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Nature produces ferromagnetic materials based on nearest neighbor exchange interaction be-
tween atomic spins. For artificially fabricated nanomagnets, it is those “small” magnetic en-
ergies, e.g. anisotropy, dipolar interaction and indirect exchange interaction that play crucial
roles against the thermal fluctuation. We have developed strong capabilities to grow nanodot
assemblies in ultrahigh vacuum with controllable size and density on/in both metallic and
insulating templates. Based on our novel synthesis capability, we have studied artificial nano-
magnets with tunable coupling strength via dimensionality control of the mediating electrons
in one-dimensional (1-D), 2-D, and 3-D. We show that such kind of dimensional confinement
provides a unique way to induce novel magnetic properties and to gain control of them. The
research outlined in this work provides the science base to understand, modify, and manipulate
the magnetic properties through dimensional confinement.
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1 Introduction

Understanding the magnetic properties of nanometer
scale dots is a central issue in magnetic materials [1–3].
Magnetic nanodots are not only important for applica-
tions such as high-density recording media, they are also
of great interest for basic science research as a crossover
from classical physics to quantum mechanics. To first

order, assemblies of nano-scale magnetic dots are su-
perparamagnetic [4]. In these systems, thermal energy,
which causes fluctuation of the dots’ magnetic moments,
becomes significant enough to overcome the anisotropy
energy barrier and randomize their orientation at the so-
called blocking temperature. This typically occurs far
below room temperature, giving rise to difficulties for
applications in data storage devices.

If the spacing between magnetic nanodots is not too
large, then usually the influence of magnetic interac-
tions on the superparamagnetic behavior cannot be ne-
glected [5, 6]. It is generally recognized that there ex-
ists two types of magnetic interactions: (i) the dipole–
dipole magnetostatic interaction, and (ii) the electron
mediated indirect exchange interaction. The importance
of the dipolar interaction is most evident in high density
recording media [7]. So far a large body of work has been
devoted to studying the influence of the dipolar interac-
tion on the barrier height for flipping the spin of each in-
dividual dot as well as the collective magnetic behavior
of the dot assemblies [8–16]. In the strong interaction
limit, Morup pointed out that a transition from a su-
perparamagnetic state to an ordered state might occur
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[17]. Indeed, this has been observed experimentally in
a Cu(100) surface-supported Co island assembly, which
exhibits a long range ferromagnetic order with a Curie
temperature (Tc) of about 200 K when the Co islands
approached the limit of two-dimensional (2-D) morpho-
logical percolation [18, 19]. The follow-up calculations
confirmed the role of dipolar interaction in the observed
ferromagnetic long-range order [20, 21].

The indirect exchange interaction, while showing sig-
nificance in the spectacular oscillatory behavior of inter-
layer exchange coupling between two ferromagnetic lay-
ers separated by a nonmagnetic metal layer, has been
much less discussed in terms of establishing long range
ferromagnetic order in nanodot assemblies. This is not
surprising because the oscillatory behavior, due to a spin
dependent quantum size effect, should have little effect
on promoting a global ferromagnetic order in a randomly
distributed dot assembly. Strikingly, we have observed
collective ferromagnetic behavior in two dimensional Fe
dot assemblies on single crystal Cu(111) surface that
originates from an indirect exchange interaction via the
Cu(111) substrate [22]. These nanodots were grown us-
ing a novel method called buffer-layer assisted growth
(BLAG) [23]. The ferromagnetic ordering temperature
appears to be strongly dependent on the average spacing
between the dots. For relatively dense nanodot assem-
blies, the exchange interaction is strong enough to allow
the ferromagnetic order persist above room temperature.
Recently, it was also shown theoretically that a strong
ferromagnetic coupling between Fe nanodots on Cu(111)
can be realized if the nanodots are partially embedded
into the Cu substrate and a proper edge to edge distance
between the magnetic nanostructures [24].

Besides the dipolar interaction and indirect exchange
interaction, other nonclassical ferromagnetic interactions
between nanodots include the magnetic Casimir force
[25], preasymptotic coupling [26], and magnetic coupling
by tunneling electrons [27, 28]. The former is generally
a very weak force that arises from zero-point quantum
fluctuation when the magnetic order changes. The mid-
dle is encountered on the surface of exchange-enhanced
Pauli paramagnets like Pt and Pd, which are close to
the onset of ferromagnetism (Stoner criterion). The lat-
ter, however, can be important if the tunneling barrier
is small. In a specific case, the tunneling-induced cou-
pling was reported to be the origin for the room tem-
perature ferromagnetism in Fe dots on an insulating
CaF2/Si(111) substrate [29]. Competing against thermal
fluctuation, these magnetic interactions, along with the
size-dependent magnetic anisotropy, should have strong
influences on the overall magnetic behavior of a magnetic
dot assembly, as schematically shown in Fig. 1. Using X-
ray magnetic circular dichroism (XMCD), Fauth et al.
have found single particle anisotropy of nanoparticles,
substrate mediated magnetic coupling and dipolar inter-

actions are all significantly contribute to the magnetic
properties and response of the deposited Fe nanoclus-
ters [30]. To understand the magnetism of a nanodot
assembly, it becomes essential to distinguish the relative
roles of magnetic anisotropy, dipolar interaction, indirect
exchange interaction, and tunneling induced interaction.
Although this is generally very challenging, some useful
clues can be found:

1) Magnetic anisotropy is generally related to the prop-
erties such as crystallographic structure, size and shape
of each individual particle, while the dot-dot interactions
are strongly dependent on both the size and the spacing
between the dots.

