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Onset of perpendicular magnetization in nanostripe arrays of Fe on stepped W„110… surfaces
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Nanostripe arrays of alternating double layer and monolayer stripes of Fe~110! films were grown on stepped
W~110! surfaces. The magnetic easy axis in the as-prepared samples switches from in-plane in the monolayer
to perpendicular in the double layer stripes. Beyond a critical width, which is determined by exchange inter-
actions, the double layer stripes show remanent perpendicular order. Magnetostatic interactions induce anti-
ferromagnetic interstripe coupling, which suppresses perpendicular remanence at higher coverages. During
residual gas exposure, the double layer easy axis is rotated into the plane, resulting in a sharp transition from
antiferromagnetic to ferromagnetic interstripe coupling.@S0163-1829~99!01705-1#
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I. INTRODUCTION

The possibility to tailor perpendicular composition pr
files of epitaxial magnetic films, i.e., multilayers, provides
enormous impact on the progress of the understanding
magnetism. The discovery of exchange coupling throug
nonmagnetic spacer1–3 and giant magnetoresistance4,5 is
based on these techniques to prepare perpendicular pro
of both composition and magnetic properties on a nanosc
Recently, the concepts of perpendicular nanostructures h
been extended to lateral magnetic nanostructures, i.e.,
dimensional arrays of magnetic nanowires or nanostrip
which can be prepared either by lithography6,7 or by self-
organized growth on grooved8 or on vicinal single crystal
substrates.9–11 Nanostripes of Fe atoms grown on vicin
W~110! substrates have revealed a new type of sup
ferromagnetic phase transition.11

In the present article, we focus on pseudomorphic Fe~110!
nanostripes grown on vicinal W~110! substrates in the thick
ness range between 1 and 2 atomic layers~AL !. When grown
at room temperature on smooth W~110! substrates, theseses-
quilayersconsist of a nearly perfect monolayer with islan
of the second layer on top. For these structures a frustra
of remanent in-plane order was found,12 originally inter-
preted as a spin-glass-like phase. However, in-plane re
nence with outstanding strong coercivities was observe
similar samples by other groups,13–15 in combination with
unconventional time-dependence of the magnetic revers14

and unusual elastic properties.15 Accordingly, an interpreta-
tion of the frustration phenomena described in Ref. 12
terms of magnetic freezing was proposed.13,15A kinetic Ising
model on structures similar to the experimentally obser
ones explains these findings without the assumption of
usual anisotropies.16 Recently, torsion oscillation
magnetometry17,18 revealed a perpendicular anisotropy in t
double layer islands, in sharp contrast to the easy-plane
isotropy in the monolayer. The perpendicular anisotropy w
explained as a magnetoelastic contribution resulting from
huge epitaxial strain~10%! in the pseudomorphic Fe film.17

The interplay between double layer islands and monola
PRB 590163-1829/99/59~5!/3688~8!/$15.00
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regions with orthogonal anisotropies, interconnected on a
nometer scale, gives a qualitative explanation for the unus
magnetic properties, but makes the Fe sesquilayer sys
extremely complicated in detail. Moreover, a rapid degra
tion of the perpendicular anisotropy with increasing resid
gas exposure has been observed.19 A spectroscopic scanning
tunneling microscopy~STM! study20 reveals a sudden
change of the electronic structure in the double layer~DL!
islands with increasing exposure.

Basically the same phenomena of perpendicular magn
zation in pseudomorphic double layers and in-plane unia
anisotropy in monolayers has been observed in perio
nanostripe arrays grown on vicinal W~110! substrates.21 The
reduced dimension opens an easy approach to a microm
netic interpretation of the observed phenomena.22

The aim of this article is to provide a detailed understan
ing of the magnetic sesquilayer phenomena for the o
dimensional case of periodic stripe structures. The articl
organized as follows. In the next section we describe
experimental setup. Section III describes how to prepare
samples. Section IV reports the experimental results. A
cussion of the magnetic properties as a function of temp
ture and coverage is given in Sec. V A. The change of m
netic properties during adsorption of residual gas
discussed in Sec. V B.

