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Abstract
The growth of ordered Mn layers on room temperature and liquid nitrogen cooled
Si(111)-1 × 1–Ho surfaces has been studied using scanning tunnelling microscopy. We have
shown for 4 ML (monolayers) of Mn grown on a cooled Si(111)-1 × 1–Ho surface that an
ordered Mn layer is produced without any, or with only limited, silicide formation. This surface
exhibits a (

√
3 × √

3)R30◦ low energy electron diffraction pattern. Significant variations in Mn
island sizes have also been seen on the Si(111)-1 × 1–Ho and Si(111)-7 × 7 surfaces for Mn
deposited at room temperature and at −180 ◦C.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years the growth of magnetic thin films on
semiconductor materials has received increased attention due
to their potential use in the growing field of spintronics. Much
of the focus has been on Fe silicide thin films with the silicides
of antiferromagnetic Mn receiving less attention. However,
although Mn is antiferromagnetic in its bulk state it has been
predicted to have a large magnetic moment in low dimensional
structures such as thin films or nanoclusters [1, 2]. This
large magnetic moment makes Mn and Mn silicides potential
materials for use in spintronics devices [3]. Mn silicides are
also used in the development of optoelectronic devices and
thermoelectric materials [4, 5].

Much of the work on Mn systems has dealt with
Mn nanoclusters and Mn silicide formation on the Si(111)
surface [3, 6–12]. For low Mn coverages (<0.5 monolayer
(ML)) deposited at room temperature (RT), Mn clusters have
been seen to form well-ordered arrays in the potential wells
of the faulted half of the unit cells of the Si(111)-7 × 7
surface [8, 10]. When annealed to around 350 ◦C these
nanoclusters can form near-complete layers of Mn silicide [7].
For coverages of <1 ML annealed at 250 ◦C a 1 × 1 low
energy electron diffraction (LEED) pattern is produced while
a (

√
3 × √

3)R30◦ LEED pattern is produced for coverages of
4–5 ML annealed at 350 ◦C [3, 7].

The growth of thin Mn metal layers on the Au(111),
Al(111) and Cu(111) surfaces has also been studied [13–15].
For low coverages (<4 ML) a 1 × 1 LEED pattern was
observed, with a (

√
3×√

3)R30◦ LEED pattern seen for higher

coverages (>4–6 ML). For the higher coverage on Al(111),
a morphology transition from fcc Mn into the cubic crystal
structure of Mn is suggested coinciding with the change in
LEED pattern [13].

The rare earth (RE) silicides have shown potential for
technological applications due to good epitaxial growth on
the Si(111) surface [16–18]. For 1 ML of RE deposited at
500 ◦C a Si(111)-1 × 1–Ho surface, or 2D Ho silicide, is
formed consisting of a single ML of RE atoms positioned
above T4 sites of the bulk-terminated Si(111) surface. Above
the RE layer sits a buckled bilayer of Si which is reverse
buckled with respect to the Si bulk [19, 20]. The presence
of the subsurface RE atoms passivates the surface Si leading
to a layer structurally similar to bulk-terminated Si. Good
epitaxial growth combined with a passive Si surface make the
RE silicides an ideal candidate to form a buffer layer between
the clean Si(111) surface and a Mn layer. The Si(111)-1 × 1–
Ho surface has been used for further growth in previous studies
but not as a buffer layer [21, 22]. A previous study which
used Au as a buffer layer to prevent Fe silicide formation
on a cooled Si(100) surface met with limited success [23].
Although only limited silicide formation at lower temperatures
was achieved, full silicide formation was triggered once the
temperature returned to RT.

In this work, the 2D Ho silicide layer is used as a buffer
layer to reduce the diffusion of Mn into the Si bulk and to
prevent any reaction between the deposited Mn and the surface
Si. Importantly, we have cooled samples with liquid nitrogen
during Mn deposition to reduce the mobility of the deposited
Mn atoms on the Si(111)-1 × 1–Ho surface. This cooling
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phase is shown to prevent large Mn island formation and also
contributes towards the prevention of initial reactions between
the Si bilayer and the deposited Mn. A short 1 min anneal
is used to demonstrate the effects of the temperature change
during the initial growth of Mn. Samples described as RT refer
to a room temperature deposit of Mn and cooled samples refer
to samples where Mn was deposited at −180 ◦C. The results of
Mn growth on the 2D Ho silicide and the Si(111)-7×7 surfaces
are compared under similar growth conditions.