2) Dipolar interaction is much less affected by the elec-
tronic structure of the host matrix as compared to the
indirect exchange interaction, while the tunneling inter-
action occurs only when the hosting template is an insu-
lator.

3) Each interaction has its own characteristic depen-
dence on the dot-dot spacing R. Dipolar interaction de-
cays as 1/R3; indirect exchange interaction decays 1/RD

where D is the dimensionality of the mediating elec-
trons, thus the coupling strength is strongly related with
dimensionality confinement; and tunneling-induced cou-
pling decays exponentially as e−R.

Fig. 1 Schematic demonstration of energy terms that can affect
the magnetic behavior of a nanodot assembly.

Without a doubt, to apply these rules relies critically
on the synthesis capabilities to control the size and spac-
ing of magnetic dot assemblies in/on hosting templates of
choice. Equally important is a set of powerful character-
ization tools for conducting a systematic investigation of
the strength of magnetic anisotropy and the interactions
as a function of dot–dot spacing, dot size and tempera-
ture.

The article is organized as follows, the second section
is the technical details of the experiments; the magnetic
coupling of Fe nanomagnets under 2-D, 3-D and 1-D con-
finement are discussed in the third, fourth and fifth sec-
tion, respectively. The concluding summaries are listed
at section six.

2 Buffer layer assisted growth

Direct deposition of Fe onto Cu(111) does not lead to dot
formation [31]. The way to make the synthesis methodol-
ogy general is to suppress or even eliminate the substrate
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effect. An elegant approach, named buffer-layer assisted
growth, as shown in Fig. 2, involves adsorbing inert gas
elements (for example, 5N purity Xenon) on the Cu(111)
substrate prior to the deposition of magnetic elements
[22]. The Cu(111) substrate was prepared by cycles of 1
KeV Ne ion sputtering and annealing to 800 K, before
it was cooled to about 30 K. The adsorption tempera-
ture is kept low enough to allow a solid phase of Xe to
form on top of the substrate. The magnetic elements
are subsequently deposited onto the inert buffer layer at
low temperatures (∼ 30 K). The low surface free energy
and the high mobility of adatoms on Xe should allow
nanodots to form easily on the buffer layer. The system
is then gently warmed up to ∼ 300 K to sublimate the
buffer layer, and the nanodots will softly land on the real
substrate.

Fig. 2 Schematics of buffer layer assisted growth. The upper
right is an STM image of 0.8 ML Fe dots on Cu(111). The Scan-
ning area is 100 nm × 100 nm.

The BLAG is applicable to grow nanodots on many
types of substrates. Moreover, it has a big advantage in
terms of its easiness of tuning the average spacing and
the size of the nanodots. This can be achieved by ei-
ther changing the dosage of magnetic elements or the
thickness of inert gas buffer layer. Near hemispherical

clusters are found on Fe/Cu(111) [22], Fe/Pt(997) [26],
Fe/Ag(111) and Fe/Cu(100) [32], while flat monolayer
high islands are observed on Fe/Rh(111) and Co/Pt(111)
due to complete wetting [32]. For the growth of Fe dots
on Cu(111), the effects of independently varying the Fe
dosage and the Xe exposure are displayed in Fig. 3. The
density and the average size of the Fe dot assemblies are
shown as a function of Fe dosage at a fixed Xe expo-
sure of 200 L [1 langmuir (L) =10−6 Torr·S] in (a), and
as a function of Xe exposure at a fixed dosage of 1 ML
(monolayer) Fe (nominal thickness) in (b). Apparently,
changing the Xe exposure has a more pronounced affect
on the dot size and density than varying the Fe dosage.
The fact that the dot size increases with increasing Xe
exposure can be understood to result from the enhanced
likelihood for Fe clusters to collide and stick to each other
as they work their way toward the Cu surface through
a thicker buffer layer. Based on the information in Fig.
3, we can find Fe dosage / Xe exposure parameter com-
binations that produce two Fe dot assemblies with the
same average dot size but different densities. In order
to vary the dot densities continuously while fixing the
average dot size, one has to expand Fig. 3 to a 3-D plot
by obtaining the information of dot densities and size as
a function of both Fe dosage and Xe exposure.

