
Phase selection in the rare earth silicides

C. Eames, M. Reakes, and S. P. Tear*
Department of Physics, University of York, York YO10 5DD, United Kingdom

T. C. Q. Noakes and P. Bailey
STFC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom

�Received 28 June 2010; revised manuscript received 28 August 2010; published 15 November 2010�

The rare earth silicides form islands with a tetragonal or a hexagonal structure that coexist when grown on
the Si�100� surface. We show using medium energy ion scattering that it is possible to selectively grow one of
these as a pure phase by controlling the mobility of the rare earth atoms as they are deposited. When dyspro-
sium, holmium, and erbium are deposited onto a liquid nitrogen cooled substrate the hexagonal structural phase
is formed after annealing. When erbium and holmium are deposited onto a hot substrate only the tetragonal
phase results. For dysprosium silicide growth under conditions of high mobility causes approximately equal
numbers of hexagonal and tetragonal islands to form. The system offers a means to obtain fine control over
physical properties such as the Schottky barrier height.
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In nanoscience the top down approach uses macroscopic
physical properties to influence structure and properties on
the nanoscale. The substrate temperature is one of the prin-
cipal means of controlling the structural phase that is formed.
In a situation where there are multiple closely related phases
one often finds that these coexist and that we can only vary
the relative amounts of material in each phase. To obtain a
pure phase in such a case one must look to a means of top
down control other than the growth/anneal temperature.

The rare earth silicides are an example of such a binary
phase system. They exist in a tetragonal or a hexagonal
structural phase when grown on Si�100�.1–12 Two island mor-
phologies are observed; either highly elongated or almost
square. The precise morphology obtained depends on the
rare earth metal used and the growth temperature but in most
cases both island morphologies �and both structural phases�
can be seen to coexist on the same surface. Anisotropic lat-
tice matching to the substrate has been suggested as a mecha-
nism to drive the growth of the highly elongated islands with
a good lattice match along the growth direction and a large
mismatch along the narrow width of the islands. Since the
hexagonal unit cell has a larger lattice matching anisotropy
than the tetragonal unit cell the elongated islands were as-
signed to the hexagonal structure and the square islands were
believed to be tetragonal. However, the picture is more com-
plex than previously suggested. It was recently found that the
elongated holmium silicide islands are in fact tetragonal.12

Ramírez et al.13 have shown that the diffusion barrier of
yttrium is 0.54 eV along the channels between the dimer
rows and 1.24 eV across the dimer rows. The implication is
that the initial flow of material on the surface is highly an-
isotropic and mobility as a driving mechanism for the forma-
tion of the highly elongated islands must be considered.

One reason for the interest in rare earth silicides on silicon
is that the Schottky barrier height �SBH� is low14–16 which
makes thin rare earth layers ideal candidates as buffer layers
in, for example, spintronics.17,18 It has long been known that
in nickel silicide the SBH depends on the structural phase
and there is a SBH difference of 0.14 eV between a-NiSi and
b-NiSi.19 To control the SBH we first need to control the
structural phase. Having achieved this control one might be

able to fine tune the barrier height by use of a specific rare
earth metal.

At low coverage rare earth silicide nanowires form.20

These are a few tens of angstrom in width and can grow up
to a micron in length and anisotropic lattice matching is
again the suggested driving force for growth. To further com-
plicate matters, other low coverage low density periodic ar-
rays of rare earth metals have also been observed between
the nanowires.21–23 It is not yet clear whether these are a
precursor to nanowire growth or if this reconstruction exists
between the islands at higher coverage.

The system thus presents two different structural phases
�tetragonal and hexagonal�, two different island morpholo-
gies �square and elongated�, and two different mechanisms
for anisotropic growth �lattice matching and mobility�. To
exploit the specific properties of each structural phase some
means of top down control must be exerted other than the
annealing temperature. In this work we have used the mobil-
ity of the material during deposition as a control variable to

FIG. 1. Top view of the bulk terminated Si�100� surface show-
ing the two incident beam directions used in the MEIS experiments.
For the �110� geometry the polar angle with respect to the sample
normal was 45° and for the �111� geometry the polar angle was
54.74°.
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FIG. 2. �Color online� Scanning tunneling microscope images �2
V/2 nA� of holmium silicide islands grown under conditions of high
mobility �left� and low mobility �right�.

