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Classical spin simulations are used to study magnetic reversal in ultridthi® monolayensfilms 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 increasg30163-182@09)00946-7

I. INTRODUCTION planar magnetized films as well. Indeed, Kolestkal. have
studied its effect on the magnetic reversal of an R&/10)

The potential for novel physics and exciting applicationssesquilayer film using a planar Ising simulatigriThey did
has motivated many studies of ultrathin magnetic filff@  not investigate the effect of step-induced anisotropy. In this
explore new physics, it is usual to focus on simple modelork, we take account of both effects.
systems and equilibrium properties such as exchange, anisot- Our work was motivated by experiments such as those
ropy, and the thermodynamic phase diagram in the space @ublished recently for the ultra-thin Co/@01) system. The
temperature and thickness. To exploit new applications, it isneasured coercivity shows submonolayer oscillations super-
typical to study more complex systems and nonequilibriumimposed on a monotonic increase with thickness for 2—15
properties such as hysteresis, domain wall motion, and magnonolayers of deposited cobaftSimilarly, the coercivity of
netotransport. Common to both is the observation that variacu/Co/Cy001) is strongly nonmonotonic for 0—2 monolay-
tions in surface roughness and film morphology often have @rs of deposited coppét.
significant effect on magnetic structure. We use a simple but realistic simulation model of mag-

Magnetometry and the surface magneto-optic Kerr netic reversal to show how typical epitaxial growth surface
effect are widely used to probe magnetization reversal inmorphologies can lead to oscillatory and other nonmonotonic
ultrathin films. A typical experiment reports representativebehaviors for the coercive field of planar magnetized ultra-
hysteresis loops and the coercive field as a function of totathin films. This work extends to the multilayer regime previ-
deposited material. It is generally appreciated that the filmsus theoretical and simulation work by the authors for the
in question exhibit surface roughness, but the consequencease of monolayer-height islands on a single complete
of this fact are not often addressed explicitly. One exceptionayer**°|t also exploits a new conceptual framework devel-
is a theoretical argument presented a few years ago byped by the authors to understand magnetization reversal in
Bruno? Making simple assumptions regarding thicknessvicinal samples®
fluctuations and the nature of domain wall pinning in films  We are interested in film morphologies typical of ultrathin
with perpendicular magnetizationhe derived a coercive magnets grown epitaxially on a nonmagnetic substrate. In the
field Heoct 52 wheret is the film thickness. Experimental cartoon version of such a film shown in Fig(al, several
tests of this prediction for both the Co/@d1) (Ref. 5 and  completed magnetic layers lie beneath multilevel roughness
Co/Pt{111) (Ref. 6 systems are not consistent with eachin the form of irregular pits and islands. Needless to say,

other. some simplification is required in order to perform a trend
Our interest here is hysteresis and coercivity in ultra-thinstudy as we wish to do.
films with planar magnetizationRoughness is very impor- Figures 1c) and Xd) show the morphologies we have

tant in such systems because surface steps break translatioohbsen to study in detail. They consist of several completed
invariance and thereby induce local, in-plane anisotropiesnagnetic layers witltone incomplete layer in the form of a
that differ from the intrinsic in-plane anisotropy of the flat regular array of square islands or pits. These two limiting
film.”® This is significant because, as stressed by APrott, cases turn out to be sufficient to capture most of the physics
local anisotropies can nucleate and pin domain walls duringf the more realistic morphology. In fact, the essential roles
the magnetization process. The corresponding hysteresis calfi step length and step anisotropy in magnetic reversal are
be very complex indeety. captured already by the even simpler “isolated step” model