3 Origin of indirect exchange coupling and

ferromagnetic order in Fe nanodot assemblies

on Cu(111) surface

Fe/Cu(111) nanodots grown by the BLAG method are
shaped like slightly flattened hemispheres with a rather
random spatial distribution. Figure 4(a) shows the STM
morphology of a typical Fe dot assembly formed by

Fig. 3 Average size and density of Fe/Cu(111) dots assemblies as a function of Fe dosage (a), and Xe exposure (b). The
solid and dashed lines are the guides for the eyes.
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depositing the equivalent of 0.8 ML Fe assisted by 200
L Xe. The density of the nanodots, after a statistical
analysis of images taken at various areas on the surface,
is estimated to be about 8.05×103/µm2. This yields an
average dot volume of around 8.2 nm3, i.e., ∼ 700 Fe
atoms if assuming a bcc structure. Dot profile analysis
indicates that the average height and the average width
of the Fe dots are 1.4 nm and 3.5 nm, respectively. For
such kind of dot size, the magnetic blocking tempera-
ture (without coupling) is estimated to be no more than
2 K if the bulk bcc Fe anisotropy (4.72×105 ergs/cm3)
is assumed. However, the in-plane longitudinal MOKE
measurements of the Fe dot assembly shown in Fig. 4
(b) reveal clear ferromagnetic behavior as high as 90K.
No perpendicular magnetization can be measured even
at maximal field of 2400 Oe, indicating that the Fe dots
have an in-plane easy magnetization axis.

Fig. 4 (a) STM morphology (100 nm × 100 nm) of an Fe dot
assembly on Cu(111) prepared with 0.8 ML Fe and 200 L Xe. (b)
MOKE hysteresis loops of the Fe dot assembly at various temper-
atures. (c) Time dependence of the magnetization of the Fe dot
assembly. An in-plane external field was applied at time “zero”
and was switched off at the points in time indicated by the arrows.
(d) Remanent magnetization of the Fe dot assembly as a function
of temperature. The Tc is around 120 K.

The remanent magnetization (Mr) of the dot assembly,
while strongly dependent on temperature, is remarkably
stable with respect to time, as shown in Fig. 4(c). For
the time-dependent magnetization measurements, the
dot assembly was first demagnetized and then magne-
tized by an in-plane field of 2000 Oe. The external field
was then removed at the point in time indicated by the
arrows. The magnetization, after an initial rapid fall, re-
mains very stable with respect to time even at elevated

temperatures. Such stability allows us to define a mean-
ingful critical temperature (Tc) above which Mr vanishes
[∼120 K as shown in Fig. 4(d)]. Note that the Tc value
represents the dot–dot coupling strength rather than the
magnetic moment of the nanodots, as indicated in Fig.
4(b) and (d). Based on the average dot size and den-
sity from STM experiments, the Monte Carlo simulation
showed that the dipolar interaction does not lead to a Tc

higher than 20 K even assuming an Ising-like anisotropy.
Therefore, there must exist other factor(s) that is (are)
responsible for the ferromagnetic stability.

Figure 5(a) shows Tc of Fe dot assemblies prepared
on Cu(111), Cu(100), and Ge(111) surfaces as a func-
tion of Xe exposure. In all cases, the Fe nominal thick-
ness is 1 ML. Evidently, under similar growth conditions,
Fe dots consistently exhibit the highest Tc on Cu(111)
and the lowest Tc on semiconducting Ge(111). This
suggests that substrate mediated interaction dominates
other factors including magnetic anisotropy (including
shape anisotropy) and dipolar interaction in the Fe dot
assemblies. Considering the fact that Cu(111) has much
more pronounced surface states than Cu(100), Fig. 5(a)
gives a strong indication that the substrate-mediated in-
direct coupling is likely associated with the presence of
2-D electron gas surfaces states. This argument is fur-
ther backed experimental observations of Tc reduction
after suppressing the surfaces states of Cu(111), which
can be achieved by either capping a 8 ML Cu on the
top of nanodot assemblies, or by roughening the Cu(111)
surface using sputtering. As shown in Fig. 5(b), the Cu
layer capping results in a reduction of Tc and thus the
ferromagnetic coupling strength by a factor of 2. Figure
5(c) shows the Tc comparison of two similar Fe nanodot
assemblies grown on smooth (with annealing) and rough
(without annealing) Cu(111) surfaces. For the rough sur-
face, the surface states are strongly disturbed and in turn
lower the indirect coupling of the Fe nanodots. These
crosschecks all indicate that the substrate-mediated in-
direct coupling is associated with the presence of 2-D
electron gas surfaces states.

In general, electron mediated coupling between Fe
nanodots belongs to the RKKY type of coupling, which
shows oscillatory behavior and decays with distance and
that can be fairly described as cos(2kFR)/RD. Here R is
the distance, and D is the dimensionality of the electrons.
A most recent kinetic Monte Carlo simulations discusses
the magnetic interaction of 2-D Fe nanostructures on
Cu(111) surface [24]. The ferromagnetism can be stabi-
lized if (i) Fe atoms are partially embedded into Cu(111)
surface layer, and (ii) the edge to edge distance between
the magnetic nanodots is below 1.5 nm and larger than
0.7 nm. As shown in the Fig. 6, the interaction energy
between two embedded Fe clusters is nearly twice lower
than that between two supported Fe clusters.

