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Phonons in Epitaxial DySi,: From the Bulk to Self-Organized Nanoislands and Nanowires
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Using nuclear inelastic scattering on '6'Dy, we determined the Dy-partial phonon density of states of
epitaxial DySi, in bulk and self-organized nanoislands and nanowires (NWs) on vicinal Si(001) surface.
Compared to the bulk, the nanoislands exhibit softening of the crystal lattice, which is further enhanced in
the NWs and significantly affects their thermodynamic and elastic properties. Our ab initio calculations
reveal that the origin of this effect is the vibrations of Dy atoms located at the surfaces of the nanoislands and
the NWs as well as forming a (2 x 4) reconstruction on the Si(001) surface between the NWs. The results
demonstrate that, opposite to the widely accepted anisotropic lattice mismatch model, the NWs form with
their length along the [0001] direction of the strained hexagonal unit cell with lattice parameters close to the

Si(001) surface.
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Being a fundamental characteristic of materials, lattice
dynamics plays a decisive role for important properties like
thermal and electrical conductivity, vibrational entropy,
specific heat capacity, and phenomena such as supercon-
ductivity, thermoelectricity, and phase transitions, among
others [1,2]. Owing to the broken translational symmetry at
surfaces and interfaces, the enhanced surface- and interface-
to-volume ratio, and the elastic strain, inherently present in
thin films and nanostructures, their phonon dispersions and
phonon density of states (PDOS), which characterize the
lattice dynamics of a solid, undergo dramatic modifications
[3]. These comprise shift, broadening, and suppression of
the bulk-specific phonon states and emergence of surface-
and interface-specific states [4—10]. Consequently, the
interactions of phonons with electrons, magnons, and other
phonons are significantly enhanced compared to the bulk
counterparts [11,12]. Gaining full control over the phonons
and their interactions has the potential to revolutionize
important fields spanning thermoelectrics, thermal manage-
ment of nanoelectronics, spintronics, and quantum comput-
ing and to enable efficient devices operating at terahertz
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frequencies [13—16]. Tailoring vibrational properties by
nanoscaling, which is the main objective of the phononics
19—17]], requires a fundamental understanding of the lattice
dynamics at the nanolength scale that is an experimental
challenge.

Self-organized metallic nano-objects such as nanoislands,
nanoclusters, and high aspect ratio nanowires (NWs) have
been at the center of extensive research driven by the
continuous downscaling of the CMOS electronics that
requires new approaches in the device architecture and
circuits interconnects [20-22]. Since the first report by
Preinesberger et al. [23], rare earth disilicide (RESi,)
nanoislands and NWs have attracted considerable interest
due to their high electric conductivity, low Schottky barrier
height, remarkable chemical stability, self-organization in
high-density nano-objects with tunable size and shape, and
direct integration with Si technology [24-27]. In addition to
their potential for applications in optoelectronics, light-
emitting technology and nanoelectronics as waveguides
[28], Ohmic contacts, and interconnects [29,30], the
RESi, NWs have been a fruitful playground [31] for the
investigation of quasi-one-dimensional electronic band
structures [32-34], one-dimensional metallicity [35], and
charge-order fluctuations [36]. Despite the thorough inves-
tigation of the RESi, nanostructures, reports about their
lattice dynamics remain scarce [7,37].

The archetypal DySi, is among the most studied RESi,
systems [23,25-27,33,38—44]. In the bulk, it adopts the
slightly distorted orthorhombic GdSi,-type structure, which
transforms at 540 °C to the tetragonal ThSi,-type structure,
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or the hexagonal AlB,-type lattice [45—47]. These structures
were also reported in thin films and nanoislands [39,48-51].
The NWs exhibit the hexagonal lattice and coexist with a
Dy-induced (2 x 4) and/or (2 x 7) reconstructed Si(001)
surface [52-54]. It has generally been accepted that the
NWs form along the [1120] direction, due to the almost
perfect lattice match with the Si(001) surface, whereas the
large mismatch along the [0001] direction limits their width
[24,25,38,40,55]. However, recent microscopic investiga-
tions of TbSi, NWs indicate that they are formed along
[0001], which is likely to apply to the NWs based on the
trivalent rare earth metals [56,57]. The elucidation of the
crystallographic orientation is of primary importance for
achieving a comprehensive understanding of the properties
of the NWs and their tailoring for specific applications.

