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Cu(11n) surfaces vicinal to Cu(001) are characterized by (001) terraces separated by monoatomic steps.
Growth of thin epitaxial magnetic films on such terraced substrates, e.g., Co/Cu(l 113), leads to unex-
pected magnetic anisotropy associated with the surface steps. This anisotropy remains largely unex-
plained, and is of potential technological importance. We have studied the anisotropy of fcc Co/Cu
(1113) films using in-situ magneto-optical Kerr effect (MOKE), and find an in-plane uniaxial anisotropy
favoring magnetization parallel to the steps. The strength of this anisotropy decreases with increasing
film thickness. In this paper we focus on the interpretation of this anisotropy in terms of the Néel mod-
el. The Néel anisotropy energy for such a film has the form Egy, =Epu —2Eypace/t —2E e /(td),
where ¢t and d are film thickness and terrace width, respectively. The last term includes contributions
from sites at both the upper edge and inner corner of the step and makes the dominant contribution to
the step-induced anisotropy. This model properly accounts for the preferred direction of magnetization
parallel to the steps in Co/Cu(1113). bcc Fe/W vicinal to (001) shows a preference for in-plane magne-
tization perpendicular to the steps for # <2.5 monolayers. The Néel model also predicts this anisotropy
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for a bee Fe film provided the magnetization lies in the film plane, not in the (001) plane.

I. INTRODUCTION

Magnetic surface anisotropy (MSA) in epitaxial mag-
netic thin films and multilayers is a subject of both major
technological importance and fundamental scientific in-
terest. Understanding why the magnetization favors a
given direction in a materials system is crucial to en-
gineering desired properties in magnetic structures.
Many research groups have shown that MSA, including
strain effects,! ~* and effects of substrate morphology,’®
is a significant factor governing the anisotropy in films
and multilayers. In some systems, the MSA is strong
enough to overcome the magnetostatic energy of the film
and produce a perpendicular easy axis [e.g., Ni/Cu (Ref.
2), Fe/Ag (Ref. 9), Fe/Cu (Ref. 10)]. Interpretations of
surface anisotropy have focused largely on phenomeno-
logical descriptions using the Néel surface anisotropy
model. 1?2 There have been a few first-principles calcu-
lations. Recently, Victora and MacLaren have worked to
bring these two approaches together, demonstrating that
the Néel model gives good agreement to electronic struc-
ture calculation results as well as to experimental results
for Co/Pd multilayers.! They also demonstrated the im-
portance of taking the strain effects into account in the
Néel model for that system.

In an effort to more fully understand MSA, a few
groups are investigating the anisotropy in magnetic films
grown on well-defined, stepped substrates. The stepped
morphology is obtained either by using a vicinal surface,
cut slightly off a low index crystal plane, or by carefully
controlling growth conditions in order to create surface
steps. The systems studied include fcc Co/Cu vicinal to
(001),%713 bee Fe/W vicinal to (001),® and bee Fe/W
stepped (110).°> Albrecht et al.’ have shown that the
main aspects of the step-induced anisotropy in Fe/W
stepped (110) can be explained by Néel’s model. Here we
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focus on the Co/Cu vicinal to (001) system.

Stable Cu surfaces vicinal to (001) are of the type
(11n), and are characterized by (001) terraces n /2 atoms
wide.!* The terraces are separated by monoatomic steps
perpendicular to the [110] direction (see Fig. 1). Co films
grown epitaxially on such a substrate exhibit a step-
induced uniaxial magnetic anisotropy which favors M
parallel to the steps.®”'!3

In this paper, we present a full treatment of the Néel
anisotropy in Co/Cu vicinal to (001) surfaces. Our treat-
ment describes the anisotropy in this materials system
due to broken or missing bonds at the surface and step
edges, as well as the strains in the remaining bonds. Our
model predicts the experimentally observed orientation of
the easy axis in the Co/Cu(11n) system, and gives reason-
able agreement with the magnitude of the measured an-
isotropies. It also predicts the observed anisotropy in a
similarly stepped system Fe/W vicinal to (001).%

II. NEEL SURFACE ANISOTROPY MODEL

Néel proposed that atoms in an environment of re-
duced symmetry, such as those at a surface, will give rise
to anisotropies that are different from the bulk anisotropy
in the material. In the Néel model, the magnetic pair-
interaction energy between atoms is expanded in Legen-
dre polynomials:'!

w(r,Y)=G (r)+L (r)( cos’p—1)
+Q(r)(cos*y—Scos?y—L)+ -+ . (1)

35

This interaction depends on 1, the angle between the
bond axis and M,, and on the distance between the pair
of atoms r [see Fig. 2(a)]. The first term, which is in-
dependent of ¥, includes the spatially isotropic effects
such as magnetic exchange E ., = —J;;S;-S;. It does not
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contribute to magnetic anisotropy. The second, dipolar
term describes anisotropies with a twofold axis. The
third, quadrupolar term describes anisotropy of cubic
symmetry. We calculate the magnetic anisotropy energy
of a film by summing this interaction energy w(r,¢) for
all pairs of atoms in the film.