In real experiments, the embedded condition can be
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Fig. 5 (a) Critical temperature of Fe dot assemblies on various substrates of Cu(111), Cu(100), and Ge(111) as a function
Xe exposure. The Fe nominal thickness is fixed at 1 ML in all cases. The arrow for the Fe/Ge(111) dots (200 L Xe) indicates
that the Tc is below 40 K. (b) Critical temperature of 1 ML Fe dot assemblies on Cu(111) as a function of Xe exposure
without and with 8 ML Cu capping, respectively. The capping of Cu on top of Fe dot assemblies significantly decreases the
Tc. (c) The Tc of 1 ML Fe dot assemblies on a rough Cu(111) surface is also much lower that on an atomic flat surface.

Fig. 6 (a) Two clusters on Cu(111) surface. Dark red stripes
show the clusters edges governing the substrate mediated inter-
action between clusters. (b) The normalized substrate-mediated
long range interaction between two supported Fe clusters (circles,
dashed lines) (N � 1) and two embedded clusters (squares, solid
lines) in ground-state magnetic configurations. Reproduced from
Ref. [24].

realized if the sample is post annealed at room temper-
ature because of Fe–Cu interface intermixing [33], which
ensures sufficient spin polarization of the Cu(111) sur-
face electronic states as the mediating electrons of the Fe
nanodot assemblies. For the second condition, as indi-
cated by Ignatiev et al. [24], we only need to consider the
interaction between those neighboring nanodots whose
edge-to-edge separation is less than 1.5 nm. Magnetic
units without neighbors cannot participate in the mag-
netic ordering of an ensemble since exchange interaction
between such clusters is small. By the statistic analysis,
the nanodot assembly (428 L Xe, 1.05 ML Fe, 25 nm3,

3×103/µm2) in the upper left of Fig. 7, ∼ 30% of units
have no neighbors, ∼ 50% have one neighbor, and ∼ 20%
have larger number of neighbors, which gives a Tc of 150
K. To modify the dot-dot spacing, we further prepared
a Fe nanodot assembly with same size but densities that
differ by a factor of 5 (200 L Xe, 4.5 ML Fe, 25 nm3, 1.5
× 104 µm2). It is still far below the percolation thresh-
old, as shown in the upper right of Fig. 7, ∼ 10% of
units have no neighbors, ∼ 20% have one neighbor, and
∼ 70% have larger number of neighbors. The modifica-
tion of nanodot spacing effectively increases the number
of neighbors, and thus significantly enhances Tc to 325
K.

Because of the random spatial distribution of the Fe
nanodots, the indirect exchange interaction should in-
duce some degree of spin frustration in the dot assembly,
especially, the spacing smaller than 0.7 nm would induce
some kind of AFM coupling according to Ignatiev et al.
[24] The degree of the spin frustration increases with in-
creasing density and is reflected by the ratio of the rema-
nent to saturation magnetization (Mr/Ms). Evidence of
spin frustration in this system is shown in Fig. 7, as the
Mr of the high-density dot assembly is less than a factor
of 2 higher than that of the low-density assembly, despite
the fact that its Ms value is 5 times higher. The power
law fitting of the measured Mr vs. T data that is shown
in Fig. 7 yields distinctly different critical exponents (β)
for the two assemblies. In magnetic phase transition, a
decreased critical exponent is often interpreted to result
from a decrease in the dimensionality of a magnetic sys-
tem [34]. The change that we observe, however, may not
directly link to the critical behavior of a phase transition
but due to the spin frustration.
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Fig. 7 Top: STM images of Fe/Cu(111) dots with equal average
sizes (∼ 25 nm3) but different densities. Bottom: Their corre-
sponding remanent magnetization measured as a function of tem-
perature, with the critical exponent of power law fitting (dashed
lines) indicated.

4 The three-dimensional indirect exchange

coupling of Fe nanodots multilayers

The dimensionality of mediating electrons is vital for
the coupling strength of Fe nanodots assemblies, because
RKKY interaction decays with 1/RD, where D is the di-
mensionality. On Cu(111) surface, D = 2 if the coupling
is through 2-D surface states. After capping of a 8 ML
Cu layer or on a sputtered surface, the 2-D nature of
the mediating electrons will be changed to 3-D-like and
thus the coupling strength decays much faster with dis-
tance, which is evident in Fig. 5(b) and (c). To study
the crossover behavior from 2-D to 3-D, we can stack
these 2-D Fe nanodot assemblies with Cu spacer layers
in between to form multilayer Fe nanodots, as illustrated
in Fig. 8.

