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Control of magnetic anisotropy in Fe 1ÀxCox films on vicinal GaAs
and Sc 1ÀyEryAs surfaces

A. F. Isakovic, J. Berezovsky, and P. A. Crowella)

School of Physics and Astronomy, University of Minnesota, 116 Church Street SE,
Minneapolis, Minnesota 55455

L. C. Chen, D. M. Carr, B. D. Schultz, and C. J. Palmstro”m
Department of Chemical Engineering and Materials Science, 421 Washington Avenue SE,
Minneapolis, Minnesota 55455

We demonstrate that two distinct surface contributions to the magnetocrystalline anisotropy can be
used to control the magnetic properties of thin films of bcc Fe12xCox grown on GaAs~100! and
Sc12yEryAs (100). The bare GaAs~100! surface has twofold symmetry, and Fe12xCox films grown
directly on it show a strong uniaxial magnetic anisotropy. Fourfold symmetry is restored in films
grown on interlayers of Sc12yEryAs, in which the rock-salt structure provides a fourfold symmetric
surface. A uniaxial magnetic anisotropy can be induced in this case by miscutting the substrate
towards a$111% plane, so that vicinal steps run along a^011& direction. A simple Ne´el pair-bonding
model describes the evolution of the anisotropy with the degree of miscut. For miscut GaAs~100!
surfaces without interlayers,both the intrinsic anisotropy originating from the surface bonding and
a step-induced term contribute to the total magnetic anisotropy. Depending on the orientation of the
miscut, the step contribution can either enhance or partially suppress the intrinsic uniaxial
anisotropy. ©2001 American Institute of Physics.@DOI: 10.1063/1.1355320#
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Ferromagnet–semiconductor heterostructures are v
able systems for the study of fundamental magnetism as
as critical elements in potential devices relying on spin
jection into semiconductors. The boundary between a fe
magnet and a semiconductor is not necessarily abrupt,
the electronic structure of the interface results in dram
effects on the magnetic properties of the ferromagnet.1–3 In
contrast, the evolution of ferromagnetism in thin films grow
on metallic surfaces is more closely linked to surfa
morphology.4–6 For example, the magnetocrystallin
anisotropies observed for films on vicinal metallic surfac
are in reasonable agreement with the Ne´el pair-bonding
model,7 which accounts for the symmetry breaking due
missing bonds at the interface. In this article, we demonst
how both morphology and surface bonding influence
magnetic anisotropy of ferromagnetic Fe12xCox films grown
on vicinal GaAs and Sc12yEryAs surfaces.

Details of the growth procedure for Fe12xCox on (2
34) reconstructed GaAs~100! or Sc12yEryAs (y50.7)
have been reported previously.8 The alloy compositions
~;50%! and film thicknesses~;200 Å! were measured by
Rutherford backscattering. Magnetic measurements w
performed using either vibrating sample magnetome
~VSM! or the magneto-optic Kerr effect~MOKE!. For films
grown on flat GaAs~100! substrates, there is a marke
uniaxial magnetocrystalline anisotropy that leads to a ch
acteristicsplit-loopbehavior for in-plane magnetic fields or

ented close to the@011̄# direction, which is the magnetic
hard axis.9 Typical easy and hard axis loops are shown
Fig. 1~A!. As verified by transverse and longitudin
MOKE,8 the jump observed at the split fieldHs corresponds
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to a nearly 90° rotation of the magnetization from@011̄# to
close to @011# ~the easy axis! as the magnetic field along

@011̄# decreases from the saturation limit. A simple coher
rotation model using the magnetic free energy density

F5Knuh
2ud

21Kuuhud2M "H, ~1!

whereKn andKu are cubic and uniaxial anisotropies anduh

andud are the direction cosines relative to@010# and @001#,
provides a good qualitative description of the hystere
loops for all in-plane field orientations as well as a quanti
tive description of the dependence of the split field on fie
direction. ~The demagnetizing energy 2pM2 is larger than
any of the anisotropy energies, forcing the magnetization
lie in plane for all of the films discussed in this article. Th
measured saturation magnetizations are close to the valu
1900 emu/cm3 found for bulk Fe0.5Co0.5 alloys,10 and we will
use this value for the analyses in this article.! For a typical
film with x50.51, Kn522.23105 erg/cm3, andKu522.4
3105 erg/cm3. The large uniaxial anisotropy originates fro
the twofold symmetry of the GaAs surface, on which the
bonds run along the@011̄# direction. The corresponding
uniaxial magnetic anisotropy has been observed by sev
groups,1–3 although there is no detailed understanding of
bonding mechanism leading to the observed@011# easy axis.

