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Vibrational spectrum of amorphous silicon: Experiment and computer simulation
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The dynamical structure factor S(g, co) and the vibrational density of states g (to) for amorphous
silicon have been measured by neutron scattering methods. Computer simulations of S(Q, to),
based on a 216-atom structural model, are in substantial agreement with experiment.

Insofar as they can be regarded as tetrahedrally bond-
ed continuous random networks, amorphous silicon (a-
Si) and amorphous germanium are arguably the simplest
of amorphous solids. As such, their vibrational proper-
ties are of interest for comparing the nature of excita-
tions in amorphous and crystalline solids. Here we
present neutron scattering measurements of the wave
vector and energy dependence of the vibrational spec-
trum of a-Si and compare these with realistic computer
simulations.

The vibrational properties of crystalline solids are un-
derstood at a very detailed level in terms of phonons.
Comparable understanding does not exist for amorphous
solids, although one can anticipate some of the qualita-
tive similarities and differences. At the very least, one
expects a smearing of the vibrational spectrum in Q
space for a disordered solid, following the idea that its
diffuse elastic diffraction pattern is a smeared version of
the sharp-line diffraction pattern of the polycrystalline
counterpart. A model which incorporates this minimal
expectation is the "diffuse-umklapp scattering" picture
of Frobose and Jackie, ' Hafner, and others. Such a
picture notably does not include the two-level states
(TLS) which are a feature of most amorphous solids.
Tunneling excitations among the TLS have not been ob-
served to date by neutron scattering, and it is to be ex-
pected that their detection would be difficult, because of
their low energies (in the range of 0.01 —0.1 meV) and
relatively low density. However, at somewhat higher en-
ergies, in the few-meV range for a material such as Si02,
extra modes have been observed which originate from
the same asymmetric double-well potential minima
which gives rise to the TLS. Whether extra vibrational
modes are to be found in all amorphous solids is unclear
and a point which is addressed in the investigations re-
ported here.

The sample used in this and in previous experiments
was prepared by rf sputtering in an Ar atmosphere. The
deposition rate was -2 pm/h, and several different runs
were needed to accumulate the 5-g sample. The Al foil
substrates were dissolved off with acid, and the resultant
a-Si flakes were dried at 100'C for —12 h to remove ad-
sorbed water. The neutron scattering measurements
were mainly carried out on the IN4 time-of-flight spec-
trometer at the Institut Laue-Langevin, Grenoble,
France. Considerations of resolution and intensity dic-
tated the choice of an incident neutron energy Eo of 12
meV, although a higher Eo would have been preferable
to extend the Q range of the results. Additional data
were obtained on a triple-axis spectrometer at Oak
Ridge National Laboratory.

The starting point of the computer simulations was
the 216-atom network of Wooten et al. We assume
that a-Si can be regarded for our purposes as a crystal
with a large unit cell, with a simple potential of the
Keating type, yielding 648 zone-center modes with fre-
quencies co; and eigenvectors e;~. For comparison with
the neutron experiment, one can then calculate the re-
duced structure factor

Fig, i=( XxeQ e;, exp(iQ. R, )

J

where the angular brackets denote averages over all
modes i with the same co, and over all orientations of Q.
Each curve in Fig. 1 represents an average over five
modes with nearly the same co. The structure factors for
the modes within each group resembled each other to a
surprising degree, suggesting that the distinctly different
phonon eigenvectors that one can have for modes of the
same frequency in a crystalline solid have no amorphous
counterpart, i.e., all modes with the same co in an amor-
phous solid tend to have similar patterns of vibration as-
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sociated with them. States near the band edge (E &65
meV) are localized in character, but have very similar
structure factors to delocalized states of slightly lower
energy (60 meV), implying that it is difficult to address
the question of localization by means of neutron scatter-
ing measurements.

We compare simulation and experiment primarily in

terms of constant-co cuts of the scattering law

S(Q, cu)=(fiQ l2m)e [2' sinh(Pc@)] 'F(Q, ru),

which, apart from trivial factors, is the reduced struc-
ture factor multiplied by Q times the Debye-Wailer fac-
tor e . Thus the comparison between theory and ex-

periment in Fig. 2 is essentially that of the
orientationally-averaged Fourier transform of the pat-
tern of vibration, averaged over modes with the same co.

