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Step-induced magnetic-hysteresis anisotropy in ferromagnetic thin films
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We investigate the quasistatic magnetic hysteresis of ferromagnetic thin films grown on a vicinal
substrate, using Monte Carlo simulations within a two-dimensiot¥amodel. Intrinsic in-plane
anisotropy is assigned to surface sites according to their local symmetry. The simulated hysteresis
loops show a strong anisotropy: the coercive field is the largest when the external field is along the
step direction and vanishes when the external field is perpendicular to the step direction. In general,
the coercivity increases with increasing step density, but displays a more complex dependence on
film thickness. The simulations also suggest that the mechanism for the magnetization reversal is
coherent rotation. These results are in good agreement with experimer280® American
Institute of Physics.[DOI: 10.1063/1.1433179

The magnetic properties of ferromagnetic thin films andangle between the external field and the step direction is
multilayers have been extensively studied because of theincreases from 0° to 90°, exhibiting a strong hysteresis an-
potential impact on magnetic recording devices. As the thickisotropy. The coercivity, for all the directions of the external
ness of a film is reduced, its properties are expected to bkeld, increases with increasing step density for a given film
strongly influenced by surfaces and interfaces, which are inthickness but shows a more complex dependence on film
evitably rough at atomic scales. The ultimate goal of studieghickness for a given step density. Detailed inspection of the
of the influences of surface/interface roughness on magnetgvolution of the spin configuration along the hysteresis loops
properties of thin film&*’is to engineer desirable magnetic reveals that the mechanism for the magnetization reversal in
properties by artificially creating and controlling the surface/all the simulated systems is dominated by coherent rotation.
interface structure and morphology. We consider magnetic thin films a few atomic layers

Surface/interface roughness strongly influences both ththick grown on a vicinal substrate with a simple-cubic-
static (e.g., magnetizatioh’ and dynamic(e.g., magnetic ~Crystal structure, as shown in Fig. 1. The broken symmetry at
hysteresis-® magnetic properties of thin films. Experiments surfaces and steps introduces a fourfold anisotropy at a sur-
have demonstrated that surface steps induce an in-pla@ce terrace site and a uniaxial anisotropy at a step-edge
uniaxial magnetic anisotropy, with the easy axis parallel tosite,18 the effect is enhanced in ultrathin films, in which the
the step direction, in a variety of magnetic thin fifn surface(interfacg-to-volume ratio is high. Different degrees
grown on metal as well as on semiconductor stepped suff surface.roughness are cor!structed by changing the surface
faces. The measured hysteresis loops show that the coerci$éP density and the film thickness. In order to reveal the
field decreases while the saturation field increases when trgependence of hysteresis anisotropy on surface step density
external field is turned away from the direction parallel to the@nd on film thickness, we simulate, for each given sample
steps to the direction perpendicular to the steps, and sudgPnfiguration, hysteresis loops as a function of the angle be-
uniaxial anisotropy increases with increasing step defSity. tween the gx_ternal field and the step direction. In the present
Theoretical modeling and simulations have been carried o0k, We limit our study to low temperature and small fre-
to investigate the effect of steps on magnetizationdUency (i-e., slowly varying external field which corre-
reversal*~26 In particular, Hymaret al’® have recently de- SPONdS to the “static scalar hysteresis” lirfift. "
rived, within a two-dimensionaXY model, a phase diagram We adopt a simple two-dimension@D)XY modet in
of hysteresis loops in the parameter space of anisotrop§feScribing the system. The Hamiltonian is given by
strength and step density, for magnetic reversal on vicinal _
surfaces. H=—-32 (S'S'+9'S)— > KLS cog(6)

In this article, we carry out Monte Carlo simulations of (D) '
hysteresis loops of ferromagnetic thin films to extend these .
earlier theoretical studi¢é® Our focus is to investigate _Z K4S cosz(zei)—hz Si cod 6, — &), (N
systematically the effect of step density and film thickness on
magnetic hysteresis anisotropy in ultrathin films grown onwhered; is the angle between the direction of the vector spin
vicinal substrates. Our simulations show that the coercivés, and the[100] lattice direction, andS|=1; J is the ex-
(saturation field decreasegincreasesmonotonically as the change coupling between nearest-neighbor si8nands; .

