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Magnetic reversal of ultrathin films with planar magnetization
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Classical spin simulations are used to study magnetic reversal in ultrathin~1–6 monolayers! films with
planar magnetization and surface roughness typical of epitaxially grown samples. Reduced site symmetry at
surface steps leads to strong, local anisotropies that both nucleate reversal and pin domain wall motion. The
results we obtain from realistic models with periodic roughness are interpreted using a much simpler model
with a single, finite-length step. These models show how growth induced roughness can lead to oscillations in
the coercive field as the film thickness is increased, as seen in some experiments. They also demonstrate
explicitly how local step anisotropies become less important and magnetostatic interactions become more
important as the film thickness increases.@S0163-1829~99!00946-7#
ns

de
is
e
it
um
a
ri
e

rr
i

ive
ot
lm
nc
io

s
s

l

ch

hi
-
tio
ie

at
tt

rin
c

o
or

his

ose

per-
15

-

g-
ce
nic
ra-
i-

the
lete
el-
al in

in
the

ess
ay,
nd

e
ted

ng
sics
les
are

del
of
I. INTRODUCTION

The potential for novel physics and exciting applicatio
has motivated many studies of ultrathin magnetic films.1 To
explore new physics, it is usual to focus on simple mo
systems and equilibrium properties such as exchange, an
ropy, and the thermodynamic phase diagram in the spac
temperature and thickness. To exploit new applications,
typical to study more complex systems and nonequilibri
properties such as hysteresis, domain wall motion, and m
netotransport. Common to both is the observation that va
tions in surface roughness and film morphology often hav
significant effect on magnetic structure.

Magnetometry2 and the surface magneto-optic Ke
effect3 are widely used to probe magnetization reversal
ultrathin films. A typical experiment reports representat
hysteresis loops and the coercive field as a function of t
deposited material. It is generally appreciated that the fi
in question exhibit surface roughness, but the conseque
of this fact are not often addressed explicitly. One except
is a theoretical argument presented a few years ago
Bruno.4 Making simple assumptions regarding thickne
fluctuations and the nature of domain wall pinning in film
with perpendicular magnetization, he derived a coercive
field HC}t25/2 where t is the film thickness. Experimenta
tests of this prediction for both the Co/Pd~111! ~Ref. 5! and
Co/Pt~111! ~Ref. 6! systems are not consistent with ea
other.

Our interest here is hysteresis and coercivity in ultra-t
films with planar magnetization. Roughness is very impor
tant in such systems because surface steps break transla
invariance and thereby induce local, in-plane anisotrop
that differ from the intrinsic in-plane anisotropy of the fl
film.7,8 This is significant because, as stressed by Arro9

local anisotropies can nucleate and pin domain walls du
the magnetization process. The corresponding hysteresis
be very complex indeed.10

The phenomenon considered by Bruno—the variation
domain wall energy with local film thickness—is present f
PRB 600163-1829/99/60~21!/14830~7!/$15.00
l
ot-
of
is

g-
a-
a

n

al
s
es
n
by
s

n

nal
s

,
g
an

f

planar magnetized films as well. Indeed, Kolesiket al. have
studied its effect on the magnetic reversal of an Fe/W~110!
sesquilayer film using a planar Ising simulation.11 They did
not investigate the effect of step-induced anisotropy. In t
work, we take account of both effects.

Our work was motivated by experiments such as th
published recently for the ultra-thin Co/Cu~001! system. The
measured coercivity shows submonolayer oscillations su
imposed on a monotonic increase with thickness for 2–
monolayers of deposited cobalt.12 Similarly, the coercivity of
Cu/Co/Cu~001! is strongly nonmonotonic for 0–2 monolay
ers of deposited copper.13

We use a simple but realistic simulation model of ma
netic reversal to show how typical epitaxial growth surfa
morphologies can lead to oscillatory and other nonmonoto
behaviors for the coercive field of planar magnetized ult
thin films. This work extends to the multilayer regime prev
ous theoretical and simulation work by the authors for
case of monolayer-height islands on a single comp
layer.14,15It also exploits a new conceptual framework dev
oped by the authors to understand magnetization revers
vicinal samples.16

We are interested in film morphologies typical of ultrath
magnets grown epitaxially on a nonmagnetic substrate. In
cartoon version of such a film shown in Fig. 1~a!, several
completed magnetic layers lie beneath multilevel roughn
in the form of irregular pits and islands. Needless to s
some simplification is required in order to perform a tre
study as we wish to do.

