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Lateral indirect exchange coupling in a two-dimensional nanostripe array
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We observe a lateral indirect exchange coupling in a multistripe system of parallel Fe nanostripes grown by
self-organized growth on a vicinal single-crystal(J40) surface. The width and the distance between the
stripes of monolayer height were modified via the total amount of deposited Fe. The easy axis of the magne-
tization lies perpendicular to the stripe edges and in the surface plane, thus resulting in a ferromagnetic dipolar
coupling. In addition to the dipolar coupling we observe an antiferromagnetic indirect exchange coupling for
the nanostripe system covered by Au. The coupling causes a superferromagnetic phase transition in the nano-
stripe array.
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Ferromagnetic films separated by a nonmagnetic interpling between the stripes is crucial for the magnetic long-
layer are magnetically coupled by indirect exchangerange order, and obtain coupling values from an analysis of
coupling.l Much research effort has been devoted to this inthe magnetic susceptibility at the magnetic phase transition.
direct exchange coupling since the first leading experidn the first part of the paper we discuss a mean-field model
ments'~3 For most metallic interlayer materials the coupling @dapted to Fe nanostripes, considering both the short-range
oscillates with increasing interlayer thicknésghe origin of  interaction of moments within the stripe and the long-range
the indirect coupling is strongly related to the occurence ofnteraction between the stripes. The Curie-Weiss behavior of
quantum-well states in the interlayer close to the Fermi enthe susceptibility reveals the long-range coupling. In the sec-
ergy, depending on the interlayer thickness and on the relg2nd part of the paper we present experimental results for
tive orientation of the magnetizatidi. The coupling mecha- Fe/W110 nanostripes coated by Au. For stripe separations
nism provides a direct access to the Fermi surface of thef about 1 nm we find a lateral coupling which is smaller
interlayer. than expected from the dipolar coupling, thus indicating an

A similar coupling mechanism can also be expected foradditional lateral indirect exchange coupling of antiferro-
lateral magnetic nanostructures. A simple geometry for afnagnetic sign. . . _ .
experimental test is provided by a system of parallel and For a single stripe without any coupling to adjacent
separated stripes. The preparation of parallel stripes at st&jfipes the internal spin dynamics are governed by exchange
edges of vicinal single crystal surfaces is a well-establishedf€lds of the order of 10-100 T. In this case superimposed
techniqué® and has found much experimeridf and  coupling fields, i.e., internal dipolar coupling fields, below
theoretical>*? interest. A theoretically predicted quasi-one- 0-1 T can be neglected. Due to the strong uniaxial in-plane
dimensional behavior of narrow strigésvas confirmed ex- anisotropy the spin dynamics of a single stripe consisting of
perimentally for Fe stripes grown on vicinal Q1) (Ref.§ W parallel rows of spins can be described by the one dimen-
and vicinal W110).* A two-dimensional system of parallel Sional Ising model where the exchange coupling constant
ferromagnetic stripes separated from each other forms afgplaced by J. Let T¢() be the temperature of a stripe of
analogon to a multilayer system of alternately magnetic andnfinite width. If the stripe widthW is finite no spontaneous
nonmagnetic layers. The substrate material takes the role @fder will occur according to the one-dimensional Ising
the nonmagnetic interlayer in multilayer systems. The propmodel. ForT<T¢(«) the magnetization decomposes into
erties of the nonmagnetic intersections are varied by addiluctuating spinblocks of full stripe width and a length
tional coatings of the ferromagnetic nanostripe system. Deincreasing with decreasing temperattiréthese full width
spite the reduced dimensionality an indirect exchangépin blocks act similar as the moments of an Ising chain. The
coupling varying with the separation width between themagnetization decays exponentially at any finite temperature
stripes can be expected. and no remanent order is left. The one-dimensional behavior

In this paper we report on pseudomorphically grown Feshows up in the exponential decrease of the magnetic sus-
W(110 stripes with step edges parallel to fi@®1] orienta-  ceptibility with increasing temperatuig*?
tion, coated by _Au. For uncoated stripes the magnetic easy
axis lies alond 110], i.e. perpendicular to the long stripe axis C p(TA

= @

(see, i.e., Ref. 10 The same holds for Au-coated Fe Xo= T &X

stripes!® Thus the magnetization in the stripes imposes a

ferromagnetic dipolar coupling. As pointed out in Ref. 10 thewhereT, denotes the energy one needs to create a spin block
ferromagnetic dipolar coupling causes magnetic long-rangéwhich is 2J for the Ising chaiih C depends weakly on the
order in the stripe system. Because the coupling is ferromagemperature because single fluctuating spins decrease the av-
netic it is impossible to measure coupling values from easyerage magnetic moment per atom within a spin block.

