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Scanning tunneling microscope (STM) is used to explore the room-temperature (RT) growth and multistep growth of Fe on Au(111)
herringbone surface. The statistical analysis of island size and arrangement, combined with a phenomenological magnetic anisotropy
energy (MAE) model, can describe the previously reported magnetic behavior of Fe two-dimensional (2-D) island array very well. While
increasing the Fe coverage, MAE is dominated by edge atoms, surface atoms, and then shape MAE, sequentially. The multistep growth,
combing nucleation seeds, Xe buffer layer, and annealing treatment, reveals the possibility for manipulating the Fe growth into desired
multilayer islands.
Index Terms—Nanomagnetism, nanostructure, self-assembly.

I. INTRODUCTION

HE studies of nanopatterned templates attracted much attention in the last decade, because of the promising capability for preparation of well-arranged nanodots. For example,
the mask effect induced by N/Cu(100) [1], [2], dislocation network of two monoatimic layer (ML) Ag/Pt(111) [3], [4], and
Au(111) herringbone reconstruction are highlighted. [5]–[10]
In these cases, the well-ordered nucleation sites gradually form
two-dimensional (2-D) islands (only one atomic height) and
then evolve into thin films with increasing coverage. These 2-D
island arrays are of great interests, especially in magnetism, due
to the significant contribution from the edge atoms. Some previous studies reveal that the atoms at island edge even dominate
the collective magnetic behavior, providing the capability of engineering the magnetic properties of nanoislands [11]. Thus, the
detailed 2-D island growth evolution and its corresponding magnetic behavior is carefully characterized and discussed in this
paper.
Besides, the natural limitation of 2-D islands on the nanopatterned surface might restrict the functions for the further applications, because controlling of island height is very possibly required to enhance Curie temperature or to modify the magnetic
anisotropy [12]–[16]. It is of the importance to study the evolution for the three-dimensional (3-D) and 2-D nanostructures
and the corresponding magnetic properties since the dimensionality of the magnetic materials becomes significant while the
size becomes smaller to nanometer scale. Especially the ratio
of surface to volume atoms, and the face center cubic (fcc)
to body center cubic (bcc) structural transition of Fe are expected to play crucial roles in manipulation of magnetisom for
Fe nanostructures. Thus, in this report, Xe-buffer layer-assisted
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growth (BLAG) [17], Au(111) herringbone reconstruction surface, and annealing effect are combined to manipulate Fe growth
on Au(111), in order to form well-ordered 2-D island arrays with
different stacking heights and lateral sizes.
II. EXPERIMENT
The experiment was carried out in a multifunctional ultrahigh
mbar.
vacuum (UHV) chamber with base pressure 4 10
All the sample preparation and characterization were performed in situ. After cycles of 500 eV Ar sputtering and
annealing, clean Au(111) surface with herringbone structure
was prepared. To grow Fe nanoparticles, Fe atoms evaporated
by e-beam heating were deposited onto either the bare substrate
or the substrate covered with Xe buffer layer. The deposition
rate of Fe is 6–9 10 ML/s. For the room-temperature (RT)
growth, the substrate is controlled at 300 K. Xe BLAG was
performed by Xe adsorption, and subsequent Fe deposition
at 90 K. Then, the sample was annealed to 300 K for the
desorption of Xe and formation of stable Fe islands. The grown
samples were characterized by an UHV scanning tunneling
microscope (STM) for further analysis on the morphology and
crystalline structure.
III. RESULTS AND DISCUSSION
A. RT-Grown Fe 2-D Islands
Fig. 1(a) exhibits the STM images of herringbone reconstruction of Au(111) surface. From the line profile, the corrugation
of herringbone structure is about 0.1 and the periodicity is
7.5 nm. Fig. 1(b)–(d) reveals RT growth of Fe on Au(111)
herringbone surface. The 2-D islands with single atomic height
gradually expand their size with increasing Fe coverage. The ordered arrangement of Fe islands is always the same, while up to
0.35 ML, only less than 1% of the total area is covered by the
second layer and a few islands start to coalesce with the nearby
one.
Fig. 2 summarizes the statistics from STM images of ML
RT-grown Fe on Au(111). In Fig. 2(a), the island density is
kept around 170 10 per 100 100 nm when below 0.4 ML.
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Fig. 3. Multistep growth of Fe on Au(111) herringbone structure. The figure
exhibits the growth processes. (a)–(d) are STM images of 0.09-ML Fe nucleation seeds, subsequent growth of 0.27-ML Fe on Xe/0.09 ML seeds, 350-K
annealing, and 600-K annealing.