Strain is present in ultrathin films for various reasons,
such as surface relaxation'> and film/substrate misfit.'®
Anisotropy due to these strains is described via the Néel
model by taking into account the strain-induced changes
in r and .7 The coefficients of Eq. (1) are functions of
the distance r between the pairs of magnetic atoms, and
can be expanded in terms of the bond strain

L;(r)=L(ro)+(dL,/dr)-e-ro+ -+ , 2)

where r is the bulk unstrained bond length. The sub-
script indicates the type of interaction being considered,
(e.g., i =1 denotes an interaction between first-nearest
neighbors, i =2 denotes a second-nearest-neighbor in-
teraction). For a given material, the values of L,(r,) and
Q;i(ry), as well as their variation with the bond length
[e.g., (dL;/dr)ry] can be related to the anisotropy con-
stant K|, and the magnetoelastic coefficients B, and B,
of the bulk material.!” Because we cannot separate first-
nearest- and second-nearest-neighbor effects in the
definition of B, and B,, and because the interaction
strength should decrease with bond length, we assume
that second-nearest-neighbor interactions are relatively
insignificant. We have calculated the Néel coefficients for
fcc Co using K |, B, and B, values extrapolated from the
data of Fujiwara, Kadomatsu, and Tokaunaga taken at 4
K.!® These coefficients are listed in Table I along with
the coefficients for bce Fe, as dictated by bulk magnetic
parameters.!” We have dropped the subscript i =1 for
convenience. As seen in Table I, the magnitude of L (r,)

(@) (b)

FIG. 2. (a) The angle ¢ between M, and the bond axis, r. (b)
6 and ¢, the angles used to define the direction of a vector (e.g.,
M,) with respect to the coordinate axes.
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FIG. 1. Schematic of an ideal Cu(11n) sur-
face characterized by (001) terraces separated
by atomic steps parallel to [110]. The terraces

[010] are d =n /2 atoms wide.

is two orders of magnitude larger than Q(r,); therefore,
we neglect the quadrupole, and higher-order terms of Eq.
(1) in all cases where the dipole term contributes to the
anisotropy.

The Neéel coefficients can alternatively be determined
using first-principles calculations, as done by Victora and
MacLaren.! We note that the values of L(r,) and
(dL /dr)r, given in Table I predict an L (r) for Co-Co in-
teractions at a bond separation r as found in Co/Pd mul-
tilayers! that is within 6% of the value obtained from the
electronic structure calculations of Victora and
MacLaren for that system.

We describe the strain in the bonds around a given
atom by a strain tensor given in the low index surface
coordinate system, as defined in Tables II, III, and IV:

exx eXy eXZ

e=ley e, e,|. (3)

€xz eyz €

For the calculations presented in this paper, we consider
a biaxial strain that is uniform throughout the thickness
of the film, such as that due to unrelieved misfit between
the film and substrate. The misfit strain in the film has
the form

10 0
e=e¢ey|0 1 0 . 4)
—2v
0
0 1—v

€y 18 the misfit €o =(asubstrate “agim )/asubstrater and
Poisson’s ratio (v) is assumed to be L.

IIl. NEEL’S MODEL APPLIED
TO (11n) STEPPED FILMS

For Co/Cu(l1n) films we can identify four distinct
types of atomic sites in the film which are indicated in
Fig. 3(a): bulk, surface, step-edge, and step-corner sites.
Each type of site contributes in a different way to the
magnetic anisotropy. Bulk fcc Co atoms have twelve
nearest neighbors, as shown in Fig. 3(b). The symmetry
of a surface site is reduced compared to that of the bulk
because four nearest-neighbor bonds are broken in the
creation of the surface. These bonds are along [011],
[011], [101], and [101] directions. The resulting
nearest-neighbor cluster around a surface atom contains
only eight atoms [Fig. 3(c)].

In creating the surface steps parallel to [110] in
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TABLE I. Anisotropy constant K, and magnetoelastic coefficients B,, B, for fcc Co (at 4 K) and bcc
Fe (at 298 K), and the Néel model parameters derived from them.

K, Q(rg) B, B, L(ry) (dL /dr) ry

10% erg/cm®  10° erg/cm®  10° erg/cm®  10° erg/em®  10% erg/cm’  10° erg/cm’
fcc Co —1.2 —12 —1.6 2.6 —1.5 5.5
bee Fe 0.47 0.26 —0.29 0.71 —0.11 0.91

Cu(l1n), three additional bonds are broken. One of these
is between the atom at the upper edge of the step and its
nearest neighbor in the [110] direction; leaving the edge-
site atom with only seven nearest neighbors [Fig. 3(d)].
The other two broken bonds are associated with atoms
formerly in bulk sites, but now at the inner corner of the
step. These bonds are along [101] and [011] directions.
The corner-site atom is left with ten nearest neighbors
[Fig. 3(e)].

The anisotropy contributions to each of the reduced
symmetry sites (e.g., surface, and step sites) can be deter-
mined in either of two ways. We can sum the energies of
the bonds present in the nearest-neighbor clusters, or al-
ternatively, we can sum the energies of the broken bonds
and subtract this sum from the anisotropy energy of a
bulk cluster. Both methods lead to the same result for
the magnetic anisotropy of the entire film. We use the
latter. The anisotropy energy density for the film is then
given by

E surface 2 (E step edge +E step corner )
t td ’

where E bulk> E surface’ E step edge’ and E step corner are in units
of energy/volume, energy/area, energy/length, and
energy/length, respectively. ¢ and d are the film thick-
ness and the terrace width, respectively. [See the Appen-

(5)

bulk site
surface site
step-edge site
step-corner site
vacant site

0Deeoo0

FIG. 3. (a) Region around a surface step in Co/Cu(11n), sites
of different symmetry are indicated. Nearest-neighbor clusters
are shown for (b) bulk fcc Co sites, (c) surface sites, (d) step-edge
sites, and (e) step-corner sites.

dix for a derivation of Eq. (5).] Equation (5) indicates, as
expected, that as the film thickness increases, anisotropy
effects from the surface and steps will become less impor-
tant. Similarly, in systems with wider terraces, step
effects will not be as significant.

