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We have experimentally determined the magnitude of the in-plane magnetocrystalline anisotropy of mon-
atomic Fe steps on the surface of nanopatterned Fe/Ag�001� films. The films have been nanopatterned by the
ion-sculpting technique, in which grazing-incidence ion sputtering is exploited to induce the formation of
nanometer-scale surface ripples oriented along the ion-beam direction. We quantitatively assessed the ripple
morphology in order to determine the density of Fe monatomic steps parallel to the ripple ridges. By corre-
lating the morphology with the measured uniaxial magnetic anisotropy, we obtained the strength of the mag-
netocrystalline anisotropy of Fe monatomic steps �u

mc= �6.5±1.5��10−10 erg/cm.
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I. INTRODUCTION

The magnetocrystalline anisotropy energy of atoms lo-
cated at low-coordinated crystal sites strongly differs from
the one of fully coordinated bulk atoms.1–10 In the case of
low-dimensional, nanometer-sized magnetic systems, for
which the relative abundance of low-coordinated interfacial
atoms can be made arbitrarily large, the overall anisotropy
can be completely determined by the atoms located at the
spatial boundary of the system itself.

Magnetocrystalline anisotropy is a subtle quantity involv-
ing energy differences much lower than the total electronic
energy of the system. In magnetic nanostructures, symmetry-
breaking effects due to the presence of spatial boundaries
further complicate its evaluation. Thus, theoretically model-
ing the magnetic anisotropy energy of low-dimensional sys-
tems remains a challenging task.3,4 To this end, the availabil-
ity of reliable experimental data greatly contributes to the
possibility of delving deeper into the subject, allowing a
meaningful comparison with existing theoretical models.

Recently, the anisotropy properties of ensembles of mag-
netic atoms deposited onto various nonmagnetic surfaces
have attracted considerable interest. Experiments have ad-
dressed monatomic-height wires, stripes, and islands.5,7–9 A
natural extension of the above-mentioned investigations is to
address the magnetic anisotropy of low-coordinated atoms
located at the spatial boundary of thicker and more extended
magnetic systems. Besides the well-known studies of the
surface-type anisotropy in ultrathin films,1,2 the anisotropy
properties of monatomic steps at the surface of ultrathin
magnetic films also attracted a great deal of interest in the
past.11–15 More recently, such an interest has been renewed,
thanks to the possibility of addressing the step-induced an-
isotropy with higher precision in aptly fabricated magnetic
nanostructures.10 In detail, nanostructures fabricated by the
ion-sculpting technique appear as promising systems for this
type of study.6,10 In the ion-sculpting technique, the interac-
tion of a grazing-incidence defocused ion beam with an ep-
itaxial film induces the self-organization of nanometer-scale
surface ripples oriented along the projection of the ion-beam

direction on the surface �see Fig. 1�.16,17 At the atomic scale,
the ripple formation leads to the arrangement of monatomic
steps preferentially oriented along the ripple ridges, giving
rise to a clearly observable uniaxial magnetic anisotropy.6

Under appropriate conditions, for this type of system, the
magnetocrystalline anisotropy due to atomic steps can be
selectively measured.6,10

In this article, we report an experimental study of the
in-plane uniaxial magnetic anisotropy induced by monatomic
steps aligned along the �100� direction at the surface of ul-
trathin Fe/Ag�001� films, nanostructured by the ion sculpt-
ing technique. The Fe/Ag�001� system was chosen as a pro-
totypical example of bcc-Fe-based low-dimensional system,
whose morphological and magnetic properties have been
thoroughly addressed.2,13,18–22 In this work, we exploit the
correlation between the nanosized ripple morphology and the
magnetic anisotropy to determine the magnitude of the mag-
netocrystalline anisotropy due to monatomic steps ��u

mc� at
the surface of Fe/Ag�001� films. Our estimate of �u

mc is
smaller by 2 orders of magnitude with respect to the previ-
ously accepted value, measured from vicinal films.13 The
physical origin of such a discrepancy is discussed on the
basis of recent work,14 which highlights possible limits of the
vicinal-surface approach.