The phenomenon considered by Bruno—the variation ohown in Fig. 1b). The islands and pits add the effects of
domain wall energy with local film thickness—is present for step separation and magnetostatics.
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FIG. 1. Schematic view ofa) a “real” ultrathin film, (b) a flat
film with a single step(c) a period island morphology, and) a  tive, butHy can have either sign. The rationale for the Ro-
periodic pit morphology. Arrows indicate the easy axes of the in-man numeral loop labels will be explained below.
plane anisotropy. We focus first on loop Ia) because every feature of the
reversal mechanism is reflected separately in its structure.
The plan of our paper is as follows. Section Il focuses onThe first deviation of the magnetization from saturation oc-
the isolated step model. We catalog the various hysteresturs at the “nucleation field"Hy . Spins within a few ex-
loop topologies that occur and correlate them with the di-change lengths of the step rotate coherently away from the
mensionless control parameters of the model in the form of gaturation direction (180°) because of the torque exerted by
phase diagram. Section Il is a discussion of the island mode,. At the end of this interval of smoothly changing magne-
including the effect of magnetostatics. Results are presentegation, a lens-shaped domain has formed with
for the hysteresis loops and the coverage dependence of th@proximately-90° domain walls interposed between the step
coercive field. The isolated step model is used to rationalizgpins and the terrace spitfsAt the “step instability field”
the global behavior. Section IV briefly discusses the pitHg, the domain walls depin from the step and sweep across
model, a synthetic island- pit model, and compares our the film. This leaves the system in a “90° state” with nearly
results with experiment. Section V is a summary. zero magnetization along the directiontéf Another regime
of coherent rotation follows until Hr when a
Stoner-Wohlfarth? type instability occurs on the terrace far
from the step. When this happens, the terrace spins coher-
The model film of Fig. 1b) is one monolayer thick and ently jump from the 90° state to the 0° reversed state. The
lies on a flat nonmagnetic substrate. Every atomic site in thetep spins lag slightly behind because they feel the pinning
film carries a spin that is constrained to lie in the plane of theeffect of K,. Smooth coherent rotation completes the rever-
surface. Ferromagnetic exchangjeouples nearest neighbor sal process.
spins and a fourfold planar anisotroly, acts on every spin. The IV loops generically have one jump because the ter-
The effect of an isolated step is modeled by adding an addirace instability formally occurdefore the step instability
tional twofold planar anisotropi(, along a line segment of (domain wall depinningin these cases. Of course, the spins
width W. Thicker films can be modeled by varying the ex- cannot jump coherently from 90° to 0° until they get to 90°
change and anisotropy constants because we assume that théhe first place. As a result, the spins rotate all the way to
magnetization does not vary in the direction perpendicular toear reversal as soon the domain walls depin from the step.
the film surface. The direction of the twofold axis is perpen- The difference between loops (& and lli(b) and be-
dicular to the step and parallel to one of the fourfold axestween loops I\¥a) and I\(b) depends on whether or nk is
An external magnetic fieldH is applied parallel to the step. large enough to prevent the terrace jump from “dragging”
Magnetostatics is ignored. the step spins all the way to saturationt. The loops
The hysteresis curves for this model were found fromlll (c) and IV(c) differ from their(b) counterparts because the
numerical simulations of a classical spin Hamiltoni@ee step instability formally occurs before nucleation. When this
below) that incorporates all the features outlined above. Wds the case, the domain walls depin from the step as soon as
find only “one-jump” and “two-jump” hysteresis loops nucleation occurs.
over the entire range of parameters. Subtle differences divide Figure 3 is a phase diagram derived from our simulations
each of these into three subclasses. The six typical loops thtitat connects the loop topologidsthe phases’) to the
occur (Fig. 2) are characterized by the field, Hg, and  model parameters. As the diagram axes show, the latter are
H; where characteristic changes in the magnetizatiodpest organized into the dimensionless parametéis
occurl’ In the discussion to follow, we consider external =K,/2¢ andW=W/§. The first of these is the step anisot-
fields increasing from large negative values to large positiveopy scaled by the domain wall energy= y2JK,. The sec-
values. The characteristic fieltts andH are always posi- ond is the step width scaled by the exchange length

Il. THE ISOLATED STEP MODEL
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FIG. 3. Loop structure phase diagram for the isolated step 0
model. K is the scaled step anisotropy abd is the scaled step

width. FIG. 5. Characteristic fields as a function /6ffor fixed W.

