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a b s t r a c t

We study the vibrational properties of amorphous germanium at high pressures using a constant pres-
sure ab initio technique. With the application of pressure, the low-frequency modes gradually soften with
a decrease in their acoustic-like nature while the high-frequency modes shift to larger frequencies. The
acoustic-like vibrations are found to have negative Grüneisen parameters whereas the optic-like ones
have positive values of about +1. A negative thermal expansion is produced below 200 K. Furthermore,
we find that pressure reduces the number of localized states. Accompanied by the phase transition into
a metallic high-density amorphous state, the nature of the low-frequency vibrations is changed from
acoustic-like to optic-like and from bond bending to bond stretching.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Amorphous semiconductors are of technological importance for
electronic and optoelectronic device applications. In the past dec-
ades, numerous experimental and theoretical investigations [1–
14] have been performed to better understand electronic and
vibrational properties of amorphous materials and much progress
has been made. However, local structural changes due to external
perturbations and their relations to other physical properties of
amorphous networks are still not well-understood. In this study,
we use a first-principles pseudopotential technique to investigate
the influence of pressure on the vibrational spectrum of amor-
phous germanium (a-Ge). The characterization of the phonon spec-
trum of a-Ge under pressure is important for understanding not
only the structure of a-Ge itself but all topologically similar amor-
phous materials. Furthermore, such an investigation might be
helpful in understanding pressure-induced amorphous-to-amor-
phous phase transition and an anomalous negative thermal expan-
sion observed in some tetrahedrally bonded amorphous materials
[9].

The vibrational spectrum of amorphous semiconductors such as
germanium and silicon is sensitive to sample preparation tech-
niques, degree of structural disorder, deposition conditions and
hydrogen concentration [1–3]. The intensity of bands and their
lines width correlate with the bond angle distribution of samples
ll rights reserved.
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[3,4]. Moreover, the number of localized states is found to be asso-
ciated with the density of amorphous systems [5–8].

Polyamorphism [15] refers to distinct amorphous states with
different densities and bonding environments and is of interest
both as a scientific phenomenon and because of its implications
in materials processing. For amorphous materials, it can be typi-
cally obtained by increasing external pressure. The density driven
amorphous-to-amorphous phase transformation has been studied
extensively [16–37] and occurs in a variety of systems. The exis-
tence of multiple amorphous phases has revived the idea of an
underlying liquid–liquid phase transition, indicating the existence
of a low-density liquid and its glass transition to the amorphous
solids [20].

Both theoretical and experimental studies [21–24] have pro-
vided enough solid evidence for the existence of such a phase
transformation from a low-density semiconducting phase to a high
density metallic amorphous phase in a-Ge with the application of
pressure. In these studies, however, the influence of pressure on
the vibrational properties has not been reported. In this paper,
we study the phonon spectrum of a-Ge under pressure using ab ini-
tio constant pressure simulations and lattice dynamical calcula-
tions. We find that pressure softens the low-energy modes and
decreases their acoustic-like nature. The low-frequency states are
calculated to have negative Grüneisen parameters. Consequently,
a negative thermal expansion is observed in a-Ge below 200 K.
On the other hand, the high-frequency vibrations increase linearly
with the application of pressure and have positive Grüneisen
parameters. We also find that the localized states at zero-pressure
become extended with increasing pressure. Furthermore, we ob-
serve that the nature of the low-frequency modes is changed from
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acoustic-like to optic-like and from bond bending to bond stretch-
ing when the low-density semiconducting a-Ge transforms into a
metallic high-density amorphous state.
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Fig. 1. The behavior of the VDOS under pressure.
2. Methodology

The model used here is generated using an improved version of
the Wooten–Winer–Weaire algorithm [38]. At zero-pressure, the
model is equilibrated and relaxed with the local orbital first prin-
ciples quantum molecular dynamics method of Sankey and Nik-
lewski [39]. The energy difference between the diamond and the
amorphous model is found to be 150 meV/atom in agreement with
120 meV/atom from a heat crystallization measurement [40,41].
This Hamiltonian was successfully applied to study the pressure-
induced phase transition crystalline Ge [42]. Pressure is applied
by the Parrinello–Rahman method [43] and it is increased by an
increment of 2 GPa up to 12 GPa, after which an increment of
0.25 GPa is carried out in order to accurately estimate the transi-
tion pressure. Under constant pressure, the system is fully relaxed
according to the criterion that the maximum force is smaller than
0.01 eV/Å. We use C-point sampling for the supercell’s Brillouin
zone integration, which is reasonable for a 216-atom model. A fic-
titious cell mass of 16 � 103 amu was found to be suitable for these
simulations.

