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Relation of domain properties to structural changes
in perpendicularly magnetized ultrathin films
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Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada

~Received 8 February 2000; revised manuscript received 10 May 2000!

The influence of interface mixing upon the magnetic domain properties in perpendicularly magnetized
ultrathin films has been studied using Fe/2 ML Ni/W~110! samples. Annealing of films with an Fe thickness of
1–1.5 ML produces interface mixing that can be quantified using Auger electron spectroscopy, and related to
the changes in domain properties~such as the activation energy for domain wall pinning, the domain correla-
tion length, and domain concentration! as measured by the low frequency ac magnetic susceptibility. Analysis
of the susceptibility, as well as model calculations of the magnetic anisotropy, suggest that pinning is caused
by the perturbation of the domain wall energy by monolayer steps in thickness. Initially, annealing smooths the
film, thus increasing the domain correlation length and activation energy. Further annealing causes mixing at
the Fe/Ni interface, which reduces the anisotropy, thus reducing the activation energy and increasing the
domain concentration. Annealing above 550 K breaks up the film and there is no magnetic response in the
measurable temperature range.
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I. INTRODUCTION

The formation and dynamics of magnetic domain wa
are central to the practical magnetic properties of many
romagnetic materials. Ultrathin magnetic films@<10 atomic
layers or monolayers~ML !# are no exception, and the exis
tence and expression of fascinating magnetic phenom
such as low-dimensional critical behavior, perpendicu
magnetic anisotropy, and the spin reorientation transition
intimately tied to the behavior of domains. In order to bet
understand these phenomena, it is necessary to under
the relationship of the domain properties to the structu
properties specific to ultrathin films, such as thickne
roughness, and interface formation. A simple and versa
characterization of this relationship is through the concep
thermally activated pinning of domain walls by structural
magnetic inhomogeneities. While this general model
been applied with success to ultrathin magnetic films, th
have been few systematic experimental studies of the
between model parameters, such as activation energy
pinning length, and relevant structural properties of the fi
such as roughness, chemical mixing at interfaces, epit
structural domains, and terraces.

Ultrathin films which are spontaneously magnetized p
pendicular to the surface are well suited to the investiga
of these issues. These films form domains spontaneous1–4

because the magnetic dipole interaction between distant
pendicularly oriented spins is antiferromagnetic.5 A large
range of domain densities is accessible by variation of
film thickness or temperature.2 Recent studies o
perpendicularly-magnetized films have characterized the
mains using hysteresis loops,6–8 spatial images of the
domains,9–12 magnetic relaxation,13,14 and the magnetic
susceptibility.15–17 A number of theoretical papers have i
vestigated the link between the domain properties and
fine structure of the film, with particular emphasis on fil
roughness.18–20 Others have linked domain formation i
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these systems to both the transition from ferromagnetism
paramagnetism21 and the spin reorientation transition.2,3

This report concentrates on the effect of surface rou
ness and interface mixing on the formation and motion
domain walls in Fe films grown on a 2 ML Ni/W~110! sub-
strate. Previous results16 have shown that the low frequenc
ac magnetic susceptibility of these films is dominated by
response of the domain walls. The temperature-depen
measurements may be analyzed quantitatively to yield
activation energy for domain wall motion, the mean doma
pinning length, and the temperature-dependent rate of
main formation. The variation of the domain properties w
thickness was found to be controlled principally by the e
plicit dependence of the magnetic anisotropy up
thickness.8 As has been shown for films magnetize
in-plane,22,23 susceptibility measurements are also very s
sitive to structural changes. The present experiments inve
gate the effect of interface integrity and mixing on perpe
dicularly magnetized films of constant thickness, by us
step-wise annealing. The analysis shows that it is the ef
of interface mixing on the magnetic anisotropy which is t
dominant influence on domain properties. This makes it cl
that it is not only surface roughness which is important in
domain dynamics of ultrathin films and multilayers, b
chemical mixing at interfaces as well.