2. Experimental details

Scanning tunnelling microscopy (STM) experiments were
performed in a RT Omicron Nanotechnology GmbH STM
system with a typical base pressure of 2 × 10−10 mbar. Si(111)
samples were cut from a lightly doped n-type wafer and were
outgassed for 15 h at 650 ◦C. Temperature measurements
were taken using an infrared pyrometer. The Si surface
was prepared by direct current heating at 1200 ◦C for 1 min
followed by a slow cool from 900 to 700 ◦C. LEED was used
to confirm the presence of a well-ordered 7 × 7 reconstruction
before 1 ML of Ho was deposited under reactive deposition
epitaxy (RDE) conditions at 500 ◦C (where a ML coverage
is defined as 7.88 × 1018 atoms m−2 for the Si(111)-1 × 1
surface). A further 10 min anneal at 500 ◦C and a 5 min anneal
at 300 ◦C were performed to allow a well-ordered Si(111)-
1 × 1–Ho surface to form. Although 500 ◦C is considered
to be the optimal silicide formation temperature, the lower
temperature of 300 ◦C reduces the lattice mismatch between
the silicon surface and the Si(111)-1 × 1–Ho layer producing
higher quality epitaxial growth [24]. Ho was deposited from
an evaporation source of our own design consisting of Ho
metal in a tantalum boat. This source was calibrated using
a quartz crystal microbalance. The formation and quality of
the Si(111)-1 × 1–Ho surface was checked by LEED and
scanning tunnelling microscopy (STM). LEED was used to
confirm a sharp 1 × 1 pattern and STM for the presence of
large (40 nm×40 nm) defect free regions of Si(111)-1×1–Ho.
Mn was deposited from a Knudsen cell for a short (5–10 min)
period on to either RT or cooled 2D Ho silicide. For cooled
samples, once the Si(111)-1×1–Ho surface was formed, liquid
nitrogen was used to cool to a temperature of −180 ◦C. The
short deposit time was used to prevent excess heating of the
cooled sample and manipulator by the Knudsen cell. Once
the Mn was deposited some samples were annealed at 300 ◦C
for 1 min and allowed to cool to RT before scanning in the
STM. Samples which were not annealed were scanned whilst
still cool. For the RT Mn silicide sample, the clean Si(111)-
7 × 7 surface was allowed to cool to RT after the flash clean
followed by a short deposit (5–10 min) of Mn followed by an
anneal at either 300 ◦C for 1 min or 350 ◦C for 15 min. For
the cooled Mn on Si samples, the Si(111)-7 × 7 surface was
cooled to −180 ◦C using liquid nitrogen before Mn deposition.
Samples were scanned with STM directly following cooling to
ensure they were imaged prior to any annealing effects which
might result from the return to RT. Cooling was not available
during scanning, but images can be considered to have been
taken with the sample above the −180 ◦C deposit temperature
but below RT.

3. Results and discussion

Firstly, we will compare the growth of Mn on the RT Si(111)-
7 × 7 and Si(111)-1 × 1–Ho surfaces to demonstrate the
effectiveness of the 2D Ho silicide as a buffer layer. Secondly,
the influence of cooling during Mn deposition on the Si(111)-
1 × 1–Ho and Si(111)-7 × 7 surfaces and the subsequent
formation of an ordered Mn layer following an anneal on the
Si(111)-1 × 1–Ho surface will be presented.

3.1. The Si(111)-1 × 1–Ho surface as an effective buffer layer
for RT growth

A comparison of figures 1(a)–(c) illustrates the effectiveness of
the RT Si(111)-1 × 1–Ho surface as a buffer layer. Figure 1(a)
shows a clean Si(111)-1 × 1–Ho surface. A step edge can be
seen through the centre of the image and incomplete regions
of the 2D Ho silicide can be seen as dark regions. Islands
of 3D Ho silicide appear bright in the image and are due to
a slight over deposit during sample preparation. Some double-
tip effects can be seen on these islands.

