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Based on self-assembly techniques, Si layers of various thicknesses were deposited on glass bead ar-
rays of various dimensions. The experimental results support the view that the self-assembled glass beads 
of small sizes (i.e., 10 and 20 nm in diameter), covered with a Si layer below 5 nm in thickness, can in-
duce ferromagnetism. Regularity in the saturation magnetization confirms that the ferromagnetic-like 
behaviours heavily depend on both the size of the glass beads as well as the thickness of Si nanocaps. 
Maximum magnetization (750 emu/cm3) was found in the 20 nm glass bead template on which was de-
posited an ultra-thin 1 nm Si layer. We suggest that the quantum confinement mechanism helps to pro-
mote the unpaired electrons, which interact with neighbouring counterparts through the tunnelling effect 
and, thus, contribute to room temperature ferromagnetism. 
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1. Introduction 

Ferromagnetism is one of the most important quantum-mechanical phenomena in 
atomic systems. Only atoms with partially filled shells (i.e., unpaired spins) can ex-
perience a net magnetic moment in the absence of an external field. However, in re-
cent years, many developments in systems such as CaB6 [1], HfO2 [2], or special 
forms of carbon [3] have been reported as having magnetic order above room tempera-
ture. Moreover, efforts have concentrated on studying the onset of the nanoscale sys-
tems. The reduced sizes and dimensions of certain materials have given rise to a re-
newed scientific interest in producing magnetism in systems that are originally non-
magnetic in their bulk state [4–7]. Quantum magnetism has become one of the most 
challenging areas of condensed matter and materials physics. More recently, Gari-
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taonandia et al. reported that nanoparticles of Au, Ag, and Cu of the size of 2 nm can 
exhibit magnetic behaviour at ambient temperature [8]. Liou et al. reported inspiring 
ferromagnetic findings in Ge quantum dots (QDs) [9, 10]. Those studies demonstrate 
the existence of ferromagnetism without the contribution of magnetic transition met-
als. In addition, theories such as that of Lieb and Kagome, have been introduced in 
order to predict the possibilities of flat-band ferromagnetism in quantum dot arrays 
[11–14]. However, even though many investigations on the general physical properties 
of Si have been extensively reported, no ferromagnetism has ever been ascribed to Si, 
due to its intrinsic behaviour and bulk structures, leaving the study of silicon as the 
last virgin territory of research into magnetism, and which still needs to be fully ex-
plored. 

The discovery of room-temperature visible photoluminescence in Si has been con-
firmed [15, 16]. The size dependence of the energy gap of Si nanostructures has also 
been discussed extensively [17–19]. The quantum confinement effect, resulting in 
a blue shift of the energy gap with decreasing size, is widely believed to be responsi-
ble for the novel properties. This strongly implies that when Si has the form of low-
dimensional structures such as Si QDs, its physical properties are quite different from 
those of its bulk state. Furthermore, Ren et al. show that a Si cluster of 4.9 nm in di-
ameter has virtually the same band gap and density of states as a bulk Si crystal [20]. 
Recently, Yamamoto et al. observed that Si clusters in SiO2 glass film matrices with 
average diameters of 3, 4, and 5.1 nm exhibit quantum confinement effects [21]. 
Moreover, Si has an exciton Bohr radius (aβ) of 4.9 nm [22], thus, if nanoscale Si can 
be involved in the formation of ordered magnetic states beneath the dimension of 
ca. 5 nm, it will become one of the most promising directions for magnetism research. 

One simple self-assembly approach, i.e. nanosphere lithography, is introduced to 
control the placement of the Si layers on top of the nanospheres. This technique is an 
effective method of growing large area and well ordered arrays. With the aid of nano-
sphere lithography, a closely-packed, hexagonal array can be easily formed, in which 
triangular voids exist among any three nanospheres that are in physical contact with 
each other. When a Si layer is deposited on the substrate, many hemispherical Si 
nanocaps which nicely mimic the shapes of the nanospheres underneath are expected 
to form due to the masking effect. Part of the Si flux may penetrate through the voids 
and accumulate on the surface of the underlying substrate. It is worth noting that the 
masking effect normally decreases with the size of the nanospheres, thus the evapo-
rated Si flux cannot easily pass through the increasingly ultrasmall triangular voids. 
As a result, the Si flux would seal off the voids and, further, coalescence to form 
a continuous film on top of the template. 