II. THE CONTRIBUTION OF DOMAIN WALL MOTION
TO THE MAGNETIC SUSCEPTIBILITY

The magnetic susceptibilityx(T) of a perpendicularly
magnetized ferromagnetic film results almost entirely fro
the motion of domain walls. This is the result of two effec
that can be traced to the magnetic dipole energy per
volume of the filmV. The anisotropic part of the dipole
energy gives rise to the shape anisotropy and demagne
tion effects in ferromagnets. This, in turn, causes theexter-
nally measured susceptibility to be insensitive to the div
gence of theinternal susceptibility at the Curie temperatur
5786 ©2000 The American Physical Society



n

y
io
e

iva
nd

th
he
y
y
ra

e
n-

th
an

s
ta
-
m

et

th
o

th

r-

the

le is

ial

l on

re-
xi-

ture

e
ple

int

a-

on

PRB 62 5787RELATION OF DOMAIN PROPERTIES TO STRUCTURAL . . .
TC of a perpendicularly magnetized film.24 With no contri-
bution from critical fluctuations atTC , the susceptibility is
dominated by domain formation driven by the isotropic, a
tiferromagnetic dipole interaction between distant spins.

The densityn of the magnetic domains is governed b
balancing the dipole energy gained by domain format
against the energy cost of inserting a domain wall. It is giv
by2,3,5

n5
c

l
expS 2

pEwall

2Vt D , ~1!

where t is the film thickness andc'2 is a constant whose
exact value depends on approximations within the der
tion. Ewall is the energy per unit area of the domain wall, a
l is the width of the domain wall:

Ewall54AGKeff, ~2!

l 5pA G

Keff
. ~3!

In these expressionsG is the exchange energy per unit leng
due to the relative rotation of neighboring spins within t
domain wall, andKeff is the effective magnetic anisotrop
per unit volume.Keff is given by the difference in energ
when the magnetization is aligned perpendicular to vs pa
lel to the surface.Keff5K2V has contributions from both
the crystalline anisotropy per unit volumeK ~favoring a per-
pendicular moment in these films!, and the anisotropic dipole
term ~which favors an in-plane moment!. All the magnetic
quantities are implicit functions of temperature, so that wh
the temperature is varied,Keff changes and the domain de
sity varies exponentially. IfKeff→0, a spin reorientation
transition occurs.25,26

If the domain walls are free to move, they respond to
applied magnetic field in a susceptibility measurement
give an equilibrium susceptibility3 xeq;1/n. However, inho-
mogeneities in the films can serve to pin the domain walls
that, on average, the walls move toward the equilibrium s
with a relaxation timet. The motion of the walls is a ther
mally activated process whereby parts of the walls beco
trapped in ‘‘pinning sites’’ with a distribution of activation
energies centered atEa . For a compact distribution,t is
given by an Arrenhius law as8

t~T!5t0 expS Ea

kBTD , ~4!

where t0 is a constant. In measurements of the magn
susceptibility, a magnetic field is applied at a frequencyv
but the walls do not respond instantaneously. Assuming
the magnetization responds linearly to the departure fr
equilibrium yields16,17

x~T!5
12 ivt~T!

11v2t2~T!
xeq~T!. ~5!

The real part of the susceptibility exhibits a broad peak at
temperatureTp , where vt(Tp);1. Above the peak the
walls are freely moving, but below it their motion is the
mally activated.
-
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Figure 1 shows the real part of the susceptibility~mea-
sured in phase with the field applied perpendicular to
surface at 210 Hz! for a 1.5 ML Fe/2 ML Ni/W~110! film
which has been annealed to 375 K. In Fig. 1~a! the data is
plotted on a linear scale, whereas a semilogarithmic sca
used in Fig. 1~b!. The susceptibility due to freely moving
domains, aboveT;260 K does indeed show an exponent
decrease as predicted by Eq.~1! for decreasingKeff . Since
the precise dependence of the argument of the exponentia
temperature is controlled byKeff(T), it is very difficult to
calculate from first principles. However, this data is rep
sentative of all the measurements in that it is well appro
mated by the expression

xeq~T!5Ae2kT1B. ~6!