The solid lines in Fig. 2 are simply smooth curves drawn
through the points of Fig. 1, multiplied by Q e, with
the vertical scale for each calculated curve adjusted to
best fit the experimental data. The frequencies chosen
for the comparisons in Fig. 2 are indicated by arrows on
the top part of Fig. 3, in which are shown densities of

~w = 12 meV

~ ~ ~~ ~~ o~ ~

states g(cu) derived from the neutron scattering experi-
rnent and from the computer simulation. The experi-
mental g (ru) for a-Si is very similar to that reported in a
previous paper, but is more reliable and accurate. We
have also measured g (cu) for a-Ge (not shown), which is
very similar in shape to that of a-Si, but with the
significant difference that there is no indication in a-Ge
of extra low-energy modes, a point we shall discuss later.
Maley, Lannin, and Price (MLP) have recently reported
similar measurements of g(co) for a-Ge. Their data are
in good agreement with our own, considering differences
in methods of data acquisition and analysis. Their com-
parisons of S (Q, ro) with theory were restricted to a sim-
ple analytic model involving only nearest-neighbor corre-
lations, showing some large deviations at low Q. The
longer-range correlations that MLP recognized needed
to improve agreement in this Q range are of course in-
cluded in the detailed computer simulation of the
present work.

Also shown in Fig. 3 is a g (co) measured for polycrys-
talline Si (pc-Si), obtained under the same experimental
conditions employed for a-Si. There is very good agree-
ment with a g (ru) calculated from a model which accu-
rately fits the phonon dispersion curves of Si. The pc-Si
results are useful mainly for directly demonstrating the
reliability of the experimental method and techniques of
data analysis. The counterparts of the four main peaks
in the pc-Si g(cu), usually labeled TA, LA, LO, and TO,
in order of increasing energy, become smeared but are
clearly identifiable in the a-Si spectrum. The a-Si g(ni)
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FICx. 1. Reduced structure factors F(g, co) for a-Si, obtained
from the computer simulation described in the text.

FICs. 2. Constant-co cuts of S(g, co) for a-Si, obtained by
neutron scattering (points) and from the computer simulation
(lines j.
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FIG. 4. Constant-co cut of S(g, col obtained by neutron
scattering (points), compared with the contribution expected
(shaded area) from acoustic-phonon-like modes. A substantial
contribution from excitations of unknown origin is apparent.

FIG. 3. Experimental and theoretical vibrational densities of
states for (a) amorphous and (b) polycrystalline silicon. For
both (a) and (b), the experimental results are the crosses, con-
nected by a line to guide the eye in (a). The calculated a-Si

spectrum (open circles) was obtained from the computer simu-
lation, while the calculated p-Si spectrum, the solid line in (b),
comes from Ref. 9.

from the computer simulation is in fairly good agree-
ment with experiment, but places the "TA"-like band at
too high an energy (26 meV, cf. 20 meV from experi-
ment). This indicates that the bond-bending forces in
the Keating model were overestimated here by about
30%%uo but the same parameters are likely to be valid for
both amorphous and crystalline silicon. Also, the com-
puted "TO"-like peak at 60 meV is somewhat too sharp,
as in previously reported simulations, ' suggesting that
the bond-angle distribution is narrower in the Wooten
network than in our a-Si sample.

Returning to the comparison between theoretical and
experimental S(g, co) cuts in Fig. 2, the agreement is in
general rather good, especially for Ace=25. 3, 42.5, and
59.9 meV. For Boo=12.1 and 19.6 meV, the agreement
is only fair, the experimental spectra showing less pro-
nounced structure than the calculated ones. We believe
that the reason for this difference is that there is an extra
contribution to the scattering which is a rather feature-
less, monotonically increasing function of Q, and that
the observed scattering is a sum of the scattering from a
continuous random Si network, plus the extra scattering.
The Q dependence of the "TA"-like modes (A'co=12. 1,
19.6, 25.3 meV) mirrors S(g), the elastic structure fac-
tor, " corresponding to "in-phase" motions of the atoms
with surrounding atoms. For the "TO"-like 59 meV
modes, the motions are "antiphase, " leading to peaks in
S(g, co) where S(g) has valleys, and vice versa. For
Ace=42 meV, neither in-phase nor antiphase is an accu-

rate description, leading to a somewhat smoother Q
dependence.

