
PHYSICAL REVIEW B, VOLUME 63, 235204
Boson peak in amorphous silicon: A numerical study

Frank Finkemeier and Wolfgang von Niessen
Institut für Physikalische und Theoretische Chemie, Technische Universita¨t Braunschweig,

Hans Sommer Strasse 10, D-38106 Braunschweig, Germany
~Received 7 November 2000; published 29 May 2001!

The low-frequency part of the phonon spectrum ofa-Si is investigated for a microscopic model of this
amorphous solid even for frequencies below 50 cm21. This requires system sizes up to 64000 atoms. The
variation of a model parameter allows us to generate structures with different degrees of disorder. The vibra-
tional properties are calculated in a harmonic approximation to the Stillinger-Weber potential. The less disor-
dered of our models already show an enhancement of the low-frequency vibrational density of statesg(v)
~VDOS! compared to the crystal. For the more disordered structures additionally a peak ing(v)/v2 versusv
is observed. The deviation from the Debyev2 behavior is caused by at least two effects: a shift of the
crystalline transverse acoustic peak toward lower frequency and a broadening of the same. Consequently the
occurrence of the boson peak in the Raman spectrum ofa-Si can be explained already in the harmonic
approximation~at least in part! by a complex of phenomena of the low-frequency VDOS.

DOI: 10.1103/PhysRevB.63.235204 PACS number~s!: 61.43.Bn, 61.43.Dq, 63.50.1x
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I. INTRODUCTION

Recent years have seen intensive investigation of
properties of the low-frequency vibrational modes of glass
This is caused by experimental findings of some univers
valid features of disordered solids. A prominent example
the so-called ‘‘boson peak,’’ a broad band that appears
Raman and neutron scattering spectra of glasses at a
20–120 cm21 and has remained a phenomenon difficult
understand for quite some time. Related universal prope
of amorphous solids are, among others, a linear term in
temperature dependence of the specific heatCp at tempera-
tures T,1 K,1 a bump in Cp /T3 versus T at higher
temperatures2 (T55 – 10 K), and a plateau region in th
thermal conductivity.1 Neutron scattering clearly has re
vealed that an excess of modes in the low-frequency pa
the vibrational density of states~VDOS! g(v) compared to
the crystalline behavior is the physical cause of the bo
peak and its universality.3

The boson peak was observed in 1953 in the Raman s
tra of silica glasses.4 Since then numerous Raman expe
ments have shown the existence of the boson peak for
ferent glass formers like alkali borate glasses,5 alkali silicate
glasses,6 and halide glasses.7 Even more basic results ar
obtained by inelastic neutron scattering experiments. W
this technique the existence of the boson peak has been
firmed, e.g., for silica glasses,8,3 borate glasses,9 and metallic
glasses.3

Two phenomenological approaches have been introdu
to explain the appearance of the boson peak and the un
sality of the low-temperature properties of glasses. The
model is the one of two-level tunneling systems~TLS’s! of
Anderson, Halperin, and Varma10 and of Phillips,11 which
can be extended to the soft potential model~SPM! of Kar-
pov, Klinger, and Ignat’ev.12 While the TLS model is able to
explain effects only below 1 K, the SPM can be used
understand the occurrence of extra vibrational modes in
frequency range of the boson peak by the introduction
0163-1829/2001/63~23!/235204~6!/$20.00 63 2352
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anharmonic soft potentials.13,14The second model—the frac
tion model of Alexander and Orbach15—introduces a differ-
ent kind of excitation for amorphous solids, the fraction. A
though quite successful in general this model has difficul
in explaining the excess VDOS at lower frequencies.16

There also exists another explanation for the boson pe
which involves scattering of acoustic phonons caused
fluctuations of the density of the amorphous material.17 This
aspect was brought into discussion because the SPM ca
explain differences in the excess vibrational contributions
strong and fragile glass formers, and shows that from
theoretical side also many question are not yet satisfacto
answered.