II. EXPERIMENT

The experiments have been performed under ultrahigh
vacuum conditions �base pressure lower than 1�10−10

mbar�. Magnetic properties have been studied by the
magneto-optical Kerr effect �MOKE� in longitudinal con-
figuration, whereas morphological properties have been ad-
dressed by low-energy electron diffraction with spot profile
analysis �SPA-LEED� �1000 Å coherence length� and Auger
electron spectroscopy �AES�.

The Ag�001� substrate was prepared by cycles of sputter-
ing with 1 keV Ar+ ions and annealing at 800 K until a sharp
LEED pattern was observed and all contaminants were found
below the AES detection sensitivity. Iron films of variable
thickness have been deposited at normal incidence in order

PHYSICAL REVIEW B 75, 054407 �2007�

1098-0121/2007/75�5�/054407�7� ©2007 The American Physical Society054407-1

http://dx.doi.org/10.1103/PhysRevB.75.054407


to prevent any growth-induced magnetic anisotropy.23 Fe
grows on Ag epitaxially,19 with crystallographic orientations
�100�Fe� �110�Ag and �001�Fe� �001�Ag �we will henceforth re-
fer to the crystallographic orientation of the Fe bcc unit cell�.
The film thickness has been calibrated by the observation in
the curves of longitudinal MOKE versus deposition time of
the spin reorientation transition.24,25 The thickness uncer-
tainty is of the order of ±5%. In this article, we will focus on
24-ML-thick Fe films, deposited via a two-step procedure.
The first 10 ML are deposited with the substrate held at
300 K; the temperature is then sharply raised to 510 K and
maintained constant during the ongoing deposition until the
desired thickness is achieved. The initial growth temperature
of 300 K has been explicitly chosen to make contact with the
experimental data of Ref. 24 and to induce a mild segrega-
tion of Ag, in order to take advantage of its surfactant prop-

erties in the 510 K growth step.18,22 LEED measurements
show that extremely flat Fe films, free of any detectable
long-range lateral periodicity, are grown by means of this
procedure.

The Fe films have been sculpted by irradiation with 1 keV
Ar+ ions at an incidence angle of 70° from the surface nor-
mal and along the �100� direction. A sketch of the experi-
mental geometry is depicted in the top part of Fig. 1. The ion
sputtering has been performed with the sample held at 350 K
and with an ion current impinging on the sample of about
1.1 �A. MOKE and SPA-LEED measurements reported here
have been performed in situ at 350 K and room temperature,
respectively.

III. RESULTS

A. Morphology

The film morphology as a function of the ion dose has
been characterized via a combination of SPA-LEED and
AES data. The LEED pattern of as-deposited films did not
show any detectable long-range periodicity due to hillock
formation,20 and exhibited a very sharp and intense Bragg
peak in the in-phase conditions with very low background,
indicative of a smooth surface with very low uncorrelated
roughness. AES spectra of the as-deposited films exhibit the
expected Fe peaks and an intense Ag peak. The evolution of
such Ag peak during sputter depth profiling allows us to
ascribe it to Ag atoms segregated at the surface and partly
dissolved in the interior of the film.20,22 Quantitative analysis
of the spectra allows us to determine that approximately 0.75
ML of Ag is segregated at the surface of the film, whereas
the Ag concentration within the film is found to be below
5%, in agreement with Ref. 20. The segregated Ag was com-
pletely removed after irradiation with an ion dose ��� larger
than 2 MLE �1 MLE=1.2�1015 ions/cm2�.