Figures 1~c! and 1~d! show the morphologies we hav
chosen to study in detail. They consist of several comple
magnetic layers withone incomplete layer in the form of a
regular array of square islands or pits. These two limiti
cases turn out to be sufficient to capture most of the phy
of the more realistic morphology. In fact, the essential ro
of step length and step anisotropy in magnetic reversal
captured already by the even simpler ‘‘isolated step’’ mo
shown in Fig. 1~b!. The islands and pits add the effects
step separation and magnetostatics.
14 830 ©1999 The American Physical Society
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The plan of our paper is as follows. Section II focuses
the isolated step model. We catalog the various hyster
loop topologies that occur and correlate them with the
mensionless control parameters of the model in the form
phase diagram. Section III is a discussion of the island mo
including the effect of magnetostatics. Results are prese
for the hysteresis loops and the coverage dependence o
coercive field. The isolated step model is used to rationa
the global behavior. Section IV briefly discusses the
model, a synthetic island1 pit model, and compares ou
results with experiment. Section V is a summary.

II. THE ISOLATED STEP MODEL

The model film of Fig. 1~b! is one monolayer thick and
lies on a flat nonmagnetic substrate. Every atomic site in
film carries a spin that is constrained to lie in the plane of
surface. Ferromagnetic exchangeJ couples nearest neighbo
spins and a fourfold planar anisotropyK4 acts on every spin
The effect of an isolated step is modeled by adding an a
tional twofold planar anisotropyK2 along a line segment o
width W. Thicker films can be modeled by varying the e
change and anisotropy constants because we assume th
magnetization does not vary in the direction perpendicula
the film surface. The direction of the twofold axis is perpe
dicular to the step and parallel to one of the fourfold ax
An external magnetic fieldH is applied parallel to the step
Magnetostatics is ignored.

The hysteresis curves for this model were found fro
numerical simulations of a classical spin Hamiltonian~see
below! that incorporates all the features outlined above.
find only ‘‘one-jump’’ and ‘‘two-jump’’ hysteresis loops
over the entire range of parameters. Subtle differences di
each of these into three subclasses. The six typical loops
occur ~Fig. 2! are characterized by the fieldsHN , HS , and
HT where characteristic changes in the magnetiza
occur.17 In the discussion to follow, we consider extern
fields increasing from large negative values to large posi
values. The characteristic fieldsHS andHT are always posi-

FIG. 1. Schematic view of~a! a ‘‘real’’ ultrathin film, ~b! a flat
film with a single step,~c! a period island morphology, and~d! a
periodic pit morphology. Arrows indicate the easy axes of the
plane anisotropy.
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tive, but HN can have either sign. The rationale for the R
man numeral loop labels will be explained below.

We focus first on loop III~a! because every feature of th
reversal mechanism is reflected separately in its struct
The first deviation of the magnetization from saturation o
curs at the ‘‘nucleation field’’HN . Spins within a few ex-
change lengths of the step rotate coherently away from
saturation direction (180°) because of the torque exerted
K2. At the end of this interval of smoothly changing magn
tization, a lens-shaped domain has formed w
approximately-90° domain walls interposed between the s
spins and the terrace spins.14 At the ‘‘step instability field’’
HS , the domain walls depin from the step and sweep acr
the film. This leaves the system in a ‘‘90° state’’ with near
zero magnetization along the direction ofH. Another regime
of coherent rotation follows until HT when a
Stoner-Wohlfarth18 type instability occurs on the terrace fa
from the step. When this happens, the terrace spins co
ently jump from the 90° state to the 0° reversed state. T
step spins lag slightly behind because they feel the pinn
effect of K2. Smooth coherent rotation completes the rev
sal process.

The IV loops generically have one jump because the
race instability formally occursbefore the step instability
~domain wall depinning! in these cases. Of course, the spi
cannot jump coherently from 90° to 0° until they get to 9
in the first place. As a result, the spins rotate all the way
near reversal as soon the domain walls depin from the s

The difference between loops III~a! and III~b! and be-
tween loops IV~a! and IV~b! depends on whether or notK2 is
large enough to prevent the terrace jump from ‘‘draggin
the step spins all the way to saturation atHT . The loops
III ~c! and IV~c! differ from their~b! counterparts because th
step instability formally occurs before nucleation. When th
is the case, the domain walls depin from the step as soo
nucleation occurs.

