c) 3.0 ML of
Fe. The energy of the incident electron beam is given for each
pattern. Left column: [(d) and (e)] topographic STM images for
~2.5 ML of Fe grown on Au(001) with cross section taken along
white line.

form reference sample with an Fe thickness of 3 ML was
prepared. The uncertainty of the thickness as determined by
quartz monitor indication was 0.1 ML. The as-deposited
samples were covered with a gold protective layer (30 A) to
allow for ex situ measurements. The chemical purity of the
sample surfaces and their structural order were controlled at
each preparation step by Auger electron spectroscopy and by
low-energy electron diffraction (LEED), respectively. The
growth of iron could be characterized by scanning tunneling
microscopy (STM) in a separate UHV system.?”

The LEED pattern collected for the surface of the
Au(001) buffer layer is shown in Fig. 1(a). The image indi-
cates a high-quality, well-organized surface with typical (5
X 1) reconstruction. A detailed description of the so-called
Au(001)-hex reconstructed surfaces, obtained via the same
procedure, is presented elsewhere.>® The Au reconstruction
was lost during the subsequent deposition of iron at a cover-
age of about 0.6 Fe ML. Examples of diffraction patterns for
2.0 and 3.0 ML of Fe are shown in Figs. 1(b) and 1(c). LEED
patterns collected from the stepped sample for the successive
Fe thicknesses exhibited similar surface structures and good
epitaxial quality for the in-plane Fe[100] direction parallel to
Au[110]. However, increased diffusive background and dis-
tinct broadening of the diffraction spots at certain energies
indicate an increased level of roughness, as compared to the
Au substrate. Indeed, STM images for ~2.5 ML Fe, pre-
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sented in Fig. 1, confirm this observation. The 200
X200 nm? topographic scan [Fig. 1(d)] shows that the sur-
face of the iron film reflects topography of the gold substrate
with characteristic monatomic step edges along (110) direc-
tions of Au. It is also seen that on the atomically flat Au
terraces, tens-nanometer broad, Fe forms a much finer,
nanometer-size inhomogeneities covering about 50% of the
surface. At a higher magnification [Fig. 1(e), 40 X40 nm?]
the inhomogeneities can be identified as roughness resulting
from nucleation of small monatomic areas of the growing Fe
film. A surface cross section marked by white line in Fig.
1(e) demonstrates vertical distances typical for monatomic
Fe(001) steps (app. 0.15 nm) that corresponds to the height
levels exposed during the growth of Fe. The growth is close
to layer by layer. For the 2.5 ML film, the overwhelming
surface contribution comes from two height levels, which
means that the two-monolayer base of Fe is almost continu-
ous. The average size of the lateral roughness resulting from
noninteger number of layers and small deviation from the
layer-by-layer growth is estimated as 5 nm. It should be
noted that the presence of a gold monolayer on the imaged
surface is plausible.”

The LEED images taken for the Au capping layer re-
sembled the image of Fig. 1(a), indicating a structural coher-
ence of the system. The hex reconstruction reappeared after
the deposition of 2 Au ML.

III. MAGNETIC MEASUREMENTS AND DISCUSSION

The magnetic properties of the ultrathin Fe/Au(001) films
were investigated as a function of thickness by observing the
ex situ magneto-optical Kerr effect at room temperature with
polar and longitudinal geometries. The light source was a
He-Ne laser (632 nm) with a 0.1-mm-diameter light spot. To
determine the saturation magnetization of the 3 ML Fe ref-
erence sample, superconducting quantum interference device
(SQUID) measurements were carried out with an external
magnetic field in the film plane and along the film normal
direction.