II. EXPERIMENT

Experiments were done in a UHV system providing tw
sample stages with a base pressure of 1310210 Torr. At
sample stage A samples could be prepared using molec
beam epitaxy at pressurespp,5310210 Torr and charac-
terized structurally and chemically using low-energy electr
diffraction ~LEED! and Auger spectroscopy~AES!. Mag-
netic measurements were done at the same stage by mea
Kerr magnetometry~MOKE!. Using two separate lasers, w
measured both the ellipticityeK of the longitudinal Kerr ef-
fect in longitudinal fields applied along the@11̄0# direction
~magnetic easy axis of the monolayer!, and the rotationuK of
the polar effect in polar fields. Using a compensati
3688 ©1999 The American Physical Society
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technique,23 botheK anduK were measured in absolute unit
At stage A the substrate crystal could be heated up to 200
by electron bombardement, and cooled down to 130 K us
liquid nitrogen. Temperatures were measured with a rela
accuracy of 1 K and an absolute accuracy of about 10
using a thermocouple fitted to the sample holder. The te
perature could be stabilized at 165610 K for extended pe-
riods. MOKE measurements presented in this study w
carried out either at this stabilized temperature or dur
slowly warming up at a rate of about 1 K/min. At the seco
sample stage~stage B! samples could be characterized
scanning tunneling microscopy~STM! at room temperature
Samples could be transferredin situ between those two
stages.

III. PREPARATION AND CHARACTERIZATION
OF SAMPLES

The vicinal W~110! substrates were polishedex situand
cleanedin situ by heating to 2000 K. Carbon segregatio
were oxidized by heating to 1200 K in an oxygen atm
sphere of 1028 Torr prior to the preparation of a series
samples. The clean crystal surface shows monoatomic s
only, with some dispersion of the terrace width of the ord
of 30%. All samples presented in this study were depos
on vicinal W~110! substrates, with atomic steps along@001#
and a mean step distance ofw059 nm, corresponding to
W05w0A2/aW540 AR ~atomic rows! with lattice constant
aW50.316 nm. The value ofW0 was chosen because w
wanted to avoid misfit dislocations, which were observed12,25

in elongated double layer islands with a width greater tha
nm.

Fe was deposited at 700 K with a growth rate ofR
50.3 AL/min. A 10 MHz quartz balance monitored th
relative Fe coverage. The calibration of the absolute cov
age was performed via STM with an accuracy of 5%. Ch
acterizing the cleanliness of the preparation by a quality f
tor which we define asQ5R/pp5thickness/exposure, w
prepared the films withQ better than 10 AL/Langmuir
(1 Langmuir51026 Torr sec).

The morphology of the films was checked by STM. Fi
ure 1 shows a sample with coverageQ51.8 AL. With the
growth parameters described above, the Fe grows in
flow from the W steps until 2 AL are complete, formin
arrays of smooth pseudomorphic stripes of alternating mo
layer ~ML ! and double layer~DL! height, without any indi-
cation of misfit dislocations. The STM image shown in F
1 was taken after an exposure of more than 3 Langmuir
residual gas. In DL areas we observed a regular~110! lattice
feature@see Fig. 1~b!# with a lattice constant twice that of th
tungsten lattice constantaW , corresponding to a 232 super-
structure. Presumably, this regular structure, which is d
turbed by only a few dark irregularities, is induced by a
sorption of CO molecules. In ML areas the 232
superstructure is of significantly reduced regularity. T
decoration effect is the main source of the contrast betw
ML and DL areas observed in Fig. 1.