Figure 3 is a phase diagram derived from our simulatio
that connects the loop topologies~‘‘the phases’’! to the
model parameters. As the diagram axes show, the latter
best organized into the dimensionless parametersK
5K2/2s andW5W/d. The first of these is the step aniso
ropy scaled by the domain wall energys5A2JK4. The sec-
ond is the step width scaled by the exchange lengthd

-

FIG. 2. Hysteresis loops for the isolated step model. The ch
acteristic fieldsHN , HS , and HT are discussed in the text. Th
Roman numeral labels correspond to different parts of the ph
diagram of Fig. 3.
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5AJ/2K4. The particular numerical range ofK andW used
in Fig. 3 arises when realistic values are chosen for
physical parameters~see below!.

The phases have been labeled for consistency with
previous vicinal surface results16 where the characteristi
fields HN , HS , andHT occur also.19 Indeed, the phase dia
gram here and the one derived in Ref. 16 are simply tw
dimensional slices of a three-dimensional phase diag
with axes: scaled step anisotropyK, scaled step widthW and
scaled terrace lengthL. The phase diagram for the vicina
film is the two-dimensional slice atW→`. The phase dia-
gram for the single step limit is the perpendicular slice
L→`. There is a phase boundary between these two sl
atL→` andW→` ~whereHS50) that separates phases I
and IIb in the vicinal film from phases IIIa and IIIb in th
finite step film.

The general placement of the various phases in Fig. 3
be understood from the variation of the characteristic fie
with W and K. These are shown in Figs. 4 and 5, resp
tively, scaled by the Stoner-Wohlfarth fieldHSW
58a2K4 /m. The latter is the external field value at whic
easy-axis reversal occurs for a single domain system w
fourfold anisotropy.18 From Fig. 3, we see that the III phase
appear at larger values ofW than the IV phases.HT

5A6/9HSW ~Ref. 16! is independent of step width~it is
driven by the terrace spins! while HS smoothly decrease
with W. This guarantees that the curves ofHS andHT in Fig.

FIG. 3. Loop structure phase diagram for the isolated s
model. K is the scaled step anisotropy andW is the scaled step
width.

FIG. 4. Characteristic fields as a function ofW for fixed K.
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4 eventually cross asW increases and the III phases suppla
the IV phases. The fieldHS decreases withW for the follow-
ing reason.15 As H increases, the lens domain expands
gain Zeeman energy. This is opposed by the domain w
energy which is proportional to the domain perimeter. T
domain wall depins when these two balance. One getsHS
}1/W because the domain wall is pinned at opposite end
the step.

The (a)→(b) and (b)→(c) transitions in Fig. 3 occur
with decreasingK. The first of these agrees with the ‘‘drag
ging’’ argument given above. That is, when the step anis
ropy is large, the Stoner-Wohlfarth instability of the terra
spins does not produce enough torque to rotate the step s
to complete reversal. But whenK is small enough, a direc
jump to 0° is possible. The (b)→(c) transition occurs be-
causeHN increases~in magnitude! pastHS as the step an-
isotropy is reduced. This happens because, as noted ea
easy ~small magnitude! nucleation is encouraged by th
torque exerted byK2 on the step spins.

These results are sufficient to qualitatively explain the
perimental observation noted earlier12 that the coercive field
HC rises rapidly with deposited material with a small amp
tude oscillation superimposed. We need only recall thaK
5K2/2s wheres5A2JK4 is the domain wall energy. The
latter is proportional to the film thickness soK}t21. Figure
5 then shows thatHC should indeed increase rapidly ast
increases, at least for larger thicknesses. On the other ha
is well understood that the step density oscillates as gro
proceeds.20 This translates into oscillations inW in the
present model so Fig. 4 implies that oscillations will occur
the coercive field as well. WhenHC5HN ~small K), the
oscillation amplitude is smaller or comparable to the ove
change inHC . WhenHC5HS ~largeK), the oscillation am-
plitude is comparable or larger than the change in the co
cive field.

III. THE ISLAND MODEL

The periodic surface morphologies shown in Fig. 1 perm
us to model the variations in step length and step separa
that occur during growth in a fairly realistic manner. In bo
cases, the square structures have center-to-center sepa
D and side lengthL. If the flat surface hast complete mag-
netic layers, Fig. 1~c! and Fig. 1~d! will be called the island

p

FIG. 5. Characteristic fields as a function ofK for fixed W.
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PRB 60 14 833MAGNETIC REVERSAL OF ULTRATHIN FILMS WITH . . .
and pit models, respectively. In this section, we focus on
island model exclusively.