1IV. IMPORTANCE OF STRAIN EFFECTS

To illustrate the importance of the magnetoelastic
effects due to misfit strain, we compare the anisotropy en-
ergy for unstrained bulk fcc Co with that for bulk cobalt
strained by the Co/Cu misfit ¢;=1.9% (ac,=0.3546
nm, ac,=0.3615 nm). The forms of these energies, ob-
tained from Eq. (1) and Eq. (2) are

E jnstrained — —Q—iﬂ( sin?20+ sin?2¢ sin*0)=E ¢ (6)

for the unstrained fcc bulk, and

B =eq 6L (rg)+ Sy | sin?0+ R ()

for the strained fcc bulk. 6 and ¢ are defined in Fig. 2(b),
where x=[100], y=[010], and z=[001] for this system.
In the unstrained case, Eq. (6), the dipole terms have

[111}
easy axis

[100]
hard axis

[100]

FIG. 4. (a) Anisotropy energy surface for unstrained fcc Co
bulk. (b) Anisotropy surface energy for fcc Co bulk strained by
the 1.9% misfit between Co and Cu induced by epitaxial growth
on Cu. (c) An (001) cut through the strained bulk’s energy sur-
face showing the presence of fourfold anisotropy in the (001)
plane.
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cancelled upon the summation over nearest neighbors.
The resulting anisotropy is simply the magnetocrystalline
anisotropy, Epyc, where the anisotropy constant
K,=Q(r), (i.e., the angular term is identical to
ala3+alal+alal). Figure 4(a) shows the form of this
energy surface; a constant has been added so that its
shape can be seen more clearly. It exhibits the expected
form for magnetic anisotropy in a cubic material with
K, <0. The {(111) directions are magnetically easy.

After the symmetry around a bulk atom is reduced by
misfit strain, the dipole effects no longer balance each
other. The importance of the dipole term which remains
in the strained case, Eq. (7), is illustrated in Fig. 4(b).
Magnetoelastic effects give rise to a strong uniaxial an-
isotropy which favors M in the plane of the film. The
difference in energy between M out of the plane (along
[001])) and M in plane (along [100]) changes from AE =0
in the unstrained case to AE~10" erg/cm® (7X 1073
eV/atom) in the strained case. This adds to the effect of
the magnetostatic energy (AEy~ 10" erg/cm?®) which
also works to bring the magnetization in plane. In Fig.
4(c) we show the anisotropy energy in a (001) plane cross
section of the surface in Fig. 4(b) to demonstrate that in
the presence of strain, there is still fourfold symmetry
about the [001] axis. The magnetic easy directions in the
(001) surface of the strained bulk are still the (110)
directions. The anisotropy in the (001) plane is 3X10°
erg/cm3, very small relative to the strain-induced anisot-
ropy.

The presence of any strain in the film will similarly
affect the surface and step anisotropies. Strain contribu-
tions alter the unstrained surface and step anisotropies in
Co/Cu(lln) (e;=1.9%) by approximately 12% and 8%,
respectively. These contributions scale with the misfit
strain.

V. ANISOTROPY IN Co/Cu(1 1 13)

We have used the Néel model to calculate the anisotro-
py energies E., and Eg .. for simple- (sc), body-
centered- (bcc), and face-centered- (fcc) cubic structures
with low index surfaces, as well as Eg., g5, and
E yep comer for fcc(001) and bee(001) vicinal surfaces. In
order to obtain these results, we incorporated the Néel
model in a MATHEMATICA® program with which we can
calculate and plot E(0,¢) for any cluster of atoms in the
presence of any strain described by Eq. (3). The expres-
sions for anisotropy energies in (001), (110), and (111) sys-
tems are given in Tables II, III, and IV, respectively.
Upon summation of the interaction energy over nearest
neighbors, the angle 1 has been written in terms of 6 and
¢ (Fig. 2). The surface and bulk anisotropy energies in
the tables correspond to those calculated by Victora and
MacLaren for the unstrained case (e;=0) upon an ap-
propriate rotation of the coordinate system. We present
each energy in a coordinate system in which z is along
the surface normal, as described in the tables.

Figures 5-8 illustrate the calculated results for the
strained Néel anisotropy in fcc Co/Cu(11n). For each
type of site described in Sec. III, we show the anisotropy
energy surface, and the cross sections of this surface for

15 087

the (001) and (1 113) planes. These cross sections depict
the in-plane anisotropy due to each particular site. We
are concerned with the in-plane anisotropy because the
strong magnetostatic energy (27M?2~10" erg/cm’
~7X1073 eV/atom for fcc Co) works to confine M in
the plane of the film. A measure of the in-plane uniaxial
anisotropy, AE|_|, is defined as the energy difference be-
tween M parallel to the steps (¢ = —m/4) and M perpen-
dicular to the steps (¢=m/4). The negative of the sur-
face and step-site contributions to the anisotropy energy
is displayed so that a minimum in the site energy surfaces
corresponds to a minimum for that site’s contribution to
the total film anisotropy energy as described by Eq. (5).
We note that only the dipole effects are shown below, but
the bulk quadrupole, or magnetocrystalline, anisotropy
effects (Fig. 4) should not be neglected when considering
the total anisotropy of the film.

The anisotropy contribution due to the strained bulk is
shown in Fig. 5(a), with the anisotropy in (001) and
(1113) plane cross sections of this surface in Fig. 5(b). In
the (001) surface, as shown with the dotted lines, the en-
ergy is constant and there is no in-plane anisotropy.
Upon rotation into the (1 113) plane, the surface is no
longer perpendicular to a high symmetry axis of the ener-
gy surface. This reduction in symmetry results in uniaxi-
al in-plane anisotropy with the [110] direction parallel to
the steps (¢ =1m/4,37/4) being easier than the step nor-
mal  (AE |, =—7X10* erg/cm’ =-5X10"
eV/atom).