axis magnetization loops below the Curie temperature. In- In the following step we consider an additional lateral
stead, we take advantage from the fact that the lateral cowoupling between adjacent stripes. Because the magnetic
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easy axis is perpendicular to the long stripe axis the main
contribution to the coupling is the dipolar coupling. In addi-
tion an indirect exchange coupling might be superimposed.
The long-range nature of the couplifgeduction of 1v? in-
stead of exponential decrease with distangqustifies the
mean-field ansatz for the magnetizatigh

M= xo(H+AM), 2

with the mean-field constamt. The magnetic susceptibility
results in

_ X0
1_)(0)\ ’

X )
The lateral coupling thus provokes a diverging susceptibility
for xo(T¢)=1/\, indicating the onset of spontaneous order
at a finite temperatur@.. We approximate Eq3) in two

diff . h i FIG. 1. Schematic model of the Fe nanostripe system on stepped
ifferent temperature regimes. Foe>Tc the coupling can W(110 surface covered by Au. Crystallographical and magnet-

be neglected sincg, decreases rapidly with increasing tem- 5| girections are indicated. Topographical STM image (100
perature, i.ex= xo. For T close toT¢, however, we write 100 nn?) of 0.5 ML Fe on W110) after annealing at 700 K and
Eq. (3) in the form before Au coverage. Whereas the atomic step edge of the Fe nano-
stripe is visible and indicates the step flow growth mode, the stripe
1 _ (Xo(Tc) B 1) :)\l(e(TA/TC)—(TA/T)_ 1). (4 edge at the tungsten step edge could not be resolved.
c

X Xo(T)
WhenT is close toTc [i.e., T-Tc<T2/(To—T¢)], the ex-  Au at room temperature. Previous Bgbauer studies showed
ponential term can be linearized and we obtain that interdiffusion does not occur at room temperature or
below®
Uy—rtaT-Tec 5 The Kerr rotationdy of the longitudinal Kerr effect was
X Te Tc measured in longitudinal fields applied alopfl0] (mag-

netic easy axis of the monolayerUsing a compensation
?echniqueﬂK could be measured in absolute units. Tempera-
tures were measured with a relative accuracy of 0.1 K and an
absolute accuracy of abbli K using a thermocouple spring

TAT-Te attached to the sample crystal. Measurements presented in
s=H = (6)  this study were done during slowly warming up with a rate

c ¢ of about 1 K/min. We measured samples of homogeneous Fe

with the coupling field defined by, =\Mg. Without fur-  coverage, and scanned 4-mm-long wedges of 0—-1.1 ML Fe
ther electronical couplingl, is identical to the dipolar cou- thickness(prepared using a shadow maskith a focused
pling field. Note that this analysis is valid in the temperatureprobe beam of 0.1 mm diameter.

with a temperature dependence similar to the Curie-Weis
behavior. We replace {/by a saturation field defined by
Hs=Mq/x,

H

interval Tc<T<Tc(), only. In the case of an Fe/\/10) Values for Mg and Hg are determined by a fit oM
monolayer coated by Au this interval is particularly large: =M tanh{H/Hy) to the experimental magnetization loops.
Tc~200 K andT¢()=290 K1® The susceptibility is calculated fromy=Mg/Hs. The

Experiments have been performed in ultra high vacuumArrhenius plot shown in Fig. 2 confirms E¢) for Fe cov-
films prepared by molecular-beam epitaxy at pressyres erages below the full monolayer. From the slope we obtain
<5x10 1% Torr, and characterized structurally and chemi-values for the activation enerdy, . The strong coupling for
cally using low energy electron diffraction, Auger spectros-overlapping stripeg®>1) causes deviations from the one
copy, and scanning tunneling microscof$TM).!**" We  dimensional behavidiEq. (1)].
prepared an array of parallel Fe stripes of monolayer height The linear increase dfl with T as shown in Fig. 3 con-
by depositing Fe on a vicinal Y¥10) surface with step edges firms the temperature dependence predicted by the model
parallel to thg 001] direction following previously described [Eq. (6)] for separated stripe®<1), whereasH, increases
procedureY (see Fig. 1 The surface normal deviates from nonlinearly for overlapping stripeg®>1). In contrast to the
[110] by 1.4+0.1% resulting in atomic steps with a mean modelH, does not vanish & =T . With decreasing stripe
step separation of 940.6 nm. The terrace width corre- width we observe an increasing offset. This can be explained
sponds toWy=41 atomic rows. The mean widi of the by considering the fluctuating stripe widths. Morphological
Fe stripes is given by the terrace width multiplied by theinterruptions of the nanostripes cause an effective limitation
coverage. STM reveals a considerable distribution of width®f the correlation length of fluctuatio$.For such stripes
with a full width at half maximum ofAW/W=0.31%'"Fi-  of finite length, the divergence of the susceptibility is
nally, the stripe array was covered by 6 monolay@ft) of  suppressed, thus providing a weakly temperature-dependent
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FIG. 2. Temperature dependence of the normalized magnetic
susceptibilityT x/C as defined in the text for averaged stripe widths
W as indicated in the figure. The Arrhenius plot reveals the expo-

nential temperature dependenceyafor coverage9<1.

background signal for ¥ The number of interruptions and
hence the offset will increase if the mean stripe width de-

creases.