Except for the addition of magnetostatics, the magne
energy we used to study hysteresis in the island model is
same as the one we used to analyze the isolated step m
In detail, the substrate is taken as centered cubic so the th
nesst is measured in units oft05a/2 wherea is the in-plane
lattice constant. Classical Heisenberg spins at each sur
site i point in the directionŜi . We get a two-dimensiona
model because the spins are forced to be parallel within e
atomic column. This is acceptable because we limit o
selves to values oft that are much less than the exchan
length.

Each spin is subject to nearest-neighbor ferromagnetic
changeJ, a large twofold perpendicular surface anisotro
KZ.0, a fourfold planar anisotropyK4.0, an external field
H, and magnetic dipole-dipole interactions from all oth
spins. The saturation magnetization isMS and a two-fold
anisotropyK2 is present at step edge sites only. The m
netic energy is

EM52(
^ i , j &

Ji j Ŝi•Ŝj2a2K2 (
i Pstep

~Ŝi•b̂i !
2

22a2K4(
i

t i@~Ŝi
x!41~Ŝi

y!4#2mH•(
i

t iŜi

1a2KZ(
i

~Ŝi
z!22

m

2 (
i

t iŜi•H int ~1!

wheret i is the film height at sitei in units of t0 , b̂i is a unit
vector parallel to the local step edge,Ji j 5J min@ t i ,t j #, and
m5m0a2t0MS where m0 is the magnetic constant (a k a
permeability of free space! in SI units.

The internal magnetostatic fieldH int was calculated by
solving the discretized Maxwell equations¹•H int52¹•M
and ¹3H int50. For this calculation an effective surfac
layer with uniform thickness was used to exploit a tw
dimensional fast Fourier transform algorithm designed fo
thin film with no surface roughness.21

Typical values of the material parameters,J510221 J
and K45131023 mJ/m2,22 imply, in the absence of mag
netostatics, a domain wall energy per unit lengths
5tA2JK4't310214 J/m and an exchange lengthd
5AJ/2K4'20 nm. The numerical results reported below
use the valuesuK2u5KZ51 mJ/m,22 a50.3 nm, andMS
51.443106 A/m (1440 emu/cm3), in addition to those
quoted above forJ and K4. The lengthsL and D are mea-
sured in spin block units of 10a'd/7, a distance over which
no appreciable spin rotation occurs. Positive step anisotr
K2.0 corresponds to a preferred spin axis parallel to
step edges while negative step anisotropyK2,0 corresponds
to a preferred spin axis perpendicular to the step edges.

The simulation technique was the same as descr
previously.14 Beginning with a large value of H
5Hx̂i@100#, the local minimum of Eq.~1! was followed as
the field was reversed adiabatically by a combination of c
jugate gradient minimization and relaxational spin dynam
The magnetization parallel toH was computed directly from
the corresponding spin configurations.
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Figure 6 illustrates the variation of the computed coerc
field HC with total coverageQ5t1u ~in monolayers! for
the island model. The islands contribute the partial cover
u5(L/D)2 to the total. To mimic a typical growth scenario
the island separation was fixed atD564 and the coverage
was increased by increasing the island dimensionL. The
heavy~light! dashed curves are for step anisotropies that
vors spin alignment parallel~perpendicular! to the step. The
solid curve was computed without magnetostatics. Ther
only one such curve because the magnetic energy Eq.~1! is
invariant if K2→2K2 and we rotate the Cartesian ax
~from which the spin angles are measured! by 90° in the
plane.

For simplicity, we discuss the case of no magnetosta
first. The most striking features in Fig. 6 are the period
maxima whereHC5HSW. These are actuallyartifactsof the
growth scenario sketched above because they correspo
perfect layer completion and perfect Stoner-Wohlfarth rev
sal at integer values of thickness. We will correct for th
artifact qualitatively in the next section. Another major tre
in Fig. 6 is thatHC decreases very rapidly as each lay
begins to grow.14 This may be understood immediately fro
the lower panel of Fig. 4 for the isolated step model whe
HC is given by eitherHN or HS . Both decrease rapidly
especially whenW, i.e., u is small. Notice that our param
eter choices for the island model are such that the full ra
of W in this figure corresponds to aboutu;1/5.