Mn deposited onto this surface at RT and annealed at
300 ◦C for 1 min results in a weak (1 × 1) LEED pattern
and STM images (figure 1(b)) of the surface that show islands
on a surface which is observed to be largely unchanged from
that of the clean 2D Ho silicide surface in figure 1(a). It
is likely, and demonstrated in table 2, that the anneal will
have accelerated the Ostwald ripening process and may have
increased the surface diffusion of very small clusters of Mn.
This allows areas of the 2D Ho silicide surface previously
covered by Mn to become visible, yet there is little evidence of
extensive damage to the 2D Ho silicide surface by the removal
of surface Si atoms to form Mn silicide, a strong indication
that the 2D Ho silicide layer has acted as an effective barrier.
This is likely due to a number of related factors: (i) the much
reduced depth of potential wells in the surface, i.e. (1 × 1)
nature compared to the 7 × 7, means there is significantly less
opportunity for Mn atoms to become trapped in these wells and
react with Si to form Mn silicide; (ii) the subsurface RE layer
provides an effective physical barrier for Mn diffusion into the
subsurface silicon region again reducing the opportunity for
Mn silicide formation, and, (iii) the passivated nature of the
surface Si layer of the 2D silicide has appreciably reduced
the reaction of deposited Mn atoms with the Si atoms in this
topmost layer, even at step edges which are often an easy
source of Si atoms. This evidence strongly suggests that the
islands seen in figure 1(b) are likely to be composed of Mn
rather than Mn silicide.

Figure 1(c) shows 2 ML of Mn deposited on to RT
Si(111)-7 × 7 followed by an extensive anneal at 350 ◦C for
15 min. This surface showed a strong 1 ×1 LEED pattern with
hints of (

√
3 × √

3)R30◦ fractional spots. A dark, lower level
terrace can be seen in the Si surface where Si has been removed
during silicide formation. This disorder to the Si surface has
been seen in other Mn silicide studies where the Si surrounding
islands has been removed to form the silicide [3, 7, 9].

A similar extensive anneal of 2 ML of Mn on Si(111)-
1 × 1–Ho is shown in figure 1(d). This surface showed a 1 × 1
LEED pattern with poor contrast but without any evidence of
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(a) (b)

(c) (d)

Figure 1. STM image of (a) the Si(111)-1 × 1–Ho surface, 300 nm × 300 nm, 2 V, 2 nA. (b) 2 ML of Mn deposited onto a RT
Si(111)-1 × 1–Ho surface followed by a 1 min anneal at 300 ◦C, 300 nm × 280 nm, 1.7 V, 2 nA. (c) 2 ML of Mn deposited at RT on
Si(111)-7 × 7 annealed at 350 ◦C for 15 min, 300 nm × 300 nm, 1.8 V, 1.5 nA. (d) 2 ML of Mn deposited onto RT Si(111)-1 × 1–Ho surface
followed by a 15 min anneal at 350 ◦C, 300 nm × 300 nm, −1.8 V, 1.5 nA.

(
√

3×√
3)R30◦ fractional spots. It is clear from figure 1(d) that

there is a substantial increase in the defects in the Si(111)-1 ×
1–Ho surface compared with the 1 min anneal. This increase is
indicative of the removal of Si atoms from the surface bilayer
of the 2D Ho silicide to form Mn silicide islands. However, the
formation of Mn silicide is not as extensive as in the case of
Mn on clean Si figure 1(c). Even for the simple MnSi phase,
2 ML of Si would be needed for complete silicide formation.
Removal of 2 ML of silicon from the Si(111)-1×1–Ho surface
would result in complete destruction of the surface Si bilayer.
In addition, no (

√
3×√

3)R30◦ fractional spots were observed
in the 2D Ho silicide case, which further indicates that less Mn
silicide formation has occurred.