=vJ/2K,. The particular numerical range &f andV used 4 eventually cross a8 increases and the 1l phases supplant
in Fig. 3 arises when realistic values are chosen for thghe |V phases. The fielH 5 decreases with for the follow-
physical parametersee below ing reasort® As H increases, the lens domain expands to
The phases have been labeled for consistency with oujain Zeeman energy. This is opposed by the domain wall
previous vicinal surface resulfswhere the characteristic energy which is proportional to the domain perimeter. The
fieldsHy, Hs, andHy occur also’ Indeed, the phase dia- domain wall depins when these two balance. One bys
gram here and the one derived in Ref. 16 are simply two~1/)) because the domain wall is pinned at opposite ends of
dimensional slices of a three-dimensional phase diagrarhe step.
with axes: scaled step anisotrofy scaled step widthV and The (a)—(b) and (b)-(c) transitions in Fig. 3 occur
scaled terrace lengti. The phase diagram for the vicinal with decreasingC. The first of these agrees with the “drag-
film is the two-dimensional slice atV—c. The phase dia- ging” argument given above. That is, when the step anisot-
gram for the single step limit is the perpendicular slice atropy is large, the Stoner-Wohlfarth instability of the terrace
L—c. There is a phase boundary between these two slicespins does not produce enough torque to rotate the step spins
atL—o andW— = (whereHs=0) that separates phases lla to complete reversal. But whefi is small enough, a direct
and llb in the vicinal film from phases llla and b in the jump to 0° is possible. The (b)(c) transition occurs be-
finite step film. causeH, increasegin magnitudg pastHs as the step an-
The general placement of the various phases in Fig. 3 cagotropy is reduced. This happens because, as noted earlier,
be understood from the variation of the characteristic fle'df‘easy (Sma” magnitud); nucleation is encouraged by the
with W and K. These are shown in FIgS 4 and 5, respec-torque exerted bKZ on the step Spins_
tively, scaled by the Stoner-Wohlfarth fieldHg These results are sufficient to qualitatively explain the ex-
=8a’K,/u. The latter is the external field value at which perimental observation noted earlfethat the coercive field
easy-axis reversal occurs for a single domain system Wit . rises rapidly with deposited material with a small ampli-
fourfold anisotropy*® From Fig. 3, we see that the Il phases tyde oscillation superimposed. We need only recall fat
appear at larger values ofV than the IV phasesHr  —k,/2¢ whereo=2JK, is the domain wall energy. The
=6/9Hs\ (Ref. 16 is independent of step widtkit is |atter is proportional to the film thickness &<t~ . Figure
driven by the terrace spinsvhile Hs smoothly decreases 5 then shows thaH. should indeed increase rapidly &s
with WV. This guarantees that the curvesbfandHr in Fig.  increases, at least for larger thicknesses. On the other hand, it
is well understood that the step density oscillates as growth
proceed$’ This translates into oscillations iV in the

Hy present model so Fig. 4 implies that oscillations will occur in
the coercive field as well. WheRl-=Hy (small ), the
Hy oscillation amplitude is smaller or comparable to the overall

change itHc. WhenHc=Hg (largeX), the oscillation am-
plitude is comparable or larger than the change in the coer-

cive field.
HT
Ill. THE ISLAND MODEL
Hy The periodic surface morphologies shown in Fig. 1 permit
us to model the variations in step length and step separation
-1 . . . that occur during growth in a fairly realistic manner. In both
0 2 4 cases, the square structures have center-to-center separation

D and side length.. If the flat surface has complete mag-
FIG. 4. Characteristic fields as a functionaf for fixed K. netic layers, Fig. @c) and Fig. 1d) will be called the island
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and pit models, respectively. In this section, we focus on the 10T,
island model exclusively.

Except for the addition of magnetostatics, the magnetic
energy we used to study hysteresis in the island model is the
same as the one we used to analyze the isolated step model.
In detail, the substrate is taken as centered cubic so the thick-
nesst is measured in units af=a/2 wherea is the in-plane
lattice constant. Classical Heisenberg spins at each surface

site i point in the directionS. We get a two-dimensional
model because the spins are forced to be parallel within each 0.00 . L . L . <
atomic column. This is acceptable because we limit our- e

selves to values of that are much less than the exchange FIG. 6. Scaled coercive field as a function of coverage for the

length. island model. The solid curves give the results without magnetostat-

Each spin is subject to nearest-r_lelghbor ferromagnetlc 4es. The heavy dashed curve and light dashed curve give the results
changeJ, a large twofold perpend|cular surface anlsptropywith magnetostatics for the cases of step anisotropy parallel and
Kz>0, a fourfold planar anisotropi,>0, an external field e hendicular to the steps, respectively.

