PHYSICAL REVIEW B VOLUME 59, NUMBER 5 1 FEBRUARY 1999-|

Onset of perpendicular magnetization in nanostripe arrays of Fe on stepped WL10) surfaces
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Nanostripe arrays of alternating double layer and monolayer stripeg bfGdilms 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 couplif$0163-182@9)01705-1

I. INTRODUCTION regions with orthogonal anisotropies, interconnected on a na-
nometer scale, gives a qualitative explanation for the unusual
The possibility to tailor perpendicular composition pro- magnetic properties, but makes the Fe sesquilayer system
files of epitaxial magnetic films, i.e., multilayers, provides anextremely complicated in detail. Moreover, a rapid degrada-
enormous impact on the progress of the understanding dfon of the perpendicular anisotropy with increasing residual
magnetism. The discovery of exchange coupling through @as exposure has been obserid. spectroscopic scanning
nonmagnetic spackr and giant magnetoresistafiCeis  tunneling microscopy(STM) study® reveals a sudden
based on these techniques to prepare perpendicular profileeange of the electronic structure in the double laj#i)
of both composition and magnetic properties on a nanoscaléslands with increasing exposure.
Recently, the concepts of perpendicular nanostructures have Basically the same phenomena of perpendicular magneti-
been extended to lateral magnetic nanostructures, i.e., twaation in pseudomorphic double layers and in-plane uniaxial
dimensional arrays of magnetic nanowires or nanostripesgnisotropy in monolayers has been observed in periodic
which can be prepared either by lithograpfyor by self-  nanostripe arrays grown on vicinal (M.0) substrateé! The
organized growth on groovBdr on vicinal single crystal reduced dimension opens an easy approach to a micromag-
substrate$7*! Nanostripes of Fe atoms grown on vicinal netic interpretation of the observed phenomé&na.
W(110 substrates have revealed a new type of super- The aim of this article is to provide a detailed understand-
ferromagnetic phase transitioh. ing of the magnetic sesquilayer phenomena for the one-
In the present article, we focus on pseudomorphid E@ dimensional case of periodic stripe structures. The article is
nanostripes grown on vicinal W10 substrates in the thick- organized as follows. In the next section we describe the
ness range between 1 and 2 atomic layAts). When grown  experimental setup. Section Il describes how to prepare the
at room temperature on smooth(W0) substrates, thesms-  samples. Section IV reports the experimental results. A dis-
guilayersconsist of a nearly perfect monolayer with islands cussion of the magnetic properties as a function of tempera-
of the second layer on top. For these structures a frustratioture and coverage is given in Sec. V A. The change of mag-
of remanent in-plane order was foutfdoriginally inter-  netic properties during adsorption of residual gas is
preted as a spin-glass-like phase. However, in-plane remaliscussed in Sec. V B.
nence with outstanding strong coercivities was observed in

similar samples by other groups,*®in combination with Il. EXPERIMENT
unconventional time-dependence of the magnetic revétsal, _ ) o
and unusual elastic properti&sAccordingly, an interpreta- Experiments were done in a UHV system providing two

tion of the frustration phenomena described in Ref. 12 insample stages with a base pressure af10™'° Torr. At
terms of magnetic freezing was propos8d®A kinetic Ising ~ Sample stage A samples could be prepared using molecular
model on structures similar to the experimentally observed®eam epitaxy at pressurgg<5x10~'° Torr and charac-
ones explains these findings without the assumption of unterized structurally and chemically using low-energy electron
usual anisotropie¥ Recently, torsion oscillation diffraction (LEED) and Auger spectroscop$AES). Mag-
magnetometry/ 8revealed a perpendicular anisotropy in the netic measurements were done_ at the same stage by means of
double layer islands, in sharp contrast to the easy-plane afe" magnetometryMOKE). Using two separate lasers, we
isotropy in the monolayer. The perpendicular anisotropy wagneasured both the ellipticity, of the longitudinal Kerr ef-
explained as a magnetoelastic contribution resulting from théect in longitudinal fields applied along thd 10] direction
huge epitaxial strairf10%) in the pseudomorphic Fe fill{.  (magnetic easy axis of the monolayeand the rotatiory of