The anisotropy energy corresponding to bonds broken
to create the surface is shown in Fig. 6. This contribu-
tion also favors M in the plane of the film, reinforcing the
effects of magnetostatic energy and the bulk anisotropy
contribution in the strained film. The (001) cross section
of this energy surface reveals that there is no (001) in-
plane anisotropy associated with surface sites. For M
confined to the (1 1 13) plane, however, the surface anisot-
ropy contribution favors magnetization parallel to the
steps  (AE| | qurace=—0.013 erg/cm®> =-—5X10"°
eV/atom). Again, this uniaxial anisotropy is simply a
consequence of the fact that unlike the (001) plane, the
(1113) plane is not perpendicular to the symmetry axis of
the energy surface.

The contribution from the upper-step-edge site is
shown in Fig. 7. The anisotropy due to this site favors M
in the (110) plane, which is parallel to the steps. The re-
duced symmetry at this site contributes a strong uniaxial
in-plane anisotropy when M is confined in either the (001)
or (1113) plane. The energy difference AE| | e egge in
both of these planes is quite large, approximately
—2.9X107% erg/cm (—7X107° eV/atom) favoring
magnetization parallel to the steps.

The inner-step-corner site contributes the anisotropy
energy illustrated in Fig. 8. The (001) cross section of
this surface reveals that there is no in-plane magnetic an-
isotropy due to this site. In the (1 1 13) plane, however,
M perpendicular to the steps is favored by
AE || sep corner =0.47X 1078 erg/cm =1X1073
eV/atom. As seen by comparing Fig. (7) and Fig. (8), the
two step-site contributions counteract one another in the
(1 1 13) plane, but the much stronger upper-step-edge
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TABLE II. Bulk, (001) surface, and step anisotropy energies for cubic structures in the (001) surface
coordinate system: x=[100], y=[010], z=[001]. As in the Appendix, # and w are the height of a
monolayer and the distance between terrace atoms, respectively.
(001) system Anisotropy energy
x=[100], y=[010], z=[001]
Bulk, unstrained E pnstrained _9_r_g3“ =Evc
cm
—Q(ry) X
Simple cubic (sc) —Q2—°< sin?20+ sin24 sin*6)
. 4Q(ro) . s
Body-centered cubic (bcc) ———(sin“26+ sin“2¢ sin*0)
. Q(ro) g
Face-centered cubic (fcc) ('sin*20+ sin*2¢ sin*0)
Bulk, strained Ejirained e_rg}_
cm
dL
sc —2e07;r0 cos’6
b 16 2
cc - TeoL(ro)cos 0
fce — |6e,L (r0)+e0—(yir0 cos?0
dr
Surface TII-Esurface {:_r;g_;_
sc(001) 1 eod—LrO +L(ry) | cos?@
2 dr
bee(001) - %L (ro)eq 086
L(ry)
fee(001) = —3e,L(rq) | cos6
1 er,
Step 'w_hEstep site lalgl_ ]
bee(001) with steps ||[100]
Eslep edge 0
4 2 4 2 dL . .
Estep corner ‘?L(ro)eo C0520+ ?L(ro)——g‘eoL(ro)+ 560;?‘0 sm¢cos9sm0
fcc(001) with steps ||[110]
1 dL 1 dL . .
E gep cdge 7 L(r0)+e0-d?ro cosz9+5 L(r0)+e0?ro sing cosé sin’0
Eiep corner %L (ro)— %eOL (ro) | cos?6+ %L (ro) cos@sind( sing+ cos¢)
effect dominates giving a combined step effect which al- given by
ways favors M parallel to the steps for Co/Cu(11n) with 190 S ,
AE| | gop="2.4X10"% erg/cm =—6X 10> eV/atom. AE | | gim= —0-7—7— X10° erg/cm’, (8)
The Néel anisotropy of the film is obtained by substi- ML

tuting the four contributions described above into Eq. (5).
In Co/Cu(1 1 13) films, the energy difference AE | 4, is

where ty is the thickness of the film in monolayers.
Magnetization parallel to the steps is always favored
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TABLE III. Bulk and (110) surface energies for cubic structures in the (110) surface coordinate system: x=[110], y=[001],

z=[110]. h is the height of a monolayer in cm.

(110) System

Anisotropy energy

x=[110], y=[001], z=[110]

Bulk, strained Ejfined _e_r_gi_
cm
sc — |2eqL(ry)+eq %ro cos?0+ [2eoL (rg) —eoidl;—ro cos’¢ sin’6
bee - %eoL (ro)+ -g—eo %—Lr—ro cos?0+ [ - i9(1620L (ro)+ %eo %—[r'—ro cos’p sin’0
fec — |5eqL(ry)+ %eo%ro cos?0+ | —eoL(rg)+ %eo%lriro cos’p sin6
Surface %E surface f;_f? ]
sc(110) —;—L (ro)—eoL (ry) | cos?+ —;—L (ro)+eoL(ry) | cos’psin?
bee(110) —;-L(r0)~——19§-eoL(ro)——;—e0‘2—l;ro cos?0— %L(r0)+—g—e0L(ro)—-;-e0%ro cos’p sin20
fec(110) —;—L(ro)—%eoL(ro)—%eo%ro cos’0— %L(ro)-%—;—eoL(ro)—f-%eo—d%—ro cos’¢ sin%0

TABLE IV. Bulk and (111) surface energies for cubic struc-
tures in the (111) surface coordinate system: x=[112],
y=[110], z=[111]. h is the height of a monolayer in cm.

(111) System Anisotropy energy

x=[112],y=[110],z=[111]

Bulk, strained 3
cm

E strained €r; 5
bulk

sc —4eyL(ry)cos’d
bee _16 eoL(rg) +e0££r0 cos?6
dr

fcc — |deoL (ry)+2e i—f_‘ro cos’6
Surf Lp er

uriace —h_ surface cm®
sc(111) —2e0L (ry) cos?0

1 8 25 L
bee(111) EL(ro)—;eoL(ro)——lge()??ro cos?6
3 1 dL

fce(111) ‘ZL("O)_hoL("o)*Ieo;’o cos20

(AE,.| fim <0), but the magnitude of AE | g, decreases
with increasing film thickness, as shown in Fig. 9. Even
for ¢y — o there is a weak uniaxial anisotropy parallel
to the steps in an fcc film on a (11n) vicinal surface.