Based on our STM studies [35] (not shown here), in
the growth process of the multilayer Fe nanodots, the
morphology, including the average size and the density

Fig. 8 Schematic view of multilayer dot assembly for magnetic
critical behavior study.

of the Fe dots, varies little from layer to layer. The Fe
dots have a slightly flattened hemisphere shape, with an
average height of 1.2 nm, an average size of 3.2 nm, and a
density of 1.2×104µm2. When capped by a 12 ML thick
Cu layer, the Fe dots are buried completely. Although
the roughness of the Cu capping layers increases with
increasing N , even at N = 10 the layer distribution of
the exposed Cu surface is mostly limited within 3 lay-
ers. This implies that most of the Fe dots in each dot
layer are distributed within three atomic layers along the
direction normal to the film plane.

Figure 9(a) shows typical MOKE hysteresis loops mea-
sured from a Fe dot multilayer (N = 4) at various tem-
peratures and (b) the ratio between Mr and Ms as a
function of temperatures for three multilayer Fe dots (N
= 1; 4; 10). The Tc, is about 80 K, 120 K, and 80 K
for the N = 1; 4; 10 Fe dot multilayers, respectively. Ms

increases linearly with increasing N in Fig. 9(c), which
is expected since all the Fe dots contribute to the mea-
sured Ms under the saturation field. In contrast, Tc vs.
N shows dramatically different behavior, which can be
divided into three regions. With increasing N , Tc of the
Fe dots initially increases from 80 K at N = 1 K to 120
K at N = 4 [region I in Fig. 9(d)]. When N is larger
than 4, Tc starts to decrease, reaching a minimum tem-
perature at N = 7 (region II). Remarkably, Tc at N =
7 is almost identical to Tc at N = 1, i.e., 80 K. Further
increasing of N does not lead to any appreciable changes
of the value of Tc (region III).

Fig. 9 (a) MOKE hysteresis loops of an N = 4 Fe dot multilayer at various temperatures. (b) Mr/Ms ratio as a function
of temperature for N = 1, 4, and 10 Fe dot multilayers. (c) Saturation magnetization and (d) Tc as a function of the
number of Fe dot layers N . With increasing N , the Ms increases linearly. Tc, however, changes nonmonotonically with
increasing N , and regions I, II, and III are distinguished accordingly.
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The results strongly suggest that the surface and bulk
Fe dot layers have distinctly different magnetic behavior.
For all thicknesses, the surface dot layer should be fer-
romagnetic, owing to the surface states of Cu(111) that
mediates a ferromagnetic coupling. The situation be-
comes totally different for Fe dots in bulk layers, because
the surface states no longer exist between the Fe dots.
The Fe dots underneath the surface layer still interact
with each other via magnetic dipolar interaction and/or
RKKY interaction. Based on previous experimental
studies of 3-D random distributed interacting magnetic
nanoparticles [36–42], the Fe dots underneath the surface
layer should have a spin-glass-like ground state, which is
verified by the ex situ superconducting quantum interfer-
ence device magnetometer measurement (SQUID). The
thick Fe dot multilayer (N = 11) was capped by 20 ML
of Cu before taking out of vacuum. The Cu capping
should effectively destroy the Cu surface states in the
topmost Fe dot layer. As shown in Fig. 10, the zero-field
cooling and field cooling curves show strong deviation at
low temperatures, which is consistent with a spin-glass
like behavior. The corresponding spin glass temperature
(TSG) is around 30 K and well below the Tc of the surface
dot layer (∼ 80 K).

Fig. 10 Field cooling (FC) and zero-field cooling (ZFC) curves
of a multilayer Fe dot (N = 11) measured at 50 Oe by SQUID
magnetometer.

The surface ferromagnetism and bulk spin glass com-
pete against each other, resulting in a change of magnetic
structure with increasing thickness. The magnetic struc-
ture is schematically shown in Fig. 11. At low thickness
(region I), the bulk Fe dot layers can still exhibit net
magnetization due to the presence of surface ferromag-
netic layer, which is why Tc increases with increasing
N in this region. In region II, the influence of the sur-
face becomes smaller, and the ferromagnetic alignment
of the dot layer becomes weaker and, hence, Tc starts to
decrease with increasing thickness. Eventually, the sys-
tem moves into region III, where all Fe dot layers except
the surface layer shows zero Mr above the corresponding
critical temperature. The surface Fe dot layer in region
III, however, remains ferromagnetic with same Tc as that
of the Fe dot monolayer, because the strength of surface

state mediated coupling should vary little with changing
N .

Fig. 11 Schematic picture of the speculated spin structures of
the multilayer Fe nanodots in regions I, II, and III.

