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An extreme low-deposition rate has been used to fabricate highly ordered Mn nanocluster arrays on A
Si�111�-7�7 surface. Scanning tunneling microscopy �STM� studies reveal that the Mn nanoclusters prefer to
occupy the faulted half-unit cells of the Si�1110�-7�7 with preference fraction �95%. High-resolution STM
images demonstrate that two types of three-dimensional Mn nanoclusters coexist in the arrays; one is an
identical triangle cluster and the other is an off-center pear cluster. A planar identical Mn cluster has been
obtained at the initial deposition stages, indicating the coverage-dependent Mn clustering. Careful analysis of
the initial adsorption stage of Mn reveals that individual Mn atoms prefer to occupy the bridging B2 sites
around Si rest atoms and the substitution site of Si center adatoms. The formation mechanism of Mn nano-
cluster arrays is attributed to the delicate balance between thermodynamic tendency and kinetic limitation.
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I. INTRODUCTION

There have been intensive studies on the fabrication of
ordered metal nanocluster arrays stimulated by the novel
physical and chemical properties arising from quantum-size
effect. Significant progress in atomic engineering makes it
possible to build highly-ordered nanostructures on suitable
substrates today by self-organization techniques. Several ap-
proaches have been used to fabricate the self-assembled
nanoclusters by taking advantage of suitable templates, such
as the Si�111�-7�7 surface,1–3 the reconstructed Au�111�
surface,4 and the strain-relief patterns of Pt�111�.5 In particu-
lar, the highly corrugated Si�111�-7�7 surface has been
shown to be very suitable for the fabrication of perfect nano-
cluster arrays of group-III metals6,7 through fine regulation of
deposition rate and substrate temperature. For most metals,
the structural difference between neighboring half-unit cells
�HUCs� of Si�111�-7�7 would give rise to two inequivalent
occupation probabilities. Similar preferred occupation of
other systems, such as Ag, Au, and Li, has also been
reported.8–10 Therefore, it might be a general route to fabri-
cate metal nanocluster arrays on Si�111�-7�7 through tun-
ing the dynamics of diffusing adsorbates and the preferred
occupation of the faulted half-unit cells �FHUCs�, only if the
meta/Si interface is not reactive.

Very recently, growing attention has been focused on the
magnetic nanoclusters of 3d transition metal because of the
great potential in high-density magnetic storage and
spintronics.11 From the viewpoint of application, it will be
highly desirable to fabricate magnetic nanostructures directly
on the most common semiconductor Si substrate, following
the procedure of group-III nanoclusters on Si�111�-7�7
template. However, for transition metals, this template seems
unfeasible due to the strong interdiffusion and possible reac-
tions between the magnetic adsorbate and substrate Si, the
resultant silicides are unsuitable for spintronics. We realize
that manganese, the unique transition-metal element, does

not react with Si substrates at room temperature �RT� and
may form nanostructures without silicide formation.12

There have been many reported studies on the Mn/Si�111�
system, including the deposition of Mn films13–17 and Mn
nanoclusters fabrication18–23 on Si�111�-7�7. RT deposi-
tions with post annealing result in the formation of large
irregular clusters and small pyramidal and ring clusters,20 but
this procedure did not provide the periodic arrangement of
the Mn clusters arrays. Following the procedure of group-III
metal nanocluster,2 ordered Mn nanocluster arrays have been
reported on Si�111�-7�7 surface, utilizing elevated sub-
strate temperature and low-deposition rate, which varied
from 0.05 ML/min �Ref. 23� to 0.17 ML/min.21,22 However,
neither the local structures and symmetry of Mn clusters nor
the occupation sites of individual Mn atoms have been ob-
tained. Furthermore, the reported elevated substrate tempera-
ture between 180 °C to 260 °C might lead to the Mn/Si
reaction.

