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Magnetic uniaxial anisotropy of Fe films grown on vicinal Ag„001…
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Step-induced magnetic anisotropy was investigated in Fe films grown on a vicinal Ag~001! substrate using
the surface magneto-optic Kerr effect technique. We found that the step-induced magnetic anisotropy is inde-
pendent of the Fe film thickness up to 61 ML. Step decoration with Ag or Pd atoms also shows no effect on the
step-induced magnetic anisotropy. These results indicate that the step-induced magnetic anisotropy in this
system does not localize at the step edges. We suggest that strain inside the Fe film due to the large lattice
mismatch between fcc Ag and bcc Fe in the normal direction of the film is the dominant contribution to the
step-induced magnetic anisotropy in this system.
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I. INTRODUCTION

Understanding the nature of magnetic anisotropy1 is cru-
cial to the development of low-dimensional magnetic str
tures. Magnetic anisotropy is characterized by its stren
and functional form. Determining the strength of the ma
netic anisotropy requires detailed knowledge of the ba
structure of the materials,2 and it remains as a challenge
date for theorists to calculate the strength of the magn
anisotropy from first principles. The functional form of th
magnetic anisotropy, however, depends only on the lat
symmetry. Magnetic thin films offer good experimental sy
tems for studying magnetic anisotropy because translati
symmetry is naturally broken in the surface normal directi
After great progress in the study of magnetic surface ani
ropy, recent research has been extended to the study o
plane uniaxial magnetic anisotropy. Based on a symm
argument, it is easy to show that the in-plane uniaxial m
netic anisotropy cannot exist if the surface normal is
n-fold rotation axis with n.2 ~e.g., triangle and squar
lattices!.3

In an effort to understand the role of lattice symme
breaking in magnetic anisotropy, experiments have been
formed on magnetic thin films grown on vicinal~001! sur-
faces. The atomic steps on the surface break the four
rotational symmetry and thus induce a uniaxial magnetic
isotropy within the film plane. This kind of step-induce
magnetic anisotropy was first observed indirectly by fer
magnetic resonance4 and domain imaging,5 and then directly
by magnetic hysteresis loop measurements.6,7 With the avail-
ability of curved substrates, it is now possible to system
cally explore the relationship between step-induced magn
anisotropy and step density.8,9 It is now clear that~1! step-
induced universal magnetic anisotropy exists in many s
tems, suggesting that this is a universal property;~2! the easy
magnetization axis can be either parallel or perpendicula
the step edges, showing that corrugation-induced shape
isotropy is not the dominant mechanism;~3! changing the
step density significantly changes the strength of the m
netic anisotropy; and~4! a simple model based on Ne´el’s
pair-bonding model10 can correctly describe the dependen
of the magnetic anisotropy on the step density.
0163-1829/2002/65~18!/184419~6!/$20.00 65 1844
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While there has been much activity in applying ste
induced magnetic anisotropy to study other important m
netic phenomena such as the spin reorientation transition11,12

magnetic interfacial frustration,13 and magnetic
switching,14,15 the origin of step-induced magnetic aniso
ropy remains obscure at the microscopic level.16,17 One of
the puzzles is the unusual thickness dependence of the
induced magnetic anisotropy. If the step-induced anisotr
were localized at the step edges, a 1/d thickness dependenc
of the magnetic anisotropy would be expected, whered is the
film thickness. To the best of our knowledge, none of t
studied systems shows a simple 1/d behavior. In fact, the
thickness dependence is either rather weak18 or even oscil-
lating as a function of film thickness.7 Obviously, a detailed
study of step-induced magnetic anisotropy is needed in o
to better understand its microscopic origin. In this paper,
report a detailed study of step-induced magnetic anisotr
in the Fe/Ag~001! system. We found that the step-induce
magnetic anisotropy is independent of the Fe film thickn
up to 61 ML. In addition, we found little effect of step deco
ration with Pd or Ag atoms on to the step edges of the
films. These results show that the step-induced anisotrop
the normal direction of the film in this system is strong
nonlocal.