Becausexeq;1/n, the phenomenological constantk repre-
sents the linear term in the expansion of the tempera
dependence of the exponent in Eq.~1!:

k5
pEwall

2Vt S 1

2Keff

]Keff

]T
1

1

2G

]G

]T
2

1

V

]V

]T D
T5T0

. ~7!

The curve fitted to the data in Fig. 1~b! usesk50.0421
60.0006K21 and B is indistinguishable from zero. Thes
values are the order of magnitude predicted by sim
models.2,16 Figure 1~c! shows the data plotted as

FIG. 1. ~a! The susceptibility of a 1.5 ML Fe/2 ML Ni/W~110!
film which has been annealed to 375 K. Only every fifth data po
is plotted to allow the line derived from the fits in parts~b! and~c!
to be seen.~b! At high temperature, the susceptibility has a log
rithmic dependence from which the parameterk in Eq. ~6! may be
fit. ~c! At low temperature an Arrenhius plot gives the activati
energy.
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5788 PRB 62M. J. DUNLAVY AND D. VENUS
lnS xeq~T!

x~T!
21D52 ln~vt0!12

Ea

T
~8!

vs 1/T, so that the activation energy can be extracted fr
the slope at low temperature. This givesEa53190620 K for
this trace. Using these fitted parameters in Eq.~5! yields the
curve plotted with the data in Fig. 1~a!.

The activation energy can be interpreted in terms of
magnetic properties using a theory due to Brunoet al.8 They
model the pinning of domain walls as a one-dimensio
sinusoidal effective potential with a peak-to-peak amplitu
given byEa . The mean characteristic length associated w
the pinning sites isj. In ultrathin films, the pinning may be
caused by variationsDEwall in the domain wall energy due t
thickness variations as small as 1 ML, as this can represe
large proportion of the total thickness. Close to the reori
tation transition in perpendiculary magnetized films, whe
Keff→0, the domain wall width in Eq.~3! gets very large. If
l;j, the domain wall averages over the pinning sites a
reducesDEwall by a factor ofj/ l . Then8

Ea5
tj

Ewall
S j

l
DEwallD 2

. ~9!

This model has been used successfully to describe pinnin
a function of film thickness with thickness steps of 1 ML.8,16

III. EXPERIMENT AND SAMPLE CHARACTERIZATION

The films were grown using molecular beam epitaxy in
UHV system with a base pressure of 2310210 Torr. A
W~110! single crystal with a miscut less than 0.4° w
cleaned by cycles of heating in oxygen and flashing to 2
K. The growth of the films is described in detail elsewhere27

The first layer of Ni was evaporated with the substrate at
K and was then annealed to 700 K. A second Ni layer w
grown at 360 K, followed by iron deposition at 350 K. Th
films show a perpendicular moment up to the Curie tempe
ture when the iron thickness<2 ML.28 Some information on
the fine scale structure of the films is available. The 2 ML
seed layer wets the tungsten substrate very well,29 and the Fe
grows nearly layer-by-layer.27 The LEED patterns are shar
up to 3 ML Fe growth, after which a gradual evolution to b
iron occurs and is completed by 12 ML. Some mixing of t
last Ni layer and the first Fe layer, as grown, was found us
angle-resolved Auger electron spectroscopy.30 The amount
of mixing is approximately 15%.