FIG. 3. Scanning electron microscope images of erbium silicide
islands grown under conditions of high mobility �left� and low mo-
bility �right� taken after MEIS characterization.
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FIG. 4. �Color online� MEIS blocking curves for dysprosium, holmium, and erbium silicide grown on Si�100� by liquid nitrogen cooling
the substrate prior to deposition. The left column shows data from the �110� scattering geometry and the right column from the �111�
geometry. In each case simulated blocking curves for the known bulk tetragonal and hexagonal phases have been fitted to the data. All three
rare earth elements form the hexagonal silicide phase under these growth conditions.
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influence the structural phase that results. We find that by
suppressing the initial mobility during deposition only the
hexagonal phase of dysprosium, holmium, and erbium sili-
cide is formed. Conditions of enhanced mobility during
deposition result in the formation of a pure tetragonal phase
for holmium silicide and erbium silicide but dysprosium sil-
icide remains as a binary phase.

In the next section we describe how our samples were
prepared and analyzed. In Sec. I the effect of mobility on the
island morphology is shown using scanning tunneling mi-
croscopy �STM� data. The remaining two sections show us-
ing medium energy ion scattering �MEIS� data how the is-
land morphology relates to the structure and how control of
the initial mobility allows phase selection in the rare earth
silicides.

I. SAMPLE PREPARATION AND CHARACTERIZATION

The samples were prepared by depositing 6 ML of the
rare earth element onto a clean Si�100� substrate. Si�100�
samples were cut from a lightly doped n-type wafer and were
outgassed for 15 h at 650 °C. The silicon was cleaned by
flash heating to 1200 °C for 30 s, annealing at 900 °C for 10
min followed by a slow cool over about 10 min. The pres-
ence of a 2�1 low-energy electron diffraction �LEED� pat-
tern was taken to indicate that the substrate was well ordered
after the flash cleaning procedure. Rare earth metal was de-
posited from an evaporation source of our own design con-
sisting of a rod of metal in a tantalum boat. The sources were
calibrated using a quartz crystal microbalance.

Two growth regimes were explored. In the first regime the
rare earth was deposited under conditions of low mobility.
The Si�100� substrate was precooled to better than 100 K by
passing liquid nitrogen through cooling tubes in contact with
the end of the manipulator. A thermocouple was used to
check the temperature in the vicinity of the sample. 6 ML of
material were deposited over 45 min and the substrate cool-
ing was maintained throughout. After deposition the sample
was heated to 650 °C and annealed for 45 min. MEIS results
for dysprosium, holmium, and erbium silicide samples
grown under this regime are presented in Sec. II.

In the second growth regime the rare earth metal was
deposited under conditions of high mobility. The substrate
was heated to 650 °C prior to deposition and was held at this
temperature over the deposition period, which was again 45
min. For both growth methods the same amount of material
was deposited and the total deposition time and annealing
time was the same. Samples grown in both ways gave a
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FIG. 5. �Color online� Variation in the thickness of the simulated
hexagonal erbium silicide structure model and the effect upon the
structure fit. The range of scattering angles has been truncated for
clarity. Nine layers produce the best combination of relative block-
ing dip intensities.
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FIG. 6. �Color online� A comparison of MEIS data with simu-
lated blocking curves for hexagonal erbium silicide using the bulk
element vibrational amplitudes and amplitudes enhanced by a factor
of 2. Enhanced vibrations are crucial in obtaining a good fit to the
experimental data indicating that there is static disorder within the
islands.

FIG. 7. �Color online� Two structural phases of the bulk rare
earth silicides. The bounding box is for perspective and is not the
unit cell. In the hexagonal structure the bulk c axis is equal to the
spacing of the planes of RE atoms. Silicon atoms are yellow and
rare earth atoms are green and shown without bonds. The surface
plane is parallel to the a axis in both cases and the cells drawn
would sit atop the surface. The interlayer spacings are thus along
the vertical direction.
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c�2�2� LEED pattern. MEIS results for dysprosium and er-
bium silicide samples grown under this regime are presented
in Sec. III. In a previous study we presented work for hol-
mium silicide grown in this manner.12