II. EXPERIMENT

A 10-mm-diameter Ag~001! single-crystal disk was pol-
ished mechanically into a curved shape so that the vic
angle changes continuously across the substrate from
;20°. The step edges are parallel to the@110# direction of
the Ag~001! surface so that the Fe~001! overlayer has step
edges parallel to its@110# direction. The substrate was po
ished mechanically down to a 0.25-mm diamond-paste finish
and then chemical polishing19 was performed to remove th
scratches left from the mechanical polishing. The subst
was further cleanedin situ by cycles of Ar1 sputtering at;2
keV and annealing at;600 °C. After this treatment, a clea
and well-defined Ag~001! surface is formed as indicated b
low-energy electron diffraction~LEED!. Fe films were
grown epitaxially on the Ag substrate at room temperat
with the growth chamber pressure below 4310210 Torr. The
©2002 The American Physical Society19-1



a

d

s
te
he
te
in
th
ge
a
ic
e

na
gl

ar

le
f

o
tio
c

bl
on
e

m.
i-

ter-
ws
the
ar

ata
ble
al
ied
ata
al

he
D

rate.
to

he
n,

han
, the
ci-

the
the
g

rate.
k-

at a
er-
ess

ne
ion

om
ser
the

Y. Z. WU, C. WON, AND Z. Q. QIU PHYSICAL REVIEW B65 184419
deposition rate was;0.5–1.0 Å/min and was monitored by
quartz thickness balance.

The magnetic properties of the Fe films were measurein
situ by the surface magneto-optic Kerr effect~SMOKE! us-
ing a He-Ne laser~632.8 nm, beam diameter'0.2 mm!. As
the SMOKE laser beam scans across the sample to mea
hysteresis loops, its reflection angle simultaneously de
mines the local vicinal angles at different positions of t
substrate. Therefore, the relationship between the s
induced magnetic anisotropy and the step density is obta
systematically from a single curved substrate. Due to
finite beam size, the reflected beam corresponds to a ran
vicinal angles. To improve the angular resolution, a slit w
placed in the path of the reflection beam to narrow the v
nal angle range down to 0.25°. To make systematic thickn
dependent study, Fe wedged samples~10–61 ML! were
grown with the slope along the step edges of the vici
surface. In this way, the film thickness and the vicinal an
can be varied independently.

III. RESULTS

A. LEED results

The LEED patterns of the Ag substrate show very sh
diffraction spots from both the flat@Fig. 1~a!# and the curved
@Fig. 1~b!# surfaces. In particular, the well-resolved doub
LEED spots can be clearly observed on curved substrate
vicinal angles greater than 4°, indicating the formation
periodic atomic steps on the vicinal surface. The separa
between the double LEED spots from the vicinal surfa
increases with the vicinal angle. The ratio of the dou
LEED spot splitting to the primary LEED spot separati
allows us to calculate the local vicinal angle on the curv
substrate. As mentioned earlier, the vicinal angle can also

FIG. 1. LEED patterns from~a! flat Ag~001!, ~b! stepped
Ag~001! with ;11° vicinal angle,~c! 25 ML Fe grown on flat
Ag~001!, and~d! 25 ML Fe grown on stepped Ag~001! with ;11°
vicinal angle. The electron energy is;137 eV in ~a! and ~b! and
;94 eV in ~c! and ~d!.
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obtained by the reflection angle of the SMOKE laser bea
By linearly translating the curved substrate under the illum
nating spot of the LEED and SMOKE laser beam, we de
mined the vicinal angle using both methods. Figure 2 sho
the relationship between the vicinal angles determined by
double LEED spots and by laser beam reflection. A line
relation can be clearly seen. In fact, a linear fit to the d
yields a slope of 1.02, proving quantitatively that the dou
LEED spots are from periodic atomic steps of the vicin
surface. Since only fixed angle vicinal surfaces were stud
previously, Fig. 2 provides systematic experimental d
proving that the double LEED spot splitting is proportion
to the vicinal angle.