We compare this predicted strength of the in-plane
uniaxial anisotropy to that measured on Co/Cu(l 1 13)
films of various thicknesses. In-plane anisotropies have
been measured on 14-ML and 20-ML films, as shown in
Fig. 9. Thinner films of 2 ML, 3 ML, !* 6 ML,?! and 10
ML (Ref. 20) thickness have also been studied, but the
hard axis, perpendicular to the steps, could not be sa-
turated with the fields available in situ. The solid line is
the behavior indicated in Eq. (8). The Néel model clearly
predicts the correct orientation of the easy axis: parallel
to the steps. The measured strength of the in-plane an-
isotropy is smaller than that predicted. For example, in
the 14-ML film, the measured value,
AEgperimentdl = — 3 10° erg/cm® is approximately five
times smaller than the anisotropy calculated using the
model: AE,, g, =—14X10° erg/cm’. Our measure-
ments were made at room temperature and the calculated
values were based on low-temperature parameters (Table
D.

If we consider only the bulk and surface contributions
to the anisotropy in the 14-ML (11 13) film, we predict
AE | fim=—1.7X10° erg/cm’. Because we observe an
anisotropy stronger than this, but not as strong as that
calculated for perfect steps, it appears that step effects are
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FIG. 5. (a) Anisotropy energy surface for a
bulk site in a fcc Co(11n) film. (b) In-plane an-
isotropy for (001) and (1 1 13) planes through
this energy surface. (001) anisotropy is shown
as a dotted line, (1 1 13) anisotropy as a solid
line. The surface steps are along [110], defined
by ¢=37/4,77 /4.

FIG. 6. (a) Anisotropy energy surface for
the surface site in a fcc Co(11n) film. (b) In-
plane anisotropy for (001) and (1 1 13) planes
through this surface. (001) anisotropy is
shown as a dotted line, (1 1 13) anisotropy as a
solid line. The surface steps are along [110],
defined by ¢=37/4,7m7 /4.

FIG. 7. (a) Anisotropy energy surface for
the step-edge site in a fcc Co(11n) film. (b) In-
plane anisotropy for (001) and (1 1 13) planes
through this surface. (001) anisotropy is
shown as a dotted line, (1 1 13) anisotropy as a
solid line. The surface steps are along [110],
defined by ¢ =37 /4,77 /4.

FIG. 8. (a) Anisotropy energy surface for
the step-corner site in a fcc Co(11n) film. (b)
In-plane anisotropy for (001) and (1113)
planes through this surface. (001) anisotropy is
shown in a dotted line, (11 13) anisotropy is in
a solid line. The surface steps are along [110],
defined by ¢ =37 /4,71 /4.
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contributing to the experimentally observed anisotropy,
but not to the extent that we predict for an ideal stepped
surface. The discrepancy may be accounted for by con-
sidering that the steps are roughened.

Our model predicts that while very thin films show
strong uniaxial anisotropy, the anisotropy of thicker
Co/Cu(11n) films will approach the biaxial in-plane an-
isotropy found in Co/Cu(001). This transition from uni-
axial to biaxial behavior occurs because the effects of the
steps weaken as film thickness increases, as described in
Eq. (5). We used d’E /d ¢?, the curvature of the in-plane
anisotropy energy, evaluated at ¢ = /4 (perpendicular to
the steps), to characterize this transition. As shown in
Fig. 10, for Co/Cu(1113) films thinner than 17 mono-
layers this curvature is negative indicating that perpen-
dicular to the steps is a hard axis. For thicknesses
greater than 17 ML, the curvature is positive, and the
direction perpendicular to the steps is a local minimum
for the in-plane anisotropy energy. We note, however,
that parallel to the steps remains the global minimum, as
previously indicated in Fig. 9.

VI. ANISOTROPY IN Fe/W VICINAL TO (001)

We have also applied our model to bec Fe/W vicinal to
(001) which was studied by Chen and Erskine.® The nor-
mal to their vicinal surface is 4° from the [001] direction

AE"'

x
P

(107 &)

0 10 20 30 40
Film Thickness (ML)

FIG. 10. The calculated transition from uniaxial to biaxial
anisotropy with increasing film thickness in Co/Cu(1 1 13) films.
AE" is d’E /d¢$* and has been evaluated at ¢ =m/4, the direc-
tion perpendicular to the steps.

10 (10°EH)
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FIG. 9. Calculated strength of the uniaxial
anisotropy in Co/Cu(l 1 13) films as a function
of film thickness. The straight line is the an-
isotropy energy times the film thickness (left
scale), while the curve is the anisotropy energy
(right scale). Experimentally measured aniso-
tropies are shown for 14- and 20-ML films
(right scale).

AE,_,

toward [010] making the Miller indices of the surface
(01n) where n is 1/tan(4°), or approximately (01 14).
This vicinal W surface is characterized by 2.5-nm wide
(001) terraces separated by atomic steps parallel to [100],
and the lattice mismatch between bcc Fe (ag, =0.2866
nm) and W (ay =0.3165 nm) is 9.4%. Fe films grown on
such a surface are magnetized in-plane with an easy axis
perpendicular to the steps for thicknesses between 1 and
2.5ML.8

As in Co/Cu(lln) films, the Fe/W vicinal to (001)
films contain four types of atomic sites: bulk, surface,
step edge, and step corner (see Fig. 11). In a bcc(001) sys-
tem the step-edge sites and surface sites have the same ar-
rangement of nearest neighbors. Upon creation of sur-
face steps parallel to [100] in a bce (001) surface, no
nearest-neighbor bonds need to be broken around the
step-edge atoms. Therefore, as indicated in Table II,
there is no step-edge contribution to the anisotropy.