Figure 2 presents the MOKE loops measured for the suc-
cessive Fe thicknesses with the magnetic field applied in
plane, along the Fe[100] direction (longitudinal geometry—
right-hand side of Fig. 2), and out-of-plane (polar
geometry—Ileft-hand side of Fig. 2). The in-plane (100) di-
rections of Fe was checked to be the iron easy magnetization
directions for longitudinal geometry, in agreement with a
Bader and Moog* work on Fe/Au(001) and bulk properties
of iron as well. It is worth mentioning that in our investiga-
tions of the polar spin reorientation process the weak four-
fold in-plane magnetic anisotropy could be neglected. As the
Fe thickness decreases from 3.0 to 2.3 ML, the character of
the loops does not change. Rectangular loops with full rema-
nence magnetization in the longitudinal geometry, typical for
an easy direction, and zero-remanence loops for the polar
configuration indicate that the effective anisotropy is domi-
nated by the in-plane anisotropy for this thickness range.
According to the commonly used sign convention for the
free-energy density, E,=—K leff cos® 6 (@ is the magnetiza-
tion polar angle), the effective anisotropy constant K leff , in
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FIG. 2. Polar and longitudinal MOKE loops measured in the
range of the spin reorientation transition for successive iron thick-
nesses between 3.0 and 2.0 ML. The hard loops are presented with
corresponding simulated curves.

the case of in-plane easy axis, is negative. For this thickness
range, the negative shape anisotropy dominates. The absolute
value of K leff “gradually diminishes as the Fe layer thickness
decreases, as a result of an increasing positive surface con-
tribution that favors out-of-plane magnetization. This effect
is manifested by a decrease in the anisotropy field H, (the
magnetic field that saturates sample along a hard direction)
with decreasing film thickness, which is shown in Fig. 3. A
reduction in the film thickness by less than 1 ML reduces the
in-plane saturation field by nearly 1 order of magnitude, as
seen in Table I.

For 2.0 ML of Fe, the MOKE measurements show a
qualitative change with respect to the data taken for thicker
films. An easy loop for out-of-plane and a hard loop for
in-plane field configurations indicate that the easy axis in this
case points along the film normal and that the effective an-
isotropy constant is now positive. This means that the spin
reorientation transition from in plane to out of plane for Fe/
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FIG. 3. Anisotropy field H, derived from the hard-axis MOKE
loops as a function of the nominal Fe layer thickness.

Au(001) takes place in the thickness range between 2.0 and
2.3 ML.

Simulations of the magnetization loops that best repro-
duce the measured hard loops enabled a quantitative deter-
mination of the anisotropy constants of the investigated sys-
tem. In order to reproduce the shape of the experimental
curves, a higher order of the effective anisotropy constant
K, defined analogously to K,“’, compare Eq. (1) had to
be taken into account. The simulations were based on a
simple one-domain model, in which a magnetic layer is de-
scribed by saturation magnetization M, and effective aniso-
tropy constants K,“/ and K,%/. By minimizing the density of
the free energy,

E(6) = — M ,H cos(0- 6y) — K, cos> - K, cos* 6
(2)

the equilibrium configuration € of the layer magnetization
was determined as a function of the magnetic field H. The
angles in Eq. (2) are polar angles and 6, indicates the direc-
tion of the applied magnetic field. In the simulations, M was
treated as fixed parameter. It should be noted that this proce-
dure can find local energy minima, which allowed hysteretic
loops to be obtained.

The value of the saturation magnetization M, for the 3
ML Fe film was determined experimentally from the refer-

TABLE 1. Saturation magnetization M,, anisotropy constants
K leff and Kzeff , and anisotropy field H, for decreasing thickness of

iron films on Au(001)-hex. H“L=|2K%4K2 HJ':%KI. The symbols L
and | represent the magnetic field orientation perpendicular and

parallel to the film surface, respectively.

Tre M, K\ K, H,

(ML) (emu/cm?)  (erg/cm?) (erg/cm?) (Oe)

3.0 1000280 -91+10X 104 -7.0+0.8X10* 21001001
27  884+166 -67+15X10* —-6.0+13x10* 1780+90.L
25 806+171 —-42+11X10* -4.0+1.0x10* 1250+60.L
2.3 729177 -7.1+2.0Xx10* -1.30+0.37x10* 270+15L
20 613+186 +1.7+0.5X10* —0.40+0.12Xx10*  55=3|
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FIG. 4. SQUID magnetization loops for 3 ML of Fe measured at
room temperature for in-plane (upper panel) and out-of-plane
(lower panel) magnetic field configurations.

ence sample via SQUID measurements for both field con-
figurations. The results of the SQUID magnetometry are
shown in Fig. 4, yielding the value of M
=1000+ 80 emu/cm?. To estimate the M, values for thinner
Fe films, we used a linear M (¢) dependence, assuming, for
films between 3.0 and 2.0 ML, a slope of
-250+20 emu cm™ A~!, in agreement with our Mdssbauer
data*>*® and with magnetization measurements for the
[Fe(t A)/Au(12 A)], system by Honda er al.*’ Estimates
of the M, values for the iron thicknesses under discussion are
listed in Table I.