IV. MAGNETIC RESULTS

For a measurement of the onset of perpendicular mag
tization we prepared wedge-shaped samples with linearly
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creasing Fe thickness fromQ50.9 AL to Q51.4 AL and a
baseline length of 3 mm. Immediately after preparation
samples were cooled down to the stabilized temperatur
(165610) K. Polar Kerr loops were then measured
(165610) K. The external field was limited to 200 mT. Th
insets in Figs. 2~a! and 2~b! show typical loops. To charac
terize the loops we defined parameters as indicated in
insets. We used remanent valuesuK,r , extrapolated values
uK,e , resulting from extrapolation of the high field linea
sections to the vertical axis, and the susceptibilityx f
5duK,r /d(m0H)uhigh field measured for the highest fields o
those linear sections. These parameters are shown in

FIG. 1. ~a! STM image of a sample of coverageQ51.8 atomic
layers. A schematic cross section of the sample cut at the bo
line is shown below the image. The dotted lines indicate the b
derlines between double layer~DL! and monolayer~ML ! stripes.
~b! Zoomed region (10 nm310 nm) of~a!. Thin lines indicate the
^111& directions of the 232 superstructure. The shearing in~a! and
~b! caused by a drift of the STM scanner was not correct

Whereas the@11̄0# axis is not changed the actual@001# axis lies
paralled to the borderlines between ML and DL regions in both~a!
and ~b!.
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2~a! and 2~b!, respectively, as a function of the double lay
coverage Q21. Using the mean step distanceW0
540 AR, a coverage ofQ51.1 AL corresponds to a mea
DL stripe width of WDL5W0(Q21)54 AR. Below Q
51 the polar Kerr signal is nearly zero with a small residu
linear increasex f with external field. The nearly constan
value of x f(ML)50.005 mrad/mT for Q,1 can be ex-
plained as the initial section of a hard axis loop for the co
plete Fe monolayer with an in-plane easy axis. Our availa
field is much smaller than the saturation fieldHa , which can
be calculated fromx f(ML) assuming a saturation valu
uK,s5100 mrad/AL, as estimated fromuK,e for Q ap-
proaching the complete double layer. We then obtain
resultm0Ha5uK,s /x f(ML)520 T as a measure for the ou
of-plane anisotropy field of the monolayer, in rough agre
ment with values reported previously.12 Above Q51, x f
shows a nonlinear increase. Both remanenceuK,r and ex-
trapolationuK,e disappear forQ,1.1, and discontinuously
jump at Q51.1 to a nearly common value of 18mrad,
which indicates approximate squareness of the loop,
shown in the inset of Fig. 2~a!. In coincidence with the onse
of uK,e , the coercive forceHc diverges upon approachin
Q51.1 from higher coverages. At higher coveragesQ
.1.1 the extrapolationuK,e increases linearly, whereas bo
the remanenceuK,r andHc decrease towards zero.

In order to measure the temperature dependence of
magnetic behavior we prepared single films of homogene
thickness. The samples were cooled down toT5135 K im-
mediately after preparation and polar Kerr loops were ta
during warming up. Loops for an example withQ51.2 are
presented in Fig. 3. Loop parametersuK,r ,uK,e , andHc are

FIG. 2. ~a! Remanent and extrapolated Kerr rotationuK,r ~open
circles! anduK,e ~full circles! as a function of double layer coverag
Q21, measured at a temperatureT5165 K. The inset shows a
single Kerr loop of the series indicates howuK,r and uK,e were
determined from the polar Kerr loops.~b! Coercive forceHc ~full
circles! and final susceptibilityx f5]uK /]m0H ~crosses! at the
maximum available fieldm0Hmax5120 mT ~as indicated in the
inset! versus double layer coverageQ21.
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given in Fig. 4 as a function ofT. With increasingT, the
remanenceuK,r decreases rapidly when approachingT
5210 K. We interprete this temperature as the Curie te
perature of the DL stripes, which forQ51.2 happens to
coincide with the Curie temperature of the monolayer strip

A unique phenomenon observed in the sample of Fig
and 4 and in similar samples nearQ51.2 is given by the
dramatic increase ofHc with decreasing temperature, as o
served in the loops of Fig. 3 and shown separately in F
4~b!. Within a temperature range of only 50 K (210 K.T
.160 K), Hc increases by 3 orders of magnitude.