Here, we report a systematic lattice dynamics study of
epitaxial DySi, upon the transition from a bulklike crystal
to self-organized nanoislands and NWs on the vicinal Si
(001) surface. The Dy-PDOS of the nanoislands reveals
softening of the crystal lattice, which is further enhanced in
the NWs. Our ab initio calculations unveil the origin of this
effect and demonstrate that the NWs grow along the [0001]
direction of the strained hexagonal crystal lattice.

Epitaxial DySi, samples with nominal Dy coverages of
71.4 ML [bulklike sample; one monolayer (ML) equals
6.78 x 10'* atoms per cm?>—the surface atomic density of
the Si(001)], 0.93 ML (nanoislands), and 0.35 ML (NWs),
hereinafter referred to as A, B, and C, respectively, were
prepared by deposition of metallic Dy, enriched to 96% in
the Mossbauer isotope '°'Dy, on the vicinal Si(001) surface
with a miscut of 4° toward [110]. This substrate ensures the
formation of uniaxially aligned NWs, as evidenced by
atomic force microscopy (AFM) study [40,58]. The in situ
nuclear inelastic scattering [60,61] experiment was per-
formed in the ultrahigh vacuum system [62] at the Nuclear
Resonance beamline ID18 [63] of the ESRF-The European
Synchrotron using x-rays with an energy of 25.651 keV and
an energy resolution of 1.0(1) meV [64]. The horizontal
beam size was 1.4 mm, and the vertical beam size was
reduced to 8 pm. Samples A and C were investigated with
the wave vector of the incident photons being parallel to Si
[110] and Si[110], whereas sample B was measured only
along Si[110]. All samples were kept at 115 K during the
measurements to reduce the multiphonon excitation and
were illuminated with the x-ray beam at a glancing angle of
ca. 0.1° ensuring that the in-plane-projected Dy-PDOS was
determined [65,66].

Figure 1(a) shows the Dy-PDOS of the bulklike sample
(A), nanoislands (B), and NWs (C) and the corresponding
AFM images of identical samples obtained in the home lab
[58]. Analysis of the surface morphology and crystal
structure of sample A confirms the formation of an epitaxial
bulklike crystal with tetragonal structure [58]. The AFM
image [Fig. 1(b)] reveals that this sample consists of
rectangular crystals with sizes of several tens to several
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FIG. 1. (a) Dy-PDOS of the DySi, bulklike sample (A),
nanoislands (B), and NWs (C) obtained at 115 K with the wave
vector of the x-rays being parallel to the indicated directions of
the Si(001) surface (for clarity, the spectra are shifted by
0.15 meV~"). The solid red lines represent the fit (see the text
for details). AFM images of identical bulklike (b), nanoislands
(c), and NWs (d) samples obtained in the home lab.

hundreds of nanometers which coalesce together, forming a
bulklike film with an average thickness of 45(5) nm and a
high density of grain boundaries. The Dy-PDOS of sample
A is characterized by a localized peak at 14.5 meV, low- and
high-energy tails, and a cutoff at 19 meV. Similarly to the
Eu-PDOS of tetragonal EuSi, [7], this vibrational behavior
corresponds to a rattling mode of the Dy atoms locked in a
cage formed by the surrounding 12 Si atoms [45].
Compared to the Eu-PDOS, however, the peak is shifted
by 2 meV to higher energy despite the fact that '6'Dy is by
10 amu heavier from '>'Eu. This shift is a consequence from
the smaller atomic radius of Dy compared to Eu (lanthanide
contraction [67,68]), which leads to reduced lattice con-
stants of DySi, compared to EuSi, [67] and, consequently,
to smaller force constants in the latter [7]. The Dy-PDOS
obtained along both orthogonal directions are identical,
which stems from the orientation of the tetragonal
DySi,(001) unit cell on the Si(001) surface, namely, the
z-axis being normal to the Si(001) [49]. It implies that in
both orientations the wave vector of the x-rays remains in
the xy plane, resulting in the identical Dy-PDOS.

The Dy-PDOS of the nanoislands [Fig. 1(a)] resembles
that of sample A being, however, broader and shifted to
lower energy. The main peak appears at 13 meV, and an
increase of the number of low-energy phonon states is
visible. The AFM image [Fig. 1(c)] shows isolated
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rectangular nanoislands with an average width of 60
(10) nm and height of 22(2) nm [58].

The AFM image of sample C [Fig. 1(d)] reveals
uniaxially aligned NWs along the steps ([110]) of the
vicinal Si(001) surface with an average width of 6(1) nm,
height of 0.7(2) nm, and lengths of several hundreds of
nanometers [58], which are typical for these NWs
[38,41,55]. Compared to the nanoislands, the Dy-PDOS
of the NWs [Fig. 1(a)] exhibits a further shift to lower
energy with a small peak at 7 meV, the main phonon states
around 11 meV, and a high-energy tail between 15 and
18 meV. Furthermore, the Dy-PDOS along and across the
NWs show a noticeable vibrational anisotropy between 9
and 12 meV with the number of states along the NWs
exceeding those across the NWs.

