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Self-assembled one-dimensional magnetic Ising chains: CoÕRu„0001…
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Self-assembled Co dot chains were epitaxially grown on Ru~0001! along grooves and were characterized
with atomic- and magnetic-force microscopies, and the-magneto-optic Kerr effect. The dots are of order 100
nm in diameter and 1–7 nm high and have magnetic single domains with in-plane uniaxial anisotropy along the
grooves. The interdot pair correlation along a chain was deduced experimentally from the magnetic-force
microscopy images, and can be understood in terms of the classical one-dimensional Ising model.
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As nanoscale magnetic materials are attracting exten
interest, various self-assembly techniques are becoming
able tools for their fabrication. One type of approach is
employ molecular-beam epitaxy~MBE!, traditionally used
for two-dimensional~2D! films, and to utilize unique surfac
phenomena such as step decoration,1–4 surface strain,5,6 and
reconstructed surfaces as templates7,8 to assemble latera
structures. The resultant magnetic nanostructures, as we
their organization, promise unique magnetic properties
can serve as model systems to explore low-dimensio
physics. To date, 1D behavior has mostly been investiga
via macroscopic measurements such as magnetic suscep
ity and neutron scattering in bulk compounds with cha
structures.9–11 Recent developments in nanoscience mak
possible to fabricate and probeartificial quasi-1D systems
such as nanowires made via step decoration.2–4 The indi-
vidual spins in these step-induced nanowires, however,
still not resolved. A model low-dimensional system with la
eral magnetic dot chains or other arrays permit the visual
tion of individual ‘‘spin’’ units and therefore directly prob
microscopic properties, such as the pair correlation funct
through statistical analysis. This requires that the dots rem
in single domains and act as one unit. In addition, to exp
mentally observe a pair correlation that clearly deviates fr
0 or 1, the dots should couple with each other on an ene
scale comparable to the experimental temperatures. W
single-domain states have been widely observed, the
pected magnetostatic coupling12 among dots in submicron
magnetic dot arrays has not been observed until recently,13–16

possibly because such an interaction in submicron cha
arrays is small especially when the dots are not clos
spaced.17 In addition, Cowburn and Welland15 proposed to
use such magnetic dot chains for quantum computing, wh
makes the issue of understanding dot chains even more
gent and of general interest.

Recently, we reported the self-assembly of Co dots, a
dots, dot chains, and stripes on Ru~0001! by MBE at el-
evated temperature.18,19These structures, typically;70–500
nm in lateral scale and relatively uniform in size for a giv
coverage, are mainly driven by the lattice mismatch a
therefore strain in epitaxy analogous to the semicondu
quantum dots that have been widely studied in recent yea20

In the present work, we demonstrate that Co dot cha
formed along grooves in a Ru~0001! substrate, appear to be
classical Ising chain since the dots have single domains
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uniaxial anisotropy and are weakly coupled ferromagn
cally. The nearest-neighbor correlation among the dots is
perimentally measured and modeled in terms of a 1D Is
chain. With the increasing popularity of various imagin
techniques, such experimental methodology in deduc
properties such as correlation function from real space ca
widely used in the future.

Co was deposited onto flat and grooved Ru~0001! sub-
strates at 350 °C via MBE in a wedge configuration w
nominal thickness ranging from 0 to 10 nm across the s
strate in an ultrahigh vacuum chamber with a base pres
of 1310210 Torr. The Ru grooves with asymmetric saw
tooth profile were formed due to residual directional m
chanical polishing lines or step bunching, with spacings
;1 mm and depths around 10 nm@see Fig. 1~b!#. The sub-
strates were cleanedin situ by cycles of annealing in O2 and
flashing.21 Both the substrates and the Co dots are clean
well ordered as confirmed with low-energy electron diffra
tion and Auger spectroscopy. The morphology and mic
magnetic properties of the samples were measuredex situ
with atomic force microscopy~AFM! and magnetic force
microscopy ~MFM!. The global magnetic properties wer
characterizedex situby means of the longitudinal magneto
optic Kerr effect~MOKE! at different azimuthal angles.

Figure 1~a! shows a typical 3D AFM image of the self
assembled Co dots on the grooved Ru~0001! for a nominal
thickness of 0.8 nm. The dots are;280 nm in diameter and
;3.4 nm in height, which are typical dimensions for th
study. In general, the dots are of order 100 nm in diame
and 1–7 nm high depending on different coverage. The d
align into chains along the top and bottom of the groov
even though they tend to distribute uniformly on a fl
Ru~0001! surface, as seen in the inset.18 ~Note that thez scale
of the image is exaggerated to emphasize the groove s
ture and the shape of the dots.! Interestingly, more dots stay
on top than at the bottom. Figure 1~b! is a schematic cross
section perpendicular to the grooves. It shows the locati
of the dot chains with respect to the grooves, and the profi
of the dots. While the dots show the quasihexagonal shap
plan view,18,19 their profiles are asymmetric perpendicular
the grooves, with their top surfaces parallel to one side of
grooves. This is a result of keeping the growth front of t
dots in the basal plane@0001# direction.19 Different arrange-
ments, such as single chains, double chains, and stripes,
observed depending on details of the coverage and subs
profile.
©2002 The American Physical Society04-1
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Figures 1~c! and 1~d! show the plan view of the corre
sponding AFM and MFM images of a typical dot chain fro
Fig. 1~a!. In their virgin state, the dots are half-dark an
half-bright in the MFM images. Since MFM is sensitive
the field gradient perpendicular to the surface, this cont
indicates the poles of an in-plane single domain state. W
the moments of the dots are observed to randomly poin
any of the 12 high-symmetry directions on flat substrat
they align along the grooves in dot chains and stripes. T
suggests a uniaxial magnetic anisotropy with easy axis a
the chains.

