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Abstract

We report on investigations of the crystallographic structure and the magnetic
anisotropies of epitaxial Fe films deposited on vicinal Au(001) surfaces for two
miscut directions and various miscut angles. The stepped surface generates a
uniaxial in-plane anisotropy contribution in addition to the fourfold anisotropy
characteristic for Fe(001). With the step edges perpendicular to [100]g. the
uniaxial anisotropy constant is a non-monotonic function of the vicinal angle.
At low vicinal angles the easy magnetization axis is parallel to the step edges.
The effective uniaxial anisotropy constant first increases and then decreases
for increasing vicinal angle, crossing zero at about 1.3° 4+ 0.2°. For higher
angles the easy axis is perpendicular to the step edges. For the step edges
perpendicular to [ 110]g the step-induced in-plane uniaxial anisotropy increases
approximately linearly with the vicinal angle.

Magnetocrystalline anisotropies of ultrathin ferromagnetic films play a key role in the design
of new materials for applications in research and technology. The break of lattice symmetry
at the surface generates uniaxial magnetic anisotropy contributions which do not exist in the
bulk [1, 2]. In particular, periodically stepped surfaces exhibit a uniaxial in-plane anisotropy
due to a reduction of translational symmetry at the surface [3-5]. Investigations on bcc Fe
films grown on stepped fcc Ag(001) or bcc W(001) single crystals with step edges parallel to
[100]g. revealed a quadratic dependence of the step-induced anisotropy constant on the vicinal
angle [6, 7]. On the other hand, the uniaxial in-plane anisotropy in fcc Co/stepped Cu(001)
depends linearly on the step density which is proportional to the vicinal angle [8]. Recently,
Elmers and co-workers [9] found a correlation of morphology and magnetism of Fe grown
on vicinal W[110] surfaces depending on the step orientation. Two main mechanisms are
believed to give rise to the step-induced uniaxial anisotropy: the missing bonds of atoms at
the surface (Néel’s mechanism) and strain within the film [10]. In many cases a study of the
dependence of the effective anisotropy strength on the film thickness d helps to determine the
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surface contribution to the anisotropy, since the 1/d dependence of the anisotropy strength is
a characteristic feature of surface anisotropies [11]. If the strain in the film does not depend
on the thickness, a separation of the anisotropy into terms that are constant and inversely
proportional to the thickness yields directly the volume and surface anisotropy contributions.
But also magnetoelastic effects due to strain in the film yield anisotropy contributions which
have to be considered as a thickness-dependent bulk property [12]. In this paper we report
on a study of the step-induced uniaxial in-plane anisotropy as a function of the step density
for the Fe/Au(001) system with the average orientation of step edges perpendicular to the
[100]g. as well as to the [110]g. direction. We show that for one orientation of the steps the
surface anisotropy contribution changes its sign with increasing vicinal angle. The volume
uniaxial anisotropy constant shows different dependences on the vicinal angle for the miscut
orientations studied.

Bulk metal single crystals, miscut at a small angle or polished with a continuous curvature
with only one miscut orientation, were mainly used as substrates for studies of magnetic
anisotropies of vicinal films [4, 6-9]. Metallic single crystals generally have a high crystalline
quality, but for technological applications they are not very suitable as substrates, since they are
difficult to manufacture, expensive, and tricky to handle. Therefore the use of semiconducting
or insulating substrates is desirable [14, 15]. The Fe films studied in this work were grown on
vicinal MgO(001) substrates covered with an Au buffer layer. All samples were prepared in
an ultrahigh-vacuum (UHV) multi-chamber molecular-beam epitaxy system. The films were
deposited by electron-beam evaporation onto the vicinal MgO(001) substrates (vicinal miscut
angle between 0.5° and 7°) with deposition rates between 0.01 and 0.1 nm s~! as monitored
by a quartz microbalance. The analysis of the surface morphology and the sample structure
was performed by means of low-energy electron diffraction (LEED), reflection high-energy
electron diffraction, and scanning tunnelling microscopy (STM). STM was carried out with
a commercial Park Scientific Instruments Autoprobe VP 2 UHV device. In order to remove
the carbon contamination from the MgO surface and also to smooth the surface for improved
growth of the subsequent metallic layers, the substrates were treated with a low-energy atomic
oxygen ion beam at room temperature, as described in detail elsewhere [13]. Surfaces were
judged clean if the Auger analysis with a sensitivity of better than 0.01 ML detected no
remaining carbon contamination. Epitaxially grown Au buffers on MgO surfaces vicinal to
(001) were used as the bases for the preparation of ultrathin bcc Fe films. MgO(001) with
its lattice spacing of 0.421 nm is a good substrate for epitaxial growth of fcc Au(001) films
(lattice constant 0.408 nm). Au films with a thickness of 150 nm were grown on MgO at a
deposition rate of 0.1 nm s~! and a substrate temperature of 120°C. A thin seed Fe layer with
a thickness of 1 nm was used to improve the growth of the buffer. The average orientation
of the steps on the buffer surface corresponds to the miscut orientation of MgO. Similarly to
in our earlier studies [14], the miscut angle obtained for the Au buffer surface differs slightly
from that of the MgO surface due to a small difference between the layer-to-layer distances of
Au(001) and MgO(001). Figure 1(a) shows a STM image of a 4° vicinal Au(001) surface with
the miscut orientation along the [100]4, direction. The average orientation of the steps is still
perpendicular to the [100]4, direction, although the step edges run alternately along [110]a,
and [110]a, forming a zigzag-shaped pattern. For the average orientation of the step edges
perpendicular to the [110]a, direction of a 4° miscut sample, monatomic steps are observed
as shown in figure 1(b). Fe(001) grows in the bce phase with a 45° rotation of its lattice about
the film normal on fcc Au(001) with a corresponding in-plane lattice mismatch of less than
1% [16, 17]. The step edges of the Au(001) surface perpendicular to the [110]4, direction
correspond to step edges perpendicular to the [100]g. direction of the Fe film. Thus, using the
above buffers, two types of vicinal Fe film have been produced:
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Figure 1. (a) A STM image of a vicinal Au layer with a nominally miscut angle of 4° along the
[100] oy direction. (b) A STM image of a 4° vicinal Au layer demonstrating monatomic steps
perpendicular to the miscut orientation [110]ay.