In Fig. 1, three representative sets of one-dimensional
SPA-LEED k-space profiles of the �00� Bragg peak along the
�010� direction are plotted at increasing ion dose �panels
a–c�. Constructive �in-phase� and destructive �out-of-phase�
interferences from the exposed terraces are defined, respec-
tively, by integer and half-integer values of the vertical scat-
tering phase Sz=kzd /2�, with kz as the vertical momentum
transfer and d=0.143 nm as the Fe montomic step height.26

In the following, the parallel scattering vector k� will be ex-
pressed in percent units of the first Brillouin zone �% BZ�
along the �010� direction.

Figure 1�a� shows a diffraction profile of the �00� spot
after patterning the initially flat Fe/Ag�001� film with 1
MLE of Ar+ ions, following the procedure reported in Sec.
II. A ripple corrugation elongated in the �100� direction is
formed, as revealed by the analysis of the diffraction profile,
which shows the presence of two pairs of satellites. The in-
ner ones, whose position q0 is independent of Sz, provide the
lateral periodicity of the ripple �=2� /q0, which reads 5 nm
for this dose, while the outer ones are due to the presence of
regular step arrays �and facets� along the �100� direction.
When moving toward an out-of-phase diffraction condition,
the outer satellites dominate the diffraction pattern and their
splitting increases linearly with Sz, providing a measure of

FIG. 1. �Top part� Experimental geometry and schematic of the
ripple structure. Crystallographic orientations refer to the bcc unit
cell of Fe. �Bottom part� Panels a–c: SPA-LEED k-space cuts mea-
sured along the �010� direction for an ion dose of �a� 1 MLE, �b� 2
MLE, and �c� 3 MLE. Open circles and diamonds at the bottom of
panels a, b, and c represent the k-space position of the lateral cor-
relation satellites and the facet satellites, respectively. Panel d: ion-
dose dependence of the ripple wavelength � �open squares� and the
facet slope � �full squares�. The solid line is a linear fit to the
ion-dose dependence of the facet slope.
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the average facet slope ���. The open circles and diamonds
at the bottom of panels a, b, and c represent, respectively, the
k-space position of the satellite peaks due to the lateral cor-
relation and the facets, while the vertical dashed lines are
drawn at k� =q0. We notice that no satellite peaks were ob-
served for azimuthal cuts along �100�, clearly indicating that
elongated ripples were formed. Increasing the ion dose to 2
MLE �Fig. 1�b��, we observe that the relative intensity of the
Bragg peak has decreased with respect to the case of Fig.
1�a�, a clear signature of the increase of the surface rough-
ness of the Fe film induced by the ion-sculpting process.
Despite the increase of diffuse scattering, we can still clearly
observe in the azimuthal cuts the lateral correlation satellites,
giving a value of ripple wavelength of 6 nm, and the facet-
induced peaks. After sputtering with an ion dose of 3 MLE
�Fig. 1�c��, the Bragg peak has almost completely decayed
even for nearly in-phase conditions at Sz=2.9, confirming the
observed increase of surface roughness. Even in the presence
of increased diffuse scattering, we can still extract from the
data a ripple wavelength of 8.3 nm, and clearly observe well-
defined facet peaks. At even larger ion dose �not reported in
the graph�, we detect a further increase in the uncorrelated
background, which gradually prevents a clear identification
in the diffraction pattern of the satellites originated by the
lateral ripple correlation. Thus, at 4.5 MLE, a ripple wave-
length of 8.8 nm is still observable, whereas at 6 MLE, the
background prevents a clear assessment of the wavelength.
Instead, facet peaks remain still clearly discernible up to an
ion dose of 6 MLE. The ion-dose dependences of both the
ripple wavelength and the facet slope are reported in Fig.
1�d� as open and solid squares, respectively. According to the
data reported in Fig. 1�d�, both facet slope and ripple wave-
length show the tendency to increase with increasing ion
dose, similar to that observed in ion sculpting of single
crystals.6,16,17 The wavelength � for the explored ion doses
lies in the 5–10 nm range, whereas the ripple slope slowly
increases from approximately 11° at 1 MLE to 14° at 6 MLE.