Such an anisotropy of the dot chains and stripes is ind
confirmed by the macroscopic longitudinal MOKE measu
ments in Fig. 2. We collected loops with the sample rota
azimuthally before each magnetic measurement, as sh
schematically in Fig. 2~a!. Figure 2~b! shows a polar plot of
the angular dependence of the remanent magnetizationMR at
a nominal thickness of 5 nm. Along the grooves or t
chains/stripes~0°!, the MR is maximal, indicating an eas
axis. Perpendicular to the grooves~90°!, theMR is minimal,

FIG. 1. ~a! Typical 3D image of the dot chains along the top a
bottom edges of the grooves on Ru~0001! at a nominal thickness o
0.8 nm. Note that the dots are tilted with their top parallel to o
side of the groove. The inset is an AFM plan view of the dots o
flat substrate.~b! Schematics of the location and shape of the d
on the grooved substrate.~c! AFM and ~d! the corresponding MFM
images of one magnetic dot chain in~a!. Note that the moments o
the dots tend to point to the same direction, indicating a ferrom
netic coupling among the dots in a chain.
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indicating a hard axis. The results indicate a twofold symm
try, which confirms the existence of a uniaxial anisotrop
The angular dependence of the magnetic anisotropy beco
weaker for larger coverage as the stripes start to connect
a continuous film, and is not observed in correspond
samples of flat Ru~0001!. We attribute the uniaxial anisot
ropy mainly to the anisotropic strain due to the groov
though magnetostatic interactions in a closely spaced
chain or a stripe should also contribute.17

In addition to the uniaxial anisotropy, it is also evident
Fig. 1~d! that the neighboring moments in closely spaced
chains exhibit a great tendency to point in the same direct
No globally preferred magnetization direction, however, w
observed when averaging over many chains in a large are
the virgin state. This rules out the external field as the p
sible origin for the magnetic alignment along the chains. T
alignment, therefore, indicates a ferromagnetic coupl
among the dots that is effective at a length scale
;101– 102 nm. This is the result of interdot magnetosta
interactions, which favors a ferromagnetic alignment of t
moments along the chain. Indeed, magnetic couplings h
recently been observed in magnetic dot arrays of sim
length scale.13,14

By examining all the MFM images collected for the do
of ;280 nm in diameter and;3.4 nm in height, the prob-
abilities of nearest-neighbor dots with parallel and antipa
lel moments,P↑↑ andP↑↓ are plotted in Fig. 3 as a function
of their center-to-center distance. Parallel pairs of nea
neighbors greatly out-number the antiparallel ones, confi
ing the ferromagnetic coupling among dots. The existence
the peaks as a function of pair distance reflects that the
tend to be uniformly distributed along the chains. The pe
for parallel pairs is at;430 nm, while that of the antiparalle
pairs is at;490 nm. This hints that the coupling is strong
when the dots are closer to each other.

e
a
s

-

FIG. 2. ~a! Schematic experimental geometry for longitudin
MOKE measurements, as the sample is rotated around its no
before each measurement.~b! Remanent magnetization as a fun
tion of the azimuthal angle. The error bar is about twice the dot s
The magnetization shows twofold symmetry, indicating a uniax
magnetic anisotropy.
4-2



rs
h

a
d

sit
he

c

or
th
sin

ai
te

el
he

a
ht,
n.

ea-
the
the
etic
dot
en-

e to
air

ag-
ag-
tudy,
f

etic
ite
r a
t is
lign
of

tion
lly

ilar
er-

ot

ex-
be-
ite
ith

to
Fe

s
ion
re

lly
t
tent
D

ain
d

ely

in

on

e.
ide
s

ta
D

RAPID COMMUNICATIONS

SELF-ASSEMBLED ONE-DIMENSIONAL MAGNETIC . . . PHYSICAL REVIEW B 66, 020404~R! ~2002!
The probabilities for parallel and antiparallel neighbo
can also be described by a pair correlation function, whic
experimentally derived~diamonds! and fitted~solid line!, in
the inset of Fig. 3. Since the dots have similar sizes and
single domains, we assume that the total moment of each
is fixed at the same value and can only point in two oppo
directions as dictated by the uniaxial anisotropy. We can t
define the state of the dot on sitei with its direction, i.e.,
Si511 or 21. The nearest-neighbor pair correlation fun
tion can therefore be deduced as

^SiSi 11&5
P↑↑2P↑↓
P↑↑1P↑↓

, ~1!

which is plotted in the inset of Fig. 3. The decrease in c
relation as the pair distance increases further illustrates
the magnetic interdot interaction decreases with increa
distance as one expects.