Values of the anisotropy constants K,“/ and K, ob-
tained from the aforementioned simulations of the hard di-
rection MOKE curves are also shown in Table 1. The experi-
mental and simulated curves are compared in Fig. 2. The
necessity of taking into account a higher-order contribution
to the anisotropy energy indicates that the SRT in the Fe/
Au(001) system is not a simple magnetization switching be-
tween the in- and out-of-plane configurations but must be
much a more complex process.

In this case, following Millev and Kirschner® and Oepen
et al.,* the SRT problem can be elegantly analyzed in the
anisotropy space that is spanned by the anisotropy constants
K,“" and K,*. Minimization of the anisotropy free energy,

E,=—K,% cos® §— K, cos* g+ - - (3)
with respect to 6 distinguishes three magnetization states: (i)

with perpendicular (6=0), (ii) in plane (#=/2), and (iii)
canted easy axes (##0,7/2). An analysis of the SRT in

064421-4



THICKNESS-DRIVEN POLAR SPIN REORIENTATION...

coexistence

W in-plane & vertical K>
>=-K; W

vertical

N/

| 0 90°

in-plane

canted

FIG. 5. Anisotropy space spanned by the anisotropy constants
K lgff and Kzeff " (after Refs. 3 and 59). Areas marked by horizontal,
vertical, canted, and criss-crossed lines correspond to phases with
spontaneous in-plane, perpendicular, and canted magnetizations and
to phases of coexistence, respectively. The insets show energy de-
pendencies on the angle # characteristic for the distinguished re-
gions. The straight lines (with arrows) across the anisotropy space
represent three possible scenarios of the spin reorientation transition
for a linear thickness-driven evolution of anisotropy constants: (1)
through the point with zero anisotropy, (2) through a canted phase,
and (3) through the area of phase coexistence.

anisotropy space is shown in Fig. 5. For positive Kleff , the
magnetization is perpendicular when Kz"ff >—%K fff or
canted when K, < —%K . For negative K, values there
is an in-plane magnetization phase for Kzeff <—%K fff , while
for Kzeff >—%K leff , the perpendicular and in-plane magneti-
zation phases coexist as a consequence of two local minima
for the anisotropy energy given by Eq. (3).

K,“" and K,*’ depend on the layer thickness , and
changes in this driving parameter between the initial and
final state force the system to evolve along a specific trajec-
tory in anisotropy space (so-called thickness-driven aniso-
tropy flow*®). When Gradmann’s relation [Eq. (1)] for K,%"
and Kzeff holds, the trajectory is linear and there are three
possible scenarios for the SRT, as shown in Fig. 5: (1) trivial
(but rare), through the origin of anisotropy space, (2) through
a canted phase with an easy magnetization cone, and (3)
through the coexistence of perpendicular and in-plane
phases. Provided that the effective anisotropy constants have
been experimentally determined, the SRT type can be de-
rived by means of anisotropy space analysis.

It must be noted that the phenomenological Gradmann’s
relations [Eq. (1)] for K, and K,*" are not directly appli-
cable to films in the range of a few monolayers, and in our
case, the determination of the surface and volume anisotropy
constants Kg and Ky has no physical meaning. However, a
linear dependence of K,“’t and K,“'t on t should be ex-
pected when taking into account the following arguments: (i)
the considered Fe thickness range is only 1 monolayer (2.0—
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FIG. 6. The values of K,’t and K,*’t obtained from the fitted
hard-axis MOKE loops and corresponding linear regressions
(straight lines) as a function of the Fe layer thickness 7.