To clarify these questions by computer simulations, wh
are also used in the present work, is a difficult task, since
examination of low frequency vibrations is hindered by g
neric finite size effects. A molecular-dynamics~MD! simu-
lation of an argon glass tried to give an explanation for
boson peak in terms of absorption of transverse phonon
resonant modes of finite extension.18 Another MD simulation
of amorphous silica interprets the boson peak in the fram
work of fragility.19 Rather surprisingly two model calcula
tions gave evidence of extra low-frequency excitatio
within the harmonic model. Schirmacher, Diezemann, a
Ganter20,21 showed the occurrence of the boson peak in
system of coupled harmonic oscillators on a cubic latti
They used a microscopic model with 2744 atoms and
addition a mean-field approach. Nakhmanson and Drabo22

were able to reproduce the excess specific heat of amorp
silicon ~a-Si! by relaxing a MD model followed by a direc
diagonalization of the dynamical matrix. Our work can
seen as a continuation of these investigations as it conn
the two results into a consistent picture. We also reach m
lower frequencies than previously achieved and obtain a
tional results.

Let us now consider the situation ina-Si with which we
deal here. Althougha-Si is not a typical glass, it possess
some glasslike properties, e.g., the low-temperature ther
©2001 The American Physical Society04-1
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dynamic anomalies.23–25But it should also be mentioned tha
the linear temperature term in the heat capacity ofa-Si was
shown to be ruled by the existence of unpaired electro
states~dangling bonds!.26 On the other hand, these expe
ments were not sensitive enough to rule out TLS’s ina-Si.27

Neutron scattering showed the occurrence of extra st
at low frequencies in the VDOS fora-Si,28 and for the struc-
turally similar amorphous germanium.29 Moreover, TLS’s
were found in thin films ofa-Si anda-Ge by measurement
of internal friction and shear modulus30 and in bulk silicon,
irradiated by neutrons and in this manner disordered, by
amination of the variation of the low-temperature ultraso
velocity.31 It was also stated that the boson peak for hyd
genated amorphous silicon~a-Si:H! is found in the Raman
spectrum32,33 as a broad background signal with a maximu
at 245 cm21. This signal is found at too high a frequency
be the phenomenon generally designated as the boson
In a recent Raman experiment34 on bulk silicon irradiated by
neutrons the boson peak was observed at 114 cm21.

Much confusion arises from the fact thata-Si can be pre-
pared in numerous ways which lead to structurally differ
products with a large spread in physical properties. Ma
Beeman, and Lannin35,36 have performed a systematic
study of neutron and Raman spectra ofa-Si samples with a
varying degree of disorder. They find a strong correlation
the shape of the transverse optical peak and the bond a
distribution of the sample. In a recent review by Liu a
Pohl30 the focus is more on the low-frequency part of t
spectrum. They describea-Si:H films generated by hot wire
chemical vapor deposition as the first amorphous solid w
out any significant low-frequency excitations. They show,
the other hand, the typical glassy behavior of electron be
evaporateda-Si. Perfecta-Si in the sense of a continuou
random network~CRN! is believed not to possess ext
modes at low frequencies while in real samples with an
erage coordination number less than 4 these excitations
present, although less numerous than in typical glass form
such as silica glasses. In a previous paper37 we addressed this
question among others. We dealt with the structure,
VDOS, and the localization of vibrational modes ina-Si.
For a perfect CRN model ofa-Si the VDOS was determine
by direct diagonalization of the dynamical matrix using t
Keating potential, and no extra low frequency states w
found.

Although a-Si might not appear to be the most suitab
system to study properties of an amorphous solid with
spect to the low-frequency boson peak and thermodyna
anomalies at low temperatures, it still possesses rich and
yet understood dynamical properties in the low-frequen
range. The reason why we choosea-Si as a model is its
relative simplicity and the availability of good potential
Only this simplicity allows us to examine structures of t
size needed to inspect the low-frequency VDOS.