We can model the system with a classical 1D Ising ch
at zero field. The pair correlation function of the spins at si
i and i 1 j in such a model system is exactly solved as22,23

^SiSi 1 j&5@ tanh~bJ!# j , ~2!

where J is the coupling constant andb is 1/(kBT). The
nearest-neighbor correlation is therefore

^SiSi 11&5tanh~bJ!5tanhS E↑↓2E↑↑
2kBT D , ~3!

whereE↑↑ andE↑↓ are the energies of dot pairs with parall
and antiparallel alignment, respectively. Approximating t
magnetostatic interaction as being dipolar, i.e.,E↑↓2E↑↑
54mimi 11 /r 3, we fitted the experimental data~Fig. 3 inset!
with

FIG. 3. Probability of the nearest-neighbor dots~pairs! in paral-
lel ~d! or antiparallel~j! alignment as a function of pair distanc
The pairs with similar distances are grouped into bins 50 nm w
The lines are fittings with Gaussian functions and are the guide
the eye. In the inset, the diamond symbols~l! shows the experi-
mental pair correlation function derived from the probability da
while the solid line is a fit with the pair correlation function of a 1
Ising model, as discussed in the text.
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^SiSi 11&5tanhS A

r 3D , ~4!

whereA52mimi 11 /kT, andmi is the total moment of the
dot at sitei. Assuming thatmi5mi 11 , the resulting fitting
parameter ismi54.5310214 emu. This corresponds to
hexagonal Co dot of 160 nm in diameter and 2 nm in heig
given the bulk value of the Co saturation magnetizatio
Comparing to the measured average dot size of;280 nm in
diameter and 3.4 nm in height, the theoretical analysis r
sonably agrees with the experimental data, in spite of
approximations and assumptions. This fit indicates that
1D Ising model describes the basic physics of the magn
Co dot chains. The fact that the interdot interaction in the
chains at this length scale is comparable to the thermal
ergy at the experimental temperatures makes it possibl
show the effects of thermal excitation and therefore a p
correlation between 0 and 1.

In principle, the dots should be described as microm
netic objects instead of simple dipoles. Detailed microm
netic calculations for these systems, as an independent s
are to be published elsewhere,17 where the magnetic states o
single dots and dot pairs are investigated. Micromagn
modeling indicates that the single-domain state is qu
stable. And the total moment does not vary significantly fo
given dot during magnetization reversal. In other words, i
reasonable to view each dot as a fixed moment that can a
along two opposite directions, which is a key assumption
the current analysis. The interdot magnetostatic interac
also deviates from the dipolar approximation especia
when the pair distance is small.17 A fit with the corrected
magnetostatic interaction, however, gives rise to a sim
fitting curve and does not qualitatively change our und
standing of the system.

It is well known that an infinite 1D Ising chain does n
have long range order, i.e., limj→`^SiSi 1 j&50. Our data
confirm, however, that ferromagnetic correlation indeed
ists at short range even in our 1D system presumably
cause ferromagnetic coupling is present. Within a fin
length, the chains appear to be magnetically ordered w
sizable total magnetization, as seen in Fig. 1~d!. Since all
quasi-1D systems have finite length, this in itself acts
break the symmetry and permits the ordering. Indeed,
stripes on stepped Pd~110! exhibit ferromagnetic hysteresi
loops with full remanence, even though their magnetizat
and coercivity field exhibit anomalous temperatu
dependences.4

It is interesting to note that, in an antiferromagnetica
coupled dot chain by Cowburn,16 the ordering only persis
among 4–5 dots in its demagnetized state. This is consis
with our results that only short-range order exists in 1
chains at zero-field. For a ferromagnetically coupled ch
under a finite field,15 however, the dots can be 90% aligne
among 69 dots. Indeed, a 1D Ising chainshouldbe strongly
affected by magnetic field with the moments progressiv
aligned along the increasing field.22,23 It would be interesting
to further investigate field dependence of the dot chains
the future.

In conclusion, we have grown magnetic dot chains
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grooved Ru~0001! at elevated temperature via self-assemb
This suggests that complex and functional arrangem
should be realizable by performing self-assembly grow
on substrates with lithographically defined patter
These dot-chains have unique magnetic properties, suc
uniaxial magnetic anisotropy along the chains, and ferrom
netic pair correlation. The correlation is understood w
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a 1D Ising model. In the future, it would be interestin
to further utilize these dot chains and other lateral nanost
tures as model systems to investigate low-dimensio
physics.
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