Figures 1~c! and 1~d! show the LEED patterns of 25 ML
Fe grown on flat and vicinal surfaces. After the growth of t
Fe film, the single-crystal structure remains, but the LEE
spots are no longer as sharp as those from the Ag subst
The double LEED spots from the vicinal surface evolve in
elongated streaks and persist up to 61 ML of Fe~the thickest
we studied!. The elongated LEED streaks show that t
atomic steps after the Fe film growth retain their directio
but the step density exhibits much greater fluctuations t
does the step density of the Ag substrate. Nevertheless
length of the LEED spot elongation increases with the vi
nal surface in the same way as the separation between
double LEED spots from the Ag substrate, showing that
average step density of the Fe film follows that of the A
substrate.

B. Thickness-dependent study

SMOKE measurements were taken on a curved subst
The Fe magnetization is in the plane of the film in the thic
ness range studied~10–61 ML!, so that only longitudinal
SMOKE loops are shown in this paper. Figure 3~a! shows
several hysteresis loops at different Fe film thicknesses
vicinal angle of 10.5°. The magnetic field was applied p
pendicularly to the step edges with the misalignment l
than 3°. As in our previous results,8 the hysteresis loops in
Fig. 3~a! show that the atomic steps induce an in-pla
uniaxial magnetic anisotropy with the easy magnetizat
axis parallel to the step edges.

FIG. 2. Relationship between the vicinal angle obtained fr
Ag double LEED spots and the vicinal angle obtained from a la
beam reflection measurement. The solid line is a linear fit to
data with a slope of 1.02.
9-2
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For a~001! stepped ferromagnetic film with in-plane ma
netization, the magnetic energy for a magnetic fieldH ap-
plied along the hard axis is

E5Ku cos2 f2MH cosf2K cos2 f sin2 f. ~1!

HereKu is the uniaxial magnetic anisotropy,M is the mag-
netization of the film, andf is the angle between theMW and
HW .

For an antiferromagnetically coupled~001! sandwich with
in-plane magnetization, the magnetic energy within a m
netic fieldH applied along the~100! direction is

E5JM1M2 cos~f12f2!2M1H cosf12M2H cosf2

2K1M1
2 cos2 f1 sin2 f12K2M2

2 cos2 f2 sin2 f2 , ~2!

whereJ is the antiferromagnetic coupling strength across
spacer layer, andKi , Mi , andf i ( i 51,2) are the magnetic
anisotropy, the magnetization, and the angle between
magnetization and the magnetic field of thei th magnetic
layer. For two identical ferromagnetic layers (M15M2

5M ,K15K25K), the magnetization vectors ofMW 1 andMW 2
should be symmetric relative to the direction of the ma
netic field, i.e.,f152f25f. Under this condition, Eq.~2!
becomes

E52JM2 cos2 f22MH cosf22K cos2 f sin2 f22JM2.
~3!

Equations~1! and~3! are identical except for a factor of
and a constant. That is why the hard-axis hysteresis loop
stepped magnetic thin film has the same shape as that o
antiferromagnetically coupled sandwich. It was shown t
Eq. ~3! has an analytical solution for the hysteresis loo20

that produces most of the characteristic properties obse
in experiment, especially the properties of zero remane
and two side loops under appropriate conditions. The sat
tion field calculated from Eq.~3!, however, is not propor-
tional to J. The reason is that Eq.~3! is based on single

FIG. 3. ~a! Hard-axis hysteresis loops of Fe films grown on
curved Ag~001! substrate at a vicinal angle of 10.5°. The shift fie
HS ~dashed line! measures the strength of the step-induced m
netic anisotropy.~b! The shift fieldHS vs the Fe film thickness.
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domain magnetization, but in reality magnetic doma
always appear in the region of the magnetization switchi
Nevertheless, the middle point of the side loop, referred to
the shift field (HS), is usually taken as a measure of th
antiferromagnetic coupling strength. We then follow th
convention in this paper to take the shift fieldHS as a mea-
sure of the step-induced magnetic uniaxial anisotropy.