The interplay between double layer islands and monolayethe polar effect in polar fields. Using a compensation
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technique?® both e, and 6, were measured in absolute units.
At stage A the substrate crystal could be heated up to 2000 K
by electron bombardement, and cooled down to 130 K using
liquid nitrogen. Temperatures were measured with a relative
accuracy 61 K and an absolute accuracy of about 10 K
using a thermocouple fitted to the sample holder. The tem-
perature could be stabilized at 1680 K for extended pe-
riods. MOKE measurements presented in this study were
carried out either at this stabilized temperature or during
slowly warming up at a rate of about 1 K/min. At the second
sample stagdstage B samples could be characterized by
scanning tunneling microscop$TM) at room temperature.
Samples could be transferréd situ between those two
stages.

Ill. PREPARATION AND CHARACTERIZATION
OF SAMPLES

The vicinal W(110 substrates were polishexk situand
cleanedin situ by heating to 2000 K. Carbon segregations
were oxidized by heating to 1200 K in an oxygen atmo-
sphere of 108 Torr prior to the preparation of a series of
samples. The clean crystal surface shows monoatomic steps
only, with some dispersion of the terrace width of the order
of 30%. All samples presented in this study were deposited
on vicinal WM110) substrates, with atomic steps aloj@1]
and a mean step distance wf=9 nm, corresponding to
Wo=Wy/2/ay,=40 AR (atomic rows with lattice constant
ayw=0.316 nm. The value oW, was chosen because we
wanted to avoid misfit dislocations, which were obsel¥éd
in elongated double layer islands with a width greater than 9
nm.

Fe was deposited at 700 K with a growth rate Rf
=0.3 AL/min. A 10 MHz quartz balance monitored the
relative Fe coverage. The calibration of the absolute cover-
age was performed via STM with an accuracy of 5%. Char-
acterizing the cleanliness of the preparation by a quality fac-
tor which we define a)=R/p,=thickness/exposure, we
prepared the filmes withQ better than 10 AL/Langmuir FIG. 1. (8 STM image of a sample of coveragke= 1.8 atomic
(1_Langmuir=10"" Torr se_c). . layers. A schematic cross section of the sample cut at the bottom

The morphology of the_ films was checked by S_TM' Fig- jine is shown below the image. The dotted lines indicate the bor-
ure 1 shows a sample with covera@e=1.8 AL. With the  gerjines between double layébL) and monolayeML) stripes.
growth parameters described above, the Fe grows in steB) zoomed region (10 nx10 nm) of(a). Thin lines indicate the
flow from the W steps until 2 AL are complete, forming (111) directions of the X 2 superstructure. The shearing(@ and
arrays of smooth pseudomorphic stripes of alternating monah) caused by a drift of the STM scanner was not corrected.
layer (ML) and double layetDL) height, without any indi-  \hereas th¢110] axis is not changed the actugd01] axis lies
cation of misfit dislocations. The STM image shown in Fig. paralled to the borderlines between ML and DL regions in kath
1 was taken after an exposure of more than 3 Langmuirs ofnd (p).
residual gas. In DL areas we observed a reg(ilaf) lattice

feature[see Fig. 1b)] with a lattice constant twice that of the creasing Fe thickness fro@=0.9 AL to©®=1.4 AL and a

tungsten lattice constaaty, corresponding to a:22 super- : ; )
. - . _baseline length of 3 mm. Immediately after preparation the
structure. Presumably, this regular structure, which is dis- -
. o samples were cooled down to the stabilized temperature of
turbed by only a few dark irregularities, is induced by ad-

sorption of CO molecules. In ML areas the x2 (165+10) K. Polar Kerr loops were then measured at

superstructure is of significantly reduced regularity. This.(165i 10) K. The external field was limited to 200 mT. The

decoration effect is the main source of the contrast betwee'{qls.ets in Figs. &) and Z.b) show typical Ioops_. Tp char:_ac-
g erize the loops we defined parameters as indicated in the
ML and DL areas observed in Fig. 1.

insets. We used remanent valugg,, extrapolated values
Ok e, resulting from extrapolation of the high field linear
sections to the vertical axis, and the susceptibiljty

For a measurement of the onset of perpendicular magne=déy , /d(uoH) |high fiels Measured for the highest fields of
tization we prepared wedge-shaped samples with linearly inthose linear sections. These parameters are shown in Figs.