The ac magnetic susceptibility of the film was measu
in situ using the surface magneto-optical Kerr effe
~SMOKE! in the perpendicular geometry. The apparatus
been described in detail elsewhere.31 The ac magnetic field
was applied perpendicular to the surface using a frequenc
210 Hz and a peak amplitude of 12.5 Oe. Tests usin
smaller field amplitude confirmed that the shape of the r
part of the susceptibility curve was not distorted by nonlin
field effects. However, unexplained quantitative discrep
cies between the theoretical and observed imaginary pa
the susceptibility~not discussed here! could indicate a de-
parature from linear response. The susceptibility was m
sured as a function of temperature from 200 to 350 K, a
Auger electron spectra of the tungsten peaks~150–190 eV!
and the iron and nickel peaks~35–75 eV! were recorded to
e
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provide information about the morphology, thickness, a
distribution of the iron and nickel. The film was then a
nealed to successively higher temperatures for one min
and the measurements were repeated.

In order to infer the structural changes upon anneali
each Auger electron spectrum of the iron and nickel pe
was fit to a linear combination of the spectra for a bare 2 M
Ni/W~110! film and a 3 ML Fe/2ML Ni/W~110! film. The
coefficients of the fits for a 1 ML Fe/2 ML Ni/W~110! film
are plotted as a function of the annealing temperature in
2~a!. The attenuation of the tungsten spectra were found
comparison to a spectrum taken from clean W~110!. At and
below an annealing temperature of 550 °C, the cons
tungsten signal indicates that the thickness of the films is
changing. Above 550 °C, the rapid increase in both the tu
sten and nickel signals, accompanied by a decrease in
iron signal, indicates that the iron layer and the top nic
layer are forming thicker islands on top of 1 ML Ni/W~110!,
which is stable up to much higher temperatures. This in
pretation is confirmed by the appearance of the distinc
reconstructed LEED pattern of 1 ML Ni/W~110! in this
range of annealing temperatures.32 Results for a 2 ML film
were similar.

Below 550 K, the more gradual change in the Ni and
Auger electron signals suggests that mixing is occurri
with Ni coming to the top layer, and Fe moving to the seco
layer. The roughly linear trend in the data begins at

FIG. 2. ~a! The coefficients for fitting Auger electron spectra
a linear combination of basis spectra for a bare substrate and
film, are plotted as a function of the temperature to which the fi
has been annealed. For annealing below 600 K, the linear chan
the Ni and Fe coefficients, while the coefficient for the W substr
remains constant, indicates that the Fe/Ni interface is being mi
~b! The amount of Ni in the top layer implied by the mixing seen
part ~a!, according to a model described in the text. Curves
different assumed inelastic mean free paths of the Auger elect
are shown.
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PRB 62 5789RELATION OF DOMAIN PROPERTIES TO STRUCTURAL . . .
growth temperature, confirming that some mixing occurs
the films as grown. An estimate of the degree of mixing c
be made using the data in Fig. 2~a! and the exponential at
tenuation of Auger electrons with thickness. Using the lin
fitted to the linear portions of the curves in Fig. 2~a!, the
Auger signalI (Ta) after annealing to temperatureTa was
expressed as the linear combination

I ~Ta!5aI 3Fe/2Ni1bI 2Ni . ~10!

To infer mixing, the signal was also modeled as a line
combination of basis spectra from 1 ML Fe/2 ML Ni and
ML Ni/1 ML Fe/1ML Ni films

I ~Ta!5gI Fe/2Ni1dI Ni/Fe/Ni . ~11!

The coefficientsa andb are related tog andd by summing
the expected Auger electron signal from each layer, w
appropriate attenuation by exp(2b/l) per layer on top of the
emitting atom. In this expression,b is the thickness of one
layer andl is the inelastic mean free path. The degree
mixing is then given byd/(g1d). Choosing a small range o
inelastic mean free path consistent with the ‘‘universa
curve,33 gives fractional mixing of the iron and nickel whic
lies within the physically possible range of 0 to 50%. The
are shown in Fig. 2~b!. In particular, choosing a value o
exp(2b/l)50.65 gives mixing near 15% for the as-grow
films ~in agreement with experiment! and mixing of near
50% at an annealing temperature of 550 K where large s
motion of the upper layers occurs. This internal consiste
suggests that Fig. 2~b! gives a reasonable estimate of t
mixing of the top two monolayers as a function of the a
nealing temperature.