According to the results from kinetic Monte Carlo
simulation,24 the optimal temperature window of metal clus-
tering on Si�111�-7�7, corresponding to the crossover be-
tween the kinetic and thermodynamically controlled regimes,
is higher than RT. To realize the preferred occupation of
faulted HUCs, elevated substrate temperature is necessary.
On the other hand, elevated substrate temperature is harmful
to Mn/Si systems. One may ask if there is an alternate way to
regulate the kinetics instead of using high-substrate tempera-
ture. It is known from growth dynamics that low-deposition
rates produce similar effects as high-substrate temperatures.
At low-deposition rate, the deposited adatoms are able to
jump several times before another adatom landing, and the
preference aggregation to the faulted HUCs are induced by
the diffusion mechanisms. Therefore, this provides us a new
way to regulate the growth kinetic for the unique Mn/Si sys-
tem. To reduce the deposition rate low enough while keeping
the substrate temperature near the same level, RT can pro-
duce the same effect of high-substrate temperature without
the risk of Mn/Si reaction.
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In this paper, an extreme low-deposition rate
��0.01 ML /min� has been used to deposit Mn on the
Si�111�-7�7 surface with substrate temperature of �80 °C.
Highly-ordered Mn nanocluster arrays have been achieved.
The fraction of preferred occupation of the faulted HUCs
amounts to �95%. Scanning tunneling microscopy �STM�
observation reveals the coexistence of 3D identical triangular
clusters and the pear clusters. The favored occupation sites of
individual Mn atoms have been identified. Furthermore,
studies on the initial deposition stage indicate that Mn clus-
tering is a coverage-dependent process.

II. EXPERIMENTS

The experiments were performed with an Omicron
variable-temperature STM operated in an ultrahigh vacuum
8�10−11 mbar. Clean Si�111�-7�7 surface was prepared
by repeated resistive flashing procedures. A boron nitride
crucible was used to produce Mn �purity 99.999%� atomic
beams. The typical deposition rate is around 0.01 ML/min
�1 ML=7.83�1014 Mn atoms /cm2�. The Mn flux was cali-
brated by the reconstruction of Si�111�−�3��3-Mn, where
it takes at least 4 ML of Mn for the Si�111� surface to be
entirely covered by �3��3 phase after annealing at 350 °C
�Ref. 13�. All STM images were recorded at RT in the con-
stant current mode.

III. RESULTS AND DISCUSSION

Utilizing the extreme low-deposition rate around 0.01
ML/min, we fabricated the highly-ordered Mn nanocluster
arrays on Si�111�-7�7 by depositing 0.18 ML Mn at sub-
strate temperature 80 °C. Figure 1�a� shows the large-scale
STM image for the morphology Mn nanocluster arrays,

where periodic arrangement of the Mn nanoclusters with
long-range ordering can be observed. Some irregular Mn is-
lands appeared nearby the Si�111� steps. The cluster distri-
bution becomes more evident from the middle-scale images
shown in Fig. 1�b�. The Mn clusters predominantly reside in
the faulted HUCs of Si�111�-7�7 with the preference frac-
tion around 95%, which is nearly the same as that of Tl on
Si�111� �Ref. 1� and is higher than the reported Mn prefer-
ence of 91%, optimized with a higher deposition rate.21 This
demonstrates the effect of utilizing an extremely low-
deposition rate. Meanwhile, the “bright triangle stars” that
appeared in Fig. 1�a� become clear that they are made of four
neighboring clusters from three faulted HUCs and one un-
faulted HUC. The cluster morphologies change significantly
upon the polarity of sample bias changes. We noticed that in
the empty-state image of Fig. 1�c�, most of the Mn clusters
exhibit a round appearance with a uniform size distribution.
In the filled-state image shown in Fig. 1�d�, the Mn clusters
exhibit either a triangle or a pear shape. Most importantly, it
is evident that all the triangle clusters have the identical ap-
pearance. Moreover, we find that the reconstruction of
Si�111�-7�7 substrate remains intact after the cluster forma-
tion, indicating that no chemical reaction occurred between
Mn and Si.