H, and magnetic dipole-dipole interactions from all other

Hc/Hgw

B

spins. The saturation magnetization N&s and a two-fold Figure 6 illustrates the variation of the computed coercive
anisotropyK, is present at step edge sites only. The magdfield Hc with total coverage®=t+ 4 (in monolayers for
netic energy is the island model. The islands contribute the partial coverage

6= (L/D)? to the total. To mimic a typical growth scenario,
o o a the island separation was fixed Rt=64 and the coverage
Ev=—2 3;5-§-a%, >, (§-b)? was increased by increasing the island dimendiorThe
D estep heavy(light) dashed curves are for step anisotropies that fa-
. . . vors spin alignment paralléperpendicularto the step. The
—2a%K, 2>, t[(8)*+ ()M -uH- 2 5 solid curve was computed without magnetostatics. There is
' ' only one such curve because the magnetic energyBds
. n . invariant if K,——K, and we rotate the Cartesian axes
+32Kz§i: (5.2)2—5 EI S Hint (1) (from which the spin angles are measyréy 90° in the
plane.

For simplicity, we discuss the case of no magnetostatics
first. The most striking features in Fig. 6 are the periodic
maxima whereH -=Hg\. These are actuallgrtifacts of the
growth scenario sketched above because they correspond to
. o perfect layer completion and perfect Stoner-Wohlfarth rever-

The internal magnetostatic fieldiy was calculated by a1 ot integer values of thickness. We will correct for this
solving the discretized Maxwell equatioVs Hiy=—V-M  5nitact qualitatively in the next section. Another major trend
and VXHin=0. For t_hls calculation an effectlve_ surface ;, Fig. 6 is thatH decreases very rapidly as each layer
layer with uniform thickness was used to exploit a two-aqing 1o growt This may be understood immediately from
dmepsmngl fast Fourier transform algorithm designed for §pq" |ower panel of Fig. 4 for the isolated step model where
thin film with no surface roughness. ., Hc is given by eitherHy or Hs. Both decrease rapidly,

Typical valugs of thezzmaterlal_ parametedss 10" J  ggpecially when, i.e., 6 is small. Notice that our param-
andK,=1x10"° mJ/nf,** imply, in the absence of mag- gier choices for the island model are such that the full range
netostatics, a domain wall energy per unit length ¢ W in this figure corresponds to abodt- 1/5.
=t2IK,~tx 10" ** J/m and an exchange lengtid Another trend seen in Fig. 6 is that the coercive field
=\J/I2K,~20 nm. The numerical results reported below all gyeraged over each partial monolayer apparently decreases
use the valuegi,| =K, =1 mJ/m? a=0.3 nm, andMs  sjowly until about®=3 and then increases rapidly. In fact,
=1.44<10° A/m (1440 emu/cr¥), in addition to those the behavior ofH. ast increases by integer amounts for
quoted above fod andK,. The lengths. andD are mea-  fixedvalues of the partial coveragedepends very strongly
Sured in Spin bIOCk unitS Of %5/7, a distance over Wh|Ch on 6. Figure 7 and F|g 8 i"ustrate th|s fcﬂ:OOG andg
no appreciable spin rotation occurs. Positive step anisotropy.g 76, respectively. Thé=0.06 curves shown in Fig. 7 are
K,>0 corresponds to a preferred spin axis parallel to thejjrectly interpretable using the isolated step model. The se-
step edges while negative step anisotrégy<0 corresponds quence shown illustrates the transition from phaséb)\to
to a preferred spin axis perpendicular to the step edges. phase I\(c) loops. The coercive field is set by and its

The simulation technique was the same as describefhcrease(in magnitude ast increasesso K decreasesis
previously:" Beginning with a large value ofH  clear from Fig. 5. In this regime, the coercive field is a
=Hx||[100], the local minimum of Eq(1) was followed as monotonic function of.
the field was reversed adiabatically by a combination of con- Technically, neither the upper pandl=1) nor middle
jugate gradient minimization and relaxational spin dynamicspanel ¢=3) of Fig. 8 belong to the phase diagram of Fig. 3
The magnetization parallel td was computed directly from because both have additional magnetization jumps associated
the corresponding spin configurations. with the presence of multiple steps. The associated changes

wheret; is the film height at sité in units oft, Bi is a unit
vector parallel to the local step edgk;=J min[t;,t;], and
w=poa’tyMg where uq is the magnetic constanti(k a
permeability of free spagean Sl units.
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5 ) = S B SV L LB EULB P cumstance both because the steps are long and because they
are close together. The long length simply generates more
ol t=1 H - torque. The step proximity effectively doubl&s(if the step
ﬂN <= H,{ separation is less than an exchange letfythnd therefore
1l - enhances nucleation as well. Of course, this effect is also
1 - absent from the single step model.
= We turn now to the influence of magnetostatics reflected
= o t=3 - in Fig. 6. This contribution to the energy is extensive and so
= < Hy has little effect until the film begins to thicken. Dipole inter-
A — actions then generally increabk- although the effect is far
1 - more pronounced when the step anisotropy is perpendicular
to the steps than when it is parallel to the steps. Because
o t=5 - Hc=Hy in the relevant regime, we can understand this by
Hy = rewriting the magnetic energy in the form
AT T Ty 1
-1.0 -0.5 0.0 0.5 1.0 ,
H/Hgy ED_D=%J d3rJ d3r’V M(|r)V /I|\/I(r ). 2
r—r