Another trend seen in Fig. 6 is that the coercive fie
averaged over each partial monolayer apparently decre
slowly until aboutQ53 and then increases rapidly. In fac
the behavior ofHC as t increases by integer amounts fo
fixedvalues of the partial coverageu depends very strongly
on u. Figure 7 and Fig. 8 illustrate this foru50.06 andu
50.76, respectively. Theu50.06 curves shown in Fig. 7 ar
directly interpretable using the isolated step model. The
quence shown illustrates the transition from phase IV~b! to
phase IV~c! loops. The coercive field is set byHN and its
increase~in magnitude! as t increases~so K decreases! is
clear from Fig. 5. In this regime, the coercive field is
monotonic function oft.

Technically, neither the upper panel (t51) nor middle
panel (t53) of Fig. 8 belong to the phase diagram of Fig.
because both have additional magnetization jumps assoc
with the presence of multiple steps. The associated chan

FIG. 6. Scaled coercive field as a function of coverage for
island model. The solid curves give the results without magnetos
ics. The heavy dashed curve and light dashed curve give the re
with magnetostatics for the cases of step anisotropy parallel
perpendicular to the steps, respectively.
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14 834 PRB 60R. A. HYMAN, A. ZANGWILL, AND M. D. STILES
in the magnetization affects the coercive field@HC5HT for
these two cases; this never occurs for the single step mo#
much more than they affect the characteristic fieldsHN , HS ,
andHT . Moreover, the values ofK used in Fig. 4 are nearly
the same as the ones for the cases under discussion. N
that the step instabilities in Fig. 8 (HS for t51 andHN for
t53) occur at practically the same value of external field
they do in Fig. 4.HC is larger att51 thant53 because the
step edgesparallel to the field inhibit the coherent rotation o
terrace spins to the 90° state more effectively whenK is
larger. This effect is absent from the isolated step model.
the time we reacht55 ~lower panel of Fig. 8!, K is so small
thatHN determines the coercivity in phase IV~c! at the large
value implied by Fig. 4. Evidently,HC is not always a mono-
tonic function of film thickness.

Finally, we remark on the very rapid decrease in the
ercive field that occurs near layer completion (u.1) when
Q is large in Fig. 6. In this regime,HC5HN as we have
discussed and the film consists of large islands that
closely spaced. Nucleation occurs very readily in this c

FIG. 7. Hysteresis loops for the island model foru50.06 and
t51,3,5.

FIG. 8. Hysteresis loops for the island model foru50.76 and
t51,3,5.
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cumstance both because the steps are long and because
are close together. The long length simply generates m
torque. The step proximity effectively doublesK ~if the step
separation is less than an exchange length16! and therefore
enhances nucleation as well. Of course, this effect is a
absent from the single step model.

We turn now to the influence of magnetostatics reflec
in Fig. 6. This contribution to the energy is extensive and
has little effect until the film begins to thicken. Dipole inte
actions then generally increaseHC although the effect is far
more pronounced when the step anisotropy is perpendic
to the steps than when it is parallel to the steps. Beca
HC5HN in the relevant regime, we can understand this
rewriting the magnetic energy in the form

ED-D5
m0

2 E d3r E d3r 8
¹•M ~r !¹•M ~r 8!

ur 2r 8u
. ~2!

This term clearly disfavors the creation of ‘‘magnet
charge’’ with density¹•M (r ). This has two consequence
both of which break the symmetry between parallel and p
pendicular anisotropy. First, the magnetization is larger
the islands than on the terraces. This means that¹•M (r )
will be unequal to zero at the island edges even if the s
configuration is completely uniform~unless the magnetiza
tion points along the edges!. Magnetostatics therefore in
creases the parallel step anisotropy and decreases the pe
dicular step anisotropy.

A second effect is more important. At saturation,Mx is a
constant andM y50. To lowest order,Mx remains constan
at nucleation so only the variations ofM y in the y direction
contribute toED-D . The magnetization pattern at nucleatio
consists of lens-shaped domains centered on those step e
where the local anisotropy axis points in they direction.23 At
the smallest coverages when the islands are very small,M y
5M y(x,y) is a function of bothx andy so a finite magne-
tostatic effect is expected. This effect increases as the is
size increases initially because more step edge contribute
nucleation. But for large enough island size, the magnet
tion pattern at nucleation is nearly one dimensional w
M y5M y(y) for perpendicular step anisotropy andM y
5M y(x) for parallel step anisotropy. The effect of magnet
statics thus increases in the former case and decreases
latter case as the islands grow larger. This is the trend see
Fig. 6.