We used the density functional theory, implemented in
the VASP program [69], to investigate the lattice dynamics of
DySi, in bulk, slab, and NW geometries. The calculations
were performed within the generalized gradient approxi-
mation [70] and the projector augmented-wave potentials
[71] with the 4 f electrons of Dy placed in the core. The bulk
tetragonal and hexagonal structures were studied using
supercells with 48 atoms and lattice constants fixed to
the experimental values [45-48]. The nanoislands were
modeled using a Si-terminated tetragonal DySi, (001) slab.
The NWs were investigated adopting the model of the TbSi,
NWs [56] with lattice constants close to that of the Si(001)
surface (3.84 A). To calculate the Dy-induced (2 x 4)
reconstructed Si surface between the NWs, which also
contributes to the experimentally determined Dy-PDOS of
sample C, we used the model reported for Yb atoms on the
Si(001) [72]. Phonon dispersions and total and partial
element-specific PDOS were calculated using the direct
method [73] implemented in the PHONON program [74].
Figure 2 plots the total, element-, and direction-projected
PDOS for the tetragonal bulk (a), slab (b), NWs (c), and the
Dy-induced (2 x 4) reconstructed Si(001) surface (d). The
corresponding crystal structures and the used xyz notation
are also shown. In all configurations, the vibrations of the
heavy Dy atoms contribute to the low-energy phonon states,
whereas the vibrations of the lighter Si atoms extend to high
energies. Further details are presented in Supplemental
Material [58].

The experimental data were modeled with the ab initio
calculated Dy-PDOS convoluted with the damped harmonic
oscillator (DHO) function [75]. It introduces an energy-
dependent broadening of the PDOS features, reflecting the
fact that the phonons with higher energy (shorter wave-
length) are strongly scattered (damped) by defects at
surfaces and interfaces and within the nanostructures
[8,76-78]. The DHO function is characterized by a quality
factor Q which is inversely proportional to the damping
strength. The following theoretical function was used:
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FIG. 2. The ab initio calculated total, Dy-, and Si-partial, x-, y-,
and z-projected PDOS of DySi, in (a) tetragonal bulk, (b) tetrago-
nal slab with a Si-terminated surface, (c) hexagonal NWs, and
(d) Dy-induced (2 x4) reconstructed Si(001) surface. The
respective models of the corresponding crystal structures are
shown next to each graph. The large red and small blue spheres
stand for the Dy and Si atoms, respectively. The coordinate
system defining the x, y, and z axes is also shown. In (a) and (b),
these axes correspond to the main directions of the tetragonal
DySi,. In (c), the x axis corresponds to the [0001] direction,
whereas the y axis is along the [1120] direction of the hexagonal
DySi,. Additionally, in (c) and (d), x and y axes correspond to
[110] and [110] directions, respectively, of the Si(001) surface.

with ¢,(E, Q) and ¢,(E,Q,) being the corresponding
ab initio calculated Dy-PDOS convoluted with the DHO
function with the respective quality factors Q; and Q,; N
stands for the relative atomic fraction of the component
described by g, (E, Q). The experimental data were mod-
eled with gy, (E) using the least-squares method with Q;,
05, and N being fit parameters.

The Dy-PDOS for both orientations of sample A were
fully reproduced [Fig. 1(a)] using the ab initio calculated
xyz-projected Dy-PDOS of tetragonal bulk DySi, [Fig. 2(a)]
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TABLE 1.  The ab initio calculated Dy-PDOS g, (E) and g, (E)
with the applied scaling factors (sc. fr.) to the energy axis along
with the corresponding quality factors Q; and Q, of the DHO
function and the relative fraction N of g (E) derived from the fit
of Eq. (1) to the Dy-PDOS of the investigated samples for the
given directions of the Si(001) surface.