Data show a substantial analogy between the effects of
ion sculpting of thin films and of the single-crystal
surfaces.6,16,17 Thus, we can infer that for the Fe/Ag�001�
system in the very low-dose regime �approximately below
2–3 MLE�, a transition from the random stacking of adatom
and vacancy clusters, produced after the single ion impact
events, to the well-developed ripples takes place. The anal-
ogy is also expected to hold in the intermediate regime be-
tween 2–3 and 6–7 MLE, where the ripple morphology can
be represented in a simplified one dimensional model as a
triangular waveform unequivocally identified by its wave-
length and slope. However, in the high-dose regime, above
6–7 MLE, both the accumulation of uncorrelated roughness
at the surface and the perturbing action of the buried Fe-Ag
interface in determining the system morphology cannot be
neglected �for the present experiment, this effect becomes
dominant around 9–10 MLE �see Fig. 3��. We therefore ex-
pect that the simplified ripple model sketched in Fig. 1, in
which chemically pure Fe ripples stand on top of the Ag
substrate, will cease to hold as we approach this regime.

B. Magnetism

In Fig. 2, we report a set of longitudinal MOKE hysteresis
loops measured with the external field H � �010� �perpendicu-

lar to the ripple direction� as a function of the ion dose. The
hysteresis loops, which are square for the as-deposited film,
split in two separate semiloops for increasing ion dose, and
then gradually assume the typical uniaxial hard-axis shape.
Hysteresis loops measured with external field parallel to the
ripple direction �not shown� remain square throughout the
whole investigated ion-dose range. Qualitatively, the evolu-
tion of the hysteresis loops as a function of the ion dose
indicates that the ripple formation induces the onset of an
in-plane uniaxial anisotropy, favoring the alignment of the
spontaneous magnetization parallel to the ripple direc-
tion.10,27

In order to extract quantitative information from the hys-
teresis loops, we assume the functional form of the free-
energy density of the in-plane magnetized film to be

E =
Kc

4
sin2�2	� + Ku sin2�	� − M · H , �1�

where Kc and Ku are the biaxial and uniaxial anisotropy con-
stants, respectively, and 	 is the angle between the magneti-
zation M and the uniaxial easy axis, and deduce Kc, Ku, and
the MOKE saturation intensity Isat according to well-
established procedures.28,23 In Fig. 3, the ion-dose depen-
dences of the MOKE saturation intensity Isat �top panel� and
the uniaxial anisotropy constant Ku �bottom panel� thus ex-
tracted are reported. The ion-dose dependence of the biaxial
anisotropy constant Kc is not reported here, having been thor-
oughly discussed elsewhere.27

As shown in Fig. 3, the MOKE saturation signal stays
nearly constant up to approximately 2 MLE, and linearly
decreases with increasing ion doses between 2 MLE and ap-
proximately 10 MLE. Above 10 MLE, the rate of decrease of

FIG. 2. Hysteresis loops of ion-sculpted Fe/Ag�001� films mea-
sured with external field parallel to the �010� direction as a function
of the ion dose � �in MLE�. MOKE signals �vertical scales� are
expressed as percentage variation from the steady �non-magneto-
optical� signal. Notice the different horizontal scales for the left and
right column data.
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Isat suddenly drops, and the MOKE saturation signal slowly
diminishes up to the largest investigated dose of 17 MLE.
Correspondingly, the uniaxial anisotropy constant exhibits a
monotonous increase up to approximately 10 MLE, and then
slightly decreases. The decrease of Isat with increasing ion
dose can be viewed as a fingerprint of the regular decrease of
the film thickness due to the material removal associated
with the sputtering procedure, given the well-established
proportionality of the MOKE signal at saturation to the av-
erage ferromagnetic film thickness in the ultrathin regime.29

The ion-dose dependence of Ku can be accounted for by
correlating it with the ongoing morphological evolution of
the film, as discussed in the next section.

IV. DISCUSSION

In this section, we will discuss the correlation between
morphology and uniaxial magnetic anisotropy that allows us
to derive the magnitude of the step-induced magnetocrystal-
line anisotropy for the Fe/Ag�001� system.