5 The one-dimensional indirect exchange cou-

pling of Fe nanodots with lateral confinement

The Cu(111) surface state is characterized by a promi-
nent Shockley-like 2-D electron gas, however, the dimen-
sionality of the surface state can be modified if varying
the terrace width d on vicinal surface [43]. For instance,
the 2-D electron gas is confined by parallel step edge to
form 1-D quantum well state when d > 1.7 nm [44, 45],
and opens a gap at Fermi surface to form quasi-2-D super
lattice state when d � 1.7 nm [46]. In previous section,
we have shown that the indirect exchange coupling de-
pends sensitively on the dimensionality of the mediating
electrons when changing from 2-D to 3-D. In this section,
we show that the lateral confinement of mediating elec-
trons, i.e. from 2-D to 1-D, will offer another effective
way to change dot-dot indirect coupling.

For consistency, we use a curved Cu(111) substrate
with a gradient of vicinal angle from 0.8◦ to 7.2◦ (miscut
towards [1 1 2] with {100} type steps [43] as the substrate
to grow Fe nanodots. Across the surface of such a curved
substrate, the width of terraces varies continuously from
a few hundred nanometer down to 1.7 nm. We find both
the magnetic anisotropy and the ferromagnetic coupling
of the Fe nanodot assemblies can be tuned by controlling
the dimensionality of the Cu(111) surface states, but in
different way [47].

Figure 12 shows typical hysteresis loops of a Fe nan-
odot assembly (d ∼ 3.1 nm, ρ ∼ 1.4×104/µm2) measured
from two surface locations with large (red) and small
(blue) terrace width. The corresponding time-dependent
remanent magnetization measured from both sites show
a stable Mr, which is similar to Fig. 4(c). The coupling
strength of the Fe nanodots on the curved Cu(111) sur-
face is found to depend strongly on the terrace width.
Figure 13(a) shows the temperature dependent Mr/Ms

ratio of the 3.1 nm Fe nanodot assembly measured at sur-
face locations with several representative terrace widths.
Interestingly, the Tc for w = 3.1 nm appears to be higher
than those measured from both wider (14.9 nm) and nar-
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rower (1.7 nm) terraces. This non-monotonic behavior
is most evident in Fig. 13(b), which shows the Tc values
as a function of the terrace width. Two regimes can be
identified with a sharp transition at w = d: in regime I,
Tc increases with decreasing w, from 210 K at w =14.9
nm to 248 K at w =3.1 nm; and in regime II (1.7 nm
< w < 3.1 nm), the Tc falls rapidly.

Fig. 12 Illustration of the Fe dot assembly on a curved Cu sub-
strate. The inset is typical hysteresis loops of Fe dot assemblies
atop high miscut angle (w = 1.7 nm, θ = 7.2◦) and low miscut
angle (w = 14.9 nm, θ = 0.8◦) positions.

Fig. 13 (a) Temperature dependent Mr/Ms ratios of Fe dot as-
semblies with d = 3.1 nm measured on terrace widths of 14.9 nm,
3.1 nm and 1.7 nm. The w = 3.1 nm curve shows the highest Tc.
(b) Tc as a function of w shows a maximum where w = d. In
regime I, Tc increases with decreasing w, from 210 K on the 14.9
nm terrace to 248 K on the 3.1 nm terrace; and in regime II, the
Tc falls rapidly between the 3.1 nm and the 1.7 nm terrace width.

The non-monotonic behavior of Tc does not likely orig-
inate from any structural factors of the Fe nanodots
upon changing terrace width. Figure 14(a) shows a typ-
ical STM image of the morphological appearance of Fe
nanodots on a stepped Cu(111) surface. Figure 14(b)
shows statistical analysis of the dot size and density as
a function of terrace width based on STM images. The
morphological features of the Fe dots do not show ap-
preciable changes with changing terrace width. As for
the crystallographic structure, although we cannot de-
termine whether the Fe dots are in fcc or bcc structure,
we argue that in the buffer layer assisted growth, the
Fe atoms first form clusters in the inert Xe buffer layer
before they come in contact with the substrate. The rela-
tively large size (∼1000 atoms) of the Fe nanodots means
it is highly unlikely that the crystallographic structure
will change with changing terrace width. Finally, the

extent of Fe nanodots embedded in Cu does not likely
change with terrace width. This is because the room
temperature post annealing prior to magnetic measure-
ments should allow the system to settle into an ener-
getically favorable state. Although a direct proof that
the Fe dots are indeed embedded in the copper surface
layer is beyond the experimental resolution, Ignatiev et
al. indicates that the Fe dots are likely already embed-
ded in the Cu surface layer on large terraces [24]. The
embedding process considered is limited to mainly the
top surface layer, and is unlikely to change significantly
with decreasing terrace width, because the Fe nanodots
are rather large and thus “immobile”. Moreover, even if
the terrace width plays a role, the step edges will only
assist the embedding process, and, according to Ignatiev
et al., we should observe an enhanced Tc with decreas-
ing terrace width. This is in contradiction with the cen-
tral experimental observation reported in the present pa-
per. Therefore, we conclude that there is no significant
variation of embedding process upon changing of terrace
width.