IV. MAGNETIC RESULTS
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FIG. 2. (a) Remanent and extrapolated Kerr rotati@jp, (open i N o R i
circles andéy  (full circles) as a function of double layer coverage 0 \.\. -
®—1, measured at a temperatufe=165 K. The inset shows a 20 Fq 67K *—---*,,,-.*_._.‘::5.*._‘
single Kerr loop of the series indicates hat , and 6 . were R B
determined from the polar Kerr loop&) Coercive forceH, (full -100 0 100
circles and final susceptibilityy;=d6x/duoH (crossep at the M H(mT).
maximum available fieldugHma=120 mT (as indicated in the Hy

i le | 1.
inse) versus double layer coverage— FIG. 3. Polar Kerr loops for a sample of coverdge- 1.2 mea-

sured at temperatureB as indicated in the figure. Full symbols
correspond to the data plotted on the full field scale at the bottom,
open symbols correspond to the same data plotted on an expanded
field scale at the top of the figure.

2(a) and Zb), respectively, as a function of the double layer
coverage ®—1. Using the mean step distanc@/,
=40 AR, acoverage d®=1.1 AL corresponds to a mean
DL stripe width of Wp =Wy(®@—-1)=4 AR. Below ©®
=1 the polar Kerr signal is nearly zero with a small residualgiven in Fig. 4 as a function of. With increasingT, the
linear increasey; with external field. The nearly constant remanenceéy , decreases rapidly when approachiiig
value of x{(ML)=0.005 urad/mT for ®<1 can be ex- =210 K. We interprete this temperature as the Curie tem-
plained as the initial section of a hard axis loop for the com-perature of the DL stripes, which fd®=1.2 happens to
plete Fe monolayer with an in-plane easy axis. Our availableoincide with the Curie temperature of the monolayer stripes.
field is much smaller than the saturation fiélg, which can A unigue phenomenon observed in the sample of Fig. 3
be calculated fromy{(ML) assuming a saturation value and 4 and in similar samples ne@=1.2 is given by the
0k s=100 urad/AL, as estimated fromgy . for ® ap-  dramatic increase dfi . with decreasing temperature, as ob-
proaching the complete double layer. We then obtain th&erved in the loops of Fig. 3 and shown separately in Fig.
resultugH,= ¢ s/ x(ML)=20 T as a measure for the out- 4(b). Within a temperature range of only 50 K (210>K
of-plane anisotropy field of the monolayer, in rough agree->160 K), H. increases by 3 orders of magnitude.
ment with values reported previousfy.Above @=1, y; The magnetic behavior of the samples changes upon ag-
shows a nonlinear increase. Both remanefigg and ex- ing in UHV. Figure 5 shows results obtained from a wedge-
trapolation ¢y . disappear for® <1.1, and discontinuously shaped sample of coverage=1.0-1.5 at a constant tem-
jump at®=1.1 to a nearly common value of 18rad, peratureT=165 K. The wedge was scanned fr@n=1 to
which indicates approximate squareness of the loop, a@=1.5 and the data were measured in three sequential series
shown in the inset of Fig.(@). In coincidence with the onset shown in Fig. 5. Both the onset of the perpendicular signal
of ke, the coercive forceH. diverges upon approaching 6, . [Fig. 5@] and the divergence of the coercive figd
®=1.1 from higher coverages. At higher coverag®s [Fig. 5b)] is shifted to larger coverages with increasing ex-
>1.1 the extrapolatioy  increases linearly, whereas both posure. Besides this shift the gross behavior remains un-
the remanencéy , andH. decrease towards zero. changed for exposures below 1 Langmuir. For exposures
In order to measure the temperature dependence of thebove 1 Langmuir, the magnetic properties are changed
magnetic behavior we prepared single films of homogeneougualitatively, as shown in Fig. 6 and 7.