For structural characterization we have used MEIS. The
principle of this technique is that a beam of protons is di-
rected into the sample along a known cystallographic direc-
tion. Atoms in the bulk are shadowed by surface atoms and
ions can only be scattered by the surface region of the ma-
terial. At the beam energy of 100 keV the scattering process
can be represented using simple classical Rutherford scatter-
ing and the energy of a scattered ion can be used to deter-
mine which element in the surface it has interacted with. In
the case of the rare earth silicides the large mass separation
between silicon and the rare earth allows for complete reso-
lution of the scattered yields off the two elements. Angular
projection of the scattered ion yield reveals dips in the scat-
tered intensity along certain angular directions where surface
atoms have blocked the scattered ions on the way out of the
crystal. The ability of MEIS to resolve the ions scattered off
the rare earth atoms in the surface and to fingerprint the
structure using the blocking pattern makes it an ideal tech-
nique for structural studies of our rare earth silicide samples.

MEIS data were taken at the UK MEIS facility at STFC
Daresbury Laboratory. Samples were grown under ultrahigh
vacuum �UHV�, with typical base pressures of 2
�10−10 mbar and then transferred under UHV into the scat-
tering chamber. The ion beam was 100 keV H+ ions and the
scattered ions were detected using an angle-resolving
toroidal-sector electrostatic ion-energy analyzer and a micro-
channel plate detector. The MEIS spectra confirmed that the

samples were free of contaminants and data were acquired
with a total dose of �1016 ions cm−2. Further details about
the Daresbury MEIS facility can be found in the
literature.24–28 During each experiment two different incident
beam directions were used and these are shown with respect
to the substrate in Fig. 1. The notation �in� / �out� for each
geometry defines the ingoing crystal direction �in� and an
outgoing crystal direction �out� that lies in the detected an-
gular range of the scattered ions. To interpret the blocking
pattern it is compared to one that has been simulated using
Monte Carlo methods contained in the XVEGAS code.29 A
proposed model structure can be fitted to the experimental
data by independent variation in the atomic positions and the
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FIG. 8. Fitted interlayer spacings in the hexagonal rare earth silicides for four different epitaxial relationships to the substrate. In each
case the a axis is fixed at 3.84 Å �that of the silicon substrate� and the interlayer spacings are fitted for different c-axis values. In the bulk
the respective c axes are 4.12, 4.10, and 4.09 Å. These bulk c axes give interlayer spacings that do not distort the bond angles in the
graphitic silicon layers.

FIG. 9. �Color online� Hexagonal erbium silicide viewed along
the c axis. With an epitaxial a axis an interlayer spacing of
3.84 Å�cos 30° =3.32 Å will maintain the hexagonal symmetry
and the bond angles within the graphitic silicon layers.
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atomic vibrations and the quality of the fit is measured using
a MEIS R-factor.

Before the more extensive structural studies using MEIS
were undertaken an illustrative growth study was done using
an Omicron Nanotechnology GmbH STM with a typical
base pressure of 2�1010 mbar to characterize the island
morphologies and optimize the growth conditions. These re-
sults are outlined in the next section.

II. STM STUDY OF THE ISLAND MORPHOLOGIES

Figure 2 shows images taken with a scanning tunneling
microscope of holmium silicide samples prepared by depos-
iting the holmium under conditions of high mobility and with
the substrate cooled with liquid nitrogen to reduce the mo-
bility. High initial mobility causes densely packed elongated
islands to form and reduced initial mobility results in much
larger islands that are closer to being square in shape.

The samples for MEIS analysis were grown in situ and we
used electron beam heating to anneal our samples. In the
STM experiments we used direct current heating. To ensure
that the island morphology was consistent between the dif-
ferent UHV growth systems with their different heating
methods we have imaged our MEIS samples in an electron
microscope a few days after removal from the UHV environ-
ment. Figure 3 shows electron microscope images of erbium
silicide islands grown in the MEIS chamber. The two growth
regimes produce a similar morphology to that seen in the
STM experiments. We have analyzed samples with these dif-
ferent morphologies using MEIS and the results are pre-
sented in the next two sections.

III. GROWTH ON A LIQUID NITROGEN
COOLED SUBSTRATE

Figure 4 shows MEIS blocking curves for dysprosium,
holmium, and erbium silicide islands grown by deposition
onto a liquid nitrogen cooled substrate. The data for both
beam geometries have been fitted to the hexagonal and te-
tragonal silicide structures using the XVEGAS code. For each
system in both geometries the MEIS blocking pattern can be
unambiguously identified as the hexagonal silicide phase.