A. Morphology

In the ion-dose interval below 2 MLE, it was already
suggested by the analysis of LEED data that the surface

evolves from a flat morphology to the one characterized by
well-defined ripples with regularly faceted sidewalls. Corre-
spondingly, AES data show that the Ag atoms initially seg-
regated at the film surface are removed by the etching action
of the ion beam. The value of the MOKE saturation intensity
Isat in this ion-dose interval stays nearly constant. The con-
stancy of Isat is apparently surprising because of the expected
decrease of film thickness due to the removal of Fe atoms.
Such behavior can be accounted for by taking into consider-
ation the fact that the sputtering yield of Fe atoms �YFe�,
which is ultimately responsible for the ion-dose dependence
of Isat, is expected to be lower at the lowest doses due to both
the roughness dependence of YFe �Refs. 30 and 31� and the
initial removal of the segregated Ag atoms by the ion
beam.22

In the range between approximately 2 MLE and 10 MLE,
we witness an almost perfectly linear decrease of Isat with
increasing dose. Within this ion-dose window, the morpho-
logical evolution of the film is mainly characterized by the
slow increase of the ripple sidewall slope and the gradual
buildup of uncorrelated roughness. The main effect of sput-
tering in this ion-dose interval is therefore the removal of Fe
atoms from the film, which leads to the extremely regular
decrease of Isat experimentally observed. The increase of un-
correlated roughness is due to the accumulation of
sputtering-induced defects, such as vacancies, step adatoms,
or kinks, which do not relax at 350 K due to insufficient
mobility. A linear fit of Isat��� in this ion-dose interval �solid
line in Fig. 3� gives a sputtering yield for Fe YFe=2.0±0.1.

For ion doses higher than 10 MLE, the Fe sputtering
yield, as deduced from the Isat��� dependence, drops
abruptly to approximately YFe=0.3±0.05. The average Fe
film thickness at 10 MLE, deduced from Isat, reads approxi-
mately 9 ML. Extrapolation of the ripple wavelength and
sidewall slope to 10 MLE gives a mean distance of the ripple
grooves from the Ag substrate at this ion dose of approxi-
mately 5 ML of Fe. The small distance between the ripple
grooves and the substrate suggests that the abrupt decrease of
the Fe sputtering yield at this ion dose is due to the onset of
Ag segregation, taking place during the ion-sculpting process
itself, favored by both the local heating and the intermixing
effect due to the ion impacts.22 The Ag segregation intu-
itively leads to a decrease of the Fe-selective sputtering yield
measured by Isat, via mechanisms analogous to the ones tak-
ing place at �
2 MLE. This interpretation is supported by
the observation of AES spectra that clearly show an increase
of the intensity of the Ag line starting from around 10 MLE.
The exact amount of Ag segregated at the film surface or
mixed in the interior of the film due to the local ion-induced
heating is an experimental quantity which is extremely diffi-
cult to quantify. In this respect, the film morphology at an ion
dose above 10 MLE eludes a precise characterization with
our available experimental techniques.

B. Magnetic anisotropy

The total uniaxial magnetic anisotropy Ku of the rippled
Fe/Ag�001� system is the sum of different contributions.6

The magnetocrystalline term Ku
mc is due to the imbalance in

FIG. 3. �Top panel� MOKE saturation value Isat as a function of
the ion dose. Isat is expressed in terms of the average Fe film thick-
ness due to the proportionality between the two �see text for de-
tails�. The solid line is a linear fit to the ion-dose dependence of Isat