Fig. 14 (a) A typical STM image of Fe nanodots on Cu(111)
substrate (500 nm × 392 nm). Even though the terrace width
varies from 2 nm to 80 nm, no significant change of dot size and
distribution is found. (b) The statistics of dot density and dot size
distribution on various terrace width doesn’t show any appreciable
difference.

To understand the non-monotonic behavior of Tc

with changing w, we further investigate the magnetic
anisotropy of the Fe nanodot assemblies. Similar to those
on a flat Cu(111) surface [22], the Fe nanodot assem-
blies on the curved surface also exhibit an in-plane easy
magnetization since no magnetization signal can be de-
tected by polar MOKE. Within the surface plane, how-
ever, the Fe nanodot assemblies on the curved surface
show clear uniaxial anisotropy, in drastic contrast to the
isotropic behavior of those on the flat surface. Figure
15(a) shows longitudinal MOKE hysteresis loops of the
3.1 nm Fe nanodot assembly. As summarized in the in-
set of Fig. 15(b), the Mr/Ms ratio measured along the
step direction is significantly larger than that measured
in the orthogonal direction independent of the terrace
width. This indicates in-plane uniaxial anisotropy with
easy axis along the step direction.

The saturation field (Hs) determined from the hard
axis (in-plane but perpendicular to the step direction)
magnetization loop can be used as a measure of the
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Fig. 15 (a) MOKE hysteresis loops of the Fe dot assemblies (d = 3.1 nm) on different terrace widths, w = 14.9 nm, 3.1
nm and 1.7 nm, respectively. Note that all show a clear uniaxial anisotropy with easy axis along the step. (b) Summarized
saturation field Hs as a function of w indicates an enhancement of anisotropy. The inset is Mr/Ms ratio of hard and easy
axis of vicinal surfaces with star indicating a flat surface.

uniaxial anisotropy strength. Figure 15(b) shows Hs of
the 3.1 nm Fe nanodot assembly as a function of w.
Again, two regimes can be distinguished. In regime I
where w > d (note that nanodots try to avoid contact
with step edges unless they are forced to do so [22, 48]),
Hs shows a clear trend of increasing with decreasing w.
Therefore, the 1-D confinement results in an increase in
the anisotropic strength, because the nanodots can “feel”
the symmetry breaking through the surface states [49].
In regime II where w < d, Hs increases with a distinctly
larger slope than in regime I. This rapid increase can
be understood by the additional uniaxial anisotropy in-
duced by the step edges. When w < d, each nanodot is
forced to straddle across the step edges. The step edges
further enhance the uniaxial anisotropy of each nanodot
by the same mechanism that is commonly seen in mag-
netic thin films on vicinal surfaces [50, 51]. Because the
number of steps underneath the nanodot increases with
decreasing terrace width in regime II, it leads to a more
rapid increase in the uniaxial anisotropy.

In low-dimensional magnetic systems such as ultra-
thin films [52, 53] and nanodots [54], in general, a larger
anisotropy generally provides a larger energy barrier
against thermal fluctuations and thus results in a higher
Tc. In this regard, the increase of magnetic anisotropy
should contribute to the increase of Tc in regime I of Fig.
13(b). However, if the anisotropy is the main cause, we
should see an even more rapid increase of Tc with de-
creasing w in regime II, which contradicts the experi-
mental results. Therefore the magnetic anisotropy alone
cannot explain the non-monotonic behavior of Tc in the
combined regime I + II.

Having ruled out any significant role of the magnetic
anisotropy, we now consider how the dot–dot interac-
tion can affect Tc and result in the nonmonotonic behav-
ior. The changing terrace width should make substantial
modification to the nature of the surface states which

would likely lead to a significant change in the observed
Tc. Let us consider the evolution of the surface states as
a function of w. On large terraces (w � d), the surface
states are confined by the terrace and form an array of
1-D quantum-well states. In this regime, the deposited
nanodots try to avoid contact with the step edges. As w

shrinks to w < d, the nanodots are forced to sit on top
of step edges, as a result, effectively couple the surface
states of neighboring terraces, causing a transition of the
surface states from 1-D quantum well states to quasi-2-
D. Hence the process of varying w clearly falls into two
regimes. To demonstrate this point, we have calculated
the density of states of (i) uncoupled 1-D quantum well
states, and (ii) 1-D quantum well states with random
links (coupling) between them. It is evident from Fig.
16 that even with 10% coverage, the system is already in
the 2-D regime.

Once we realize the dramatic difference associated
with the dimensionality change induced by the nanodots,
we can focus on the two regimes separately. When the
system is in the 1-D regime, the indirect exchange inter-
action decays as 1/R [55]. As w decreases further, the
system enters the quasi-2-D regime, where the exchange
interaction decays as 1/R2 for an isotropic Fermi surface
[56]. Since the distance R between the nanodots is fixed,
the sudden change in dimensionality of the surface states
leads to the sharp drop in the Tc.