More structural information about the Mn nanoclusters
can be obtained from the high-resolution STM images. From
the filled-state image in Fig. 2�a�, it is found that the identical
triangle clusters, as marked by “T,” are centered with HUCs,
keeping the threefold symmetry of Si�111� substrate. Within
the HUCs, three Si corner adatoms remain intact. Careful
observation reveals that the triangle cluster edges have some
extent of bending inwards, similar to the reported alkali clus-
ters on Si�111�-7�7 �Ref. 25�. In the empty-state image of
Fig. 2�c�, the identical triangle clusters exhibit a pronounced
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FIG. 1. �Color online� STM images of Mn nanocluster arrays
formed on Si�111�-7�7 with �0.18 ML Mn deposited at substrate
temperature of 80 °C. �a� 145�145 nm2, U=−2.5 V. �b� 60
�60 nm2, U=−2.5 V. �c� 35�35 nm2, U= +1.2 V. �d� 35
�35 nm2, U=−2.0 V.
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FIG. 2. �Color online� High-resolution STM images of the Mn
nanoclusters. �a� Filled-state image, U=−1.2 V, 12�12 nm2. �b�
The cross-sectional line profile of the Mn nanoclusters along the
solid line in Fig. 2�a�. �c� Empty-state image, U= +1.6 V, 12
�12 nm2. �d� The cross-sectional line profile of the Mn nanoclus-
ters along the solid line in Fig. 2�b�. The clusters marked by P
correspond to pear clusters and those marked by T correspond to the
identical triangle clusters.
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“ball” shape. From the cross-section line profile shown in
Fig. 2�d�, we find that the center protrusion of the balls is
higher than the surrounding, suggesting that this cluster has
the three-dimensional nature instead of the planar structure
as group-III metal clusters.2 The pear clusters that appeared
in Fig. 2�a�, marked by “P,” are off the center position of
HUCs with a mirror symmetry. The orientation of mirror
plane points to the directions of three Si corner holes. The
sizes of the pear clusters are found to be larger than those of
the identical triangle clusters. In the empty-state image of
Fig. 2�b�, although the morphology of pear clusters becomes
irregular, the mirror symmetry still can be identified. Simi-
larly, from the cross-section profile line in Fig. 2�d�, the rela-
tive high protrusions of pear clusters indicate that it has a 3D
structure.

In order to explore the cluster formation mechanism, it is
necessary to study the initial adsorption stage of Mn on
Si�111�-7�7. First we deposit �0.05 ML of Mn on
Si�111�-7�7 at 80 °C. The morphology of the adsorbates is
presented in Fig. 3, where three sequential STM images cor-
respond to the same sample area but at different bias. It is
observed that both the aggregated Mn clusters and individual
Mn adatoms coexist on the surface. The clusters seem irregu-
lar without any symmetry. The individual Mn adatoms ex-
hibit different appearances under different bias. Similar to
the case of Mn nanocluster arrays, it is observed that almost
Mn adsorbates prefer to occupy the faulted HUCs.

According to the attraction-basin mechanism proposed by
Cho et al.,26 for most metal atoms on the Si�111�-7�7 sur-
face, the high coordinate sites, such as B2, T4, and H3, are