Once the equilibrium configurations under pressure are ob-
tained, we compute the dynamical matrix, displacing every atom
in the cell in three orthogonal directions (0.03 Å) and computing
the resulting spring constants as second derivatives of the total en-
ergy of the system. Diagonalizing the dynamical matrix we receive
its eigenvectors and corresponding squared normal-mode frequen-
cies x2, which allow us to perform a detailed mode analysis of the
high pressure configurations.
3. Results

3.1. Structural properties

We first briefly summarize the structural properties of a-Ge as a
function of pressure in Table 1. The detail of the simulations can be
found in Ref. [21]. The compression noticeably narrows tetrahedral
angles and shortens bond lengths but the structure remains four-
fold coordinated up to 12.75 GPa at which point the a-Ge model
undergoes a first order phase transformation from a semiconduct-
ing low-density amorphous phase to a metallic high-density amor-
phous phase. The metallic high-pressure phase consists of
differently bounded domains and resemblances to liquid Ge [21].

3.2. Vibrational density of states

The computed vibrational density of states (VDOS) of the model
at several pressures is shown in Fig.1. At zero-pressure, the model
shows no vibrational states below 60 cm�1 because of the finite
size of the simulation cell: small k modes are missing from the
simulation, which are strictly zone centered. As the model is com-
Table 1
Structural properties of a-Ge on compression: average bond length (ABL), average
bond angle (ABA), width of bond angle distribution (WBAD), and average coordina-
tion number (ACN).

Pressure (GPa) 0 8 10 12.5 12.75

ABL (Å) 2.421 2.357 2.345 2.332 2.6338
ABA (�) 109.16 108.98 108.90 108.71 98.81
WBAD 10.18 11.09 11.46 12.28 32.37
ACN 4.0 4.0 4.0 4.0 8.03
pressed gradually, the low-frequency modes shift continuously to
smaller-energies. Near the transition pressure, instability occurs
in the system, which leads to imaginary frequencies. We multi-
plied the imaginary frequencies by i so that they show up on the
negative real frequency axis. The modes in the high-frequency
range, on the other hand, move toward larger energies with the
application of pressure. At the transition pressure of 12.75 GPa,
the modes decrease to values that are lower than those of the ini-
tial amorphous configuration.

The imaginary frequencies near the transition pressure can be
viewed as an artifact of the simulation because of the overpressur-
izing system. Namely, in order to observe a structural phase trans-
formation in simulations, systems must be overpressurized
because of the use of finite size of simulation boxes with periodic
boundary conditions (the absence of surfaces in simulated struc-
ture). In the simulation, the imaginary frequencies however can
be interpreted as a structural instability of networks [44] and use-
ful for an indication of a phase transition in this type of simulation
[5].

The frequencies near 300 cm�1, on the other hand, gradually
shift to higher frequencies with increasing pressure as a conse-
quence of the bond shortening. This observation is in good agree-
ment with the recent Raman studies [22,45]. As the system
undergoes the amorphous-to-amorphous phase transition, the
high frequency band shifts to the lover frequencies with a dramatic
decrease in its intensity, which is again consisting with the Raman
study in which the loss of Raman signals was observed when the
sample transforms into a HDA phase.
3.3. Grüneisen parameters

Softening of the low-frequencies modes with increasing pres-
sure (decreasing volume) indicates that the low-frequency vibra-
tions of a-Ge have negative Grüneisen parameters cn that
describe the scaling of phonon frequencies xn with volume V,
which might depend on pressure P:
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Fig. 2. Calculated Grüneisen parameters.
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Fig. 3. Calculated thermal expansion.
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cn ¼ �
d ln xn

d ln V

� �
VðPÞ
¼ B

xn

dxn

dP

� �
T
;

where B is the isothermal bulk modulus and calculated to be 73 GPa
for the a-Ge model [21].