2. Experimental 

In this experiment, glass beads of four sizes (i.e., 10, 20, 50, and 100 nm in diame-
ters) are obtained, which were diluted in a solution of surfactant Triton (Aldrich) and 
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well-mixed with isopropanol (1:1000 for small glass beads and 1:600 for large glass 
beads; ratio by volume). To make contaminant-free samples, the clearing procedure is 
strictly observed. Si substrates (7×7×0.5 mm3) are first cleaned by the Piranha method. 
This cleaning process can remove organic and certain metal contaminants, and result 
in a hydrophilic surface. To degrease the surface of the substrate, solvent-based clean-
ing, with sequences of acetone, methanol and deionized water were used, each soni-
cated for 30 min. Solution was dipped and then spin-coated on Si substrate below 
500 rpm (Chemat Tech., KW-4 A). High-purity intrinsic Si (99.9999%) is obtained as 
the deposition source. Si layers of various thicknesses (i.e., 1, 2, 3, 5, and 10 nm) were 
chosen to carry out thermal deposition onto various glass bead templates. A low depo-
sition rate (0.1 nm/min) was selected during the evaporation process, which was per-
formed under the pressures of 1×10–7 Torr. Energy dispersive spectroscopy (EDS) was 
used to investigate the impurities. Within the detection limit (0.1%) of EDS, neither 
intact Si targets (bulk form) nor deposited samples (layer form) indicate the presence 
of magnetic contaminants. The magnetization measurements of the samples were car-
ried out by using a vibrating sample magnetometer (VSM) at room temperature. Both 
atomic force microscopy (AFM) and field emission scanning electron microscopy 
(FESEM) were chosen to investigate the morphological evolutions of the Si samples. 

3. Results and discussion 

Based on the above, a scheme is proposed: self-assembled glass beads covered with Si 
layers of various thicknesses are introduced, as schematically shown in Fig. 1a. If the  
 

 

Fig. 1. An illustrative scheme of Si deposition characterized by thick and thin fluxes onto a glass bead 
arrays (a) and a simplified scheme introducing an ideal nano-scale ferromagnetic system of Si (b) 
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deposited Si layer is thick enough, all forms of the glass beads will be wrapped by Si. In 
this case, good hysteresis loops are not expected to occur, because a substantial quantity of 
Si in the initial deposition layer becomes transferred to the film. On the other hand, for 
light deposition, appropriate hemispherical nanocaps are expected to form. We suggest 
that when the Si nanocaps are sufficiently small, degenerated energy levels split into dis-
crete levels as a consequence of the quantum confinement effects. At such ultra- 
small dimensions, unpaired spins are likely to contribute to the magnetic moments, which 
interact with neighbouring counterparts through the tunnelling effect and then initiate the 
quantum ferromagnetism. However, in the extreme case (i.e., the 10 nm glass bead array), 
we recall that if the voids are too small, they may extensively block the penetration of the 
Si flux, due to the fading of the masking effect. Many enlarged nanocaps are expected to 
form all over the template and effectively degrade ferromagnetism. Therefore, on the con-
trary, they may not necessarily show the largest magnetizations. Yet on top of the large 
glass beads (e.g., 100 nm in diameter), thin but larger nanocaps are not expected to display 
strong ferromagnetism either, for both the enlarged nanocaps (far beyond aβ) and the voids 
may seriously impair the quantum confinement effects. In Figure 1b, a schematic diagram 
illustrates the discrete energy bands that are involved, confined energy barriers, unpaired 
spins, and so forth, in an ideal nanoscale Si system (i.e., a template comprised of small 
uniform glass beads and thin Si nanocaps). 

 
Fig. 2. Room temperature magnetization loops (per unit volume) vs. external magnetic field of:  
a) 10 nm, b) 20 nm, c) 50 nm, and d) 100 nm glass bead arrays deposited with various Si layers 
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Figure 2 shows the room temperature magnetization loops (per unit volume) vs. 
the external magnetic fields of the samples (i.e., 10, 20, 50, and 100 nm glass bead 
arrays deposited with various Si layers) without the diamagnetic contribution of the 
substrate. We find that in Figs. 2a, b, the 10 nm and 20 nm glass bead templates de-
posited with various Si layers show ferromagnetic hysteresis loops with amazing regu-
larities. As the deposited Si layer increases from 1 to 5 nm, the saturation magnetiza-
tion consistently decreases from the maximum value down to null. The highest 
magnetization (~750 emu/cm3) was found in the 20 nm glass bead array on which was 
deposited an ultra-thin 1 nm Si layer. The insets show the magnification of the hys-
teresis loops of the 10 nm and 20 nm templates, each of which were deposited, at low 
field strength, with 1, 2, and 3 nm Si layers. However, if the glass bead arrays are 
large (i.e., 50 nm or 100 nm in diameter), then diamagnetism always occurs, regard-
less of the thickness of the Si layer deposited on the surfaces of the beads, as shown in 
Figs. 2c,d. We found no significant magnetic signals with such samples. 