thickness. The samples were cooled dowi 9135 K im- Figures 6a) and &b) show longitudinal and polar loops,
mediately after preparation and polar Kerr loops were takemespectively, for progressing exposure for a sample With
during warming up. Loops for an example with=1.2 are  =1.4 measured at =165 K. Corresponding loop param-

presented in Fig. 3. Loop parametéig, ,6x ., andH; are  eters are given in Figs(&—7(c). The data reveal an increase
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FIG. 4. (a) Extrapolated and remanent Kerr rotatiép . (full
circles and 6, (open circley taken from Kerr loops fo® =1.2
as shown in Fig. 3, versus temperatufl) Coercive forceH.,
taken from Kerr loops as shown in Fig. 3, versus temperature.

of the longitudinal extrapolatiory . [Fig. 7(a)] and a de-
crease of the polar ong . [Fig. 7(b)]. A discussion of this
behavior will be given below.

The data suggest a rotation of the DL magnetization dur

ing residual gas adsorption at exposures between 0.5 and .

Langmuirs. A rotation of the easy axis from the noriridl0]

to the in-plane axi@lTO] is suggested by the increase of the
longitudinal extrapolatiorey  in Fig. 7(a) and the decrease
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FIG. 5. (a) Extrapolated Kerr rotatiorf  and (b) coercive
force H. as a function of double layer covera@e-1 with expo-
sure to residual gas given in Langmuirs as a parametér (1
=10"% Torrsec).
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FIG. 6. Longitudinal(a) and polar(b) Kerr loops measured at
T=165 K for a sample of coverag®= 1.4 with increasing expo-
sure to residual gases. The sample was prepar&>et5 AL/L
(see the text for the definition of the quality factQ).

of the polar onedy . in Fig. 7(b). However, an alternative
interpretation without rotation of the easy axis assumes a
decrease of the perpendicular anisotropy. A most prominent
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FIG. 7. Parameters of loops like those in Fig. 6 versus residual
gas exposurga) Extrapolated value of the longitudinal Kerr ellip-
ticity ex  (closed diamondsand remanencey , (open diamonds
respectively (b) Extrapolated value of the polar Kerr rotatiog
(closed circlesand remanencéy , (open circley respectively(c)
Saturation fielguyH from reversible loops for exposures below 1.3
L (closed circles and coercive fieldugH. from easy axis loops
observed for exposures above 1.8dpen circles Typical loops as
insets.
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feature of the polar loops is the sudden change from revers-
ible loops for exposures below 1.2 L to easy-axis-like square
loops above 1.4 L. This change can be seen directly in the
loops of Fig. &b). It shows up in Fig. @) by the sharp rise

of 6, from zero toby ., and in Fig. Tc) by the decrease of
the saturation fieldH (as defined in the insebelow 1.3 L

and in the increase dfl; above 1.3 L.

V. DISCUSSION

The onset of perpendicular remanence observed in the
polar Kerr loops proceeds with increasing covera@e
>1.1 AL (Fig. 2 or increasing adsorption of residual gases
above 1.3 LFig. 7(b)]. Because of the qualitatively different
explanation for these two experimental phenomena the dis-
cussion is devided in two parts.

A. Onset of perpendicular remanence
with increasing coverage X (nm)

The onset of perpendicular remanence with increasing FIG. 8. Numerical results from micromagnetic theory for the

coverage is accompanied by the following unusual experiqagnetization directiond(x) as a function of thex coordinate

mental phenomena different from common ultrathin film be-,cr0s5 a periodic stripe array of width=ay, +ap =9 nm. The

havior. width of the double layer stripap, is varied, corresponding to a

(i) The onset of a perpen.di.cular signal occurs for covercoverage of®=1+ag, /L. Parameters used for the calculation:
ages®>1.1 only, whereas it is expected @=1 for the K, =-5x10F Jm 3, K =+1x10F Jm 3, A=x10"22 J/m.