For Fe12xCox on ~100! Sc12yEryAs, which has the rock-
salt structure and cubic surface symmetry, the magnetic
isotropy inferred from both VSM and MOKE measuremen
is almost perfectly fourfold.8 We have found that a uniaxia
anisotropy can then be induced by growing films on vicin
substrates miscut towards either the (111)A or (111)B sur-
faces, leading to monolayer steps running along the@011̄#
and @011# directions, respectively.@The (111)A surface is a
$111% plane with Ga polarity while the (111)B surface has
il:
4 © 2001 American Institute of Physics
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As polarity. The two miscuts differ by a 90° rotation.# A
schematic of a vicinal~100! surface miscut toward (111)A is
shown in Fig. 1~B!. We have studied Fe12xCox grown on
Sc12yEryAs/GaAs with interlayer Sc12yEryAs thicknesses of
approximately 30 Å for vicinal anglesa50° – 8°. The mis-
cut films show split loops similar to those observed
Fe12xCox on flat GaAs~100!, except that the magnitude o

FIG. 1. ~A! Typical hysteresis loops for Fe12xCox (x;0.50) on GaAs~100!

for applied fieldsH parallel to@011# ~solid curve! and @011̄# ~points!. The
split field Hs is indicated by the arrow.~B! Schematic of a vicinal
GaAs~100! substrate miscut toward (111)A. For (111)B miscuts, the steps
are rotated 90°.

FIG. 2. ~A! The split field~open circles! as a function of vicinal anglea for
Fe12xCox /Sc12yEryAs on GaAs~100! miscut toward (111)A. The solid line
is the split field as a function of angle from the model results. The in
shows the normalized magnetization~points! and model output for the an
isotropy energy of Eq.~2! ~solid curve! for a sample witha58°. ~B! The
split field ~open circles! as a function of vicinal angle for Fe12xCox /GaAs
(x;0.50) miscut toward (111)A. The solid triangles are the same da
normalized by multiplying by the sample thickness.
Downloaded 02 Jul 2002 to 128.101.223.134. Redistribution subject to A
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the split field is much smaller, ranging from approximate
14 Oe ata52° to 56 Oe ata58°. The split fieldHs is
shown as a function of the vicinal angle in Fig. 2~A!. The
easy axis is along@011#, perpendicular to the steps.

We have modeled the magnetic reversal in these vic
samples using an extension of the coherent rotation mo
adopted for the flat substrates. The uniaxial anisotropy
inferred from the Ne´el pair-bonding model,7 assuming a free
surface with monolayer steps~1/2 of a bcc unit cell! and an
abrupt interface between Fe12xCox and Sc12yEryAs. Since
the steps on the Sc12yEryAs surface are 1/2 of the rock-sa
unit cell, which is almost exactly~within 1%! one Fe12xCox

unit cell, the steps on the semiconductor surface are twic
high as at the free surface. We follow Chuanget al.7 in con-
sidering contributions to the anisotropy from missing bon
at surface sites and steps. Among these, only two type
step corner sites at a free~100! surface make a nonzero con
tribution to the anisotropy energy for steps running alo

@011̄# or @011#. At the substrate surface, where the step i
full Fe12xCox bcc unit cell high, there are four types of site
with missing bonds. These produce terms with the sa
symmetry as the free surface contributions, and so it is p
sible to reduce the number of pair-bonding parameters
two. We follow the standard practice of computing the a

t

FIG. 3. Hysteresis loops forHi@011̄1# for Fe12xCox (x;0.50) on vicinal
GaAs~100!. The middle curve shows the loop for a flat sample, and the
and bottom curves are for samples miscut 6° toward (111)A and (111)B.
HN indicates the field at which the parallel component of the magnetiza
begins to decrease in the (111)A sample.

FIG. 4. Scanning tunneling microscope images of the surface step
GaAs~100! miscut 2° toward (111)A ~left! and (111)B ~right!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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isotropy energy in the lattice basis and then transforming
set of experimental axes by an appropriate rotation.6 For
~100! surfaces miscut towards (111)A, the anisotropic part
of the free energy density isFA5Fn1Fs , where

Fn5KnF1

4
~ux

41uy
4!2

1

2
~123a2!ux

2uy
21

a2

2
ux

4G ,
and ~2!

Fs5
1

3d
@Ks1auy

22~Ks1a12&Ks2a2!ux
2#.