3.2. The effect of cooling on the initial growth of Mn on the
Si(111)-7 × 7 and Si(111)-1 × 1–Ho surfaces

3.2.1. Initial Mn growth on the Si(111)-7 × 7 surface. It is
expected that the temperature of the substrate during deposition
of Mn onto the Si(111)-7 × 7 surface will play an important
role in the quality and morphology of the Mn growth. Figure 2
shows a comparison of Mn on Si(111)-7 × 7 deposited at RT
and −180 ◦C, in both cases followed by a short, 1 min anneal.
This short anneal was used to allow comparison with growth

on the 2D Ho silicide surface where it is demonstrated that the
short anneal is an important feature. For the cooled surface, the
growth of Mn shows some differences to that on the RT surface.
The reduced mobility of the Mn on the cooled surface during
growth has clearly influenced the island formation after the
short anneal. The island shapes are noticeably more irregular
in shape and tend to be of greater height and smaller area
compared to the RT growth. This results in a lower coverage
of the surface area by islands for the cooled surface. This
difference in morphology may be the result of the expected
reduction in the initial formation of Mn silicide when Mn
is deposited onto the cooled Si surface, and demonstrates
that cooling during growth can influence the morphology of
overlayer growth even after a short anneal to 350 ◦C.

3.2.2. Initial Mn growth on the Si(111)-1 × 1–Ho surface.
Figure 3(a) shows an STM image of 2 ML of Mn deposited
onto a RT Si(111)-1 × 1–Ho surface with no anneal. This
surface shows a 1 × 1 LEED pattern. Mn islands can be seen
above the Si(111)-1 × 1–Ho surface layer and appear as bright
islands in this image. Large flat regions of the Si(111)-1 × 1–
Ho surface can be seen with an irregular shaped defect towards
the top left of the image. This defect is likely to be a result
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(a) (b)

Figure 2. STM images of 2 ML of Mn deposited on to a Si(111)-7 × 7 surface followed by a 1 min anneal at 350 ◦C. (a) Deposit at RT,
300 nm × 300 nm, 1.7 V, 2 nA (b) deposit at −180 ◦C, 300 nm × 300 nm, 1.7 V, 2 nA. Table 1 shows an island size and coverage analysis of
these images.

(a) (b)

Figure 3. STM images of 2 ML of Mn deposited on to a Si(111)-1 × 1–Ho surface at (a) RT, 50 nm × 50 nm, 1.8 V, 2 nA. (b) Cooled at
−180 ◦C, 60 nm × 55 nm, 2 V, 2 nA. Due to scanning directly after cooling some drift can be seen in image (b). Table 2 shows an island size
and coverage analysis of these images.

Table 1. Island characteristics for Mn deposited on to the RT
(figure 2(a)) and cooled (figure 2(b)) Si(111)-7 × 7 surface followed
by a 1 min anneal at 350 ◦C.

Growth condition

Island feature RT + anneal Cooled + anneal

Average area (nm2) 28.19 ± 1.47 21.66 ± 2.61
Average height (nm) 0.74 ± 0.19 1.32 ± 0.21
Average diametera (nm) 4.7 ± 1.3 4.6 ± 2.0
Surface coverage (%) 81.4 ± 2.4 50.5 ± 3.8

a Diameter measured as furthest two points on an island.
Values calculated using the ImageJ software [25].

of strain relief caused by the lattice mismatch between Si(111)
and the Si(111)-1 × 1–Ho surface. The Mn islands tend to
form a uniform distribution over the surface with roughly equal
sizes and with no apparent attraction to step edges or defects in
the Si(111)-1 × 1–Ho layer. Neither is there a preference for
where the Mn islands form although some ordering can be seen
centrally towards the bottom of the image. All of the visible

Si(111)-1×1–Ho surface appears still intact suggesting the Mn
has not reacted with the silicon bilayer of the Si(111)-1×1–Ho
surface. This is consistent with the passivation of the Si(111)-
1 × 1–Ho surface by the subsurface Ho atoms as described
earlier, leaving Mn atoms unable to react with the Si bilayer.