in the 2–10 MLE ion-dose range. �Bottom panel� Uniaxial aniso-
tropy constant Ku as a function of the ion dose �open diamonds�.
Full diamonds represent the upper limit of magnetostatic and/or
magnetoelastic anisotropy at 4 and 5.5 MLE �see text for details�.
The vertical dash-dotted lines mark the lower and upper limits of
the ion-dose interval employed for the quantitative analysis of the
step-induced uniaxial anisotropy. Such an ion-dose range is referred
to as region �a�.
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the densities of steps parallel and perpendicular to the ripple
ridges, induced by the ripple morphology itself. The magne-
tostatic contribution �shape anisotropy� Ku

ms originates from
the difference between the energy stored in the demagnetiz-
ing field in the case of magnetization parallel and perpen-
dicular to the ripple direction. Besides the above contribu-
tions, a magnetoelastic term Ku

me can be induced by
mesoscopic relaxation phenomena brought about by the
ripple morphology.32

The monotonous increase of the total anisotropy Ku for an
ion dose up to 10 MLE results from the gradual buildup of
the density of atomic steps along the �100� direction, along
with gradually increasing magnetostatic and magnetoelastic
contributions. The remarkably different evolution of Ku ob-
served above 10 MLE on the other hand, can be ascribed to
the ion-induced segregation and interdiffusion of Ag atoms,
affecting the film and surface electronic properties. In fact, in
that ion-dose range the proximity of the surface of the Fe
film with the buried Fe-Ag interface may lead to sputter-
induced intermixing as observed in x-ray photoelectron
spectroscopy20 �XPS� and low-energy ion scattering22 �LEIS�
depth-profile experiments. However, the previously men-
tioned uncertainty in the determination of the film morphol-
ogy in this ion-dose range does not allow any discussion
beyond this qualitative level. In the following, we will there-
fore focus our attention more deeply on the low-dose regime.

We begin our analysis by considering contributions to the
uniaxial anisotropy other than Ku

mc, namely, magnetostatic
and magnetoelastic effects. For an ideal ripple structure, the
magnetostatic anisotropy can be precisely quantified with the
aid of micromagnetic calculations. In real systems, however,
the surface uncorrelated roughness and the finite in-plane
aspect ratio of surface ripples concur to decrease the experi-
mental shape anisotropy with respect to the ideal case.6,33

The actual amount by which Ku
ms is decreased is, however, by

no means easy to determine, thus yielding great inaccuracies
in the computational determination of the shape anisotropy.
Evaluation of eventual magnetoelastic contributions, due to
the mesoscopic relaxation mechanisms, is beyond the state-
of-the-art experimental and computational capabilities. In or-
der to yield a reasonable estimate of Ku

ms and Ku
me, given the

difficulties in computing the magnitude of such contributions
to uniaxial anisotropy, we chose to experimentally set their
upper limit by means of adsorption experiments. In detail,
we monitored the adsorbate dependence of the total aniso-
tropy Ku as a function of the exposure to gaseous molecular
oxygen. For very low exposure, for which only the surface is
affected by the adsorbate, we do not expect the nanoscale
morphology to be modified, thus leaving the shape aniso-
tropy unchanged. Similarly, mesoscopic strain is not affected
by low adsorbate coverage, thus leaving Ku

me unchanged. All
the variations of the uniaxial anisotropy in the low exposure
regime must then be due to a variation of the magnetocrys-
talline term, thus providing a way to separate the contribu-
tion of Ku

mc from Ku
ms and Ku

me. We have monitored the
O2-exposure dependence of the uniaxial anisotropy of two
different 24-ML-thick Fe/Ag�001� films, irradiated with ion
doses of 4 and 5.5 MLE, respectively, which is in the ion-
dose window for which well-defined ripple morphology is
deduced from SPA-LEED data. Exposure was performed at a

temperature of 350 K. For both samples, the adsorbate-
coverage dependence of Ku exhibited a minimum in corre-
spondence of an exposure of about 1 L of O2 �1 L
=10−6 torr s�, whose value amounted in both cases to 15% of
the clean-surface value of Ku �full diamonds, bottom panel of
Fig. 3�. If we assume that Ku