Sample gi(E)/sc.fr. Oy @(E)/sc.fr. O, N
A”SI[IIO] g{)elgk—xyz/l'll 13(1) 1.0
A||Si[110] g{f&{k_x),z/l.ll 14(1) 1.0
BHSI[IIO] g;?;rl)-X}z/117 11(1) 10
CISI[1T0] gy /0.79 101) 4241 19 5(1)  0.82(1)

CISi[110]  gigy,,/0.82 11(1) (@41 19 10(1) 0.82(1)

convoluted with the DHO function (Table I). The contribu-
tion of z-polarized phonons originates from a small fraction
of a polycrystalline DySi, evidenced by the sample char-
acterization [58]. To match the position of the peak in the
experimental PDOS, the energy axis of the theoretically
obtained Dy-PDOS was multiplied by a scaling factor of
1.11, implying a shift toward higher energy. Although this
shift could be a consequence from the compressive strain
(4.95%) to which the DySi, tetragonal unit cell is subjected
[49], an uncertainty in the ab initio calculated phonon
frequencies arising from the approximations [58] adopted
in the calculations cannot be excluded. The compressive
strain field leads to formation of rectangular nanocrystals
with a high fraction of grain boundaries [Fig. 1(b)] and to
relatively low Q values, which are essentially the same for
both directions (Table I).

Assuming a larger scaling factor and a smaller Q value as
for sample A (Table I), the Dy-PDOS of sample B was
reproduced [Fig. 1(a)] using the Dy-PDOS of the tetragonal
DySi, slab [Fig. 2(b)]. Hence, the surface, near-surface, and
a contribution of z-polarized phonons are the main origin of
the excess of low- and high-energy states in the Dy-PDOS
of sample B. Most likely, the contribution of phonons with
z polarization arises from tilting of the nanoislands and
lattice distortions which release the strain energy [50,51]
and lead to the smaller Q value.

Attempts to reproduce the Dy-PDOS of sample C with
the conventionally accepted NW orientation (length along
the [1120] and width along the [0001] directions) were not
successful. Besides, regardless of the assumed orientation
and applied scaling factors, the calculated Dy-PDOS of the
NWs [Fig. 2(c)] alone could not account for the low-energy
phonon states in the Dy-PDOS of sample C [Fig. 1(a)]. To
fully comprehend the experimental data, one has to consider
the fact that the NWs coexist with a Dy-induced (2 x 4)
and/or (2 x7) reconstructed Si(001) surface [52-54].
The formation of these reconstructions depends on the
deposition conditions and impacts the width of the NWs
[26]. Although we cannot directly identify the type of
reconstruction present in sample C, the rather large width of
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FIG. 3. The Dy-PDOS of the DySi, NWs obtained at 115 K

with the wave vector of the x-rays being parallel (a) and

perpendicular (b) to the NWs orientation [see Fig. 1(a)]. The

fits of the theoretical function gyeo(E) [Eq. (1)] to the exper-

imental data are also shown. The results from the fits are
summarized in Table I (see the text for details).

the NWs, their high surface density (in part forming
bundles of NWs), and the applied growth protocol suggest
that the (2 x 4) prevails over the (2 x 7) reconstructed
surface [58]. Taking into account that the NWs are
orthogonal to the rows of Dy atoms forming the
reconstruction [53], we modeled the experimental data
with Eq. (1) assuming various orientations of the hexago-
nal unit cell of the NWs [58]. Opposite to the widely
accepted model, the best fit of the Dy-PDOS along
the NWs, depicted in Fig. 3(a), is obtained using the
x-polarized Dy-PDOS of the NWs [Fig. 2(c)], which
corresponds to the [0001] direction, and the x-polarized
Dy-PDOS of the (2 x 4) reconstruction [Fig. 2(d)]. The
Dy-PDOS across the NWs [Fig. 3(b)] is best reproduced
by the y-polarized Dy-PDOS of the NWs [Fig. 2(c)],
corresponding to the [1120] direction, and the y-polarized
Dy-PDOS of the (2 x 4) reconstruction [Fig. 2(d)]. The
applied scaling factors and the derived values of Q and N
are presented in Table I. The shift of the theoretical Dy-
PDOS of the NWs [(2 x4) reconstruction] to lower
(higher) energy indicates that these scaling factors do
not correlate with the epitaxial strain. Most likely, they
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arise from various approximations adopted in calculations
of the electronic properties and the structural models
without crystal defects [58]. The values of Q are close
to that of sample B, except for the (2 x 4)-x, which is
reduced by a factor of 2, likely due to the very sharp peak
in the theoretical Dy-PDOS [Fig. 2(d)]. Furthermore, in
addition to the epitaxial strain field, Si vacancies that exist
in real RESi, structures [48,79] might contribute to the
relatively low Q values of all samples, which are compa-
rable to those obtained in similar systems [76,77]. In
agreement with the high surface density of the NWs [58],
the obtained from the fit atomic fraction N (Table I) shows
that the amount of Dy atoms forming the NWs dominate
those of the (2 x 4) reconstruction. Notably, N assumes the
same value for both orientations, which highlights the
consistency of the model.