IV. COMPARISON TO EXPERIMENT

A direct comparison between experiment and the isla
model results of Fig. 6 is not really justified because, foru
just less than one, the model morphology consists of la
disconnected islands separated by long narrow troughs
reality, island coalescence occurs at these coverages an
morphology is better approximated by a collection of sm
pits. The pit model of Fig. 1~d! is an idealization of this
morphology. We performed simulations for this model al
using the Hamiltonian Eq.~1!. Figure 9 compares the com
puted coercive field for the island model~dashed line! and
the pit model~light solid line! for the case when the ste
anisotropy is parallel to the steps. Notice that the coerciv
at Q5t1u for the island model is similar to the coercivity a
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Q5t2u for the pit model. This is because the magne
reversal is almost the same for islands and depressions o
same size. Small differences occur because the magnetic
main wall energy is not exactly the same in the two case

Of course, neither the island model nor the pit model
correct when the coverage is exactly~or very near! t com-
plete layers. A better model would exhibit both small islan
and small pits. Based on the foregoing, we would expect
coercivity to be determined by the pits or islands with t
longest sides. On the other hand, no large pits form dur
growth and islands with long sides coalesce to form pits w
relatively small step lengths. For this reason, the coerciv
never becomes very small. The bold curve in Fig. 9 ‘‘sy
thesizes’’ this behavior from our island and pit results
removing the unphysical jumps at layer completion and o
erwise tracking whichever of the models has thelarger co-
ercivity.

The single step model explains almost all of the struct
that appears in our syntheticHC(Q) curve. WhenQ is small,
the scale of the oscillations dominates the variations in
mean value ofHC . In the isolated step model, this is th
largeK limit when HC5HS and is nearly independent ofK
but varies withW. Conversely, whenQ is large (K small!,
the scale of the oscillations is comparable to the change
the mean value ofHC , which is increasing. This is the sma
K limit of the isolated step model whereHC5HN . HC in-
creases asK decreases and varies withW on a comparable
scale.

We now are in a position to compare with experime
Our lower coverage results (0<Q<2) are relevant to the
results of Buckleyet al. for the Cu/Co/Cu~001! system.13

There, the observed coercivity decreases very rapidly
submonolayer deposition of copper and then shows a lo
maximum nearu51. In some cases, additional oscillation
in HC were detected. Copper is nonmagnetic but our res
are still germane because the copper islands break the tr
lational invariance of the surface. The Ne´el model7 then pre-

FIG. 9. Scaled coercive field as a function of coverage. The li
solid line is the island model. The dashed line is the pit model. T
bold solid line synthesizes these two into a curve more suitable
comparison with experiment.
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dicts that a twofold anisotropy will be induced for thos
cobalt atoms that lie just beneath the copper step edges

For Q>2, we compare our results with the measureme
of Weber et al.12 who deposited Co on a surface slight
vicinal to Cu~001!. The presence of steps produces split lo
hysteresis curves whose origin we have discus
elsewhere.16 Here, we focus on the thickness dependence
the width of the shifted loop which, as the authors no
corresponds to the coercive field. The basic observatio
that HC exhibits small amplitude, submonolayer oscillatio
superposed on a monotonic rise with increasing covera
This is in qualitative agreement with the bold curve in Fig.

The authors of Ref. 12 attributed the existence ofHC
oscillations to periodic oscillations in the surface morph
ogy as we do. However, owing to the uniaxial anisotro
induced by the steps, they supposed that the presenc
rectangular islands was the key to the effect. Our resu
show that oscillations arise even with square islands. Inde
the isolated step model shows that it is only necessary
there be a periodic change in the length of the steps in
direction.

V. SUMMARY

We have used several classical spin models to study
temperature hysteresis in ultrathin films with planar mag
tization and surface roughness characteristic of the epita
growth process. To lend insight into the complicated situ
tion of many steps, we first discussed a simplified model o
smooth surface with a single finite-length step. The magn
interactions were taken to be a fourfold anisotropy at
sites, a twofold anisotropy at step edge sites, and the Zee
interaction with an external magnetic field. The hystere
loops that occur were presented in the form of a phase
gram with axes labeled by~scaled! step anisotropy and ste
length.

We then considered a periodic island and periodic
model that allowed for one layer of incomplete coverag
Magnetostatic interactions were added at this stage.
characteristic hysteresis fieldsHN , HS , andHT were found
to vary as a function of both film thickness and partial co
erage of the surface layer in an explicable manner. A
result, the coercivity exhibited monolayer-scale oscillatio
on a background that varies nonmonotonically with thic
ness. These results are all in qualitative agreement with
cent experiments for the planar Co/Cu~001! system.
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