Figure 3(b) shows an STM image of 2 ML Mn deposited
on the Si(111)-1 × 1–Ho surface cooled at −180 ◦C. This
surface exhibited a weak 1 × 1 LEED pattern at low
temperature. The flat Si(111)-1 × 1–Ho surface can again be
seen with some defects visible. An island of 3D Ho silicide
growth can be seen towards the right of the image (arrow a).
A step edge is present near the top of the image (arrow b)
and small dark irregular shaped defects (arrow c) can also be
seen over the image. This 3D region (10 nm × 10 nm) is due
to a slight over deposit of Ho during sample preparation and
does not appear to affect the Mn island growth. Mn deposited
on to a cooled Si(111)-1 × 1–Ho surface behaves differently
compared to the RT Si(111)-1 × 1–Ho surface deposit. The
cooled surface exhibits a higher number of islands which are
significantly smaller in size. As with the RT surface, islands
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Table 2. Island characteristics for 2 ML Mn deposited on to RT (figure 3(a)) and cooled (figure 3(b)) Si(111)-1 × 1–Ho surface before and
after a 1 min anneal at 300 ◦C. Values were calculated using the ImageJ software. Note: the temperature and temperature + annealed values
were not taken from the same samples so some variation in deposited coverages could be present.

Growth condition

Island feature RT RT + anneal Cooled Cooled + anneal

Average area (nm2) 3.15 ± 0.09 26.55 ± 1.92 0.43 ± 0.01 42.8 ± 1.95
Average height (nm) 2.77 ± 0.08 0.78 ± 0.05 1.67 ± 0.05 0.61 ± 0.04
Average diameter (nm) 2.10 ± 0.05 4.9 ± 0.19 0.74 ± 0.02 7.6 ± 0.34
Surface coverage (%) 45.5 ± 2.4 32.2 ± 0.9 83.6 ± 6.7 68.1 ± 2.2

are generally uniform in dispersion and size with no obvious
attraction to defects or features in the surface. The mobility
of the Mn atoms on this surface is noticeably decreased by
the cooling. This reduction of mobility suppresses Ostwald
ripening during deposition leading to a large number of smaller
Mn islands forming which results in a more complete coverage
of Mn.

Mn deposited onto this surface and annealed at 300 ◦C for
1 min results in Mn islands sitting above a relatively unchanged
Si(111)-1 × 1–Ho surface (figure 1(b)) and a slightly weaker
1 × 1 LEED pattern as previously discussed in section 3.1.

Table 2 shows the characteristics of Mn islands when
grown on the RT and cooled Si(111)-1 × 1–Ho surfaces. With
no subsequent anneal the islands on the RT Si(111)-1 × 1–
Ho surface have larger surface areas and higher relative island
heights when compared to the cooled surface. The reduced
mobility is most apparent in the surface coverage percentage
value. The RT surface, where atoms are free to form larger,
higher islands, has only a 45.5% island coverage compared to
83.6% for the cooled surface. This result emphasizes the effect
of cooling on Mn mobility during island growth.

In both the RT and cooled systems the 2D Ho silicide layer
plays an important role in preventing Mn silicide formation by
acting as a barrier between the Mn and the reactive bulk silicon.
Although the Si(111)-1 × 1–Ho surface is terminated with a
buckled silicon bilayer, similar in structure to bulk Si, it has a
reduced reactivity due to passivation of the Si dangling bond
by the Ho layer below.

3.2.3. Initial Mn growth on the Si(111)-1 × 1–Ho surface after
annealing. Significant differences are seen when annealing
2 ML of Mn deposited on to the RT and cooled Si(111)-1 × 1–
Ho surfaces. Figure 4(a) shows an STM image of 2 ML
of Mn deposited on to a cooled Si(111)-1 × 1–Ho surface
followed by an anneal at 300 ◦C for 1 min. Again, a short
1 min anneal is used to show the initial Mn growth before
an equilibrium is reached. The island morphology of the
cooled sample is noticeably different when compared to the
RT sample (figure 1(b)). Mn islands have much larger areas
and lower height, resulting in a higher surface coverage of Mn
islands. On annealing, the mobility of small Mn islands on
the cooled surface increases but they are surrounded by many
more near-neighbour islands suppressing long range mobility.
The Ostwald ripening effect leads to larger island formation
resulting in a more complete layer of Mn. A full comparison
of these island characteristics can be seen in table 2.