For a clear description, we take two representative arrays, i.e. 20 nm and 100 nm 
glass bead arrays. Si layers of various thicknesses were deposited on each of these 
types of arrays to illustrate the comparative performance in ferromagnetism. The for-
mer type of array is selected for its better quantum confinement mechanism in mag-
netic presentations, whereas the latter is chosen because its dimension is far greater 
than aβ and because it exhibits the worst magnetization. By using FESEM, we care-
fully investigate the morphological evolutions of the samples. In Figure 3a, which 
shows the micrograph of a 20 nm bead array deposited with 1 nm Si, we can directly 
observe that these nanocaps, lying on top of the glass beads, have good shapes. When 
these nanocaps are close enough to each other, room temperature ferromagnetism 
occurs. However, due to weak communications (i.e., tunnelling effects) among these 
unpaired spins, the squareness of the hysteresis loop cannot be broadened dramati-
cally. In Figure 3b, the fuzzy junctions among the glass beads can barely be observed 
for 2 nm Si coverings upon the template. The magnetization was found to be reduced 
to 300 emu/cm3. Yet as the thickness of the Si layer increases to 3 nm, apparent junc-
tions emerged in the vicinity of the nanocaps, as shown in Fig. 3c. Correspondingly, 
poor magnetization (ca. 140 emu/cm3) arises at this stage, which implies that the pres-
ence of homogeneous Si junctions does not enhance ferromagnetism, but spoils it. In 
Figure 3d, when the Si layer increases to 5 nm, we can see a clear continuous film 
formed on top of the template. The magnetization undoubtedly drops to null. Simi-
larly, in Fig. 3e, when the Si layer increases to 10 nm, we get the same diamagnetic 
result as that which occurs with the 5 nm Si layer. No hysteresis loops can be detected, 
just as expected. The drops in the saturation magnetizations basically comply with the 
increasing thickness of the nanocaps, for layer thicknesses below 5 nm. Once the 
nanocaps thicken to 5 nm or above, they immediately lose all their ferromagnetism. 

For the largest glass bead arrays (i.e., 100 nm in diameter), Figs. 3f, g show the 
micrographs, barely visible, of the 1 nm and 2 nm Si nanocaps on top of the templates, 
respectively. Likewise, as the thickness increases to 3 nm, fuzzy junctions with  
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Fig. 3. Cross-sectional FESEM micrographs of various Si layers on 20 nm glass  
bead arrays (a)–(e), and on 100 nm glass bead arrays (f)–(j) 
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nanocaps gradually appear, as shown in Fig. 3h. For thicker depositions (i.e., 5 nm and 
above), Figs. 3i, j illustrate the tendency of the Si flux to form coalescent nanocaps on 
the templates. Unfortunately, they are all diamagnetic. None of them exhibit the 
slightest ferromagnetism, due to thick coverings (thicknesses far greater than aβ) on 
the beads and the prevalence of large voids on the substrate. They dynamically prevent 
the moment coupling, leading to null magnetism. Therefore, neither 1 nor 10 nm lay-
ers of Si deposited on the 100 nm glass bead arrays result in measurable magnetism. 

Fig. 4. Cross-sectional FESEM micrograph of 1 nm Si 
deposited on top of a 10 nm glass bead array  

Initially, we expect to observe stronger magnetism in the 10 nm glass bead array 
deposited with thin nanocaps than that of its counterpart, i.e. the 20 nm glass bead 
array. But this does not happen at all. Upon re-examining the samples, we find that the 
10 nm glass bead array deposited with a 1 nm Si layer suffers a coalescence problem, 
as shown in Fig. 4. Ties and junctions can be clearly seen on top of the beads. The 
fading of the masking effect helps in the formation of larger nanocaps, resulting in 
extensive magnetic degradation. On the other hand, the 20 nm glass bead template can 
induce the formation of many isolated, uniformly-distributed nanocaps. We hardly see 
any serious coalescence in the latter case, unless a thick Si layer redistributes itself. 
We speculate that if the voids are a suitable size, this will help Si flux to penetrate 
through without detrimental seal-off. Therefore, the magnetizations of the 10 nm glass 
bead arrays, whether they are deposited with 1, 2, or 3 nm thick layers of Si, are al-
ways inferior to those of the 20 nm glass bead arrays. 