mc does not change sign upon
oxygen adsorption, the minimum of Ku sets the upper limit
of the combined magnetostatic and magnetoelastic aniso-
tropy for ion doses of 4 and 5.5 MLE, respectively. In the
case where oxygen quenches Ku

mc, the total residual aniso-
tropy has magnetostatic and/or magnetoelastic origin,
whereas in the case where oxygen merely reduces Ku

mc, the
magnetostatic and/or magnetoelastic contribution will just be
a fraction of the residual anisotropy. Whatever the case, the
minimum value of the total anisotropy Ku can be safely
treated as an upper limit of the combined contribution Ku

ms

+Ku
me. Given the small relative weight of Ku

ms+Ku
me with re-

spect to the total anisotropy Ku, we will treat the residual
magnetostatic and/or magnetoelastic anisotropy as an effec-
tive experimental uncertainty in the evaluation of Ku

mc.
We then focus our attention on extracting the numerical

value of the step-induced magnetocrystalline uniaxial aniso-
tropy per unit step length from our experimental data. As-
suming a triangular envelope for the ripple profile,6 the step-
induced magnetocrystalline anisotropy can be written as

Ku
mc = �u

mc tan ����
t���d2 , �2�

where �u
mc is the step-induced uniaxial magnetocrystalline

anisotropy per unit step length, ���� is the slope of the
ripple facets at ion dose �, t��� is the ion-dose-dependent
average film thickness �expressed in ML�, and d is the mon-
atomic step height for Fe.

Since we are interested in measuring the magnetocrystal-
line anisotropy �u

mc of clean and possibly defect-free Fe mon-
atomic steps, we limit ourselves to the quantitative analysis
of experimental data in the 2–6 MLE ion-dose interval �in-
dicated as region �a� in the bottom panel of Fig. 3�, for which
these requirements are fulfilled. In fact, for an ion dose up to
approximately 2 MLE, the application of Eq. �2� is not jus-
tified due to the incomplete development of the triangular
ripple envelope assumed there. In addition, the residual pres-
ence of Ag on the surface prevents the fulfilling of the clean-
liness condition stated above. For an ion dose in excess of
approximately 6 MLE, both the proximity to the substrate
and the accumulation of uncorrelated roughness suggest that
the amount of defects in the films might lead to an incorrect
estimation of the magnetic anisotropy. In the 2–6 MLE in-
terval, the ion-dose-dependent facet slope is obtained by lin-
ear regression of the data reported in Fig. 1�d� �straight solid
line�, whereas the average thickness t��� is deduced from
the linear fit of Isat displayed in Fig. 3. As suggested by the
adsorption data, we assume the relative contribution of the
magnetostatic and/or magnetoelastic anisotropy to be identi-
cal for all the data points in the range, accounting for at most
15% of the total anisotropy. The numerical values of the ion
dose, the magnetocrystalline anisotropy, the thickness, and
the slope employed to calculate �u

mc are reported in Table I.
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From these values, we obtain a lower limit of �u
mc= �6±1�

�10−10 erg/cm �assuming a 15% contribution of magneto-
static and/or magnetoelastic anisotropy� and an upper limit
of �u

mc= �7±1��10−10 erg/cm �neglecting magnetostatic
and/or magnetoelastic anisotropy�. Treating the indetermina-
tion in the relative weight of the shape anisotropy as an ef-
fective experimental uncertainty, we obtain a value of �u

mc

= �6.5±1.5��10−10 erg/cm. We notice that the value of �u
mc

that we extract from our experimental data shows the sys-
tematic tendency to increase for increasing dose. We propose
that this effect is due to the gradual increase in the amount of
atoms located in low-coordinated sites such as step adatoms,
which, due to their different local environments, contribute
differently to the magnetic anisotropy with respect to straight
steps. This observation fully justifies our choice to set an
upper limit to the ion dose at 5.5 MLE for the quantitative
analysis of the step-induced anisotropy. We stress that the
value of �u

mc that we obtain corresponds to the in-plane pro-
jection of the total step-induced magnetic anisotropy energy.
The measurement of the out-of-plane component of the step-
induced anisotropy was not attempted in this work.