In the rest of this section we will outline how the hexago-
nal structure was fitted to the data and what this process has
revealed about the structure, epitaxy, and the disorder within
the hexagonal silicides. The thickness of the silicide has a
significant effect upon the relative intensity of the blocking
curves �but not the angular positions of the major features�
and if the simulated structure is too thick then extra blocking
dips can occur that are not present in the data. Figure 5
shows how the fit to the �110� erbium silicide MEIS data is
affected by variation in the number of erbium layers �each
erbium layer carries with it two associated silicon layers�. To
reproduce the relative dip intensities in the MEIS data at
least eight layers must be included in the simulation. More
than ten layers causes the blocking dips to become too deep
and also introduces extra dips that are not present in the
MEIS data �see the dips at scattering angles of 108° and
117°, for example�. The best fit is an average of the island
heights over the surface and means the dysprosium, hol-
mium, and erbium silicide islands were around 30 Å thick
with a small variation across the series.

Having optimized the number of layers to include in the
simulation the full model structure was fitted to the MEIS
data. The roughness of the sample is not a significant factor
when fitting the atomic positions as these are most sensitive
to the angular positions of the blocking dips. At first the
crystals were stretched along the vertical direction until the
blocking dips were approximately fitted. Then the XVEGAS

program was used to optimize the position and the vibrations
of each atom along each degree of freedom. A multidimen-
sional search algorithm was used to efficiently drive the fit
toward a minimum with respect to all degrees of freedom. It
was found that the optimum vibrational amplitudes of all of
the atoms in x, y, and z were twice the value in the bulk for
all three systems in both geometries. We believe that such a
large vibrational amplitude reflects static disorder in the
atomic positions and not dynamic disorder. Other workers
have seen evidence for this using transmission electron mi-
croscopy �TEM�.8,11 The static disorder in our MEIS results
could also contain a significant contribution from the “rough-
ness” of different island heights. Figure 6 shows the effect of
restoring the vibrations back to their bulk values. The simu-
lated blocking dip intensities become very poor and extra
blocking dips are introduced along with splitting of existing
blocking dips.
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FIG. 10. �Color online� MEIS blocking curves for erbium silicide grown under conditions of high mobility taken in the �110� and the
�111� scattering geometries. XVEGAS simulated blocking curves for the known bulk tetragonal and hexagonal phases have been fitted to the
data and these clearly identify the tetragonal structure.
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With the correct number of layers and with enhanced vi-
brations to account for static disorder the interlayer spacings
can now be fitted. However, one more factor must be taken
into consideration and that is the epitaxial relationship of the
islands with the substrate. In MEIS it is not possible to
uniquely obtain the lateral lattice parameters of fitted crys-
tals. If the lateral spacings in the crystal are increased then
the angular position of a blocking dip can be maintained by
an increase in the vertical spacings.

In the surface plane there are the a and c lattice spacings
�see Fig. 7�. TEM results11 show that the a axis is epitaxial
and the c axis is incommensurate. In our MEIS simulations
we have set the value of the a axis at the silicon lattice
spacing �3.84 Å�. Since we cannot determine the c axis
uniquely we have structure fitted the interlayer spacings for

several c axes starting with an epitaxial fit and moving to the
bulk spacing. Figure 8 shows our fitted structural parameters
for hexagonal dysprosium, holmium, and erbium silicide.
The error bars are derived from the linear regression fit as the
interlayer spacings pass through the best-fit value as they are
stretched and compressed. Holmium and erbium silicide
have very similar interlayer spacings which is to be expected
since the bulk crystals are almost identical in size. Dyspro-
sium silicide has a larger c axis and the layer spacings are
slightly higher.

Figure 9 shows the hexagonal crystal viewed along the c
axis. With perfect hexagonal symmetry the interlayer spacing
is 3.32 Å and in Fig. 8 we can see that this would corre-
spond to an incommensurate c axis in all three cases. The c
axis is thus closely related to the hexagonal symmetry of the
crystal.