K and K}, represent the strength of uniaxial and fourfold
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FIG. 1. Schematic diagram of simulation samples. The sample size is cho-2 o (‘ ! 1
sen to be 28 20xt, wheret is the thickness of the film chosen to be two, I’ : /i
four, and six atomic layer¢t=2, 4, and 6, each with two step densities 0 il 0 i o 1
s=1/5 and 1/10. Periodic boundary conditions are used in the plane of the 5/ y
film surface and free boundary conditions are used in the direction normal to - p=54° 1 0=72 1 0 =90°
surface. The interaction between the substrate and the magnetic film is ig- R R S0 32 AR T e

nored.

External Field (H)

. . .. . FIG. 2. Simulated hysteresis loops fior 4 ands=1/5, at different angles,
[_0101 directions. The external mggnetlc field with strength ¢, between the direction of the external field and the step directfer°,
lies in the (x,y) surface plane with an anglé from [100]. 18°, 36°, 54°, 72°, and 90°.

For simplicity, all the terms in Eq1) are renormalized to be

dimensionless by expressing energy in reduced unity &f

=1) and setting the lattice spacing to unity. In the simula-steps(¢=0°, 18°, 36°, 54°, 72°, and 90°Below, we discuss
tion, we choose parametekd,=0.1 andK,=10"%, as used the calculated hysteresis in terms of all three varialiles,
by Moschel etal,’* and consistent with experimental and ¢.

values'® Periodic boundary conditions are used in thand Figure 2 shows typical hysteresis loops at different
y directions and free boundary conditions in théirection  angles of¢, for a film thickness=4 and a step density of
(normal to the surfage s=1/5, demonstrating the strong hysteresis anisotropy. As

In order to simulate the equilibrium magnetization underthe angle between the external field and the step direction is
a given field, we first determine the relaxation time for eachincreased fromp=0° to $=90°, the coercive field. de-
system. To do so, a system is first relaxed under an externateases from the largest value of 0.89, when the field is along
field of the maximum strengtith=2) until equilibrium is  the step directiorfeasy axiy to almost 0, when the field is
reached. The direction of the field is then reversed: the timgerpendicular to the step direction. Concurrently, the satura-
required for the system to reach equilibrium again defines théon field increases fronH,=0.89 to H,~2.0; the rema-
relaxation time. Next, we calculate the hysteresis loop by @mence magnetization decreases from 1 to 0 as the squareness
series of Monte Carlo simulations. Starting with a spin latticeof the shape of hysteresis loops decreases. All the changes
with a ferromagnetic structure, we first relax the system unare monotonic as a function ¢f (see Figs. 3 and)4and the
der a uniform external magnetic field until equilibrium is same behavior is observed in all six systems studied.
reached|[typically about 5000 Monte Carlo stegMCS)]. Figure 3 shows the dependence of coercivitg a func-
We then decrease the external field linearly from a givertion of ¢) on step density for three different film thicknesses.
value in one direction to the same value in the opposite di-
rection and calculate the magnetization along the path of
changing external field. We change the external field in small
steps of 0.01 and use a time duration between steps of
27 MCS, wherer is the relaxation time of the film. This
extremely slowly varying rate corresponds to a very small
frequency of a sinusoidally varying external field. This .= N
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choice should guarantee a proper quasistatic stlidg, an 00 P =
almost constant hysteresis loop shape is experimentally ob- = sk =4 —e—s=15
served at very low frequencié&he Curie temperature for a B \ —o—s=110
3D cubic XY spin lattice is~2.22° Our simulations are car- Z 04ﬁ\

ried out at a system temperature of 0.5, which lies in a well- § 1 ;:;\8
ordered ferromagnetic phase and is thus comparable to the © 00

experimental conditions. b =2 —e—s=1/5

All the results presented here are obtained from a lattice 08 —o—s=110
size of 20<20Xt, wheret is the thickness of the film(A \o e
few larger sizes up to 100100xt are also tested to ensure 04 \o\o\,
convergence with respect to the finite-size effedte con- 0.0 ©
sider three different thicknessés=2, 4, and 6, each with -0 18 36¢ 54 72 90

two step densitiegs=1/5 and 1/10. For each system size,
the hYSter_eSS is calculated W|t_h six different gngles betweeRg. 3. calculated coercive field as a functiondfshowing its dependence
the direction of the external field and the direction of theon step densities for a fixed film thickness.
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FIG. 4. Calculated coercive field as a functionggfshowing its dependence
on film thickness for a fixed step density. P —
®