In the following sections we want to study the influen
of disorder on the low-frequency part of the VDOS of
microscopic model ofa-Si. The vibrational properties ar
calculated in the harmonic approximation to verify wheth
the introduction of disorder is sufficient to explain the a
pearance of the boson peak in the Raman spectrum ofa-Si.
23520
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Furthermore, we want to give a detailed description of h
the disorder actually influences the shape of the calcula
low frequency VDOS.

The content of this paper is as follows. Section II intr
duces the models and potentials used and gives details o
numerical procedures. In Sec. III we present the results
our calculations for the crystal and different disordered m
els of a-Si. Finally, we discuss our findings in Sec. IV an
draw some conclusions.

II. METHODS AND COMPUTATIONAL DETAILS

To generate the structural models we use the well-kno
bond switching model of Wooten, Winer, and Weaire38 with
periodic boundary conditions. Starting with the crystalli
structure topological disorder is introduced via a bo
switching algorithm. The structure is then first relaxed into
minimum of the Keating potential39 with the help of a Monte
Carlo method. The Keating potential applies a static nei
bor list to determine whether an interaction between two
oms occurs. Only the use of this static neighbor list allows
to introduce disorder by switching bonds. Moreover it gu
antees a fast convergence to a local minimum away from
crystalline coordinates. At this point the structures are s
CRN’s with purely fourfold coordination.

To introduce coordination defects, which are present
real samples ofa-Si, a further relaxation using the Stillinger
Weber~SW! potential40 is done via a conjugate gradient a
gorithm. In contrast to the Keating potential the SW poten
has a natural cutoff of interaction. That causes a dynam
change of the neighbor list during the relaxation process
consequence of this is a dramatic increase of computati
costs compared to the first relaxation step. To assure tha
structure arrives at a true local minimum in a reasona
time, a careful optimization of the conjugate gradient alg
rithm has to be performed. This task is extremely importa
since the values of the low-frequency vibrations were fou
to be influenced strongly by the quality of the relaxation37

Although the use of empirical potentials could be seen a
shortcoming of this work, it is crucial to arrive at the syste
sizes needed to investigate low-frequency dynamics.
present we can calculate the low-frequency VDOS’s of s
tems containing up to 64 000 atoms on a normal worksta
~DEC Alpha 533au!.

To characterize structures with different degrees of dis
der we introduce the bond switching parametercn . It is just
a parameter of our algorithm and has no direct phys
meaning. A bond switching parametercn50.1 results in a
structure that is still very close to the crystalline cas
whereas a value ofcn50.25 gives a structure with a larg
amount of nonfourfold-coordinated atoms. The percentag
nonfourfold atoms is 2.5% forcn50.1, 9.5% forcn50.15,
18% for cn50.2, and 28% forcn50.25. The number of
floating bonds is larger than the one of dangling bonds.
though a realistic value for the concentration of coordinat
defects~for dangling bonds 0.1–1.0%! appears to be much
lower, it is up to now not possible to build a computer ge
erated CRN with a lower amount of defects and a satisf
tory reproduction of the radial distribution function at th
4-2
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BOSON PEAK IN AMORPHOUS SILICON: A . . . PHYSICAL REVIEW B63 235204
same time. To achieve this, a new algorithm to introduce
disorder would be necessary. The bond switching mo
which we use in this work, is accepted as the best algori
available at this time. The model withcn50.2 is believed to
be in best accord with real samples ofa-Si, which are far
away from the crystalline structure. A more detailed desc
tion of these findings along with the respective radial dis
bution functions and bond angle distributions was publish
earlier by the authors.37

The VDOS is calculated via direct diagonalization of t
dynamical matrix, obtained from a Taylor series expans
of the SW potential. The lowest eigenvalues are calcula
using the Lanczos method41 and then sorted into sample in
tervals with a width of 10 cm21 to obtain the VDOS. Due to
the finite size of the system a smaller sample interval wi
would lead to statistical noise in the graph of the VDO
Another effect of the finite size of our simulation cell is
cutoff vmin for the smallest possible frequency of an acous
phonon. Given the length of the simulation cell edge
108.54 Å and a value for the transverse sound velocitc
53.673103 m/s from the literature,42 we calculatevmin
'11 cm21. As a consequence we do not show results
frequencies smaller thanvmin . To compare the VDOS’s o
different system sizes and degrees of disorder it is alw
normalized to unity.