FIG. 7. Hysteresis loops for the island model #+ 0.06 and

t=1,3,5. This term clearly disfavors the creation of “magnetic
charge” with densityV-M(r). This has two consequences,

in the magnetization affects the coercive figld.=Hy for ~ POth of which break the symmetry between parallel and per-

these two cases; this never occurs for the single step r]wdepen(_:ilcular anisotropy. First, the magnetization is larger on

much more than they affect the characteristic fieklg Hs, € islands than on the terraces. This means Thad(r)

andH- . Moreover, the values df used in Fig. 4 are nearly Will be unequal to zero at the island edges even if the spin

the same as the ones for the cases under discussion. Notigghfiguration is completely unifornunless the magnetiza-

that the step instabilities in Fig. 8 for t=1 andHy for tion points along the edgpsMagnetostatlcs therefore in-

t=3) occur at practically the same value of external field a£reases the parallel step anisotropy and decreases the perpen-

they do in Fig. 4Hc is larger att=1 thant=3 because the dicular step anisotropy. o

step edgeparallel to the field inhibit the coherent rotation of A Second effect is more important. At saturatidf, is a
terrace spins to the 90° state more effectively whens  constant andi,=0. To lowest orderM, remains constant
larger. This effect is absent from the isolated step model. Byt Nucleation so only the variations bf, in they direction

the time we reach=5 (lower panel of Fig. § K is so small contr_|bute toEpp. The magnetization pattern at nucleation
thatH, determines the coercivity in phase(t at the large consists of lens-shaped domains centered on those step edges

value implied by Fig. 4. EvidentlyH . is not always a mono- where the local anisotropy axis points in tadirection?® At
tonic function of film thickness the smallest coverages when the islands are very sM@II,

Finally, we remark on the very rapid decrease in the co-— My(X,Y) is a function of bottx andy so a finite magne-
ercive field that occurs near layer completion=(1) when tostatic effect is expected. This effect increases as the island
is large in Fig. 6. In this regimeHc=H, as we have size increases initially because more step edge contributes to

discussed and the film consists of large islands that arBucleation. But for large enough island size, the magnetiza-

closely spaced. Nucleation occurs very readily in this cir-ion pattern at nucleation is nearly one dimensional with
My=M,(y) for perpendicular step anisotropy and,

=M,(x) for parallel step anisotropy. The effect of magneto-
statics thus increases in the former case and decreases in the
latter case as the islands grow larger. This is the trend seen in
] Fig. 6.

T I B B LN L

or t=1 HT

Hy

1k iy i IV. COMPARISON TO EXPERIMENT

Hy A direct comparison between experiment and the island
7] model results of Fig. 6 is not really justified because, dor
Hy just less than one, the model morphology consists of large
= ] disconnected islands separated by long narrow troughs. In
reality, island coalescence occurs at these coverages and the
morphology is better approximated by a collection of small
pits. The pit model of Fig. @) is an idealization of this
morphology. We performed simulations for this model also
1 '1'0- - -0'5- - -0'0- - -0'5- - -1'0' using the Hamiltonian Eq.1). Figure 9 compares the com-
o i HI Hgyy ’ ) puted coercive field for the island modelashed ling and
the pit model(light solid line) for the case when the step
FIG. 8. Hysteresis loops for the island model #®#0.76 and  anisotropy is parallel to the steps. Notice that the coercivity
t=1,3,5. at®=t+ 6 for the island model is similar to the coercivity at