IV. RELATION OF THE DOMAIN PROPERTIES
AND FILM MICROSTRUCTURE

The magnetic susceptibilities for two representative fil
are shown as a function of annealing temperature in Fig

FIG. 3. The measured susceptibility of two films which ha
been stepwise annealed to the temperatures~K! indicated beside
each trace.~a! is for a 1 ML Fe film and~b! is for a 1.5 ML Fe film.
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They illustrate a behavior found in all the measurement
the first annealing step above the growth temperature res
in a sudden downward shift (;40 K) in the temperature a
which the susceptibility peaks, accompanied by a substan
increase in the peak value ofx and a decrease in the pea
width. Subsequent annealing steps produce a more con
ous evolution of the susceptibility, with the peak temperat
varying less. Finally, the susceptibility disappears upon
nealing to 550 K. These different behaviors suggest t
there are three different microstructural changes involv
While the first annealing step produces little additional int
face mixing, it is likely to allow lateral motion of surfac
atoms and to reduce surface roughness. This could caus
initial shift in x. Subsequent annealing causes increme
mixing at the interface, giving a more continuous evoluti
of x. Finally, Fig. 2~a! indicates that at and above an anne
ing temperature of 550 K, where the susceptibility disa
pears, the film structure breaks down. The lack of magn
response may be due to a superparamagnetic response
thicker islands above the blocking temperature. It may a
be because the remaining 1 ML Ni/W~110! is magnetized
in-plane or has a Curie temperature below 200 K.

A quantitative analysis of the susceptibility curves su
ports these ideas. Each curve was fit to Eqs.~5! and ~6!,
using the method illustrated in Fig. 1. The resulting values
Ea and k are plotted in Fig. 4 as a function of annealin
temperature. All the films exhibit an initial increase in bo
Ea andk, followed by a continuous decrease upon anneal
above 400 K. This clear and consistent reversal strongly s
gests two different mechanisms related to the film mic
structure. In the case of the activation energy, it is reason
that a reduction in surface roughness during the first ann
ing step would increasej, the mean separation of doma
pinning sites, and lead to an increase inEa in Eq. ~9!. When

FIG. 4. ~a! Activation energiesEa and~b! decay constantsk of
films as a function of the annealing temperature. The open sym
are for 1 ML Fe films, and the solid symbols are for 1.5 ML F
films. The solid line in~a! is the model described in the text.
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5790 PRB 62M. J. DUNLAVY AND D. VENUS
mixing occurs at higher annealing temperatures, the ir
vacuum interface which supports a perpendicular surface
isotropy will be partially replaced by a nickel/vacuum inte
face which favors an in-plane surface anisotropy36

According to Eqs.~9! and ~2!, a reduction in the surface
anisotropy will reduce the activation energy.

It is more difficult to comment on the detailed behavior
k, since analysis using Eq.~7! requires knowledge of the
temperature dependence of magnetic quantities for the s
ture at each annealing temperature. Qualitative argum
can be made by noting that the temperature depend
within the brackets should be relatively insensitive to anne
ing, since all the temperature derivatives are self-normali
and all the measurements ofk are made in the same tem
perature range.~While the anisotropy term has a significa
temperature derivative, it is the normalized change in t
derivative between annealing steps which is relevant.! There-
fore, changes ink upon annealing should be governe
mostly by the prefactor. As the interface mixing occurs,
surface anisotropy is reduced and so is the prefactor in
~7!, in agreement with the data. However, the initial increa
in k observed for lower annealing temperatures is un
pected. Sincek is related to the rate of change of the dens
of freely movingdomain walls, it should not depend upo
changes in the surface roughness.