Despite some detailed differences in the shape of s
loops which depend on the domain propagation during m
netization switching, Fig. 3~a! shows that the step-induce
magnetic anisotropy depends very little on the Fe film thic
ness. Detailed measurements along the Fe wedge@Fig. 3~b!#
indeed confirm that the step-induced magnetic anisotrop
independent of the Fe film thickness in the thickness ra
studied. To make sure that this statement is also true at o
vicinal angles, we performed SMOKE measurements a
function of the vicinal angle~a! at different Fe thicknesse
~Fig. 4!. First, we observed that theHS increases witha,
consistent with our earlier results.8 Second, all data collaps
onto a single curve, showing that the step-induced magn
anisotropy is independent of the Fe film thickness at all v
nal angles. We note that the shift field for 14 ML Fe
slightly smaller than the others fora.13°. This is probably
due to nonuniformity of the substrate.

The above experiment suggests that the step-induced
isotropy is not localized at the step edges; otherwise, a 1dFe
dependence would have been expected. To further clarify
issue, we performed step decoration experiments.

C. Step decoration with Pd and Ag

Step decoration is a powerful method to single out
effect of step edges. By growing a small fraction of forei
atoms on the ferromagnetic surface, it was shown that
step-induced magnetic anisotropy can be greatly influen
if the foreign atoms migrate to the step edges. This effect
been used as a proof of the local nature of the step-indu
magnetic anisotropy in the Co/Cu~001! system.7,9 We per-
formed the same experiment in the Fe/Ag~001! system with
Ag and Pd as the foreign atoms. To obtain an equal amo
of atoms per atomic step at all vicinal angles and to prom
the movement of deposited atoms to move to the step ed
we used the side growth method whereby the evapor
faced to the side of the curved substrate@Fig. 5~a!#.

Two atomic rows of Ag were grown on a 15-ML Fe su
face, and SMOKE measurements were made before and

-

FIG. 4. Shift fieldHS vs the vicinal anglea with several differ-
ent Fe film thicknesses.
9-3
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FIG. 5. ~a! Schematic drawing of the side
growth geometry. The shift fieldHS vs the vicinal
anglea of ~b! 15 ML Fe prior to and after Ag
step decoration on the Fe film,~c! 30 ML Fe prior
to and after Pd decoration on the Fe film, and~d!
27 ML Fe prior to and after Pd decoration on th
Ag substrate.
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the step decoration. As shown in Fig. 5~b!, we observed no
effect of the Ag decoration on the step-induced magn
anisotropy over the entire vicinal angle range. Growing
ML Ag at normal incidence on top of the Fe film also had
effect on the step-induced magnetic anisotropy. This re
again suggests that the step-induced magnetic anisotrop
the Fe/Ag~001! system is not localized at the step edges.

To make sure that the above results were not associ
only with Ag, Pd step decoration was also performed o
30-ML Fe film. It is well known that a ferromagnetic laye
can induce a magnetic moment in Pd at the Pd/ferromagn
interface. Because of the strong spin-orbit interaction in
the induced moment also has effect to enhance the mag
anisotropy. As for the stepped film, it was shown that Fe
stepped Pd~001! has a much stronger step-induced magne
anisotropy than Fe on stepped Ag~001!. Moreover, the Pd
also has a strong effect on thea dependence of the step
induced magnetic anisotropy and the Curie temperature
the Fe film.21 Thus a significant change of the stepped
duced magnetic anisotropy would be expected for Pd s
decoration on the Fe/Ag~001! system if the anisotropy wer
localized at the step edges. As shown in Fig. 5~c!, the addi-
tion of two atomic rows of Pd on the 30 ML Fe/stepp
Ag~001! has no effect on the step-induced magnetic anis
ropy. To be sure that all the step edges were decorated
the Pd atoms, 1 ML Pd was grown on top of the 30 ML Fe
normal incidence, and we found that the step-induced m
netic anisotropy remains unchanged. To further distingu
the steps at the Fe/vacuum interface from the steps at
Fe/Ag interface, we performed the same Pd step decora
experiment on the Ag substrate prior to the growth o
27-ML Fe film. Again, we observed no effect of the Pd
the step-induced magnetic anisotropy even with a seed l
of up to 3 ML Pd between the Fe and Ag@Fig. 5~d!#. The Ag
and Pd step decoration experiments show that the s
induced magnetic anisotropy in the Fe/stepped Ag~001! sys-
tem is not localized at the step edges.
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IV. DISCUSSION