We determine the frequency–pressure relation using both lin-
ear and quadratic fits in the pressure-range 0–8 GPa in which no
imaginary frequency exists, and then we calculate cn. Due to the
fitting, some errors are expected in our calculations. Fig. 2 shows
the computed Grüneisen parameters. Accordingly, the acoustic-
like phonons below 120 cm�1 have negative cn while the optic-like
ones have positive cn. At the low frequencies, the values are scat-
tered and generally large for the quadratic fit. The value of cn grad-
ually increases as the frequency increases, but it is still negative.
Above 120 cm�1, cn becomes positive and almost constant about
+1. At high-frequency tail states, the values are scattered again
but much less than at low ones. The general trend of the Grüneisen
parameters of a-Ge is similar to what have been determined for a-
Si [9] but the spreading of the parameters in a-Ge is much less than
that of a-Si.

The large dispersion of cn at the low- and high-frequency ranges
in a-Si is explained in terms of over- and under-coordinated atoms
[9]. However, the model used here is perfectly coordinated and
thus the scattering at the tail states in a-Ge cannot be due to the
coordination defects and it is probably related to the strained
topology and/or the finite size of the system.

3.4. Thermal expansion

The negative Grüneisen parameters imply a negative thermal
expansion aðTÞ of a-Ge. The computed parameters can be used to
estimate the temperature dependence of aðTÞ. The thermal expan-
sion can be calculated using the following equation:

aðTÞ ¼ 1
3BV

X
a

Caca;

where Ca ¼ kBð�hxa=kBTÞ2naðna þ 1Þ is the specific heat of a har-
monic oscillator, kB is the Boltzman constant, B is the isothermal
bulk modulus, V is the volume, and naðxÞ is the average phonon
population as given by the Bose–Einstein distribution
naðxÞ ¼ ½expð�hx=kBTÞ � 1��1. The calculated thermal expansion of
a-Ge is illustrated in Fig. 3. Accordingly, the model shows a dra-
matic negative expansion below 200 K. The magnitude of expansion
calculated from the quadratic fit is more than that of the linear fit
because of the large negative value of Grüneisen parameters.

3.5. Phase quotient

In a crystal, vibrations can be explained with acoustic and optic
phonons. In acoustic modes, neighboring atoms move in phase
while in optic modes the motion is out of phase. In amorphous
materials, the atomic vibrations cannot be characterized with a
definite wave vector, and a division of atomic vibration into acous-
tic and optic phonons is not possible in general [10]. However,
some characteristics can be calculated for vibrational modes in
amorphous materials. One of the useful quantities is the phase
quotient. The phase relationship between vibrations of neighbor-
ing atoms can be explained with the phase quotient PQðxnÞ [41]:

PQðxnÞ ¼
P

mui
n � u

j
nP

m ui
n � u

j
n

��� ��� ;

where atoms i and j constitute the mth bond, ui
n is the displacement

of atom i from its equilibrium position when it vibrates in mode n
and the summation is over all nearest-neighbor bonds in the clus-
ter. In terms of values of the phase quotient, it is possible to talk
about acoustic-like and optic-like modes in amorphous materials.
In acoustic-like modes, the motion of atom i and j is roughly in
phase and the PQðxnÞ is close to +1 and in optic-like phonons, the
relative motion of atoms is roughly antiparallel for each pair and
the PQðxnÞ is around �1.The calculated PQðxnÞ is illustrated in
Fig. 4. At zero-pressure, the vibrations with x < 120 cm�1 are close
to unity, indicating an acoustic-like nature of these eigenmodes. On
the other hand, the high frequency spectral tail states are mainly
negative and are regarded as optic-like vibrations. An abrupt change
around 120 cm�1 in the PQðxnÞ indicates that the different charac-
ter of vibrations is separated by the band gap. The PQðxnÞ tends to
decrease in the low-frequency range with the application of pres-
sure. This means that the mode mixing of the low-frequency vibra-
tions occurs in response to pressure. At the transition, the abrupt
change near 120 cm�1 disappears, and the PQðxnÞ is found to be
60.5, indicating a more optic-like character of the eigenmodes.
The results reveal that pressure has a strong effect on the acous-
tic-like nature of the vibrations and even changes their character
while having almost no effect on the optic-like vibrations. The gen-
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eral features of the PQðxnÞ of a-Ge and its behavior under pressure
are very similar to those of a-Si [5,11].
3.6. Stretching character

Another useful quantity, introduced in Ref. [11], the stretching
character SðxnÞ can be given by
SðxnÞ ¼
P

mjðui
n � uj

nÞ � rmjP
mjui

n � uj
nj

;

where rm is a unit vector in the direction of the mth bond. When
SðxnÞ is close to unity mode n is predominantly of bond stretching
character while values close to zero imply bond bending modes.