From the slope oH(T) (see Fig. 3we obtain values for
H, . Data for varying Fe coverage® taken from wedge
samples are collected in Fig(a}. H, is plotted versus th
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FIG. 4. Lateral magnetic coupling between the strigasTotal

e coupling fieldH, as a function of the distand#&, (in atomic rows

separatiot,=W,(1— 0) between adjacent stripes. We ob- AR) between adjacent stripelsvedge samplegtriangles and

serve a sharp decreasetdf with decreasing coverage close
to ®=1 indicating the transition from overlapping, 1./,

<0, to separated stripes, i¥/,>0.

We compareH, with the dipolar coupling field estimated
from a model of local moments, localized at the Fe at-
oms. We assume thatg, lies perpendicularly to the stripe
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FIG. 3. Temperature dependence of the saturation figlih the

samples with homogeneous Fe coveratjamond$]. The solid line
indicates the dipolar coupling field 4, calculated by a model of
local moments.(b) Lateral indirect exchange coupling;=H,
—Hyjp Vs stripe separatioldV, .

axis and in the surface plane. The dipolar field produced by
an infinitely long row of atoms at a distances given by
wl(2mwayr?) (the tungsten lattice constaay,=0.316 nm).

We add up the field ofW/ atomic rows in an adjacent
stripe (index i) and average the resulting field for the
stripe under consideratiofindex j). Finally we obtain the
dipolar coupling field produced by all homogeneously mag-
netized stripes on both sides of the stripe under consideration
(indexn):

W % % % 1

Mo d|p( ) Wasvwn:lizlj:l (nWO—l—j—i)z.
Using u= ug=2.2ug as the saturation moment per Fe atom
[as measured for Fe/{/10) monolayers covered by AGRef.

18) we find numerical values as plotted in Figa® Note
that the dipolar field increases nonlinearly with decreasing
separationW, and increasing widthw. In the limit of
small coverages W<W,), Eqg. (7) can be linearized to
moHgip(W) =21.6 mTXW/W,, as stated in Ref. 10. For
separationsN,=4-10 atomic rowd, is smaller in com-

parison to the dipolar coupling field thus indicating an addi-

vicinity of T,. T, increases from 160 to 200 K with increasing Fe tional coupling component favoring an antiparallel magneti-

coverage.

zation alignment. The most likely reason for this observation
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is a lateral indirect exchange couplifiglEC) similar to the  tems. From the understanding of the conventional indirect
indirect exchange coupling observed in multilayers. Theexchange coupling we expect that the oscillation period and
corresponding coupling fieldH .c=H,—Hgj, is plotted amplitude of the LIEC depend on the Fermi surface of the
in Fig. 4b). We observe an antiferromagnetic maximumnonmagnetic interstripe sections. Both substrét¢) and
Huec=—15 mT of the LIEC at a stripe separatiov,  coating materialAu) contribute to the coupling. A compen-
=5 atomic rows. For increasing stripe distaridggc rap-  Sation of ferromagnetic and antiferromagnetic contributions

idly decreases toward zero. We do not observe an oscillatiofight at least partly be the reason for the small valueJfor
of the exchange coupling. However, as observed in film'fbtlhe Fc)gatmg ma_ter:|al IS exchangedill.e. by.fthe easy polariz-
experiment¥ the oscillations are rapidly damped for inho- 2°'€ or one m'? tLﬁ;(gect a smaller antiferromagnetic or
mogeneous film thicknesses of the intermediate layer, whicﬁv?rr]1 Cﬁggﬂggﬂe\,\;g have.shown 2 lateral maanetic counlin
corresponds in our system to inhomogeneous stripe di36 ; . 9 piing

: A etween adjacent monolayer stripes. The lateral coupling is
tances. In our case the distance variation is given by th'{:'h

. U . ) e sum of a lateral indirect exchange coupling and a dipolar
terracg width dlstrlbutlor(30%)_ W.h'Ch was estimated from oupling. The LIEC shows an antiferromagnetic maximum
STM images. Thickness variations of the same order o

. . ; . f H ec=—15 mT at a stripe distance of five atomic rows.
magnitude for the Cr interlayer in a Fe/Cr(E&0-trilayer The L(IaEfFect is similar to the well known indirect exchange

systemt® also supressed oscillations of the coupling. TheCoupling between magnetic films separated by a nonmag-
maximum value of the antiferromagnetic coupling Corre- . atic interlayer.

sponds to an interstripe coupling energy al;

= (uo/2)H ecMWay /y2= —1.4x 10"% mJ/n?, which is We gratefully acknowledge financial support from the
small in comparison to values obtained from multilayer sys-Deutsche Forschungsgemeinschaft.
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