The origin of the step-induced magnetic anisotropy is
well understood at present. The popular explanation of
step-induced magnetic anisotropy is based on Ne´el’s pair-
bonding model10 in which the magnetic anisotropy is gene
ated by the spin-orbit interaction through the neare
neighbor electronic hybridization. The absence
modification of the nearest neighbors for atoms at the s
edges will generate magnetic anisotropy in thin films gro
on vicinal surface. A phenomenological anisotropy functi
can be derived using Ne´el’s pair-bonding model,22 which can
successfully explain thea dependence of the step-induce
magnetic anisotropy. However, there are two simplificatio
in this model. First, 3d electrons in transition metals are n
localized, so that it is questionable how good the approxim
tion of using only the nearest neighbors is. Second, the st
in the interior of the film is neglected in the model, so th
even if the nearest-neighbor approximation is valid, the
calized nature of the model should result in a 1/d dependence
of the step-induced magnetic anisotropy, contradicting
perimental observations.

The present experiment shows that the step-induced m
netic anisotropy in the Fe/stepped Ag~001! system is almost
independent of the Fe film thickness. This is a strong indi
tion that the step-induced magnetic anisotropy is non lo
i.e., the symmetry breaking in this system should occur
only at the step edges, but also in the interior of the Fe fi
In fact, such an effect has been observed in magnetic sur
anisotropy, where lattice distortion breaks the cubic symm
try throughout the ferromagnetic film.23 For stepped thin
films, the deviation from the 1/d dependence in the step
induced magnetic anisotropy suggests that lattice distor
due to the atomic steps also occurs throughout the ferrom
netic film. Lattice distortion is usually caused by lattice m
match between the substrate and overlayer film and will p
sist until dislocations relax the strain. The thickne
9-4



t
ed
tic
nd

y

lly

e
in
c
io

lt
e
p

n
fl

o
-
e

st
te
ti
y

ee
i

te
gh
w
w
te
an
is
an

he

st

n

the
ved
in in
st-

Cr.
ri-
ur-
ced
e
an-

is
to
he
ion
ced
y in

the
isot-
ici-
L

the

tep-
ri-

ag-
t
ss
no

re-
the
s.
is-

nt
his

on
rt-

8.

MAGNETIC UNIAXIAL ANISOTROPY OF Fe FILMS . . . PHYSICAL REVIEW B 65 184419
independence of the step-induced magnetic anisotropy in
Fe/stepped Ag~001! system indicates that the step-induc
magnetic anisotropy in the system is dominated by the lat
distortions of the Fe film. The lattice constants of fcc Ag, a
bcc Fe are 4.08 and 2.87 Å, respectively. Thus bcc Fe~001!
fits very well to fcc Ag~001! ~0.8% misfit! by aligning the Fe
@100# to Ag @110#. That is why bcc Fe can grow epitaxiall
on Ag~001!. However, there is a& difference in the lattice
constant in the film normal direction between bcc Fe~001!
and fcc Ag~001!. Such a large lattice mismatch is usua
ignored in considering Fe film growth on flat Ag~001!, but
obviously cannot be ignored for Fe films grown on stepp
Ag~001!. The lattice distortion at the step edges should
duce a significant strain in the ferromagnetic Fe film indu
ing magnetic anisotropy. If the strain extends into the inter
of the ferromagnetic film, a deviation from the 1/d depen-
dence in the step-induced magnetic anisotropy predicted
Neel’s pair-banding model will then be expected. Our resu
from the Fe stepped Ag~001! system suggest that the lattic
distortion is probably the dominant contribution to the ste
induced magnetic anisotropy in this system.