The direction cosinesux and uy refer to the projections o
@011# and@011̄# onto the semiconductor surface, andd is the
Fe12xCox thickness. We have retained terms to second or
in the vicinal anglea. The effective surface anisotropiesKs1

and Ks2 originate from various combinations of the pa
bonding contributions from the different types of step sit
For each film, a series of in-plane rotation scans was c
ducted with the VSM and/or MOKE, and the hystere
loops were fitted by mapping the evolution of the local mi
mum of the free energyF5FA2M "H as the field was swept
The final parameters were averaged to arrive at a single
Kn , Ks1 , and Ks2 for the entire group of vicinal samples
For samples miscut towards (111)A, the hard axis is@011̄#,
and the final fitting parameters areKn526.6
3104 erg/cm3, Ks152.6 erg/cm2, Ks250.32 erg/cm2, with a
saturation magnetizationMs51900 emu/cm3. The average
film thickness for this data set wasd5180 Å. A fit of a loop
taken forH parallel to@011̄# for a58° is shown in the inse
of Fig. 2. We find that a single set of anisotropy paramet
provides a good qualitative fit of the loops at all in-pla
field orientations for vicinal angles above 4°. The modeli
for smaller vicinal angles is handicapped by the fact that
experimental coercivities are generally much smaller th
those predicted by the coherent rotation picture. As a fi
check, we can determine the split field analytically in t
limits a→0, Ks1a/3dKn!1.5 The result,Hs5aKs1/3dMs ,
is shown as the solid curve in Fig. 2~A!. The internal consis-
tency of these results suggests strongly that the uniaxial
isotropy in these films is a surface component determi
entirely by the degree of vicinality.

A similar set of split field data for Fe12xCox on vicinal
GaAs~100! withouta Sc12yEryAs interlayer is shown in Fig.
2~B!. Since there was a relatively large thickness variat
~13 Å out of an average thickness of 170 Å! in this set of
samples, we show both the raw split field data as well as
split field multiplied by the film thickness. The fact that th
normalization leads to a smoother data set suggests tha
uniaxial anisotropy determining the split field is surfa
dominated, because any volume contribution should be in
pendent of thickness. These data differ from those for fil
on Sc12yEryAs in that there is a large uniaxial anisotrop
Fu5Kuux

2 at zero miscut due to the twofold symmetric GaA
surface. This term changes only quadratically with the m
cut angle and one would therefore expect the evolution w
miscut to be dominated by the step contributions, linear ina,
that were introduced in the previous paragraph. However,
fitting procedure described above fails to converge to a u
Downloaded 02 Jul 2002 to 128.101.223.134. Redistribution subject to A
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versal set of parameters for these films, suggesting that
steps actually modify the intrinsic uniaxial anisotropy.

We have also investigated the effects of miscuts towa
the (111)B surface. In this case, the steps run along@011#
instead of@011̄#. This changes the sign of the step-induc
anisotropiesKs1 and Ks2 in Eq. ~2!. As expected, for films
grown on Sc12yEryAs, this results in a rotation of 90° in th
easy axis. For films grown directly on GaAs~100!, the in-
trinsic uniaxial anisotropy is unchanged by the rotation, a
the total uniaxial anisotropy should therefore decrease w
increasing miscut. As shown in Fig. 3, the split field d
creases when the substrate is miscut 6° toward (111)B, in
agreement with this analysis. The distinction between
miscuts toward (111)A and (111)B is apparent in Fig. 4,
which shows scanning tunneling microscope images of G
surfaces cut 2° off from~100!. The (234) reconstruction,
leading to As dimer rows running along@011̄#, is evident in
both images. In the case of miscuts toward (111)A, the rows
run parallel to the vicinal steps. For miscuts toward (111)B,
the energy cost of cutting the dimer rows results in jagg
step edges. Clearly, a correct microscopic treatment of
surface would go beyond the simple Ne´el model used here.

As is apparent in Fig. 3, the qualitative shape of t
hysteresis loops for the miscut surfaces is fundamentally
ferent from those obtained on flat substrates. In the flat s
strate case, the nearly 90° rotation that occurs at the s
field proceeds directly from the fully magnetized state as
magnetic field decreases. On the vicinal substrates, the j
is preceded by a continuous decrease in the magnetiza
which is most likely due to the nucleation of easy axis d
mains near step edges, as was seen in the micromag
model of Hyman, Zangwill, and Stiles.11 We observe a vari-
ety of other characteristic loops as a function of both the s
density and in-plane field orientation. These will be d
cussed in greater detail in a future publication.
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