Fig. 1. STM images of (a) Au(111) herringbone structure, (b) 0.05-ML Fe,
(c) 0.2-ML Fe, and (d) 0.35-ML Fe, with the line profiles in the bottom.

Fig. 2. Average Fe island density and size as functions of Fe coverage, analyzed
from statistical results of STM images.

During 0.4–0.6 ML, the island density drops down to 120–130
per 100 100 nm , indicating the significant coalescence between nearby islands. In previous reports, Fe underwent pseudomorphic growth on Au(111) (below 3 ML). Based on the Fe
total coverage and the island density, the average island size and
atom numbers are calculated in Fig. 2(b). The island size gradually increases to 20 nm (200–300 atoms) before 0.4 ML, and
then drastically expands to 35–55 nm (400–700 atoms) during
0.4–0.6 ML. These statistical values are crucial to the magnetic
behavior and will be discussed later in the text.

B. Multistep Growth of Fe Islands
In addition to the above conventional RT-grown Fe 2-D islands, one might think about the possibility to stack the singlelayer islands up to multilayers, with the same ordering and separation between islands. Unfortunately, further RT deposition of
Fe results in layer-by-layer growth mode. Around 0.8–0.9 ML,
the 2-D coalescence of the first Fe layer can be observed. Thus,
in order to break the limitation of single atomic height in 2-D
islands, the multistep growth is adopted, as shown in Fig. 3. Xe
buffer layer, nucleation seeds, and thermal annealing are combined for the preparation. First, well-ordered nucleation seeds
are prepared on Au(111), as shown in Fig. 3(a). Subsequently,
8 L (1 L 1 10 torr 1 s) Xe exposure is performed, and
then Fe is deposited, at 90 K. After Fe deposition, annealing up
to 300 K causes the Xe desorption and the morphology is exhibited in Fig. 3(b). During Xe desorption, Fe atoms gradually
aggregate to form nanoislands with 1–2 atomic height, with their
positions close to the previous nucleation sites. Rectangular lattice can be observed in the regular Fe island arrays.
Postannealing processes at 350 and 600 K are also performed and the corresponding STM images are shown in
Fig. 3(c) and (d), respectively. Interestingly, 350-K annealing
rearranges the Fe islands into two kinds of chains. As depicted
in the line profiles of Fig. 3(c), one kind of island chain prefers
bilayer islands (line profile A), while the other kind prefers
single-layer islands (line profile B). Further 600-K annealing,
as shown in Fig. 3(d), results in significant coalescence and
large 2-D islands are observed. In short, thermal annealing
can enhance the movement of small islands, leading to better
ordering or large scale 2-D islands by properly choosing annealing temperature.
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C. Magnetic Behavior
The well-ordered single-atomic-layer Fe islands actually
provide us with a very standard and interesting system for the
discussion of magnetic behavior in low-dimensional nanostructures. In the last decade, the phenomenological Néel-type
model has been used successfully to describe the thickness-dependent spin-reorientation transition (SRT) in various thin film
systems, while considering the contributions from surface and
volume, which are the so-called surface anisotropy and volume
anisotropy terms [18], [19]. Similarly, by assuming that the
Fe 2-D islands are just like circular discs, one can consider
the contributions from the edge atoms (MAE ) and from the
surface atoms (MAE ). The total magnetic anisotropy energy
MAE
MAE
,
(MAE) is written as MAE
disc radius. Considering that the 2-D islands are all
where
island number) must be proporof single atomic height, (
tional to the total Fe coverage . Because the island number (
herringbone elbow number) is invariant before coalescence, we
, or
. Thus, the MAE per atom (divided by
have
) can be rewritten as
MAE

(1)