case of independent perpendicularly magnetized stfipes

Fig. 2. One main result is the observation thHtx) will switch into

o it lhe onset of he perpendiulr remanence (88 unform in-lane stata ()= 712 i e DL sirpe Wi
! . i ) , i I itical val hich is gi
fields and a reversible linear increase for larger fidkkse is reduced below a critical valugi, ¢, which is given by

Fig. 3 atT=188 K). Similar Kerr loops would be expected
for homogeneous films with a canted uniaxial anisotropy. ap .= 2Lp, arctafa tanh(ay /2Ly )}. (5.2
(iii) The coercive fieldH diverges both with decreasing

upon approaching the critical covera@e=1.1 (see Fig. Li=JA/[K]| denotes the exchange lengths and
2) and Wlth decreasing temperature below 20Qd€e Fig. _ \/(AML|KML|thL)/(ADL|KDL|t2DL) is a parameter of the or-
4(b)]. Within a temperature range of only 50 K,. shows a der of 1

dramatic increase by 3 orders of magnitude.
These unusual phenomena can be explained using a ”léx

cromagnetic modéf consisting of a periodic array of stripes tization. For a quantitative discussion we take effective val-

W.ith altgrnating orthogonal un_iaxial anisotropies. Despitg th%es for the anisotropy constars determined from torsion
discontinuous change of anisotropy from a perpend'cwaf)scillation magnetometryK,, = —5x10° Jm 3 for the

easy axis in the DL stripe to an in-plane easy axis in themonolayejrz and Kp, = +1x10° Jm 2 for double layer
ML-stripe, the magnetization direction will change continu- islands’ Eor sim Ii%Lit We assumé.. —A- =A. findin
ously on a lateral scale given by the exchange length. The . picity ML DL 9

o oo i . a=1.118. a depends on the width), of the mono-
magnetization direction is specified by the anglex) with layer stripe I-?g\fvevg if 25 in OUr case '}{"L (2L ~1
respect to the film normal as a function of theoordinate Eq. (5.2 Wi|.| take the ’approximate forman, ~1 7;1’”- In’

- . . . . . . DL,c™ +- DL -
along the[ 110] direction(across the stripe arrayWith ap.  yr experiment the onset of perpendicular magnetism is de-
anday,_ being the width of the DL stripe and the ML stripe, layed up to a coverag® = 1.1 corresponding to a DL stripe

respectively, ank=0 denoting the boundary between the \yiqin ap . =0.9 nm. Thus the exchange length within the

The existence of a critical widtlap, ;>0 qualitatively
plains the phenomerd of delayed perpendicular magne-

2

DL region forx<0 and the ML region fox>0, #(x) re-  p| area is roughlyLp, ~0.5 nm, and this corresponds to an
L=ap +ay. =9 nm: magnitude smaller than the value for bulk Fe. A smaller

value for A in ultrathin Fe/W110) films seems reasonable
+ay /2 dd 2
Y_ZJ_aDL,Z [Aiti<& TKitisi ﬂ] dx. D feld modelA could be derived fronT .czA with the number

of nearest neighbora The Curie-temperature of the mono-

thicknesst; are constants except for a discontinuous changevhich could be expected from the ratio of nearest neighbors
atx=0 (i=DL for x<0 andi=ML for x>0). The varia- in the monolayer compared to the bulk value, and thus sug-

sults from the minimization of the free energyper period exchange constamh~ X 1012 J/m, which is an order of

taking into account the following argument: Within the mean
Exchange stiffnessA;, anisotropy constanK; and film layer T,(ML) =225 K is considerably below OT% .
tional problem given by Eq5.1), was solved analyticall?  gests a lower value foA2*
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or— - —r T T T stripes provide only a vanishing exchange force, leaving the
T o ] blocking of domain walls in narrow parts of the DL stripes
N e ineffective. Below this temperature the exchange energy cre-
- 0.5 - ates in-plane magnetized parts in these narrow parts, thus
i blocking the domain wall movement as described above. The
dramatic increase dfi; by 3 orders of magnitude takes place
! i in the narrow temperature range 160<K <210 K because
w4 :\ o i the monolayer stripes become ferromagnetic in a narrow
I Rl I N ey ] temperature range, determined by the distribution of stripe
widths and the dependence of the Curie temperature on the
stripe width!!