(This figure is in colour only in the electronic version)

(i) with the average orientation of step edges perpendicular to [100]ge;
(i1) with the average orientation of step edges perpendicular to [110].

The magnetic anisotropies of the Fe films were derived at room temperature from the
frequencies of spin waves determined by means of Brillouin light scattering spectroscopy
(BLS) [18, 19] and the evaluation of hysteresis loops obtained with the magneto-optical Kerr
effect (MOKE) [20]. In both cases a focused laser beam was used as a probe. The Fe films
were grown in the shape of a wedge, having the advantage that a large range of Fe thicknesses
from 0.7 to 8 nm is available on one single sample by scanning the laser beam along the wedge.
Due to the extremely small slope of the wedge (typically 0.66 nm mm™!), the wedge shape of
the Fe films does not influence the results obtained.

The total magnetic anisotropy energy density of a vicinal (001) film can be expressed by

(@)

E ani =K§3ffcos 9+K(4) fsm 6 cos® ¢ sin’ p+K,, fsm 6 sin’ (¢ — @) (1)

where K s( e)ff, K, @ erf> and K ff are the effective constants of out-of-plane and in-plane
uniaxial and in- plane fourfold anlsotropy contributions with the attribute ‘effective’ indicating
that at this stage no separation in volume and interface contribution has been made; 6 and ¢
are the polar and the azimuthal angles of the magnetization, and ¢, (together with the sign of
K (Ze y f) determines the orientation of the uniaxial in-plane easy axis with respect to the [010]g.

axis. Thus, for ¢y = 0 and K @ off = 0 the uniaxial easy axis coincides with [010]g., which
is one of the easy axes of the fourfold anisotropy. In fact, all anisotropy constants can be
determined by fitting the spin-wave frequencies measured as a function of the in-plane angle
of the applied external field H [14, 21]. In this paper we will concentrate on the uniaxial
in-plane anisotropy K ﬁff

The second method for the determination of K, @) efy 18 to measure static magnetization
hysteresis loops with the magnetic field applied perpendlcular to the easy axis [20]. This
technique, however, becomes very insensitive if the easy axis of the induced anisotropy does
not coincide with those of the strong fourfold anisotropy of Fe ([100]g or [010]g.). This is the
case for the samples with the average orientation of step edges perpendicular to [110]g.. For
these samples, only BLS was used for the determination of K" » ff For the average orientation
of step edges perpendicular to [100]g., the two techniques have provided the same results
within their error margins: the easy axis of the induced uniaxial anisotropy is either parallel
or perpendicular to the steps, depending on the miscut angle, i.e. ¢o = 0 and K 1(,223 7 18 either
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Figure 2. (a) K;?fo versus the vicinal miscut angle of the MgO(001) substrates for different Fe
thicknesses. Positive (negative) values of K 1()2:, If indicate an easy axis parallel (perpendicular) to
the step edges. (b) K 1(722 ¢y versus the Fe thickness as a function of 1/d for a film with the miscut in
the [100]ge direction. The dashed curves indicate a linear fit according to K;f:,ff = K,(,z) +2k£,2)/d.
For 0.5° and 1° the easy axis is found to be parallel to the step edges; for higher vicinal angles the
easy axis is perpendicular to the step edges.