3.0 ML), (ii) a film with a fractional number of monolayers
is actually realized (for ideal layer-by-layer growth) as a
combination of layers with two consecutive integer numbers
of monolayers, and hence, (iii) the anisotropy energy per unit
surface for a film with a fractional number of monolayers is
a weighted average of the values for the two layers consist-
ing of the integer numbers of monolayers, and by simple
arguments (within a single-monolayer thickness range), it
scales with the actual film thickness. The experimental de-
pendencies of K,“’t and K,*'t on t are shown in Fig. 6.
Indeed, they can be best fitted by straight lines, evidencing
the layer-by-layer Fe growth promoted by the surfactant role
of gold.

Finally, Fig. 7 shows the anisotropy constants for succes-
sive iron thicknesses plotted in anisotropy space (K leff ,
K,“f). Such a representation is free from errors of thickness
determination. Obviously, the points lie on a straight line as a
consequence of the linear dependence of K/t and K,*'t on
t. The trajectory displays the mechanism of the thickness-
driven SRT, showing that it occurs via a very narrow area of
the easy cone state.

Explanation of the microscopic origin of higher-order an-
isotropy term is beyond our phenomenological treatment of
the problem. We can only speculate that Kzeff (regardless of
its volume or surface nature) originates mainly from lateral
inhomogeneities connected with the effect of noninteger
thickness superimposed on the atomic-scale roughness aris-
ing from the deviations from the layer-by-layer growth.

Such lateral inhomogeneities can lead to coexistence of
areas with opposing magnetic tendencies due to different
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FIG. 7. Experimental values of K%/ and K,%" plotted in aniso-
tropy space for Fe layers in the thickness range of 2.0-3.0 ML. The
straight line through the experimental points corresponds to the
thickness-driven evolution of the anisotropy constants and indicates
that the SRT from the in-plane to out-of-plane easy direction occurs
via the area of a canted phase. The insets show the character of the
anisotropy energy for the respective areas of the anisotropy space.

thicknesses of these regions. As in our case, for 2 ML areas,
local anisotropy favors out-of-plane magnetic order whereas
for 3-ML-thick Fe patches, an in-plane easy axis is expected.
In such a system, if the lateral scale of the local film thick-
ness inhomogeneities is smaller than the exchange length
[~20 nm for Fe (Ref. 26)], the canting of the magnetic mo-
ments, and not the phase coexistence, is the way to lower the
total magnetic energy. The canting can be accompanied by
deviations from collinear order, understood as certain angu-
lar distribution of the magnetization direction around an av-
erage canting angle.”® As it was calculated by Jensen et al.,
such noncollinearities contribute to Kz"ff “with always nega-
tive sign favoring continuous polar SRT.?® It should be noted
that noncollinear order has collective character and a phase
with a strictly perpendicular magnetization in some parts of
the system, and a canted or an in-plane one in other parts,
does not exist. In case of the investigated films the average
scale of lateral roughness derived from the STM studies is of
nanometer size while the vertical one compares to the inter-
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atomic distances in Fe(001). According to Jensen’s calcula-
tion for such roughness parameters the angle difference be-
tween magnetic moments of neighboring Fe areas is small
(smaller than a few degrees) (Ref. 26) and thus, the system
can be treated as a collinear one, described by an angle
which is the average throughout all the spins.

IV. CONCLUSIONS

A perpendicular anisotropy was detected for the room-
temperature grown ultrathin Fe films on Au(001) hex.
MOKE measurements showed that the thickness-induced
SRT in this system is not a simple process, which takes place
for a discrete Fe thickness when the first-order effective an-
isotropy constant zeros (K,“/=0) but it is driven by higher
terms of anisotropy and undergoes gradually, nonetheless in
a narrow thickness range between 2.3 and 2.0 ML in the
presence of an intermediate state. The numerical analysis of
the experimental MOKE and SQUID magnetization curves
gave a precise determination of the thickness dependence of
the anisotropy constants K fff and Kzeff . The interpretation of
the SRT in the anisotropy space enabled unambiguous selec-
tion between various SRT scenarios and revealed that the
transition undergoes through an easy cone magnetization
state. The origin of the intermediate canted magnetization
state that is concluded from the experiment can be attributed
to lateral structural inhomogeneities that arises from nonin-
teger number of the investigated layers and small deviations
from the layer-by-layer growth. Due to existence of areas
with specific thicknesses that trigger contrary magnetic local
anisotropies a canted order emerges.
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