The calculation shows that the boson peak appear
rather low frequencies. Thus for a proper investigation of
differences from the crystal, it is necessary to develop a p
non band structure code using the same model for Si and
SW potential. The VDOS of the crystal is computed by
tegrating over 23107 points of the irreducible Brillouin zone
with a sample interval width of 2 cm21. The reduced sample
interval width compared to the calculations fora-Si is made
possible by the larger number of collected eigenmodes.

III. RESULTS

The SW potential is known to lead to a reasonable
scription of the VDOS of amorphous silicon although t
peaks are shifted compared to experimental findings.42 To
demonstrate this, we have calculated the VDOS of crys
line silicon. It is shown together with the experimental cur
for polycrystalline silicon of Kamitakaharaet al.28 in Fig. 1.
To compensate for the shift of the absolute positions of
peaks, we used two different frequency scales. While
compensates the slightly higher values for the position of
transverse acoustic, longitudinal acoustic, and longitud
optical peaks, the relative position of the transverse opt
peak from our calculation is still at too high a frequenc
However, the shape of the VDOS is reproduced well. Fr
this we conclude that the SW potential can even be use
model the crystal, since the differences from experim
could be eliminated by an optimization of the parameters
the SW potential, which has been fitted to reproduce o
mally several properties of silicon. Such an optimizati
would not change any of the qualitative implications of o
work. This is why we used the original values of the para
eters.

In Fig. 2 we present the low-frequency VDOS for a sy
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tem size of 64 000 atoms for different degrees of disord
Since the VDOS for frequencies larger than 100 cm21 does
not vary significantly on increasing the system size beyo
13824 atoms, we calculated the VDOS in this frequen
range only for the latter system size to reduce computatio
costs. It can easily be seen that a shift of the transve
acoustic peak toward lower frequency occurs with increas
degree of disorder. The maximum of this peak is found
about 210 cm21 for the crystal and at about 160 cm21 for the
most disordered structure. A second effect of the introd
tion of disorder consists in a decrease of the intensity an

FIG. 1. Vibrational density of statesg(v) for crystalline silicon.
Bold line, present calculation~bottom frequency scale!; solid line,
polycrystalline silicon from neutron diffraction~upper frequency
scale! ~from Ref. 28!.

FIG. 2. Low-frequency part of the vibrational density of stat
g(v) of a-Si for varying degrees of disorder. Bold,c-Si; dashed-
dotted, cn50.1; long dashed,cn50.15; dashed,cn50.2; dotted,
cn50.25.
4-3
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simultaneous broadening of the transverse acoustic p
Since the broadening of the transverse acoustic peak is
easily recognized from Fig. 2, we also give the values of
full width of the peak at half maximumDvhw . Dvhw
5124 cm21 for the crystal andDvhw5155 cm21 for the
model with cn50.25. Summing up, it may be said that a
enhancement of the low-frequency VDOS is a direct resul
a shift and a broadening of the transverse acoustic peak

This agrees in part with the result of Schirmach
et al.20,21They also observe the appearance of extra state
the low-frequency VDOS on introduction of disorder into
harmonic model. As a difference from our findings, the o
currence of extra states in their model seems only to
caused by a broadening and not by a shift of the VDOS. O
calculations support essentially the observations of Schir
cher et al., but additionally it becomes evident that mo
realistic models of amorphous solids lead to a more comp
interpretation of the low-frequency dynamics.