The magnetic behavior of the samples changes upon
ing in UHV. Figure 5 shows results obtained from a wedg
shaped sample of coverageQ51.021.5 at a constant tem
peratureT5165 K. The wedge was scanned fromQ51 to
Q51.5 and the data were measured in three sequential s
shown in Fig. 5. Both the onset of the perpendicular sig
uK,e @Fig. 5~a!# and the divergence of the coercive fieldHc
@Fig. 5~b!# is shifted to larger coverages with increasing e
posure. Besides this shift the gross behavior remains
changed for exposures below 1 Langmuir. For exposu
above 1 Langmuir, the magnetic properties are chan
qualitatively, as shown in Fig. 6 and 7.

Figures 6~a! and 6~b! show longitudinal and polar loops
respectively, for progressing exposure for a sample withQ
51.4 measured atT5165 K. Corresponding loop param
eters are given in Figs. 7~a!–7~c!. The data reveal an increas

FIG. 3. Polar Kerr loops for a sample of coverageQ51.2 mea-
sured at temperaturesT as indicated in the figure. Full symbol
correspond to the data plotted on the full field scale at the bott
open symbols correspond to the same data plotted on an expa
field scale at the top of the figure.
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PRB 59 3691ONSET OF PERPENDICULAR MAGNETIZATION IN . . .
of the longitudinal extrapolationeK,e @Fig. 7~a!# and a de-
crease of the polar oneuK,e @Fig. 7~b!#. A discussion of this
behavior will be given below.

The data suggest a rotation of the DL magnetization d
ing residual gas adsorption at exposures between 0.5 a
Langmuirs. A rotation of the easy axis from the normal@110#
to the in-plane axis@11̄0# is suggested by the increase of t
longitudinal extrapolationeK,e in Fig. 7~a! and the decreas

FIG. 4. ~a! Extrapolated and remanent Kerr rotationuK,e ~full
circles! anduK,r ~open circles!, taken from Kerr loops forQ51.2
as shown in Fig. 3, versus temperature.~b! Coercive forceHc ,
taken from Kerr loops as shown in Fig. 3, versus temperature.

FIG. 5. ~a! Extrapolated Kerr rotationuK,e and ~b! coercive
force Hc as a function of double layer coverageQ21 with expo-
sure to residual gas given in Langmuirs as a parameterL
51026 Torr sec).
r-
2

of the polar oneuK,e in Fig. 7~b!. However, an alternative
interpretation without rotation of the easy axis assume
decrease of the perpendicular anisotropy. A most promin

FIG. 6. Longitudinal~a! and polar~b! Kerr loops measured a
T5165 K for a sample of coverageQ51.4 with increasing expo-
sure to residual gases. The sample was prepared atQ.15 AL/L
~see the text for the definition of the quality factorQ).

FIG. 7. Parameters of loops like those in Fig. 6 versus resid
gas exposure.~a! Extrapolated value of the longitudinal Kerr ellip
ticity eK,e ~closed diamonds! and remanenceeK,r ~open diamonds!,
respectively.~b! Extrapolated value of the polar Kerr rotationuK,e

~closed circles! and remanenceuK,r ~open circles!, respectively.~c!
Saturation fieldm0Hs from reversible loops for exposures below 1
L ~closed circles! and coercive fieldm0Hc from easy axis loops
observed for exposures above 1.3 L~open circles!. Typical loops as
insets.
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feature of the polar loops is the sudden change from rev
ible loops for exposures below 1.2 L to easy-axis-like squ
loops above 1.4 L. This change can be seen directly in
loops of Fig. 6~b!. It shows up in Fig. 7~b! by the sharp rise
of uK,r from zero touK,e , and in Fig. 7~c! by the decrease o
the saturation fieldHs ~as defined in the inset! below 1.3 L
and in the increase ofHc above 1.3 L.