The bulk contribution to the anisotropy in the stepped
Fe films is shown in Fig. 12. As in the treatment of
Co/Cu, we do not show the magnetocrystalline anisotro-
py of the bulk bce structure, although it should not be
neglected in the treatment of the anisotropy in the film.
Because of the misfit strain, described in Eq. (4) with
€0=9.4%, the bulk anisotropy favors magnetization in
the (001) plane. For M in the (001) plane, there is no in-
plane anisotropy, as shown by the dotted line. In the

O bulk site

() surface site

@ step-edge site
(> step-corner site
[[] vacant site

FIG. 11. Nearest-neighbor clusters for (a) bulk bcc Fe sites,
(b) surface sites, (c) step-edge sites, and (d) step-corner sites.
The nearest-neighbor clusters around surface and step-edge sites
are the same with only four nearest neighbors.
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FIG. 12. (a) Anisotropy energy surface for a
bulk site in a bcc Fe (01n) film, and (b) in-
plane anisotropy for (001) and (01 14) planes
through this surface. (001) anisotropy is
shown as a dotted line, (0 1 14) anisotropy as a
solid line. The surface steps are along [100],
defined by ¢=0, .

FIG. 13. (a) Anisotropy energy surface for a
surface site in a bcc Fe (01n) film. (b) In-plane
anisotropy for (001) and (0 1 14) planes through
this surface. (001) anisotropy is shown in a
dotted line, (0 1 14) anisotropy is in a solid line.
The surface steps are along [100], defined by
¢=0,7.

FIG. 14. (a) Anisotropy energy surface for a
step-corner site in a bee Fe (01n) film. (b) In-
plane anisotropy for (001) and (01 14) planes
through this surface. (001) anisotropy is
shown in a dotted line, (0 1 14) anisotropy is in
a solid line. The surface steps are along [100],
defined by ¢ =0, .

FIG. 15. Calculated uniaxial anisotropy in
Fe/W(01 14) films as a function of film thick-
ness. The straight line is the anisotropy energy
times the film thickness (left scale), while the
curve is the anisotropy energy (right scale). At
3.5 ML of Fe, the easy axis changes from per-
pendicular to the steps to parallel to the steps.
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(01 14) plane of the film, however, the anisotropy is uni-
axial, as shown by the solid line. The in-plane easy axis
dictated by the bulk contribution is parallel to the steps
(6=0,7): AE, | p=—2.7X10* erg/cm’ (—2.2X 107’
eV/atom).

The surface contribution to the anisotropy, as shown in
Fig. 13, favors magnetization perpendicular to the film
[AE oy of plane-in plane —0.11 erg/cm2 (—6.8X107°
eV/atom)]. However, we consider M to be confined in-
plane, as experimentally observed,® due to the strong
magnetostatic energy [27M2~10" erg/cm® (10~*
eV/atom)]. For M in the (001) plane, there is no anisot-
ropy. In the vicinal film plane, which is no longer or-
thogonal to a high symmetry axis, uniaxial magnetic an-
isotropy is predicted, as shown by the solid line. The sur-
face contribution favors M perpendicular to the steps:
AE || qurtace =1.9%X 107 % erg/cm® (1.1X 1077 eV/atom).

As mentioned above, the step-edge contribution to an-
isotropy is zero because no additional bonds around this
site are broken to create steps parallel to [100]. The
step-corner contribution, shown in Fig. 14, produces no
anisotropy in the (001) plane, but favors M perpendicular
to the steps in the film plane: AE| | gep comer
=1.4X10" % erg/cm (2.5X 107 % eV /atom).

Step sites are more important for Fe/W(0ln) than
Co/Cu(11n) because anisotropy in the cobalt system can
be explained qualitatively by a (1113) cut through the
bulk and surface contributions. In the Fe system, con-
sideration of only the bulk and surface contributions pre-
dicts an easy axis parallel to the steps, not perpendicular
as experimentally observed. Only upon consideration of
the step-site anisotropy is the true orientation of the easy
axis obtained. Another significant difference between the
two systems is that in the Co/Cu(11n) films step-induced
uniaxial anisotropy is predicted regardless of whether M
lies in the film plane (11z) or in the plane of the terraces
(001). However, in Fe/W(01n), step-induced anisotropy
only appears in the (01n) plane of the film.

The bulk, surface and step-site contributions described
above, and the bulk magnetocrystalline anisotropy ener-
gy, combined as in Eq. (5), yield a AE, 4, for
Fe/W(01n) of the form

~0.3++2

X 10° erg/cm? . 9
ImL

AE, | fim=

In ultrathin films, the strength of the in-plane uniaxial
anisotropy in Fe/W vicinal to (001) films is two orders of
magnitude smaller than that predicted for the Co/Cu sys-
tem. Because the two terms in Eq. (9) are of opposite
sign, there is a thickness at which the easy axis is predict-
ed to switch from perpendicular to the steps, to parallel
to the steps. This thickness, as can be seen from the plot
of Eq. (9) in Fig. 15, is approximately 3.5 monolayers of
Fe.