To calculate the RKKY interaction, one needs to know
the energy spectra and wave functions of the electrons.
One implication comes from the fact that the Fe nan-
odots are randomly located on the substrate, which re-
quires the diagonalization of a rather complicated Hamil-
tonian. Since our focus is on the dimensionality change,
we choose to consider a “clean” system where there is a
periodic coupling between the surface electrons on neigh-
boring terraces, as the RKKY range function is essen-
tially unaffected by weak disorder [57–59]. The energy
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Fig. 16 (a) Density of states of uncoupled 1-D quantum well states. (b) Density of states of 1-D quantum well states
coupled by the Fe nanodots (red lines).

Fig. 17 Exchange interaction strength as a function of the ter-
race width obtained from a phenomenological model of surface-
state mediated dot–dot coupling. The parameters used in the cal-
culations correspond to the case where the Fe dot diameter d =
3.1 nm and density ρ = 1.4 × 104/µm2.

spectrum of the surface states thus takes the following
form:

Ek =
�

2

2m

[
k2

x +
( π

w

)2
]
− λ cos(kyw) (1)

Here the x-axis is along the steps and the y-axis per-

pendicular to the steps. The first term comes from the
fact that the electrons can freely move along the step
direction and are confined by the steps in y-direction
[60], and the second term represents the weak coupling
of surface states on neighboring terraces, with λ measur-
ing the coupling strength. λ = 0 for w � d (correspond-
ing to 1-D surface states) and increases with shrinking
w when w < d. We consider the situation where w is
small enough so that only the lowest sub-band is popu-
lated. In addition to the 1-D to 2-D transition, reduc-
ing w also raises the band bottom of the surface states
thus gradually depopulating the surface states. Given
the energy spectra in Eq. (1), the exchange interaction
can then be calculated according to the standard RKKY
theory [55, 56, 61–63]. The configuration-averaged ex-
change interaction Jeff =

∫
drJRKKY(r) as a function of

w is shown in Fig. 17, with λ = 0.01 �
2

w2m
d−w

d . It is clear
that the exchange interaction behaves differently in the
two regimes. In regime I (w � d), the slight increase
of the exchange interaction towards w = d is due to the
enhanced confinement with reduced w, originating from

Fig. 18 (a) Density comparison of Fe dot assembles with dot size of 3.1 nm – note that both have maximum Tc at the
same terrace width. (b) Terrace width dependence on Tc values for Fe dot assemblies of dot size of 2.2 nm, 3.1 nm, and
4.2 nm. The maximum Tc is always located at where w = d.
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the characteristic form of the RKKY interaction in 1-D.
The sharp drop in regime II (w < d) is due to the tran-
sition into the quasi-2-D case, where the interaction de-
cays as 1/R2 instead of 1/R. As w continues decreasing
to ∼ λF/2 (∼ 1.5 nm), the surface states are completely
depopulated, leading to a vanishing exchange interaction
[64]. The closely matching trend of the exchange inter-
action from the model calculations and the observed Tc

strongly suggest that the nanodot induced dimension-
ality change is the main mechanism responsible for the
non-monotonic behavior of Tc.

If our argument holds, Tc should show a similar de-
pendence on the terrace width for Fe nanodot assem-
blies having different size and density, i.e., reaching the
maximum only when w = d. As shown in Fig. 18, this
is indeed the case. We first compare two Fe nanodot
assemblies of same size but different density in Fig. 18
(a). Apparently, both the Tc values peak at the same
point. This occurs despite the fact that the Tc of the
low-density nanodot assembly is considerably lower than
that of the high-density one. Figure 18(b) again shows
that the Tc of nanodot assemblies with different size all
peak at the point where w = d. These crosschecks cor-
roborate the overall physical interpretation reached from
the phenomenological model. By tuning the size of Fe
nanodot, we effectively bridge the electrons of neighbor
terrace, the transition of Cu(111) vicinal surface from 1-
D quantum well state to quasi-2-D supper lattice state
is no longer limited at 7◦ [43], however, depends on the
nanodot size.

6 Concluding summary

The indirect exchange coupling of Fe nanodots can be
amplified due to the broken symmetry and the pres-
ence of surface states. As summarized schematically in
Fig. 19, the artificial nanomagnets with tunable coupling
strength via dimensionality control of the mediating elec-
trons provide an effective way to induce novel magnetic
properties and to gain control of them. The experimen-
tal results clearly demonstrate that the dot–dot indi-
rect exchange coupling plays more significant role than
other factors, including magnetic anisotropy and dipolar

Fig. 19 Summarized dimensionality effects of mediating elec-
trons to the indirect exchange coupling of Fe nanodot assemblies.

interaction. The research outlined in this work provides
the science base to understand, modify, and manipulate
the magnetic properties through dimensionality confine-
ment. The effect of the modifications on the surface
electronic structure are not limited to Cu(111). Sub-
strates having pronounced surface states, like Ag(111),
Au(111), and topological insulator, are all good tem-
plates. Our long-term goal is to develop the capability
to design and fabricate the best dot/template combina-
tion that gives the most desired magnetic properties.
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