MM,
=
|
"
w

o t=5 -
K= Hy
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dicts that a twofold anisotropy will be induced for those
cobalt atoms that lie just beneath the copper step edges.
For®=2, we compare our results with the measurements
of Weber et al'?> who deposited Co on a surface slightly
vicinal to Cu001). The presence of steps produces split loop
hysteresis curves whose origin we have discussed
elsewheré® Here, we focus on the thickness dependence of
the width of the shifted loop which, as the authors note,
corresponds to the coercive field. The basic observation is
- - Istands that Hc exhibits small amplitude, submonolayer oscillations
0 2 e 4 6 superposed on a monotonic rise with increasing coverage.
o . _ . Thisis in qualitative agreement with the bold curve in Fig. 9.
'FIC_S. 9._ Scalgd coercive field as afunctlo_n of coverage. Thelight 1o authors of Ref. 12 attributed the existenceHf
solid line is the island model. The dashed line is the pit model. Thg,qjjations to periodic oscillations in the surface morphol-
bold solid line synthesizes these two into a curve more suitable f06gy as we do. However, owing to the uniaxial anisotropy

comparison with experiment. induced by the steps, they supposed that the presence of

©®=t— ¢ for the pit model. This is because the magnetic'éctangularislands was the key to the effect. Our results

reversal is almost the same for islands and depressions of ti§BOW that oscillations arise even with square islands. Indeed,

same size. Small differences occur because the magnetic die isolated step model shows that it is only necessary that

main wall energy is not exactly the same in the two cases.there be a periodic change in the length of the steps in one
Of course, neither the island model nor the pit model isdirection.

correct when the coverage is exacty very neart com-

plete layers. A better model would exhibit both small islands V. SUMMARY

and small pits. Based on the foregoing, we would expect the

lconercwtnyi(;o beotr:i]ettr?rmtnhedr It:yntgenpltls ror |slﬁncisrvr¥]|t2 trri]r?temperature hysteresis in ultrathin films with planar magne-
ongest sides. € other hand, no farge pits form Aunng, s and surface roughness characteristic of the epitaxial
ngW_th and islands with long sides c_oalesce to form pits \.N'.th rowth process. To lend insight into the complicated situa-
relatively small step lengths. For this reason, th_e coercivit ion of many steps, we first discussed a simplified model of a
tnhevgr be”c?r:pe% vr?ry_sm:lll. The b.0||d cdurvedm .'t:'g' 9 ltsyg'smooth surface with a single finite-length step. The magnetic
esizes™ this behavior from our 1sland and pit results BY;o40ions were taken to be a fourfold anisotropy at all
removing thg unphysmal jumps at layer completion and Oth'sites, a twofold anisotropy at step edge sites, and the Zeeman
e:\’ﬁf tracking whichever of the models has bwger co- interaction with an external magnetic field. The hysteresis
ercivity. loops that occur were presented in the form of a phase dia-

The single step model explains almost all of the structur ) :
that appears in our synthetitc(®) curve. Wher® is small, e%r?;hwnh axes labeled biscaled step anisotropy and step

the scale of the oscillations dominates the variations in the We then considered a periodic island and periodic pit

mean V?'“.e OfHc. In the |so|aFed step model, this is the o\ qe| that allowed for one layer of incomplete coverage.
IargeIC_Ilmlt _when He=Hsandis nearl_y independent &f Magnetostatic interactions were added at this stage. The
but varies with/b. C‘?”V?fse'% whei® is large (C small, .characteristic hysteresis fieltsy, Hg, andH+ were found

the scale of the oscillations is comparable to the change iy, vary as a function of both film thickness and partial cov-
the mean value dfic, whichis increasing. This is the small o 506" o the surface layer in an explicable manner. As a
K limit of the isolated step model whetdc=Hy. Hc in- gyt the coercivity exhibited monolayer-scale oscillations
creases a& decreases and varies wily on a comparable o 5 packground that varies nonmonotonically with thick-

scale. . o , _ ness. These results are all in qualitative agreement with re-
We now are in a position to compare with experiment.cent experiments for the planar Col001) syster.
Our lower coverage results €00=<2) are relevant to the

results of Buckleyet al. for the Cu/Co/C(001) system'3
There, the observed coercivity decreases very rapidly for
submonolayer deposition of copper and then shows a local R.A.H. acknowledges support from National Science
maximum neard=1. In some cases, additional oscillations Foundation Grant No. DMR-9531115, and hospitality from
in He were detected. Copper is nonmagnetic but our resultthe Department of Physics and Astronomy of the University
are still germane because the copper islands break the trans-Georgia where some of this work was completed. M.D.S.
lational invariance of the surface. The &lenodel then pre-  acknowledges useful conversations with R. D. McMichael.

Hc/Hgw

[

We have used several classical spin models to study zero
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