V. DISCUSSION

The onset of perpendicular remanence observed in
polar Kerr loops proceeds with increasing coverageQ
.1.1 AL ~Fig. 2! or increasing adsorption of residual gas
above 1.3 L@Fig. 7~b!#. Because of the qualitatively differen
explanation for these two experimental phenomena the
cussion is devided in two parts.

A. Onset of perpendicular remanence
with increasing coverage

The onset of perpendicular remanence with increas
coverage is accompanied by the following unusual exp
mental phenomena different from common ultrathin film b
havior.

~i! The onset of a perpendicular signal occurs for cov
agesQ.1.1 only, whereas it is expected atQ51 for the
case of independent perpendicularly magnetized stripes@see
Fig. 2~a!#.

~ii ! Near the onset of the perpendicular remanence
polar Kerr loops show a hysteretic inner section for sm
fields and a reversible linear increase for larger fields~see
Fig. 3 atT5188 K). Similar Kerr loops would be expecte
for homogeneous films with a canted uniaxial anisotropy

~iii ! The coercive fieldHc diverges both with decreasin
Q upon approaching the critical coverageQ51.1 ~see Fig.
2! and with decreasing temperature below 200 K@see Fig.
4~b!#. Within a temperature range of only 50 K,Hc shows a
dramatic increase by 3 orders of magnitude.

These unusual phenomena can be explained using a
cromagnetic model22 consisting of a periodic array of stripe
with alternating orthogonal uniaxial anisotropies. Despite
discontinuous change of anisotropy from a perpendicu
easy axis in the DL stripe to an in-plane easy axis in
ML-stripe, the magnetization direction will change contin
ously on a lateral scale given by the exchange length.
magnetization direction is specified by the angleq(x) with
respect to the film normal as a function of thex coordinate
along the@11̄0# direction~across the stripe array!. With aDL
andaML being the width of the DL stripe and the ML stripe
respectively, andx50 denoting the boundary between th
DL region for x,0 and the ML region forx.0, q(x) re-
sults from the minimization of the free energyg per period
L5aDL1aML59 nm:

g52E
2aDL/2

1aML/2H Ait i S dq

dx D 2

1Kit isin2qJ dx. ~5.1!

Exchange stiffnessAi , anisotropy constantKi and film
thicknesst i are constants except for a discontinuous cha
at x50 (i 5DL for x,0 and i 5ML for x.0). The varia-
tional problem given by Eq.~5.1!, was solved analytically.22
s-
e
e

he

s-

g
i-
-

-

e
ll

i-

e
r

e

e

e

One main result is the observation thatq(x) will switch into
a uniform in-plane state@q(x)5p/2# if the DL stripe width
is reduced below a critical valueaDL,c , which is given by

aDL,c52LDL arctan$a tanh~aML/2LML !%. ~5.2!

Li5AAi /uKi u denotes the exchange lengths anda
5A(AMLuKMLutML

2 )/(ADLuKDLutDL
2 ) is a parameter of the or

der of 1.
The existence of a critical widthaDL,c.0 qualitatively

explains the phenomena~i! of delayed perpendicular magne
tization. For a quantitative discussion we take effective v
ues for the anisotropy constantsKi determined from torsion
oscillation magnetometry,KML5253106 Jm23 for the
monolayer12 and KDL5113106 Jm23 for double layer
islands.17 For simplicity we assumeAML5ADL5A, finding
a51.118. aDL,c depends on the widthaML of the mono-
layer stripe. However, if as in our case tanh(aML/2LML)'1,
Eq. ~5.2! will take the approximate formaDL,c'1.7LDL . In
our experiment the onset of perpendicular magnetism is
layed up to a coverageQ51.1 corresponding to a DL stripe
width aDL50.9 nm. Thus the exchange length within th
DL area is roughlyLDL'0.5 nm, and this corresponds to a
exchange constantA'310212 J/m, which is an order of
magnitude smaller than the value for bulk Fe. A smal
value for A in ultrathin Fe/W~110! films seems reasonabl
taking into account the following argument: Within the me
field modelA could be derived fromTc}zA with the number
of nearest neighborsz. The Curie-temperature of the mono
layer Tc(ML) 5225 K is considerably below 0.5Tc,bulk ,
which could be expected from the ratio of nearest neighb
in the monolayer compared to the bulk value, and thus s
gests a lower value forA.24