The remarkable agreement between experiment and
theory, presented in Fig. 3, demonstrates that, opposite
to the previously proposed anisotropic mismatch model
[24], the DySi, NWs are formed with their length along
the [0001] and width along the [1120] directions of the
hexagonal unit cell. This conclusion is supported by the
refined structure model of TbSi, NWs [56,57]. The Dy-
PDOS of sample C shows an almost identical high-energy
cutoff for both orientations [Fig. 1(a)], which is clear
evidence for very similar interatomic distances along the
investigated crystallographic directions. To shed light on
the effect of the lattice parameters on the PDOS of the
NWs, we performed ab initio calculations assuming the
lattice constants of bulk hexagonal DySi, [48]. The results
[58] demonstrate that, in addition to the vibrational
anisotropy, a significant low-energy shift of the Dy-
PDOS along the direction with the higher lattice constant
is to be expected, which is not confirmed experimentally.
Hence, for both orthogonal directions, the NWs exhibit
very similar in-plane lattice parameters, which are close to
that of the Si(001) surface. Most likely, the height of the
NWs of only two layers of rare earth atoms is not sufficient
for strain relaxation and establishing the lattice parameters
of bulk hexagonal DySi,.

The modified Dy-PDOS of DySi, upon the transition
from the bulk to nanoislands and NWs leads to alterations
of their thermodynamic and elastic properties presented in
Table II. The lattice specific heat capacity and vibrational
entropy of the nanoislands increase by 1% and 7%,
respectively, whereas in the NWs the corresponding devia-
tions reach 5% and 27% compared to the bulk values. In
average, the mean force constant decreases by 8% in the
nanoislands and 33% in the NWs compared to sample A,
whereas the mean square displacement of the Dy atoms
increases by 19% and 66%, respectively. However, one has
to notice that the Dy atoms forming the (2 x4)
reconstruction (Table I) also contribute to these deviations
in sample C. The small vibrational anisotropy in the

TABLEII. Lattice specific heat capacity at constant volume Cy,
(kg per atom), vibrational entropy Sy (kz per atom), mean force
constant F(Nm~"), and mean square displacement (x?) (A%) of
the Dy atoms obtained from the Dy-PDOS of the investigated
samples at 115 K for the given directions of the Si(001) surface.

Sample Cy Sy F (x?)

AHSi[lIO] 2.59(2) 2.49(2) 109(2) 0.0024(1)
A||Si[110] 2.60(2) 2.49(2) 108(2) 0.0023(1)
B||Si[110] 2.63(2) 2.66(2) 100(3) 0.0028(2)
C||si[170] (along NWs) 2.73(3) 3.16(3) 72(3) 0.0038(3)
C||Si[110] (across NWs) 2.72(3) 3.16(3) 74(3) 0.0040(3)

Dy-PDOS of the NWs leads to marginal differences of
these properties along the orthogonal directions.

In summary, using in situ nuclear inelastic scattering on
16IDy we determined the lattice dynamics, thermodynamic,
and elastic properties of epitaxial DySi, upon the transition
from the bulk to self-organized nanoislands and NWs on the
vicinal Si(001) surface. Compared to the bulk, the nano-
islands exhibit softening of the crystal lattice, which is
further enhanced in the NWs and significantly affects their
thermodynamic and elastic properties. Our ab initio calcu-
lations reveal that this effect originates from the vibrations
of atoms located at the surfaces of the nanoislands and the
NWs and between them, forming a (2 x 4) reconstruction.
The comparison between experiment and theory demon-
strates that, opposite to the widely accepted anisotropic
lattice mismatch model, the DySi, NWs are formed with
their length along the [0001] and their width along the
[1120] directions of the strained hexagonal unit cell. Very
likely, this applies to the other RESi, NWs.

These results shed new light on the structural character-
istics and vibrational dynamics of the self-organized RESi,
nanoislands and NWs that may facilitate precise predictive
modeling of their fundamental properties and advance their
applications. Furthermore, our results reveal that, unlike the
bulklike vibrational dynamics [76,77] of endotaxial [80]
nanostructures, the vibrational properties of the RESi,
nanostructures are governed by their surfaces, which is a
prerequisite for enhanced interactions of phonons with
electrons, magnons, and other phonons [11,12]. Hence, by
a careful tuning of the growth regime of the nanostructures,
one is able to enhance or suppress these interactions.
Potentially, this could advance fields like thermoelectric
energy conversion, thermal management, spintronics, and
quantum computing.
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