In addition to the spin-orbit interaction, dipolar interactio
is an another source of the magnetic anisotropy. For a
film, dipolar interaction generates 2pM2 shape anisotropy
which favors the magnetization in the plane of the film. F
a stepped film, Bruno pointed out24 that magnetic poles dis
tributed along the step edges could generate a magn
shape anisotropy that favors an easy axis parallel to the
edges. More recently, Arias and Mills obtained a parame
free analytical form of roughness-induced magne
anisotropy.25 Because of the dipolar origin, the anisotrop
has a rather weak thickness dependence. Wolfeet al. per-
formed an experiment on Fe/MgO~001! with off-axis growth
and found that roughness with a preferred direction ind
induces uniaxial magnetic anisotropy with the magnitude
agreement with the theory. However, in order to genera
comparable magnetic anisotropy the amount of film rou
ness is much greater than that of the epitaxially gro
stepped thin films.26 In addition, some stepped films sho
the easy magnetization axis perpendicular to the s
edges,6,18 in contrast to the roughness-induced magnetic
isotropy. Therefore it is unlikely that the film roughness
the dominant contribution to the step-induced magnetic
isotropy.

It should be mentioned that our result is different from t
result obtained from a similar system of Fe/Ag/GaAs~001! in
which a Ag seed layer was grown on stepped GaAs~001!
with a vicinal angle of 2°. In this system, Leebet al.27 found
that the easy magnetization axis is perpendicular to the
edges and that the step-induced magnetic anisotropy is
versely proportional to the Fe film thickness. This differe
ds
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result is probably due to the use of a different substrate or
effect of segregation of Ga or As. Nevertheless, the obser
1/d dependence in their system may suggest that the stra
their system is well relaxed by dislocations. Another intere
ing comparison is Fe/stepped Cr~001! in which the strain is
presumably much smaller than in Fe/stepped Ag~001! be-
cause of the ideal lattice match between bcc Fe and bcc
Escorcia-Aparicioet al. performed a step decoration expe
ment by growing a row of Au atoms on the stepped Fe s
face and observed an obvious change of the step-indu
magnetic anisotropy.28 This result suggests that once th
strain is absent or very small, the step-induced magnetic
isotropy is localized to the step edges.

The last issue in the Fe/stepped Ag~001! system concerns
the nature of the strain inside the Fe film. If the strain
dominated by the lattice mismatch in the direction normal
the film, the strain inside the Fe film must increase with t
step density. Then if the strain is the dominant contribut
to the step-induced magnetic anisotropy, the step-indu
magnetic anisotropy should increase with the step densit
the Fe/stepped Ag~001! system, consistent with the
a-dependence experimental result. On the other hand,
thickness independence of the step-induced magnetic an
ropy suggests that the strain per unit volume at a given v
nal angle should be a constant for Fe film in the 10–61 M
range. At present, we do not have a microscopic theory of
step-induced magnetic anisotropy~under this picture! be-
cause such a theory would require the knowledge of the s
induced strains. It will be a very interesting future expe
ment to investigate the growth of Fe on stepped Ag~001! to
understand the strain inside the Fe film.

V. SUMMARY

In summary, we have shown that the step-induced m
netic anisotropy in the Fe/stepped Ag~001! system does no
depend on the Fe film thickness in the 10–61 ML thickne
range. Step decorations with Ag and Pd atoms also have
effect on the step-induced magnetic anisotropy. All these
sults show that the step-induced magnetic anisotropy in
Fe/stepped Ag~001! system is not localized at the step edge
We propose that the strain caused by the large lattice m
match in the direction normal to the film is the domina
contribution to the step-induced magnetic anisotropy in t
system.
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