VII. DISCUSSION

The Néel model, modified to include the effects of
strain in the film, has been used to analyze the anisotropy
in stepped Co/Cu and Fe/W films. The model predicts
the correct orientation for the easy axis in both systems,
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explaining why in one case it is parallel to the steps, while
in the other it is perpendicular to the steps. The quanti-
tative prediction of the strength of the anisotropy is in
crude agreement with observation in the Co/Cu system,
predicting anisotropies approximately five times greater
than those measured at room temperature. In the Fe/W
system, the predicted anisotropy is considerably weaker
than that measured by Chen and Erskine.® However, the
thickness range in which step-induced uniaxial anisotro-
py is predicted for both systems agrees well with experi-
ment; and the data follow the theoretical dependence of
anisotropy on thickness reasonably well.

As shown by Draaisma and de Jonge,? for small film
thicknesses the demagnetization energy found when
treating a magnetic film as a collection of discrete dipoles
can differ from that calculated based on a continuum ap-
proach. In the fcc Co/Cu (1113) films for which we
have obtained experimental anisotropy results, the film
thicknesses (>2.5 nm) are well beyond the range in
which surface effects are significant, as shown in Fig. 3 of
Ref. 22. We assume that the demagnetization effects of
the one atom high surface steps are also insignificant at
these thicknesses, and therefore use the continuum value
—2mM? for the magnetostatic energy of our films. We
note that in the case of the Fe/W(001) vicinal films,?
which are of thicknesses less than 0.4 nm, the discrete di-
pole approach should be used in calculating the magne-
tostatic energy to get a more accurate description of the
films’ anisotropy.

The importance of the step sites for accurate calcula-
tion of the uniaxial anisotropy is revealed in different
ways for the two systems. For Co/Cu(l113), the step
site anisotropy contributions are not required to predict
M parallel to the steps, but they are required to get better
quantitative agreement with the measured anisotropy and
to predict the correct thickness range in which the uniax-
ial anisotropy will appear. For Fe/W(01 14), the bulk
anisotropy predicts an easy axis parallel to the steps for
M confined to the (01 14) plane. This is not observed.
Consideration of the step-site anisotropy is required to
predict the correct sense and thickness range of the ob-
served anisotropy.

In addition to explaining the uniaxial anisotropy ob-
served in magnetic films on vicinal surfaces, results from
our modified Néel anisotropy model, as listed in Tables
II, III, and IV demonstrate other significant features of
thin film anisotropy. For example, the anisotropy effects
due to broken symmetry at surfaces or steps are always
much stronger than any anisotropy effects due to typical
misfit strains because the value of L (r) is at least one or-
der of magnitude greater than ey(dL /dr)r, and ey L (r;).
Strain effects become important only when the
symmetry-breaking effects balance each other leaving
only strain-dependent terms in the anisotropy energies as,
for example, in the surface anisotropies for sc(111),
sc(110), and bee(001) surfaces.

The Néel model also indicates that the bulk and sur-
face of a material do not necessarily respond to strain in
the same way. For example, in fcc(001) films, the strain-
dependent bulk anisotropy is equal to
—[6eoqL (ry)+ey(dL /dr)ry], while the strain dependent
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surface anisotropy is —3eyL (7y). For very thin films
(~3 ML), the first term in the bulk anisotropy is partially
balanced by the surface anisotropy [recall that in Eq. (5)
the surface term is multiplied by —2 /¢y ]. The magnet-
ic response of the film to strain will then be dominated by
the eydL /drry term in the bulk anisotropy. In thicker
films, the surface effects will become less important and
the full bulk response, proportional to
—[6eoL (ry)+eo(dL /dr)ry] will govern the behavior of
the film. The film thickness range for which the surface
response dominates the behavior may be different than
predicted by our model due to exchange coupling of the
surface and bulk atoms, which we have not included.?’

In certain cases, the strain-dependent coefficient in the
anisotropy energy may even change sign as the film thick-
ness is increased. For example, in Co/Cu(001) films the
values of L (ry) and (dL /dr)r, are of opposite sign, with
the magnitude of (dL /dr)r, being larger by a factor of
nearly 4 (Table I). While the surface effects are
significant, and balancing the first term of the bulk an-
isotropy [ —6eo,L (ry)], the overall strain--.pendent an-
isotropy will have a negative coefficient. However, as the
thickness increases, the sign of the strain-dependent an-
isotropy becomes positive. The film’s magnetic response
to strain changes character with film thickness.

A final trend present in the anisotropy energies given
in Tables II, III, and IV is that the surface anisotropy for
all (111) and (001) surfaces has no ¢ dependence. The
creation of such surfaces will only affect the 0 depen-
dence of the film anisotropy (i.e., whether the film prefers
in-plane or perpendicular magnetization). The in-plane
anisotropy will be governed by the bulk magnetocrystal-
line anisotropy energy. However, upon the creation of a
(110) surface, the surface site does contribute to in-plane
anisotropy.

VIII. CONCLUSION

We have used the Néel model modified to include
strain effects to calculate the anisotropy energies Ey
and E g, for sc, bee, and fec structures with low index
surfaces, as well as E.p eqge and Egiep corner fOT foc(001)
and bcc(001) vicinal surfaces. Our analysis of the vicinal
surfaces explains the observed anisotropy in stepped
Co/Cu(l 1 13) films with an easy axis parallel to the steps
and Fe/W(0 1 14) films with an easy axis perpendicular to
the steps.