To obtain further information on the deviation of th
VDOS of a-Si from the Debye behavior@g(v);v2 for v
→0# the results are plotted in a different way, i.e., we p
g(v)/v2 againstv ~Fig. 3!. In the crystalline case we not
the expected Debye behavior. The deviation from consta
at the lowest frequency for the crystalline curve is a con
quence of the finite number ofk points (23107). We were
able to show this by calculating the VDOS of the crystal
a varying number ofk points, where a reduction of this de
viation with an increasing amount ofk points was observed
The fluctuations in the curves forcn50.1 andcn50.15 are
noise due to the finite sizes and finite number of realizatio

FIG. 3. Low-frequency part ofg(v)/v2 of a-Si for varying
degrees of disorder. Bold,c-Si; dashed-dotted,cn50.1; long
dashed,cn50.15; dashed,cn50.2; dotted,cn50.25.
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For the least disordered structure withcn50.1 we observe
an enhancement of the low-frequency VDOS over the cr
talline value. For this structure the maximum ing(v)/v2,
which is already present in the crystal, increases slightly
intensity and is shifted toward lower frequencies. Nevert
less it can be seen thatg(v);v2 asv→0 still holds. This is
not true anymore for the more disordered models. Alrea
the structure withcn50.15 shows a weak maximum i
g(v)/v2 at low frequencies. This maximum becomes stro
ger as the disorder is tuned to a higher value in the struc
by choosingcn50.2. The most disordered structure (cn

50.25) possesses a pronounced peak ing(v)/v2. Here the
VDOS exceeds the crystalline value by a factor of 4. Besi
an increase of the intensity of the low frequency peak
g(v)/v2, it can be seen that this peak is shifted sligh
toward lower frequencies with increasing disorder: it
found at 55 cm21 for cn50.15, at 45 cm21 for cn50.2, and
at 35 cm21 for cn50.25. We suggest that this peak
g(v)/v2 should not be named the boson peak nor should
appearance of the boson peak be ascribed to only one o
described observations alone. We believe that the boson
is generated by the complex of phenomena we observe in
low-frequency VDOS, when disorder is introduced.

To ascertain that the size of our systems is sufficien
describe properly the low-frequency part of the VDOS, w
repeated the computation for a series of system sizes
tween 17576 and 46656 atoms. The results are shown
cn50.25 in Fig. 4, where the VDOS is shown relative to t
crystalline value. It can be seen that the values of the VD
fluctuate more strongly at low frequency, which is an e
pected effect of the finite system sizes. At a frequency of
cm21 a system size of 17576 atoms gives already a satis
tory description of the low-frequency peak, whereas ther
still a strong dependence on system size at a frequency o
cm21. Bearing in mind that the cutoffvmin for the smallest
possible acoustic phonon frequency in the largest of
models was calculated as about 11 cm21, this observation is
expected. Nevertheless, the appearance of a peak ing(v)/v2

FIG. 4. Relative vibrational density of statesg(v)/gcryst(v) for
models withcn50.25 at varying system size.gcryst(v) is the vibra-
tional density of states ofc-Si.
4-4
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BOSON PEAK IN AMORPHOUS SILICON: A . . . PHYSICAL REVIEW B63 235204
at low frequencies is unambiguous even when the abso
values ofg(v)/v2 may have some uncertainty.

IV. DISCUSSION AND CONCLUSION

In their experimental work Liu and Pohl30 showed that the
low-frequency vibrational properties ofa-Si are strongly de-
pendent on the sample preparation. They argue that a s
ture that could be described as a perfect CRN, would
possess an extra VDOS at low frequencies. This stateme
supported by an earlier published work of the author37

where a purely fourfold coordinated model ofa-Si is exam-
ined and no extra low-frequency vibrations are observed.
the other hand Liu and Pohl reported the occurrence of e
low-frequency states for samples ofa-Si with a significant
amount of defects, i.e., dangling and floating bonds. In
present work we can confirm this observation, since we h
shown that solely by introduction of defects into a pure
harmonic model ofa-Si extra states at low frequencies a
generated compared to the crystal. If we tune the disorde
the model to a higher level, the number of defects increa
and as a consequence the density of low frequency stat
amplified. Because of this wide spread in the vibratio
properties, we considera-Si an interesting system to exam
ine the low-energy phenomena of amorphous solids in g
eral.