1.0 . . . )
-300 -200 -100 0 100 200 300 T

\ . ) ’ - B. Onset of perpendicular remanence with increasing residual

0 05 10 15 20 25 30 35 gas adsorption
X (nm) A prominent experimental result, shown in Figs. 6 and 7,

. . . is given by the sudden onset of perpendicular remanence

FIG. 9. Numerical results fof}(x) from micromagnetic theory g, with increasing adsorption of residual gas. Previously
as in Fig. 8 with external fieldi as parameter. The width of the geen a5 an experimental obstacle we will now exploit this
double layer stripe was chose, =1.8 nm, corresponding 10 a8 eq1,re for a deeper understanding of the interplay of ex-
coverage 0@:1'2' T.he Inset shows perpendicular magneft'zat'onchange coupling, dipolar coupling and perpendicular anisot-
loops resulting from integration off(x) for double layer widths ropy. In DL islandst® the residual gas adsorption reduces the
corresponding t@® = 1.2 (full line) and® = 1.4 (broken ling. L !

P g ( ) ( 9 perpendicular anisotropy, the same can be expected for DL
stripes. A reduction of perpendicular anisotropy results in an
increase of the exchange length and hence in an increase of
the critical width for the onset of perpendicular magnetiza-
tdn [see Eq(5.2)], which can be observed in the experiment
. o . too (Fig. 5). This agreement further confirms the assumption
Notz_t_hat ﬁh(x) s*hovv,s a l:)mk atx_—O resulnE_g fromd_the of a reduced perpendicular anisotropy. We shall discuss the
condition that A’tjd"(x) be continuous. This condition ,nqet of perpendicular remanence along the following guide-
means that the torque on the magnetization be continuous ghe. For clean samples, the dipolar antiferromagnetic cou-
x=0, analogqusly to the mechanlq torque within a Wiré piing suppresses perpendicular remanenge, for ©
which discontinuously changes its diameter. , >1.252" The dipolar antiferromagnetic coupling decreases

In order to calculate magnetization curves we include any i, gecreasing perpendicular anisotropy, finally resulting in
appropriate Zeeman term in E&.1). As shown in Fig. 9, an a perpendicular remanence.
externa! f|e_Id alpng _the_f|lm normal preferably act_s on the  The idea of dipolar antiferromagnetic coupling is sup-
magnetization d_|rect.|on in the dou_ble layer area which in theported by the following consideration. The perpendicular
remanent state is oriented approximately aldhg45°®. The  gjona| saturates in quite low fields. Defining a saturation field
nearly linear increase of the integrated magnetization #With | "y the intercept of the initial linear section and the final
at larger fields reproduces the experimentally observed Kerf,: rovion section. we obtained values ofH~20 mT
) S .

loops at®=1.2[see the inset of Fig.(8 and Fig. 3. Thege Jow values suggest that the demagnetized remanent

The diverging ofH (iii) can be understood, taking into gtate can be explained by an antiferromagnetic dipolar cou-
account the inhomogeneous stripe width, as shown in thgjing petween the perpendicularly magnetized DL stripes re-
STM images of Fig. 1. A single DL stripe consists of nar- g jting in an antiferromagnetic array of up and down mag-
rower and wider parts. Upon approaching the critical width,eti7ed stripes. In finite external fields the system apparently
the narrow parts remain in an in-plane magnetization state,qi,sts py reversible movement of domain walls between
whereas the magnetization has a perpendicular component fkernatingly magnetized sections of single stripes, resulting
the wider parts. During the process of magnetization reversal, ine initial linear increase of the perpendicular signal.