Marked differences in Mn island sizes are seen when
comparing growth on the cooled Si(111)-7 × 7 and cooled
Si(111)-1 × 1–Ho surfaces. As mentioned above, the Si(111)-
7 × 7 surface contains potential wells in the faulted half of
the unit cells of the Si(111)-7 × 7 surface resulting in Mn
clusters formed in well-ordered arrays [8, 10]. The surface
potential wells cause Mn atoms to have a higher relative
mobility in the bulk compared to the surface encouraging
Mn silicide formation [11]. Mn deposited on to a cooled
Si(111)-7 × 7 surface has a reduced mobility suppressing Mn
cluster formation in the potential wells and instead a uniform
distribution of Mn is formed over the surface. When annealed,
Mn silicide will form but with smaller more irregular islands.
Mn mobility on the Si(111)-7 × 7 surface is dominated by
the surface potential wells with the cooling only having a
small effect. In contrast, the Si(111)-1 × 1–Ho surface does
not contain any potential wells; Mn deposited on to this
cooled surface will also produce a uniform distribution over the
surface due to a reduced mobility. Here the cooling has a much
greater effect and when annealed this uniform distribution will
reduce the long distance mobility of the Mn causing interaction
predominately with near-neighbour atoms. This results in large
Mn island formation which potentially could form a complete
layer for higher Mn coverages. By using cooling during Mn
deposition on to the Si(111)-7 × 7 surface smaller silicide
islands are produced following an anneal. In contrast, when
cooling is used during deposition on to the Si(111)-1 × 1–Ho
surface large Mn islands are formed after an anneal leading to
the layer growth seen in figure 4(b).

3.2.4. The formation of the (
√

3 × √
3)R30◦ reconstruction

for 4 ML Mn coverage. Figures 4(b)–(d) show STM images
of a higher 4 ML coverage of Mn deposited on to a cooled
Si(111)-1×1–Ho surface followed by a 1 min anneal at 300 ◦C.
Island sizes on the Si(111)-1 × 1–Ho surface are clearly much
larger than the cooled 2 ML sample (figure 4(a)) with almost
no Si(111)-1 × 1–Ho surface visible below the Mn island
layers. As seen in the cooled 2 ML sample (figure 4(a)),
Mn islands are not attracted to defects in the Si(111)-1 × 1–
Ho surface, leading to additional Mn layers being constructed
instead of a complete first layer. A defect free Si(111)-1 × 1–
Ho surface could potentially lead to a complete, defect free
Mn layer growth. Similarly to the 2 ML Mn surface, where
the unchanged Si(111)-1 × 1–Ho surface could be seen in
between the Mn islands, the Si(111)-1 × 1–Ho surface is
thought to have remained intact below the 4 ML Mn layer.
Once annealed this surface displayed a (

√
3×√

3)R30◦ LEED
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(a) (b)

(c) (d)

Figure 4. STM images of (a) 2 ML of Mn deposited on to the cooled Si(111)-1 × 1–Ho surface followed by a 1 min anneal at 300 ◦C,
300 nm × 280 nm, 1 V, 1 nA. (b)–(d) 4 ML of Mn deposited on to the cooled Si(111)-1 × 1–Ho surface followed by an 1 min anneal at
300 ◦C. (b) 200 nm × 196 nm 2 V, 1 nA. (c) 20 nm × 20 nm, −2 V, 3 nA. (d) 8 nm × 8 nm, −2 V, 3 nA.

Table 3. Summary of the crystal properties of the main bulk phases of Mn [29].