The comparison of our findings with the experimental val-
ues of the step-induced anisotropy in Fe/Ag�001� films re-
ported in the literature has to be performed with particular
care. In fact, whereas the largest part of the studies of step-
induced anisotropy has been performed on vicinal systems,
our study follows a different approach. In detail, it was, in
fact, recently shown that the uniaxial magnetic anisotropy of
vicinal Fe/Ag�11n� films does not originate from surface
steps, but rather from bulklike lattice distortions,14 while
measurements from ion-sculpted films allow the step-
induced anisotropy to be correctly isolated.10 Accordingly,
the experimental value �u

mc=5.73�10−8 erg/cm, measured
for the Fe/Ag�11n� system,13 should not be considered as a
selective measurement of the magnetic anisotropy due to sur-

face steps, as later demonstrated.10,14 The overestimation of
�u

mc in Ref. 13 arose from incorrectly ascribing to surface
steps the uniaxial anisotropy generated via magnetoelastic
effects all over the thickness of the magnetic film. Within
this framework, the difference of 2 orders of magnitude be-
tween the step-induced anisotropy measured in the present
experiment and in Ref. 13 should not be regarded as a dis-
crepancy. Coming to the Fe/MgO�001� system, which has
close analogies to Fe/Ag�001�, we also find experimental
studies of the uniaxial anisotropy of in-plane patterned films
that, however, do not report any value of the magnetocrys-
talline step-induced anisotropy.34,35 In this respect, we be-
lieve that the present work highlights the role of magneto-
crystalline anisotropy of surface origin in the Fe/Ag�001�
system, yielding an estimation of its magnitude free of bulk-
like undesired contributions.

We explicitly chose not to provide the value of the
uniaxial magnetocrystalline anisotropy in terms of the mag-
netic anisotropy energy per atom, in order to take into ac-
count the possibility of nonlocal contributions to the step-
induced uniaxial anisotropy. Indeed, although calculations
performed within the framework of Néel’s next-neighbor
model showed that only one type of atom at the step contrib-
utes to the uniaxial anisotropy,36 the local approximation em-
ployed there is extremely unlikely to hold for itinerant 3d
electrons. In this respect, we believe that the present work
will stimulate further research in this direction.

V. CONCLUSION

In conclusion, we have provided a quantitative estimate of
the magnitude of the step-induced in-plane magnetic uniaxial
anisotropy in ultrathin Fe/Ag�001� films nanostructured by
the ion-sculpting technique. We find a value for the magne-
tocrystalline anisotropy per unit step length �u

mc= �6.5±1.5�
�10−10 erg/cm. The large difference observed with respect
to the value deduced by experimental studies performed on
vicinal systems13 is ascribed to the presence, in the latter
systems, of spurious contributions to the uniaxial
anisotropy.14 Within this framework, our finding represents a
more reliable estimate of the step-induced uniaxial magneto-
crystalline anisotropy and, as such, is a valuable benchmark
for testing theoretical models of magnetic anisotropy in low-
dimensional Fe-based systems and nanostructures.
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TABLE I. Numerical values of the magnetocrystalline aniso-
tropy Ku

mc, the average film thickness, the ripple slope, and the
step-induced uniaxial anisotropy per unit length in the 2.65–5.5
MLE ion-dose interval. The values of Ku

mc reported here consider a
relative shape anisotropy contribution to the total uniaxial aniso-
tropy of 15%.

�
�MLE�

Ku
mc

�104 erg/cm3�
t

�ML�
�

�deg�
�u

mc

�10−10 erg/cm�

2.65 2.16 24.0 12.2 4.9

3.35 2.44 22.2 12.6 4.9

4.05 3.19 20.8 13.0 5.8

4.75 4.28 19.4 13.4 7.1

5.50 5.07 18.0 13.9 7.5
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