FIG. 8. Numerical results from micromagnetic theory for t
magnetization directionq(x) as a function of thex coordinate
across a periodic stripe array of widthL5aML1aDL59 nm. The
width of the double layer stripeaDL is varied, corresponding to a
coverage ofQ511aDL /L. Parameters used for the calculatio
KML5253106 Jm23, KDL5113106 Jm23, A5310212 J/m.
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Numerical calculations for the magnetization directi
q(x) are shown in Fig. 8, to quantitatively illustrate the su
den onset of a perpendicular remanent magnetization ne
coverageQ51.1, i.e., at a critical widthaDL,c50.9 nm.
Note that q(x) shows a kink atx50 resulting from the
condition that Ai* t iq8(x) be continuous. This condition
means that the torque on the magnetization be continuou
x50, analogously to the mechanic torque within a w
which discontinuously changes its diameter.

In order to calculate magnetization curves we include
appropriate Zeeman term in Eq.~5.1!. As shown in Fig. 9, an
external field along the film normal preferably acts on t
magnetization direction in the double layer area which in
remanent state is oriented approximately alongq545°. The
nearly linear increase of the integrated magnetization witH
at larger fields reproduces the experimentally observed K
loops atQ51.2 @see the inset of Fig. 2~a! and Fig. 3#.

The diverging ofHc ~iii ! can be understood, taking int
account the inhomogeneous stripe width, as shown in
STM images of Fig. 1. A single DL stripe consists of na
rower and wider parts. Upon approaching the critical wid
the narrow parts remain in an in-plane magnetization st
whereas the magnetization has a perpendicular compone
the wider parts. During the process of magnetization reve
every wide part has to be switched separately. The wide p
thus behave similarly to a set of single domain partic
where the coercive field is determined by the effective
isotropy field. If the mean width becomes wider for increa
ing coverage, perpendicular magnetization components
develop along the whole stripe. Consequently, the magn
zation reversal takes place by domain wall movement kno
to result in reduced coercive fields.

A similar consideration explains the divergence ofHc
with decreasing temperature observed for coverages
above the critical coverage~Fig. 4!. Monolayer stripes be-
come ferromagnetic below Curie temperatur
Tc'200 K.11 Above this temperature the paramagnetic M

FIG. 9. Numerical results forq(x) from micromagnetic theory
as in Fig. 8 with external fieldH as parameter. The width of th
double layer stripe was chosenaDL51.8 nm, corresponding to a
coverage ofQ51.2. The inset shows perpendicular magnetizat
loops resulting from integration ofq(x) for double layer widths
corresponding toQ51.2 ~full line! andQ51.4 ~broken line!.
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stripes provide only a vanishing exchange force, leaving
blocking of domain walls in narrow parts of the DL stripe
ineffective. Below this temperature the exchange energy
ates in-plane magnetized parts in these narrow parts,
blocking the domain wall movement as described above.
dramatic increase ofHc by 3 orders of magnitude takes plac
in the narrow temperature range 160 K,T,210 K because
the monolayer stripes become ferromagnetic in a nar
temperature range, determined by the distribution of str
widths and the dependence of the Curie temperature on
stripe width.11