more favorable than the T1 sites on top of dangling bonds of
adatom and rest atoms. The adsorbate atoms should be
trapped into the three attraction basins and may diffuse
within the basins. By careful examination and comparison of
the individual Mn atom protrusions under different sample
biases, we speculate that Mn atoms prefer to occupy the
bridging B2 sites around Si rest atoms and even the substitu-
tion sites of the center Si adatoms. Considering the different
surrounding for the Si corner and center adatoms, the 18 B2
sites within HUCs can be classified into three groups, re-
ferred to as B2�1�, B2�2�, and B2�3� as illustrated in Fig. 3�d�.
B2�1� is close to the corner Si adatoms, B2�2� is close to the
center Si adatoms but near the HUCs edges, while B2�3� is
close to Si center adatoms and the HUC’s center. �i� Within
each HUC, marked by white triangle, there is one Mn atom
adsorbed. We noticed that the protrusion of center Si adatom
becomes very bright under +2.1 V bias shown in Fig. 3�a�. It
becomes strongly dimmed but was still visible when the
sample bias changed to +1.5 V shown in Fig. 3�b�. In the
filled-state image shown in Fig. 3�c�, the brightness of this
center Si adatoms gets normal, but its position shifted
slightly toward the corner Si adatoms. Meanwhile, there is an
extra protrusion that appeared at the position between Si cor-
ner adatom and the shifted Si center adatom as shown by the
end point of white arrows. �ii� Within the two HUCs, marked
by the green triangles, there is also one Mn atom adsorbed. It
is found that the corner Si adatom becomes very bright in
Fig. 3�a� and becomes strongly dimmed in Fig. 3�b�. When
the sample bias changed to −1.2 V in Fig. 3�c�, the bright-
ness of this Si corner adatom becomes normal, but its posi-
tion is shifted slightly toward the neighboring center Si ada-
tom. Meanwhile, an extra protrusion appeared at the position
between the shifted Si corner adatom and center adatom, as
shown by the end point of green arrows. Combining the
above analysis, we conclude that the extra protrusions in the
filled-state image correspond to the favored adsorption sites
of Mn atom on Si�111�-7�7. The brightness variations of Si
center or Si corner adatom in Figs. 3�a� and 3�b� can be
contributed to the charge-transfer effect. Furthermore, we
speculate that the Mn adsorption site is the bridging site
around the Si rest atoms. Specifically, the Mn atom in the
white HUCs occupies the B2�2� site while the Mn atom in
the green HUCs occupies the B2�1� position. �iii� For the Mn
atom within the blue triangle, we conclude that Mn atom has
substituted the Si center adatom because there is no extra
protrusion that appeared in all the three STM images. The
protrusion variation of the Si center adatom is arising from
Mn atom substitution of Si.

In Fig. 4 we present the topography STM images for the
Mn clusters formed at the initial deposition stages. At the
coverage of 0.05 ML, Mn atoms aggregated into several
kinds of nanoclusters. As shown by the marks in Fig. 4�a�,
there are three identical clusters exhibiting unique morphol-
ogy that has not been observed for the other coverages of
Mn. A round protrusion appeared at HUC edges, accompa-
nied by two-center Si adatom vacancies. It resemble the Co
off-center clusters formed in the deposition of Co on
Si�111�-7�7 at an elevated temperature.27 Since both Mn
and Co are transition metals here, we suppose that the struc-
ture model of identical Mn clusters is the same as that of Co
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FIG. 3. �Color online� Initial adsorption stage of 0.05 ML Mn
on Si�111�-7�7 deposited at 80 °C. �a� U= +2.1 V, 11.5
�11.5 nm2. �b� U= +1.5 V, 11.5�11.5 nm2. �c� U=−1.2 V,
11.5�11.5 nm2. The white-triangle marks correspond to the HUCs
where a Mn atom adsorbed nearby the center Si adatom, the green-
triangle marks correspond to the HUCs where a Mn atom adsorbed
nearby the corner Si adatom, and the blue-triangle mark corre-
sponds to the HUC where a Mn atom substituted the Si center
adatom. The arrows are used to indicate the Mn adsorption sites.
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clusters. Based on density functional theory calculation for
Co clusters,27 we propose a model where three librated Si
adatoms, which are moved to the H3 sites near the edge of
FHUCs, are bonded with six Mn atoms. The latter occupy
the six T4 sites and have maximum numbers of bonds with
Si, which is the unique character of transition metal in Si.
The illustrative model for the identical off-center Mn cluster
is shown in Fig. 4�b�.