h ive fielcH . i ith i . d .. FIG. 5. Simulated equilibrium spin configurations for4, s=1/5, and
The coercive fie c Increases with increasing step density »=90°. (a)—(e) on (f) indicate the positions where the spin configurations

in all the films, consistent with experimefftsand previous  are recorded in the hysteresis loop.
theoretical calculation® Figure 3 also shows that the effect
of step density is stronger in a thinner film than in a thicker
film. For example, the coercive field gt=0 (with the exter-  versal process. Figure 5 shows the spin configurations for the
nal field along the step directiprincreases substantially, sample witht=4, s=1/5, and¢ = 90° at five different
from 0.52 to 0.94, when the step density increases fsom positions in the hysteresis logpee Fig. &)]. The spin con-
=1/10 tos=1/5 in a thin, two-layer film(bottom panel in figurations show that the dominant mechanism for magneti-
Fig. 3,t=2), but increases only slightly, from 0.93 to 1.05, zation reversal is coherent rotation, in accordance with the
in a thicker, six-layer filmtop panelt=6). This behavior is model of Stoner and Wohlfarth.Hymanet al1® have shown
consistent with the physical intuition that steps and surfacethat different mechanisms for magnetization reversal may
play a less significant role in thicker films with more bulk occur, depending on the parameters of anisotropy strength
spins. Quantitatively, in the thin samplés-2 andt=4), the  and step density. With the chosen anisotropy strength, all the
coercivity increases on average by a factor-df.6 when the systems that we simulated fall into the regime of the hyster-
step density is doubled. Experimentally, Kawakaehial’®  esis phase diagram in which coherent rotation is the domi-
show that the magnetic anisotropy in Fe films grown onnant mechanism for magnetization reverSapnsistent with
stepped A¢D0)) increases quadratically with increasing stepour direct inspection of spin configurations. The choice of
density, while Jianget al.” show that the coercive field in our system parameters is likely to correspond to the real
Co/CuU00)) films increases almost linearly with increasing experimental values in certain systems. For example, Sussiau
step density. Simulations for a wider range of step densitiest al® have concluded from the measured hysteresis loops of
must be done to determine the correct functional dependend@o and FeNi films grown on step-bunchedi3il), in which
of coercivity on step density. a well-defined uniaxial anisotropy along the steps is ex-
Figure 4 shows the dependence of coerciviyg a func-  pected, that a single-domain behavior with magnetization re-
tion of ¢) on film thickness for a fixed step density, which versal by rotation is most likely.
exhibits a more complex behavior, as already evident from In conclusion, we have investigated the hysteresis be-
Fig. 3. Intuitively, we expect the coercive field to decreasehavior for ultrathin magnetic films grown on a stepped sur-
with increasing film thicknes%because the anisotropy en- face, using Monte Carlo simulations. We have simulated the
ergy is assigned only to the surface and step sites, and thg/steresis loops as a function of the direction of the external
ratio of the anisotropy energy to the total energy is propor{ield, focusing on the dependence of coercive fields on step
tional to the surface-to-volume ratio, which decreases witldensities and on film thickness. The coercive field decreases
increasing thickness. This behavior is indeed obtained for aonotonically when the external field moves away from the
broad regime of large angles for which the external field step direction, the easy axis of the uniaxial anisotropy. In all
lies closer to the direction perpendicular to the step directionthe films studied, the coercive field increases monotonically
This is however, not the case when the direction of the exwith increasing step density, while its dependence on film
ternal field is close to the step direction, i.e., along the easyhickness is more complex, decreasing monotonically with
axis. We speculate that such an anomalous behavior isicreasing thickness only when the external field direction is
caused by the detailed balance between the competing effeatbse to perpendicular to the steps. These observations can be
of the fourfold anisotropy assigned to the terrace sites and gjenerally understood in terms of the ratio between anisot-
the uniaxial anisotropy assigned to the step sites. ropy energy, associated with the surface and step sites, and
In addition to determining hysteresis loops, Monte Carlototal energy, which is intrinsically linked to the surface/
simulation allows a direct recording and inspection of thevolume ratio. They are also qualitatively in good agreement
surface spin configurations along every point in the hysterwith experiments and previous theories. Direct inspection of
esis loops, and hence reveals directly the magnetization respin configurations along the simulated hysteresis loops re-
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