B. Onset of perpendicular remanence with increasing residual
gas adsorption

A prominent experimental result, shown in Figs. 6 and
is given by the sudden onset of perpendicular remane
uK,r with increasing adsorption of residual gas. Previou
seen as an experimental obstacle we will now exploit t
feature for a deeper understanding of the interplay of
change coupling, dipolar coupling and perpendicular anis
ropy. In DL islands,19 the residual gas adsorption reduces t
perpendicular anisotropy, the same can be expected for
stripes. A reduction of perpendicular anisotropy results in
increase of the exchange length and hence in an increas
the critical width for the onset of perpendicular magnetiz
tion @see Eq.~5.2!#, which can be observed in the experime
too ~Fig. 5!. This agreement further confirms the assumpt
of a reduced perpendicular anisotropy. We shall discuss
onset of perpendicular remanence along the following gui
line: For clean samples, the dipolar antiferromagnetic c
pling suppresses perpendicular remanenceuK,r for Q
.1.25.21 The dipolar antiferromagnetic coupling decreas
with decreasing perpendicular anisotropy, finally resulting
a perpendicular remanence.

The idea of dipolar antiferromagnetic coupling is su
ported by the following consideration. The perpendicu
signal saturates in quite low fields. Defining a saturation fi
Hs by the intercept of the initial linear section and the fin
saturation section, we obtained values ofm0Hs'20 mT.
These low values suggest that the demagnetized rema
state can be explained by an antiferromagnetic dipolar c
pling between the perpendicularly magnetized DL stripes
sulting in an antiferromagnetic array of up and down ma
netized stripes. In finite external fields the system appare
adjusts by reversible movement of domain walls betwe
alternatingly magnetized sections of single stripes, resul
in the initial linear increase of the perpendicular signal.

For a quantitative estimate ofHs , we compareHs with
the dipolar stray fieldHW d which one stripe in a homoge
neously magnetized system of DL stripes would feel by
interaction with all other stripes.HW d can be deduced from
magnetostatic theory in the limit of narrow, homogeneou
magnetized and parallel DL stripes, neglecting the magn
moments of the monolayer stripes. DenotingW0aW the dis-
tance of atomic rows between adjecent DL stripes,aW the
lattice constant andmW 5m@sinq;0;cosq# the atomic moment
which is canted in thex-z plane by a polar angleq with
respect to the film normal, one obtains for a DL covera
QDL5Q21:

n
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HW d5~2p/3!~mQDL /W0aW
3 !@sinq;0;2cosq#. ~5.3!

Equation~5.3! is a good approximation forQDL,0.6. As-
sumingq50, we obtain an antiferromagnetic coupling fie
m0Hd521 mT for QDL50.5 andm52.2 mB which is of
the same order of magnitude as the experimentally obse
values atT5165 K @see, for example, the inset of Fig. 2~b!
and Fig. 7 for for exposures below 0.5 L#. This agreement
strongly supports the simple model of dipolar coupling
this temperature range. However, for some samples prep
under extremely clean conditions we observed increas
values up tom0Hs5120 mT with decreasing temperatu
below T,150 K, which does not agree with the dipol
coupling model and remains to be explained.

The decrease of perpendicular anisotropy during resid
gas adsorption not only shifts the critical width@see Eq.~5.2!
and Fig. 5# but will also increase the canting angleq0 in the
center of the DL stripe because of the increase of excha
length ~see Fig. 8!. In the following we assignq5q0 for
simplicity. Two distinct models for the change of the perpe
dicular anisotropy are discussed. In the first model~A! we
assume a perpendicular uniaxial anisotropy in the DL stri
decreasing in strength with increasing residual gas ads
tion. In this case the two canting anglesq and 2q are
equivalent. In a second model~B! we consider an energeti
asymmetry of the two anglesq and 2q. This asymmetry
might be the result of the geometrical step-down–step
asymmetry of the vicinal substrate.