In order to simplify the equation, after combining the coefficients, the contributions from edge (MAE ) and surface
and
, respectively. Fig. 4(a)
(MAE ) are renamed as
shows MAE measured by Ohresser et al. as well as the fitting
curve by (1) [6]. Ohresser et al. performed the magnetic characterization and the thin film growth in situ by X-ray magnetic
circular dichroism (XMCD) in an ultrahigh-vacuum chamber
mbar), which is very close to our experiment
(5 10
condition. Thus, one can expect that our and Ohresser et al.’s
samples should reveal the similar physical properties, which
indeed are confirmed by the consistence between our modeling
analysis and their experimental data. The fitting describes the
experimental results well (below 0.4 ML), with the following
0.48 meV/atom,
fitting parameters: edge contribution:
preferring in-plane magnetization; surface contribution:
0.767 meV/atom, preferring perpendicular magnetization. Thus, while increasing Fe coverage, the average size of
2-D islands increases and the SRT is induced from edge-dominated in-plane anisotropy to surface-dominated perpendicular
anisotropy. For the higher coverage (above 0.4 ML), the studies
by Ohresser et al. reveal the second SRT from perpendicular
to in-plane again. Apparently, (1) is not enough to describe the
second SRT and thus the shape MAE is included.
As already known, the islands are always of one atomic height
with expanding lateral size, while increasing Fe coverage. The
to radius
:
is depicted in the right axis
ratio of height
of Fig. 4(b) as a function of Fe coverage. Furthermore, Fig. 4(b)
shows the calculated disc shape anisotropy according to the
values. The lower and higher dotted lines are calculated with
and high-spin
states
low-spin
[6]. In the previous report on ML Fe/Au(111) by Ohresser et
al., the Fe spin moment underwent a transition from low spin
to high spin at 0.3 ML [6]. The black solid line in Fig. 4(b)
indicates the real evolution of shape MAE, as considering the

Fig. 4. (a) Measured MAE of Fe 2-D islands in [6] with the fitting curve of (1).
(b) Calculated shape MAE and corresponding dimension ratio d=R of Fe discs
based on the STM analysis results in Fig. 2. (c) Coupling energy of the nearby
discs due to the dipolar interaction, as shown in (2).

transition. From the combination of Fig. 4(a) and (b), the contribution of edge atoms is insignificant during 0.4–1 ML, and
the shape MAE gradually dominates the magnetic behavior and
induces the second SRT back to in-plane due to the transition to
high-spin state. From another point of view, even up to 1-ML Fe,
there is still 20% of Au(111) surface uncovered. Therefore,
the effective surface area should be smaller than the expectation
of (1). It implies that the surface contributing to perpendicular
MAE is actually smaller than the expectation of (1). Thus, the
second SRT transferring back to in-plane magnetization is promoted.
Besides the above discussion, the dipolar interaction between the nearby islands, preferring in-plane magnetization,
might also influence the magnetic behavior. Considering the
dipolar energy difference between the two cases of in-plane
and perpendicular magnetization, we can get the MAE originating from island–island interaction, by simply calculating the
magnetic dipole–dipole interaction energy [20]
(2)
where
is the magnetization, and
is the interisland dis7.5 nm, just the same as the periodicity of herringtance
bone structutre. As shown in Fig. 4(c), MAE (per atom) originating from island–island dipolar interaction is calculated by
assuming that the magnetic moment is concentrated at the center
of discs. From Bennett and Xu’s report, the integration results
of real condition are only 1–1.7 times the simplified calculais relatively much smaller than MAE in
tion [20]. The
Fig. 4(b) and (c), and should not play any significant role.
IV. SUMMARY
In summary, RT-grown Fe 2-D islands provides an ideal
system for the understanding of the interrelation between
dimensionality control and magnetism. Detailed morphology
evolution of island size and arrangement is characterized by
STM. Combining the statistical analysis of morphology, a
phenomenological MAE model, as well as the shape MAE, the
previously reported magnetic behavior of Fe 2-D island array
can be described well. While increasing the Fe coverage, MAE
is dominated by edge atoms, surface atoms, and then shape
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MAE, sequentially. The multistep growth also indicates the
chance for manipulating the growth of Fe islands into desired
multilayer islands.
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