In order to further test these ideas, model calculations
K(Ta), G(Ta), andV(Ta) have been performed. The mod
consists of a 3 ML fcc film where the first ML of Ni remain
at the interface of W~110! because of its greater therm
stability. The second monolayer of Ni and top monolayer
Fe mix by random atomic exchange. Thus the annealed fi
have a top layer with a fractiond of Ni atoms and (12d) of
Fe atoms, and a second layer with reversed concentrat
No correlated movements of blocks of atoms occur. Since
the magnetic atoms in the ultrathin films studied here ar
either a surface or interface, each has a first order contr
tion to the magnetic anisotropy due to nearest neighbor
teractions in the Ne´el model.34 The volume anisotropy due t
longer range interactions, and any contributions due to st
are neglected. In this approximation,K5Ks /t, whereKs is
the surface anisotropy per unit area. The explicit thickn
dependence in this model can be used to evaluateDEwall by
differentials using Eq.~2!. Then Eq.~9! yields

Ea5
tj3

p2AGKeff
S Ks

t D 2S Dt

t D 2

. ~12!

The surface anisotropy is interpolated from experimen
data using the formalism of Ne´el’s pair model.35 The surface
anisotropy contributed by thei th magnetic atom is given by

Ki5(
j

NN

hLi , j~ r̂ i , j•M̂!2, ~13!

whereLi , j is the coupling constant with nearest-neighbor
omsj, r̂ i , j is a unit vector joining these atoms, andM̂ is a unit
vector in the direction of the magnetization.h is equal to 1/2
when both atoms are magnetic or is equal to 1 when only
atom is magnetic; this eliminates double counting of the p
wise interactions. For the case of a perfectly ordered
n/
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~111! interface or surface between magnetic~m! and non-
magnetic~n! atoms, the Ne´el model gives

Ks5
3

4
~Lm,m22Lm,n!sin2 u, ~14!

whereu is the angle between the magnetization and the s
face normal. When the perfectly ordered interface is betw
two magnetic species

Ks5
3

4
~Lm1,m122Lm1,m21Lm2,m2!sin2 u. ~15!

The values of the pair couplingLi , j were derived from
experimental values of the surface anisotropy
room temperature. UsingKs from vacuum/Ni~111!,36

vacuum/Ni/W~110!,36 vacuum/Fe/Ni/W~110!,37

vacuum /Fe/Cu~111!,38 and Fe/Cu~111! ~Ref 39! interfaces in
Eqs. ~14! and ~15! allows the extraction of LNi,Ni
520.25 meV/atom, LFe,Fe50.53 meV/atom, LNi,W
520.19 meV/atom, and LFe,Ni50.18 meV/atom near
room temperature.@The Fe/Cu data is used to obtain appro
mate values for fcc~111! Fe.# The anisotropy for the mixed
film can now be found by summing Eq.~13!, and the differ-
ence in the anisotropy for magnetization perpendicular
and in the surface plane is plotted in Fig. 5~a!. The three

FIG. 5. Calculated magnetic energies of a 1 ML Fe/ 2 ML Ni/
W~110! film as function of the mixing of the top two layers.~a! The
surface anisotropyKs is interpolated from experimental data usin
Néel’s model. The three solid curves give a range spanned by
experimental uncertainties. The effective anisotropyKeff is plotted
as a dashed line.~b! The anisotropic dipole energy~left scale! and
exchange energy in the domain walls~right scale!. ~c! The activa-
tion energy of pinning sites according to Eq.~12! is shown by the
solid line. The dependence on the pinning correlation lengthj has
been removed. The dashed line gives the prefactor to Eq.~7!, which
is related to variations ink.
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PRB 62 5791RELATION OF DOMAIN PROPERTIES TO STRUCTURAL . . .
curves indicate a range allowed by the quoted errors in
experimental results. The curve moves from positive anis
ropy when the top layer is primarily Fe to negative anis
ropy when the top layer is primarily Ni and the magnetiz
tion would lie in-plane. While the systems are not stric
comparable, this is similar to measurements ofKs in FeNi
alloy films on Cu~111!.40