Phase α β γ δ

Formation temperature (◦C) below 800 800–1100 1100–1410 1410–1445
Related structure bcca sc fcc bcc
Atoms per cell 58 20 4 2
Cell length (Å) 8.894 6.30 3.774 3.081
Av. atomic separation (Å) 2.24–3.00 2.36–2.67 2.67 2.67

a Structurally similar to bcc but with atomic position distorted to accommodate 4
extra Mn atoms.

pattern similar to the Mn layers grown on metal (111) surfaces
and to Mn silicide. As with Mn on the RT surface, there is
no evidence of a reaction between the surface Si bilayer and
the Mn islands. Mn islands tend not to form around the Si-
rich defects in the Si(111)-1 × 1–Ho surface once annealed.
Again, this leads us to believe islands consist of only Mn
with no, or little, Si involved. Cooling the Si(111)-1 × 1–Ho
surface during Mn deposition suppresses the effect of Ostwald
ripening, increasing the formation of small Mn islands. This
stage has proved vital in the production of what we believe to
be epitaxial Mn layer growth.

3.2.5. Mn layer structure. Figures 4(c) and (d) show high
magnification images of the Mn island surface shown in
figure 4(b). A clear 2D hexagonal unit cell structure can be

seen in the Mn layer surface. Of all the elements, Mn displays
the most complex bulk structures. Table 3 summarizes the
crystal properties of the four main Mn bulk phases. The lower
temperature alpha phase contains 58 atoms/unit cube. Despite
this complexity the structure is similar to bcc with atomic
positions altered for the addition of 4 extra Mn atoms. The
second low temperature growth phase, β , contains 20 atoms
and is paramagnetic. The high complexity of the α and β bulk
phases of Mn create difficulties when fitting to the Si(111)-
1 × 1 surface. At higher temperatures, the unit cells of bulk
Mn are smaller, with a phase transition to fcc at 1100 ◦C and
then bcc at 1410 ◦C. Although these phases are present at high
temperatures in bulk Mn, previous studies have suggested it is
possible to grow these simpler phases in thin films [26]. Mn
phases which are not present in the bulk have also been seen,

6
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such as the expanded hexagonal phase for low coverages and
metastable Mn films grown on GaAs(001) where fcc films were
produced with lattice parameters of 0.362 nm [27, 28]. None
of the hexagonal planes of the main bulk Mn phases have an
acceptable lattice match to the

√
3 distance of the Si(111)-1 ×

1–Ho surface, 6.65 Å. The visible hexagonal termination also
offers the possibility of a hexagonal or hexagonal close packed
structure (hcp) with nearest-neighbour distance comparable to
those in table 3.

4. Summary

The growth of an ordered Mn layer on a cooled Si(111)-1 × 1–
Ho surface has been studied using STM. The key finding has
shown it is possible to suppress Mn silicide formation during
both Mn deposition and annealing, resulting in the formation of
an ordered Mn layer. The suppression of the formation of Mn
silicide was achieved by two methods. Firstly, a 2D Ho silicide
layer was used as a buffer layer to suppress interaction between
the Mn and the Si(111) substrate. Secondly, the Si(111)-1×1–
Ho surface was cooled using liquid nitrogen −180 ◦C which
reduces the initial Mn–Si reaction and reduces the mobility of
the Mn atoms. Reducing the mobility of the deposited Mn
atoms reduces large island formation instead forming a near
uniform distribution of Mn over the surface. After a short 1 min
anneal at 300 ◦C an ordered (

√
3 × √

3)R30◦ LEED pattern is
observed with STM images displaying a layered growth with
a hexagonal structure in the case of the 4 ML deposit. Further
work is currently being carried out to determine the structure
of the ordered Mn layer on the Si(111)-1 × 1–Ho surface. The
cooling has been seen to be much more effective at reducing
the mobility on the Si(111)-1 × 1–Ho surface compared to the
Si(111)-7×7 surface, due to the absence on the potential wells
on the Si(111)-1 × 1–Ho surface. This has led to significant
differences in the growth of Mn islands on the Si(111)-1 × 1–
Ho and Si(111)-7×7 surfaces when deposited at RT and cooled
conditions. The cooled Si(111)-1×1–Ho surface has been seen
to be a good surface for the growth of ordered Mn layers on a
Si surface. This system could potentially lead to the growth
of ordered magnetic metal layers on Si, particularly interesting
for the development of spintronic devices.
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