every wide part has to be switched separately. The wide parts g, 5 quantitative estimate ¢f,, we compareH. with
S S

thus behave similarly to a set of single domain particlesth dinol ¢ feldd . which trioe i h
where the coercive field is determined by the effective an- € dipofar stray Tieiddg which one sStripeé in a fiomoge-

isotropy field. If the mean width becomes wider for increas-rleouSIy magnetized system of DL stripes would feel by the

ing coverage, perpendicular magnetization components wilhteraction with all other stripestly can be deduced from
develop along the whole stripe. Consequently, the magnetMagnetostatic theory in the limit of narrow, homogeneously
zation reversal takes place by domain wall movement knowrnagnetized and parallel DL stripes, neglecting the magnetic
to result in reduced coercive fields. moments of the monolayer stripes. DenotiWga,,, the dis-

A similar consideration explains the divergence lof ~ fance of atomic rows between adjecent DL stripeg, the
with decreasing temperature observed for coverages juattice constant ang = u[sin;0;cosd] the atomic moment
above the critical coveragé-ig. 4. Monolayer stripes be- which is canted in the-z plane by a polar anglé} with
come ferromagnetic below  Curie  temperaturesrespect to the film normal, one obtains for a DL coverage
T.~200 K. Above this temperature the paramagnetic ML ®p =0 —1:

-n/2

Numerical calculations for the magnetization direction
J(x) are shown in Fig. 8, to quantitatively illustrate the sud-
den onset of a perpendicular remanent magnetization near
coverage®=1.1, i.e., at a critical widthap_,=0.9 nm.
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Hd=(277/3)(M®D|_/Woa\s/v)[Sinﬁ;O;—COS@]- (5.3 where.as now the in-plane components are antiparalllel, too.
Equation (5.3) then shows that for§=45° the coupling
Equation(5.3) is a good approximation fofp <0.6. As-  switches from antiferromagnetic to ferromagnetic, because
suming#=0, we obtain an antiferromagnetic cqupll_ng field is at right angles td:|d. This explains the sudden change
toHg=21 mT for Op =05 andu=2.2 pug which is of 44 4 ntiterromagnetic to ferromagnetic alignment of the DL
the same order of magnitude as the experimentally Observerﬂagnetization in Fig. 7 at 1.3 L. The critical angle=50°
value§ aff =165 K|[see, for example, the Inset of Figl determined from experimeritFigs. 1a) and 7b) is very
and Fig. 7 for for exposures below O'S'LTh's agreement  |,qe the predicted value, thus supporting mdél How-
Stfong'y supports the simple model of dipolar coupling ing er, the remanent in-plane magnetization observed in Fig.
this temperature range. Howe-_v_er, for some samplgs pfepa.f%iya) emerging considerably before an exposure of 1.3 L is
unlder extremelﬁ c_IelaZn cor_ll_dltlpﬂsdwe Obgerved INCreéasinga5ched, is in contradiction to this model. In both models, the
values up tougHs=120 mT with decreasing temperature jj o+ increase of the polar Kerr signal with external field can

be'OW. T<150 K, which QOes hot agree with the dipolar ¢ interpreted as a rotation of the canted magnetization angle
coupling model and remains to be explained. ?within the DL stripe.
al

The decrease of perpendicular anisotropy during residu
gas adsorption not only shifts the critical widéee Eq(5.2)
and Fig. 3 but will also increase the canting angg in the VI. CONCLUSIONS
center of the DL stripe because of the increase of exchange _ )
length (see Fig. 8 In the following we assigny= 9, for In cqncl_usm_n, we observed _the onset of prependicular
simplicity. Two distinct models for the change of the perpen-Magnetization in F&10) nanostripe arrays on W10 for
dicular anisotropy are discussed. In the first model we ~ COverages between 1 and 2 atomic layers. The one-
assume a perpendicular uniaxial anisotropy in the DL stripedimensional geometry of the samples eases the application of
decreasing in strength with increasing residual gas adsorf* Micromagnetic model. The magnetic easy axis in the as-
tion. In this case the two canting anglés and — ¢ are prepareo_i samples switches from m-pl_ane in the monolay_er to
equivalent. In a second modéB) we consider an energetic pgrpendlcular in the doublg layer stripes. Beyqnd a critical
asymmetry of the two angle§ and — 9. This asymmetry width a remanent perpendicular order occurs in the double

might be the result of the geometrical step-down—step-uﬂf"yer stripes. Micromagnetic calculations show that this isg
asymmetry of the vicinal substrate. result of the exchange interaction. They explain the dramatic