IV. GROWTH UNDER CONDITIONS OF HIGH MOBILITY

A. Erbium silicide

Figure 10 shows the best fit obtained for the hexagonal
and tetragonal structures to the MEIS data from erbium sili-
cide grown under conditions of high mobility. The relative
intensities of the blocking dips reveal that this structure is
tetragonal. We have intermixed the simulated hexagonal and
tetragonal blocking curves in various ratios but no improve-
ment is seen in the R-factor when any amount of hexagonal
silicide is included. Thus we must conclude that under con-
ditions of high mobility erbium silicide forms elongated is-
lands that have a tetragonal structure.

Having identified this pure phase we can now begin to
gather further details from the blocking curves, the first of
which is the thickness of the silicide. Figure 11 shows simu-
lated blocking curves for various thicknesses of erbium sili-
cide. We can see that eight layers ensures that the relative
intensities are optimal which corresponds to average silicide
thickness of around 25 Å.
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FIG. 11. �Color online� Variation in the thickness of the simu-
lated tetragonal erbium silicide structure model and the effect upon
the structure fit for the �110� direction. The range of scattering
angles has been truncated for clarity. Eight layers produce the best
combination of relative blocking dip intensities.
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FIG. 12. �Color online� A comparison of MEIS data with simu-
lated blocking curves for tetragonal erbium silicide using the bulk
element vibrational amplitudes and amplitudes enhanced by a factor
of 2. Enhanced vibrations are crucial in obtaining a good fit to the
experimental data indicating that there is static disorder within the
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2000

2200

2400

2600

2800

3000

3200

3400

3600

3800

4000

90 100 110 120 130 140

E
xp

er
im

en
ta

lS
ca

tte
rin

g
yi

el
d

(c
ou

nt
s)

Scattering angle (degrees)

Erbium silicide <110> geometry

MEIS data
Defect free
Stacking faulted

FIG. 13. �Color online� Simulation of tetragonal erbium silicide
with a stacking fault. A better fit with the MEIS data is seen in the
region 115° –130° and the weak dips in the MEIS data at 99° and
102° are better accounted for.

EAMES et al. PHYSICAL REVIEW B 82, 174112 �2010�

174112-6



The region of the simulations with a scattering angle in
the range 98° –106° is a poor fit to the MEIS data in both the
�110� and �111� geometries. We might expect that static dis-
order might be responsible for weakening the dip intensities
just as we saw in the last section for the hexagonal silicides.
Indeed a full fit of each spatial and vibrational degree of
freedom again suggests enhanced vibrations �see Fig. 12�.
However, these are not sufficient to account for the weak-
ened intensities. There remain two other possibilities. The
first is the surface termination but we have found that the

MEIS blocking dips are relatively insensitive to a change in
position of the surface silicon atoms.

The second possibility is suggested by TEM. Images in
the literature8,11 show that stacking faults are often present in
the tetragonal islands. Figure 13 shows a simulation where a
stacking fault has been introduced half way up the tetragonal
island. Significant improvement is seen in the fit for the
116° –129° region of scattering angles. The intensity of the
blocking dip at 99° is also reduced favorably toward that of
the experimental dip. The relative intensity of the three prin-
cipal dips �95°, 112°, and 135°� is affected but it is expected
that this can be repaired by adjusting the number of layers
included. There are good indications that the effect of stack-
ing faults is present in the MEIS data but to fully account for
this one would have to simulate many large islands with
randomly located stacking faults and then perform an aver-
age.

No tetragonal phase of erbium silicide has yet been iden-
tified in the bulk or in thin film form. To understand the
epitaxy we have used the orthorhombic lattice constants of
bulk HoSi2 �a=4.03 Å, b=3.94 Å, and c=13.30 Å� since
these adjacent elements have similar lattice constants in the
hexagonal silicide phase. Note that the c axis for the tetrag-
onal silicides is defined as being perpendicular to the surface
and not parallel to it as in the case of the hexagonal silicides.
Figure 14 shows the minimum in the MEIS R-factor as the c
axis is varied in the case of an epitaxial and an orthorhombic
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curves with best-fit XVEGAS simulated blocking curves for the tetragonal and hexagonal phases of dysprosium silicide in the �110� and the
�111� scattering geometries. Summed curves representing different relative amounts of hexagonal and tetragonal islands have also been
compared. The MEIS R-factor is shown against this ratio in the bottom figure and it suggests that the two phases exist in an equal ratio.
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crystal. The lateral lattice constants are proportional to the
vertical lattice constants as in the hexagonal silicides and we
suspect that a similar process is occurring whereby the bond
angles are maintained.