In model ~A!, the perpendicular components of the ma
netization in the DL stripes order antiferromagnetica
whereas the in-plane components are parallel. In this c
only the perpendicular component of the demagnetizing fi
given in Eq.~5.3! contributes to the antiferromagnetic co
pling field. Hence, the decreasing value ofHs for increasing
exposure as shown in Fig. 7~c! directly results from the de
crease of the perpendicular component ofHW d with increasing
angleq @see Eq.~5.3!#. However, one would expectHs to
disappear at the same time asq approaches 90°, in contras
to the experimental observation. From the extrapolated K
signals shown in Figs. 7~a! and 7~b!, one estimatesq550°
for an exposure of 1.3 L, which can be taken from Fig. 7~c!
as characteristic forHs50. For an explanation of this dis
crepancy one might assume an additional effective coup
given by the exchange energy favoring a parallel alignm
of the perpendicular magnetization components. As can
concluded from Fig. 8 this contribution is rather small b
cause the magnetization direction in the center of the
stripe is very close to the in-plane direction thus providi
no preference for the direction of magnetization in the ad
cent DL stripe. A second possibility could be a metasta
ferromagnetic state stabilized by the blocking of domain w
movement, i.e., the coercive field. However, it is difficult
explain the sudden change from reversible loops for ex
sures below 1.2 L, to easy-axis-like square loops above 1
@see Fig. 7~c!#, considering the broad distribution of strip
widths and hence ofHc .

In model~B!, we assume that the energetic minima of t
two axes defined byq and2q differ substantially, forcing
the magnetization in the DL stripes to orient along only o
of the two axes. The perpendicular components of the m
netization in the DL stripes again order antiferromagnetica
ed
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whereas now the in-plane components are antiparallel,
Equation ~5.3! then shows that forq545° the coupling
switches from antiferromagnetic to ferromagnetic, becausmW

is at right angles toHW d . This explains the sudden chang
from antiferromagnetic to ferromagnetic alignment of the D
magnetization in Fig. 7 at 1.3 L. The critical angleq550°
determined from experiment@Figs. 7~a! and 7~b! is very
close the predicted value, thus supporting model~B!. How-
ever, the remanent in-plane magnetization observed in
7~a! emerging considerably before an exposure of 1.3 L
reached, is in contradiction to this model. In both models,
linear increase of the polar Kerr signal with external field c
be interpreted as a rotation of the canted magnetization a
q within the DL stripe.

VI. CONCLUSIONS

In conclusion, we observed the onset of prependicu
magnetization in Fe~110! nanostripe arrays on W~110! for
coverages between 1 and 2 atomic layers. The o
dimensional geometry of the samples eases the applicatio
a micromagnetic model. The magnetic easy axis in the
prepared samples switches from in-plane in the monolaye
perpendicular in the double layer stripes. Beyond a criti
width a remanent perpendicular order occurs in the dou
layer stripes. Micromagnetic calculations show that this i
result of the exchange interaction. They explain the dram
increase of the coercive force by 3 orders of magnitude w
decreasing temperature. Magnetostatic interactions ind
antiferromagnetic interstripe coupling resulting in reversib
magnetization loops for sesquilayers. During residual gas
posure, the magnetization direction rotates into the pla
resulting in a sharp transition from antiferromagnetic to f
romagnetic interstripe coupling. Different models for th
transition remain to be checked.

The insight into the various coupling phenomena gain
from the simple one-dimensional geometry of the nanostr
array greatly helps to understand the seemingly contradic
results of Fe sesquilayers deposited at room temperatur
smooth W~110!.12–15,17The experimental parameter windo
for the preparation of sesquilayers with perpendicular rem
nence is exceptionally small. If the DL islands are too sm
the exchange energy causes the magnetization to stay
pletely in the film plane. For larger islands the increasi
antiferromagnetic dipolar coupling between DL islands
sults in a compensation of the perpendicular magnetiza
components. Coercive fields in this state may be huge
cause the DL islands behave as single domain particles
thus effectively prevent a detection of a perpendicular sig
by Kerr magnetometry. Finally the perpendicular anisotro
of the DL apparently is a result of the 10% pseudomorp
strain and therefore must be expected to disappear if
island or stripe width along@11̄0# exceeds 9 nm and conse
quently misfit dislocations are created for relaxation of t
pseudomorphic strain.
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