To our knowledge Schirmacheret al.20,21 observed extra
low-frequency vibrations in a purely harmonic model for t
first time. Since we calculate all vibrational properties w
the help of a harmonic approximation to the SW potent
our results have to be interpreted in the harmonic framew
too. We go a step further by inspecting a well accep
model for a real amorphous solid. In addition to the obs
vation of Schirmacheret al., who found an increase of th
low-frequency VDOS as a result of its broadening when d
order is introduced, our work shows that the enhancemen
the low-frequency VDOS appears as a complex of sev
phenomena.~i! The transverse-acoustic peak is shifted
ward lower frequencies in the amorphous structures c
pared to the crystal.~ii ! A broadening of the same peak
observed as the disorder increases.~iii ! In a plot ofg(v)/v2

versusv, one notes for the least disordered model a cons
increase ing(v)/v2 at low frequencies, whereas in the ca
of more disordered structures a pronounced peak ing(v)/v2

evolves.
From neutron-scattering experiments it is known that

boson peak is a consequence of the existence of additi
low-frequency vibrations. Thus our results suggest that
boson peak should be observable in sufficiently disorde
a-Si. It could arise from the complex of phenomena d
scribed above. Moreover our investigation suggests that
boson peak is a phenomenon already explainable~at least in
part! in the harmonic approximation. Thus it seems that
boson peak is not necessarily connected to anharmonic
fects such as the existence of double-well potentials, etc

In experiments on typical glass formers the boson pea
found in the region of 25–70 cm21.3 Since the absolute po
sition of the calculated peak ing(v)/v2 for our models is at
about 40 cm21, which is in very good agreement with th
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finding, it is tempting to identify this peak as the boson pe
However, as we already stated above, we believe the bo
peak has to be explained as a consequence of several
nomena of the low-frequency VDOS. As mentioned abo
there is a Raman spectral value34 for the boson peak ina-Si
of 114 cm21. This is somewhat higher than the typical e
perimental values in other systems. We have to note here
~i! Raman spectra are connected to the VDOS by an
known phonon-photon coupling factor and~ii ! the experi-
ment investigates silicon disordered by irradiation with ne
trons, which leads to an amorphous volume fraction of o
4%. The strong dependence of the properties ofa-Si on the
preparation method is well known. Our investigations ha
also shown that the value of the boson peak decrease
frequency with increasing disorder.

Our findings also support the observation of Nakhman
and Drabold22 of an excess specific heat fora-Si. Their
model is very similar to ours and it is purely harmonic, but
it contains only 4000 atoms it is too small to resolve t
shape of the low-frequency VDOS and identify its cons
quences. In addition to their work on purea-Si the authors
focused also ona-Si with voids, for which they found an
extra peak in the low-temperature dependence ofC/T3,
which they could trace back to a few localized modes bel
11 cm21. To discuss this problem we refer to our previo
paper on the VDOS ofa-Si and the localization character o
the modes. We presented a small model of the same typ
used in the present work~relaxation with the SW potential!.
By calculating the scaling behavior of the correlation leng
of low-frequency modes, we showed that the modes at
lower edge of the VDOS seem to be localized if one cons
ers only small system sizes, but finally turn out to be de
calized when the system sizes are increased to 8000 at
The explanation for this phenomenon is the following.
small system sizes the modes appear to be localized
larger system sizes long-wavelength phonons appear
couple with the localized modes so that they become
tended. Thus these modes should be called resonant m
Probably the same effect applies to the localized mode
voids in the work of Nakhmanson and Drabold. This poin
out the problems of finite-size effects.

To summarize; as long as coordination defects are exp
itly included in our microscopic model of an amorpho
solid (a-Si!, the introduction of disorder is sufficient no
only to increase the density of low-frequency states, but a
to generate a peak ing(v)/v2 in the harmonic approxima
tion. We interpret the simultaneous presence of both p
nomena as the boson peak. We want to stress that we do
deny the implications of anharmonic effects and we also
not claim that our model could explain any findings at ve
low temperatures, which have to be described with the h
of the tunneling model.
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