When the Mn coverage increased to 0.08 ML, the identi-
cal triangle clusters and pear clusters, which also appeared in
the arrays of Mn nanocluster, formed in the faulted HUCs
with the companies of other irregular clusters. This clearly
demonstrates that the Mn clustering is a coverage-dependent
process. The morphology of the two kinds of clusters in the
empty-state image is shown in Fig. 4�c�. Based on the 3D
nature of identical triangle clusters observed at empty-state
images and the bonding character of transition metal, they
prefer to saturate their orbital by adsorbing at high coordina-
tion sites.28 We proposed a structural model of Mn7 cluster,
which is shown in Fig. 4�d�. First, the three Si center ada-
toms are substituted by Mn atoms and moved to the central
three T1 sites. Then let the three Mn atoms occupy the three
T4 site to have the maximum number of bonds on the sur-
face. Lastly, the seventh Mn atom occupies the central H3
site above the three Si atoms, forming a three-dimensional
Mn7 cluster. Except for the top Mn atom, the arrangement of
six Mn atoms is the same as the structural model of group-III
nanoclusters, such as In6 cluster based on first-principles
calculation.2 It should be noted that both the off-center Mn
clusters shown in Fig. 4�b� and the identical triangle Mn
clusters in Fig. 4�d� are the proposed structural models in-
volved in the movement of Si center adatoms to “new” po-

sition, which also occurred in the cases of In, Ga, Al
nanoclsuters,2,3 and Co reactive clusters.27 In addition, we
have also studied the effects of high deposition rates that
varies from 0.05–2 ML/min, and the effect of higher sub-
strate temperatures that varies from 100 °C to 300 °C. We
found that the deposition rate of 0.01 ML combined with
substrate temperature of 80 °C�100 °C is the optimized
parameter. Utilizing other growth parameters would reduce
the preference fraction of Mn occupation of FHUCs from
95% to �85%. This demonstrates that the formation of Mn
nanocluster arrays is due to the delicate balance between
thermodynamic tendency and kinetic limitation.

Regarding the microscopic mechanism of Mn nanocluster
array formation, the self-organization of Mn nanoclusters can
be regarded as a process of tailoring the dynamics of diffus-
ing Mn atoms, and the preferred occupation faulted HUCs
through delicate regulation of the deposition rate and sub-
strate temperature. The optimal temperature window corre-
sponds to the crossover between the kinetic and the thermo-
dynamically controlled regimes. In particular, we used an
extreme low-deposition rate to realize the similar effect of
high-substrate temperature to avoid the possible Mn/Si reac-
tion. As for the mechanism of coverage-dependent Mn clus-
tering, it can be attributed to the cooperative diffusion �non-
local attractive interactions among Mn atoms�. In low
coverage regime, cooperative diffusion has a negligible ef-
fect, since the spacing between Mn adsorbates is larger than
the operation spatial range of interactions. Only up to a criti-
cal Mn coverage, nonlocal attractive interactions become op-
erative and cooperative diffusion begins to influence the Mn
aggregation and occupation.

IV. CONCLUSION

In conclusion, utilizing the extreme low-deposition rate,
we have fabricated the highly-ordered nanoarrays of 3D Mn
nanoclusters on Si�111�-7�7 surface, where the Mn nano-
clusters prefer occupying the faulted HUCs of Si�111�-7
�7 with preference fraction �95%. High-resolution STM
images reveal that two types of 3D Mn nanoclusters coexist
on the surface; one is the identical triangle clusters and the
other is the pear clusters. Studies on the initial deposition
stages reveal that the individual Mn atoms prefer to reside at
the bridging B2 sites and the substitution site of Si center
adatoms. It is also observed that Mn clustering is a coverage-
dependent process. The identical off-center Mn cluster has
been identified from the initial deposition stages. The forma-
tion mechanism of Mn nanocluster arrays is attributed to the
delicate balance between thermodynamic tendency and ki-
netic limitation.
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FIG. 4. �Color online� Formation of identical Mn clusters during
the initial adsorption stages on Si�111�-7�7 deposited at 80 °C.
�a� The identical off-center clusters formed at 0.05 ML Mn,
U= +2.0 V, 9.5�16 nm2. �b� Atomic structural model for the
identical off-center Mn clusters with respect to Si�1110�-7�7.
�c� Identical triangle clusters formed at 0.08 ML Mn, U= +1.5 V,
11�16 nm2. �d� Atomic structural model for the identical triangle
Mn clusters with respect to Si�111�-7�7.
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