The exchange constantG is also related to a neare
neighbor pairwise interaction, the Heisenberg exchange i
gral Ji , j . The Ni and Fe spins are treated as classical vec
Si aligned at zero temperature. The quadratic dispersion c
stant of spin waves at small wave vector41 (;2JS) and the
magnetic moments (;gsmBS) were used to calculate
JNi,NiuSNiu2551 K and JFe,FeuSFeu25218 K. An approximate
value forJNi,FeSNi•SFe is found by scalingJNi,NiuSNiu2 by the
ratio of Tc for ultrathin equal concentration FeNi alloy film
and Ni films.42 For layered and mixed films, an average e
change can be defined as

1

2
JeffuSeffu25

1

2Nb
(

i

N

(
j

NN

Ji , jSi•Sj , ~16!

wherej runs over the nearest neighbors of the atom at sii,
andNb is the number of nearest-neighbor bonds in the su
For an fcc structure with conventional cubic cell length
a0, the exchange energy per unit length of domain wall i43

G5
4

a0
JeffuSeffu2. ~17!

This result is plotted in Fig. 5~b! as the dashed line. It show
little variation with mixing, in agreement with experiment
studies of ultrathin NiFe alloy films,42 which show no fcc to
bcc structural change with alloy concentration, and o
modest changes inTc .

Finally, the effect of mixing on the shape anisotropy w
calculated, using the anisotropic term in the dipole energy
order to average over all atomic configurations, effective
oms with a momentm5dmNi1(12d)mFe were used, for
example, in the top layer. The result is also shown in F
5~b! as the solid line. Because of the long range nature of
dipole interaction, this term depends very little on mixin
Since the susceptibilities were measured at;270630 K and
the measurements ofKs were made near room temperatu
as well, the dipole term must be corrected to this tempera
beforeKeff can be formed. Using28 Tc;325620 K, and the
Ising exponentb51/8 givesV50.64V(T50), and results
in Keff as shown as the dashed line in Fig. 5~a!. Values ofKs
near the upper boundary allowed by the experimental erro
Fig. 5~a! have been chosen for this calculation. In this w
Keff→0 for a Ni rich top layer and no spin reorientation
predicted upon annealing, in agreement with the trace
Fig. 3.

Placing all these results in Eq.~12! gives the activation
energy as a function of the mixing of the top two layers
Dt51 ML. This is shown in Fig. 5~c!. @A factor of (j/a)3 is
removed, wherea is the nearest-neighbor distance.# The
simple model calculation indeed shows thatEa falls quickly
and continuously upon mixing of the Fe and Ni layers. On
for Ni rich surfaces beyond equal mixing does the cu
begin to increase due to the predicted reorientation. A
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shown in Fig. 5~c! is the prefactor of Eq.~7!, which should
approximate the relative changes ink. Since this depends on
a lower power ofKs than the activation energy, it falls mor
slowly with mixing, in qualitative agreement with the exper
mental results.

These results can be compared to the annealing exp
ments by using the approximate correspondence betw
mixing and annealing temperature in Fig. 2~b!. Choosingj/a
near 110 for the annealed films, and 75 for the as-gro
films, gives the model curve for the activation energy plott
in Fig. 4~a!. The good qualitative agreement confirms th
the interface mixing is driving the changes in domain pro
erties. A closer quantitative agreement can be ea
achieved by increasingKs or decreasingV(T), but given the
approximations involved in the calculation detailed fi
ting to the data is not justified. These values gi
(j/a)(DEwall /Ewall);1/2 and Bruno’s model of the pinning
potential, which is based on an expansion using this par
eter, is within a valid range. Thenj;275 Å, within the
range of pinning correlation lengths seen in oth
studies.8,12,14 If j is identified with an island size or terrac
length, then the films are very smooth and the change
anisotropy due to surface roughness are negligible.18,19 The
good qualitative agreement between the calculation and
measurements support the model of Brunoet al., and indi-
cates a direct link between surface smoothing and interf
mixing and the changes in the domain wall properties.