In model (A), the perpendicular components of the mag_increase of the coercive force by 3 orders of magnitude with
netization in the DL stripes order antiferromagnetically decreasing temperature. Magnetostatic interactions induce

whereas the in-plane components are parallel. In this cagdtiférromagnetic interstripe coupling resulting in reversible
only the perpendicular component of the demagnetizing fieldn@gnetization loops for sesquilayers. During residual gas ex-
given in Eq.(5.3) contributes to the antiferromagnetic cou- POSure, the magnetization direction rotates into the plane,
pling field. Hence, the decreasing valuekf for increasing resulting in a sharp transition from antiferromagnetic to fer-
exposure as shown in Fig(cJ directly results from the de- 'OMagnetic interstripe coupling. Different models for this

. S . transition remain to be checked.
crease of the perpendicular componenHgfwith increasing The insight into the various coupling phenomena gained
angle ¢ [see Eq.(5.3)]. However, one would expedti to

di h ime & hes 90° | from the simple one-dimensional geometry of the nanostripe
|sar11ppear at the salm(; time .sapp'):roac ?‘S N clzont(;alit array greatly helps to understand the seemingly contradictory
ts(i)gtnaelse):;ﬁi\r/:/rseigtliigos ?Ze)r\;ittljog.b) rgrr:]etegtierjr)](gti? a;%o ®lfesults of Fe sesquilayers deposited at room temperature on
. ’ = 12-15,17 : :
for an exposure of 1.3 L, which can be taken from Fi¢g)7 smooth W110). The experimental parameter window

- - ) . o7 for the preparation of sesquilayers with perpendicular rema-
as characteristic foH=0. For an explanation of this dis- nence is exceptionally small. If the DL islands are too small

crepancy one might assume an addi_tional effective _couplin e exchange energy causes the magnetization to stay com-
given by the exchange energy favoring a parallel alignmen letely in the film plane. For larger islands the increasing

of the perpendicular magnetization components. As can b ntiferromagnetic dipolar coupling between DL islands re-

conclu?ﬁd I:lomnFltgi ?I tr?'ziforg”guitr']o?h IS ra’;:err s;n;lll bﬁLsults in a compensation of the perpendicular magnetization
cause the magnetization direction in the center of the components. Coercive fields in this state may be huge be-
stripe is very close to the in-plane direction thus providing

L P . he DL islan hav ingl main patrticl n
no preference for the direction of magnetization in the ad]acause the slands behave as single domain particles and

. - thus effectively prevent a detection of a perpendicular signal
;:ent DL strltpe. tAt sefog.? pzst?'bt'::tybﬁoull(q be fa dmetZ%Stabll?oy Kerr magnetometry. Finally the perpendicular anisotropy
erromagnetic state stavilized by the blocking ol domain Wallyt e b apparently is a result of the 10% pseudomorphic

movement, i.e., the coercive field. Howe_ver, it is difficult to strain and therefore must be expected to disappear if the
explain the sudden change from reversible loops for expo-

sures below 1.2 L, to easy-axis-like square loops above 1.4 [S/and or stripe width alonfy1 10] exceeds 9 nm and conse-
[see Fig. 7c)], considering the broad distribution of stripe quently misfit dislocations are created for relaxation of this

widths and hence ol . pseudomorphic strain.

In model(B), we assume that the energetic minima of the
two axes d(_eflnt_ad py& and— 9 Q|ﬁer subgtanually, forcing ACKNOWLEDGMENTS
the magnetization in the DL stripes to orient along only one
of the two axes. The perpendicular components of the mag- This work was supported by the Deutsche Forschungsge-
netization in the DL stripes again order antiferromagneticallymeinschatft.
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