The results of the model indicate important features in
the anisotropy behavior of ultrathin films. For example,
strain-induced anisotropy is of secondary importance rel-
ative to anisotropy due to broken symmetry, such as that
which occurs at surfaces and steps. Also, the response of
the bulk and the surface to strain is not necessarily the
same. In some cases, this difference can even lead to a
change in sign of the strain-dependent anisotropy
coefficient.
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APPENDIX: DERIVATION OF ANISOTROPY ENERGY

This derivation involves summing the anisotropy for a
bulk site over all the atoms in the film. The anisotropy
energy created when bonds are broken to create the sur-
faces of the film and the steps in the film are then sub-
tracted from the bulk anisotropy. The parameters used
in the derivation are defined in Table V. The volume of
the film is

Vim=HLW cm?
and the number of atoms in the film is given by
Ngm =(p atoms/cm®)(Vg,cm®)=pHLW atoms ,

where p is the atomic density. The bulk anisotropy ener-
gy for all atoms in the film is

— rratom
6ﬁlm_ bulk sitepHLW erg ,

where E}Pi. is in units of erg/atom. We must now

subtract the anisotropy energy due to broken bonds at
the surface (E50f. i €rg/atom) and the steps (E §op cqges
E ey comer DOth in erg/atom). The total number of sur-

face atoms in the film is
Ny =2(p atoms/cm’)(W cm)(1 ML)
X(h cm/ML)L cm)
=2pWhL atoms .

The factor of 2 is present in the above equation because
the film has 2 surfaces: film/vacuum and film/substrate.
We assume that the anisotropy is the same for both sur-
faces. Our assumption neglects the fact that although the
Co does not polarize the Cu at the interface, the Cu may
reduce the moment of the Co. To improve our calcula-
tion, this effect should be accounted for by using an ap-
propriate interaction parameter between Co-Cu atoms.

TABLE V. Parameters used to calculate the number of bulk,
surface, and step atoms.

Parameter Definition Units
H=n,h Film thickness cm
ny Number of monolayers in ML
the film
h Thickness of one monolayer cm/ML
L Length of the film cm
(measured parallel to the steps)
W=n,w Width of the film cm
(measured perpendicular to the
steps)
n, Number of atoms in the atoms
width of the film
w Distance between atoms cm/atom
(measured perpendicular to the
steps)
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However, we have no measure of this parameter. For
systems such as Co/Pd,! the magnetic interaction be-
tween the Co and Pd at the film/substrate interface
should result in a different surface anisotropy than that at
the vacuum/film interface.

The number of step atoms is just a fraction of surface
atoms which occur at the edges of the terraces. This
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number is obtained by dividing N, by d 4, the number
of atoms in one terrace width:

Nep =Nous/d 4 =2pWhL /d 4 atoms .

The anisotropy energy of the film is then

atom atom
(E step edge site +E )

step corner site

gﬁlm =p WHLE ﬁ:ﬁ? site 2P WhLE ;tl(:;:ce site 2P WhL

The energy per volume is

a, erg .

erg/cm® .

atom atom atom
E. = 6ﬁlm = gatom -2 E surface site 2 (E step edge site +E step corner site )
film ~ pror bulk siteP — <P n, P nyd .

If we write this in terms of E,, energy/volume, E . energy/area, E

step edge energy/ length, E step corner

energy/length, ¢ the film thickness, and d the terrace width, we obtain Eq. (5):

step corner )

Esurface -2 (Estep edge +E

Egim =Epux —2 P d

erg/cm® .
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FIG. 12. (a) Anisotropy energy surface for a
bulk site in a bee Fe (01n) film, and (b) in-
plane anisotropy for (001) and (01 14) planes
through this surface. (001) anisotropy is
shown as a dotted line, (0 1 14) anisotropy as a
solid line. The surface steps are along [100],
defined by ¢=0, 7.
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FIG. 13. (a) Anisotropy energy surface for a
surface site in a bee Fe (01n) film. (b) In-plane
anisotropy for (001) and (0 1 14) planes through
this surface. (001) anisotropy is shown in a
dotted line, (0 1 14) anisotropy is in a solid line.
The surface steps are along [100], defined by
¢=0,7.
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FIG. 14. (a) Anisotropy energy surface for a
step-corner site in a bce Fe (01n) film. (b) In-
plane anisotropy for (001) and (01 14) planes
through this surface. (00l) anisotropy is
shown in a dotted line, (0 1 14) anisotropy is in
a solid line. The surface steps are along [100],
defined by ¢=0, 7.
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FIG. 2. (a) The angle ¢ between M, and the bond axis, r. (b)
6 and ¢, the angles used to define the direction of a vector (e.g.,
M,) with respect to the coordinate axes.
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FIG. 4. (a) Anisotropy energy surface for unstrained fcc Co
bulk. (b) Anisotropy surface energy for fcc Co bulk strained by
the 1.9% misfit between Co and Cu induced by epitaxial growth
on Cu. (c) An (001) cut through the strained bulk’s energy sur-
face showing the presence of fourfold anisotropy in the (001)
plane.



FIG. 5. (a) Anisotropy energy surface for a
bulk site in a fcc Co(11n) film. (b) In-plane an-
isotropy for (001) and (1 1 13) planes through
this energy surface. (001) anisotropy is shown
as a dotted line, (1 1 13) anisotropy as a solid
line. The surface steps are along [110], defined
by ¢=3mw /4,77 /4.
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FIG. 6. (a) Anisotropy energy surface for
the surface site in a fcc Co(11ln) film. (b) In-
plane anisotropy for (001) and (1 1 13) planes
through this surface. (001) anisotropy is
shown as a dotted line, (1 1 13) anisotropy as a
solid line. The surface steps are along [110],
defined by ¢=37/4,77/4.
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FIG. 7. (a) Anisotropy energy surface for
the step-edge site in a fcc Co(11n) film. (b) In-
plane anisotropy for (001) and (1 1 13) planes
through this surface. (001) anisotropy is
shown as a dotted line, (1 1 13) anisotropy as a
solid line. The surface steps are along [110],
defined by =237 /4,77 /4.
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FIG. 8. (a) Anisotropy energy surface for
the step-corner site in a fece Co(11n) film. (b)
In-plane anisotropy for (001) and (1113)
planes through this surface. (001) anisotropy is
shown in a dotted line, (1 1 13) anisotropy is in
a solid line. The surface steps are along [110],
defined by ¢=37/4,7m /4.