In a further test of these ideas, films were intentiona
grown with a morphology which differed from those an
lyzed above. For these films, the first monolayer of Ni w
not annealed before subsequent Ni and Fe layers w
grown. This is known to produce a Ni substrate with mo
incomplete layer filling and a much greater island nucleat
density,29 and should lead to more interface mixing and
shorter separation of pinning sites in the film as grown. T
susceptibility measured for this film is shown in Fig. 6~b!,
labeled ‘‘A.’’ The peak is approximately 80 K lower in tem
perature than the films in Fig. 3~it was not possible to find
Ea because of the limitations of the sample cooling arran
ment!, and illustrates again the sensitivity of the domain fo
mation to film morphology.

As a result of this sensitivity, the dependence of the pe
temperature upon the film thickness first presented in Ref
has been remeasured. These results are given in Fig.~a!,
where the solid symbols represent measurements from
earlier investigation and the open and cross symbols are
present measurements. The cross symbols represent
where annealing of the first Ni layer was intentionally om
ted. At low temperature the films are perpendicularly ma
netized, with the plotted peaks showing roughly where
perpendicular domains become freely moving. At Fe thic
nesses greater than 2 ML, the domain phase leads to a
reorientation transition, with the region of in-plane magn
tism sketched using a dashed line.28 The lines through the
data are guides to the eye. An unexplained dip in the p
temperature near thicknesses of 1 ML seen in the earlier
is not reproduced. Comparison of the susceptibility measu
earlier for a thickness of 1.25 Fe ML~labeled ‘‘B’’ in Fig. 6!
to that measured without annealing the first Ni layer~labeled
‘‘A’’ ! suggests that the dip was the result of an unintentio
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variation in the sample growth procedure for a few points
this very sensitive thickness regime.

A more subtle question is the cause of the topologi
similarity of the plot in Fig. 6~a! ~once points B are omitted!
to the phase diagram for the spin reorientation transition.36,44

The present studies, and others,8,16 suggest an indirect link-
age through the magnetic anisotropy. A decrease in the
isotropy decreases the activation energy, and thus lowers
temperature at which the susceptibility has its maximu
Similarly, a decrease in the anisotropy leads to a lower te
perature for the reorientation transition. That this indire

FIG. 6. ~a! The temperature at the peak of the susceptibility
plotted as a function of the Fe thickness. Solid symbols are d
from Ref. 24, and open and cross symbols are data from the pre
study. The cross symbols are from films where the first Ni layer w
not annealed.~b! The susceptibility for the points labeled A and B
,
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od

e

et
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n-
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t

tracking of the reorientation by domain properties depe
sensitively on the way in which sample morphology affe
the domain properties is not surprising.

V. CONCLUSIONS

Analysis of Fe films grown on 2 ML Ni/W~110! has dem-
onstrated again that interfacial smoothness has a profo
effect on magnetic properties of ultrathin films—in this i
stance upon the formation and motion of domain walls
perpendicularly magnetized films. The magnetic suscepti
ity of 1–1.5 ML Fe films was found to be dominated b
domain wall motion, and a simple analysis yields the acti
tion energy of sites which pin domain walls, and the te
perature dependence of the equilibrium domain concen
tion. The susceptibility and activation energy are stron
dependent upon the temperature to which the films are
nealed, and thus upon the smoothing and interface mix
that annealing produces.

Qualitative and quantitative analysis of the data, and c
culations based upon the model of Brunoet al.,8 provide a
consistent picture of the link between the domain wall pro
erties and the film structure. Pinning is caused by change
the domain wall energy at atomic steps. Annealing of
as-grown films increases the mean separation of pinning s
and leads to an initial increase in the activation energy. F
ther annealing causes mixing of the Fe/Ni interface, wh
reduces the activation energy by reducing the surface an
ropy. The reduction of the surface anisotropy also leads to
increase in the equilibrium domain density. After anneali
to a sufficiently high temperature the film breaks up to fo
thicker islands which do not give a magnetic response in
temperature range accessible in these experiments.
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