The existence of extra scattering at low energies is
more clearly demonstrated by a cut of S(g, cu) at con-
stant Ace=4. 14 meV, similar to the data of Fig. 2, but
obtained on a triple-axis spectrometer in a manner such
that the proportion of the scattering which is expected
from phononlike excitations, the shaded portion in Fig.
4, can be easily and reliably estimated. The estimate
derives from the "diffuse umklapp scattering" picture, '
and shows that acoustic-phonon-like excitations account
for less than half of the scattering at 4.14 meV, implying
the existence of a high density of extra excitations of un-
known origin at this energy. Although it is tempting to
claim that the extra excitations are intrinsic to a con-
tinuous random network and to the amorphous state of
condensed matter, we believe that this is not the case,
and that they in fact arise from extraneous sources, e.g. ,
surface modes associated with microvoids occluded dur-
ing film deposition. Preliminary calculations on a-Si
models' with greater concentrations of defects show
that the vibrational density of states is quite insensitive
to fine details of the microstructure. Our point of view
is consistent with other evidence' that extra vibrational
modes and TLS are absent for "ideal, " i.e., continuous-
random-network, a-Si or a-Ge.

We thank F. Wooten for providing us with the atomic
coordinates of his a-Si structural model, W. Langel for
his assistance at the Institut Laue-Langevin, and R. M.
Nicklow for arranging instrument time at Oak Ridge.
The Ames Laboratory is operated by Iowa State Uni-
versity for the United States Department of Energy
(USDOE) under Contract No. W-7405-eng-82. The por-
tion of this research connected with the Ames Laborato-
ry was supported by the Director for Energy Research,
Once of Basic Energy Sciences, USDOE. The colla-
boration involved in this research was made possible by
a grant from the NATO Scientific Affairs Division.



6542 W. A. KAMITAKAHARA et al. 36

'Present address.
K. Frobose and J. Jackie, J. Phys. F 7, 2331 (1977).

~J. Hafner, J. Phys. C 14, L287 (1981).
U. Buchenau, N. Niicker, and A. J. Dianoux, Phys. Rev. Lett.

53, 2316 (1984); U. Buchenau, M. Prager, N. Nucker, A. J.
Dianoux, N. Ahrnad, and W. A. Phillips, Phys. Rev. B 34,
5665 (1986).

4W. A. Kamitakahara, H. R. Shanks, J. F. McClelland, U.
Buchenau, F. Gompf, and L. Pintschovius, Phys. Rev. Lett.
52, 644 (1984).

5F. Wooten, K. Winer, and D. Weaire, Phys. Rev. Lett. 54,
1392 (1985).

G. S. Grest, S. R. Nagel, and A. Rahman, Phys. Rev. Lett. 49,

1271 (1982).
W. A. Kamitakahara, M. Prager, U. Buchenau, and F. Gompf

(unpublished).
~N. Maley, J. S. Lannin, and D. L. Price, Phys. Rev. Lett. 56,

1720 (1986).
W. Weber, Phys. Rev. B 15, 4789 (1977).

' R. Alben, D. Weaire, J. E. Smith, Jr. , and M. H. Brodsky,
Phys. Rev. B 11, 2271 (1975).

' T. A. Postol, C. M. Falco, R. T. Kampwirth, I. K. Schuller,
and W. B. Yelon, Phys. Rev. Lett. 45, 648 (1980).

' R. Biswas, G. S. Grest, and C. M. Soukoulis (unpublished).
' R. van den Berg and H. v. Lohneysen, Phys. Rev. Lett ~ 55,

2463 (1985).