.. . . . )
positive or negative. Figure 2(a), showing K pe

¢ as a function of the vicinal miscut angle for
different thicknesses of the Fe films, illustrates this. For small miscut angles K I(Jzsz is positive
and its value first increases, reaches its maximum, and then decreases, crossing zero at the
critical miscut angle §, = 1.3° 4 0.2°, which is almost independent of the film thickness.
For higher miscut angles K[(fsz becomes negative and decreases with § for small Fe film
thicknesses.

Before we discuss the origin of the step-induced anisotropy, the use of equation (1), which
implies the uniform magnetization of the film, and of the coherent rotation remagnetization
scenario should be validated. In fact, for the BLS measurements the determination of the
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Figure 3. Surface (k1(72 )) and volume (K 1(,2)) contributions of the uniaxial in-plane anisotropy versus
the vicinal angle of the MgO(001) substrates. The left and the right panel correspond to the films
with average orientation of step edges perpendicular to [110]g. and [100]ge, respectively. The
dashed curves depict the behaviour of K 1(,2): linear dependence on the vicinal angle for [110]g. and
quadratic for [100]g. orientation.

anisotropy constants is independent of the remagnetization scenario proposed, because the
samples were probed while magnetically saturated. For the hysteresis loop investigations,
many possibilities for magnetization switching exist [5, 22]. However, for the values of the
exchange constant J = 2 x 107 erg cm™', K" = 4.7 x 10° erg cm_3, and the uniaxial

in-plane anisotropy K f ¢ in the range of —6.5 x 10°-2.5 x 10° erg cm ™ obtained from our
data, the comparison Wlth the analysis performed in [5] demonstrates that a nearly coherent
rotation dominates the remagnetization process.

To investigate the induced anisotropy in detail, the dependence of K ) oy on the Fe film
thickness was studied. It is presented in figure 2(b) as a function of 1/d for films with a miscut
along the [100]g. direction. For small miscut angles the measured dependence can be fitted
by the usual expression K ngf = KP +2k?/d, where K, and k, describe the volume and
surface contributions, respectively. A possible effect from relaxing strain on the step-induced
anisotropy should be considered in general. However, the data in figure 2(b) for the miscut
angle § < 7° appear linear, implying that the change of the strain is not significant for the
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miscut angles used and the interval of Fe thicknesses. Thus, for those data the separation of
K ﬁff into K[(,Z) and k(pz) is validated. For § = 7° a deviation from the linear dependence is
seen for d > 3 nm. The effect is apparently connected with the onset of the stress relaxation
in the growing Fe film. The linear fit for the separation of K * and k> was then performed
for Fe thicknesses d < 3 nm.

The dependences of K and k() on the miscut angle obtained are presented in figure 3
for both of the orientations of the steps that were investigated. For the Fe films with the average
orientation of step edges perpendicular to the [ 110]g. direction, K ;2) increases proportionally to
the miscutangle (i.e. the step density) indicating a linearly growing stress in the bulk of the films.
The interface contribution kf) is negligible. The zigzag-shaped steps with the average distribu-
tion perpendicular to [110] ge locally consist of step edges along [100]g. and [010]r.. Averaging
of these two anisotropy contributions along [100]r. and [010]r. would explain the vanishing
interface contribution. The volume contribution is not cancelled out since the bulk properties of
athick vicinal film are mainly determined by the average crystallographic orientation of its sur-
faces. For another orientation of steps (perpendicular to [100]g.) K ;2) is roughly proportional
to 8%. k¥ demonstrates the change of its sign in a profound way, indicating the surface nature

of the non-monotonic behaviour of K [(,22 - We connect the non-monotonic dependence of k(pz)
on the miscut angle with essential changes of the surface morphology near 5. = 1.3°+0.2°. It
was clearly observed for the samples with the average orientation of step edges perpendicular
to [100]g. using LEED and STM. The detailed study will be published elsewhere [23].

To achieve an understanding of the observed anisotropy phenomena, numerical
calculations are necessary; these are, however, outside the scope of this work. From our
work it is evident that two origins of strain must be properly taken into account. First, due to
the in-plane mismatch of 1%, a misfit dislocation network, probably located at the interface
steps, is formed to release the misfit strain. Second, a perpendicular misfit of 42% exists at each
step. It cannot be released by dislocations. Instead, it is accommodated by the Fe film, and
it decreases with distance from the interface. The two strain sources might show an interplay
which determines the local strain at the atoms close to each step. The present work might
serve to guide numerical simulations to uncover the details of strain relaxation under these
combined mechanisms.
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