B. Dysprosium silicide

Figure 15 shows MEIS blocking curves for dysprosium
silicide islands grown under conditions of high mobility. Te-
tragonal and hexagonal blocking curves have been fitted to
the data but neither structure is favored in isolation. The
simulated blocking patterns have been intermixed and the
MEIS R-factor suggests that an approximate 50:50 mixture
of the two structures is present.

Again, enhanced vibrations were required to match the
blocking dip intensities and we also see evidence for stack-
ing faults as in the case of erbium silicide �see Fig. 13�. The
experimental data are thus a convolution of scattered yields
from hexagonal and tetragonal islands that contain signifi-
cant amounts of short-range disorder and stacking faults.
Further fitting of the data is thus not possible because there
are not precise atomic positions to fit.

The epitaxial relationship with the substrate is shown in
Fig. 16. The variation in the MEIS R-factor around the opti-
mum value is shown as the c axis is stretched and com-
pressed. In the same manner as we showed for the hexagonal
silicides and tetragonal erbium silicide a lateral compression
of the crystal results in a contraction of the c axis.

V. DISCUSSION

In summary we have shown that when dysprosium, hol-
mium, and erbium are deposited onto a liquid nitrogen
cooled substrate the hexagonal structural phase is formed
after annealing. When erbium is deposited onto a hot sub-

strate only the tetragonal phase results. For dysprosium sili-
cide growth under conditions of high mobility causes ap-
proximately equal numbers of hexagonal and tetragonal
islands to form. Mobility during growth is of such impor-
tance in the rare earth silicides that it can dictate which struc-
tural phase is formed.

A key question is raised; why do the tetragonal islands
show strong anisotropy in their growth direction when it is
the hexagonal silicides that have the greater lattice aniso-
tropy? Our work seems to suggest that lattice anisotropy is
not as strong a driving mechanism for causing elongated
island growth or nanowire growth as was previously be-
lieved. We have repeated these experiments at low coverages
�0.6 ML� and we find that it is not possible to grow nano-
wires after deposition onto a liquid nitrogen cooled substrate.
This would suggest that the growth mechanism of nanowires
requires that the rare earth atoms be mobile on a clean sur-
face so they can flow and form a wire. This could be related
to the presence of the silicon dimers on the clean surface. It
has been shown that anisotropic mobility depends on the
presence of the dimer rows. Where the dimer rows remain
intact a natural channel is formed along which rare earth
atoms can flow with high mobility to interconnect and form
a nanowire. If the surface has a high coverage of rare earth
atoms before annealing is started then when thermal energy
is made available nucleation into square islands occurs. The
internanowire reconstruction that occurs could prevent nano-
wire formation rather than be a precursor for it. One piece of
evidence to support this is the fact that on a vicinal surface
extremely long �1 �m� nanowires can be formed using very
low coverage but if the coverage is too high nanowire
growth is stunted. The implication that the elongated islands
are tetragonal also throws some doubt upon the idea that
nanowires are hexagonal in structure as does recent theoret-
ical work showing that on the clean surface tetragonal nano-
wires are lower in energy than hexagonal nanowires.30 When
considering the epitaxy of the islands with the substrate a
constant theme in all of the fitting procedures has been that
the vertical spacings in the crystal are proportional to the
lateral dimensions of the crystal. Intuitively one might expect
the opposite to be true; that compression of the crystal in one
dimension might result in expansion in the other in order to
maintain the volume in accordance with the theory of Pois-
son ratios. However, this theory is a macroscopic effect and
within our nanoscale materials quantum mechanics seems to
dictate the behavior by preventing distortion of the bond
angles.

It would be interesting to see the results of density-
functional theory calculations to see which phase is more
stable �with a Gibbs free-energy correction to account for the
different number of atoms in the unit cell�. It is also possible
to look at the lateral bulk modulus to see which phase is
more compressible.

Finally, it would be very interesting now to look for dif-
ferences in the properties of these phase selected islands. For
example, we would like to know if there is a Schottky barrier
height difference between the two phases for a given rare
earth element and also if there is a trend in this barrier height
along the series of rare earths for a given structural phase.
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