In view of the fact that the thin 1 nm Si nanocaps on the 20 nm glass bead array 
result in the largest saturation magnetization, we therefore claim that Si nanocaps can 
exhibit room temperature ferromagnetism provided that the optimum glass beads, with 
appropriately thin Si coverings, are in mutual contact. However, if the size of the glass 
beads increases above 50 nm and/or if the Si layer thickens above 5 nm, the magneti-
zation quickly decreases to background levels (diamagnetism). This can be attributed 
to the following causes. Firstly, the dimension of the thin nanocaps having Si deposi-
tion layers of 1 or 2 nm thick, and lying on top of the 50 nm (or 100 nm) glass beads, 
far exceeds the quantum confinement edge (ca. 5 nm). Moreover, the long centre-to-
centre distance of the beads and the prevalence of the large voids prohibit the occur-
rence of the exchange interactions, thereby leading to the smallest level of magnetization. 
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Secondly, a thick layer (e.g., 5 nm or 10 nm) deposited on any template will eventually 
transform into continuous film. A 5 nm thick Si layer is too thick to form isolated, quan-
tum-sized nanocaps on top of the beads, regardless of the bead size (see Figs. 3d, i). AFM 
micrographs support this finding, as shown in Fig. 5. Significant coalescence (i.e., 5 nm 
Si) can be clearly observed on both the 20 nm glass bead array (Fig. 5a) as well as on the 
100 nm glass bead array (Fig. 5b). This implies that thick Si layers always induce the least, 
or negligible, ferromagnetism. We suggest that the missing quantum confinement effects 
are responsible for the great loss of the induced ferromagnetism. 

 

Fig. 5. AFM micrographs of (a) the 20 nm glass bead array and (b)  
the 100 nm glass bead array deposited with 5 nm Si, respectively 

Magnetic impurities are always present, even though considerable precautions 
have been taken to preclude contaminants that might contribute to magnetic interfer-
ence. However, impurities can be ruled out by considering the following facts: (1) the 
evidence of EDS examinations; (2) theoretical assessment [9]. For example, if there 
were a large amount of magnetic impurities of ca. 500 ppm (0.05%) in the samples, 
the maximum saturation magnetization per unit volume would be expected to be 
ca. 0.5 emu/cm3, which is much smaller than the actual magnetization measurements 
of this study; (3) linear increment of the thickness of Si layer accompanies a corre-
sponding decrement in the saturation magnetization. If significant magnetic impurities 
had been present, we would have measured ascending levels of magnetization corre-
sponding to the increment in the layer thickness; and (4) all magnetic samples exhib-
ited a spontaneous and continuous decay in magnetization strength when they were 
left to stand alone for a period of time. However, magnetic contaminants should main-
tain stable magnetism on the host material, unless an effective purge was carried out. 

4. Conclusions 
Based on self-assembly techniques, glass bead arrays deposited with Si layers of 

various thicknesses (i.e., 1–10 nm) were investigated. The 10 nm and 20 nm glass 
bead arrays having Si deposition layers of various thicknesses induce ferromagnetic hys-
teresis loops with remarkable regularities. Maximum magnetization (ca. 750 emu/cm3) 
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was found in the 20 nm glass bead array deposited with an ultrathin 1 nm Si layer. 
Regularity in saturation magnetizations confirms that the ferromagnetic-like Si nano-
caps heavily depend on both the size of the glass beads as well as on the thickness of 
the Si layers. Quantum confinement on excitons in variously sized Si nanocaps has 
been proposed as the most reasonable explanation for the quantum ferromagnetism. 
The experimental results support the view that the quantum confinement mechanism 
helps to promote unpaired electrons which interact with neighbouring counterparts 
through the tunnelling effect, and then initiate the quantum ferromagnetism. However, 
the squareness of the hysteresis loops cannot be arbitrarily broadened, due to weak 
interactions among these unpaired spins. 

In this study, we provided evidence for soft ferromagnetic behaviour in Si nano-
caps at room temperature. It has been suggested that very small Si nanocaps exhibit 
a localized magnetism, in contrast to the diamagnetism characteristic of bulk Si. The 
possibility of controlling the magnetization might open up a wide area of research on 
quantum ferromagnetism. Ferromagnetic nano-scale Si systems might possibly be 
utilized and exploited. 
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