The pressure dependence of SðxnÞ is given in Fig. 5. At zero-
pressure, the modes less than 120 cm�1 have a bond bending char-
acter while those above 120 cm�1 have a bond stretching charac-
ter. We find almost no change in the nature of the low- and
high-frequency vibrations, but do find the mixing of modes near
the band gap. As the system undergoes the phase transition, all
modes become a more bond stretching character, similar to the
behavior of a-Si [5].
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Fig. 5. The stretching character of the vibrational modes.
3.7. Localized states and response to pressure

Structural disorder causes localized modes. The usual measure
of the degree of localization of vibrational modes is the inverse par-
ticipation ratio (IPR),

IPR�1ðxnÞ ¼ N

PN
j¼1ðu

j
n � uj

nÞ2PN
j¼1ðu

j
n � uj

nÞ
h i2 ;

where N is the number of atoms in the supercell and uj
n is the dis-

placement of atom j from its equilibrium position. The IPR will have
a value of �1 for an extended mode where all atoms contribute
equally and a value of 1/N for a mode defined by only one atom.
In Fig. 6, we show the IPR of a-Ge under pressure. The larger the
IPR for a state, the more spatially localized it is. At zero-pressure,
the highest frequency modes are localized and characterized by
large values of the inverse participation ratio. The localized states
are mostly associated with a large deviation of bond angles from
the ideal tetrahedral angle and the long bond lengths that are longer
than the average. The application of pressure shortens these bonds
and hence reduces the number of localized states. The localized
states preserved under the pressure are due to the angular distor-
tions. Pressure-induced delocalization has been observed in various
systems in a-Si [5], a-GeSe2 [6] and SiO2 [7].
4. Discussion

We have found that the acoustic-like eigenmodes of a-Ge soften
under pressure, resulting negative Grüneisen parameters. On the
other hand, the optic-like frequencies shift to higher frequencies,
which is in good agreement with the recent Raman investigations
[22,45]. The optic-like modes have positive Grüneisen parameters.
Regrettably, we are not able compare some of our results with
experiments because there is no information reported in the liter-
ature about the response of the low-frequency modes of a-Ge to
pressure and Grüneisen parameters of a-Ge. However, the behavior
of the optic-like and acoustic-like frequencies of a-Ge as a function
of pressure is similar to what has been observed in crystalline Ge
[46–48]. Furthermore, the TA(X) and TO(C) modes of crystalline
Ge have negative (�1.53) [47] and positive (1.14) [48] Grüneisen
parameters, respectively.
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We also observe a negative thermal expansion below 200 K but
again are not able to compare this result with experiment because
we are not aware of any experimental studies on the thermal
expansion of pure a-Ge. However, earlier studies on crystalline
Ge [49,50] reveal that it shows the negative thermal expansion
and hence such a tendency is also expected in amorphous Ge.

We should note here that the studies have revealed that the
magnitude of the expansion strongly depends on sample prepara-
tion technique, i.e., structure of disordered systems. The thermal
expansion of hydrogenated amorphous Ge is about three times lar-
ger than crystalline Ge between 300 and 420 K [51]. Furthermore,
Fabian and Allen [9] have shown that the aðTÞ of a-Si varies with
the size of the models in addition to their topologies. Therefore,
the dramatic thermal expansion of a-Ge observed in the present
study might be associated with the topology of the initial structure
and the size of the simulation cell. Additionally, the use of linear
and quadratic fittings to calculate Grüneisen parameters might re-
sults in some errors in our calculations, which also lead to some er-
rors to predict the magnitude of the thermal expansion.

5. Conclusions

The vibrational properties of a-Ge under pressure have been
studied using ab initio constant-pressure relaxation simulations.
The calculations reveal the pressure-induced phonons softening
at the low-frequency range with a decrease in their acoustic-like
nature. On the other hand the high-frequency vibrations gradually
shift to higher energies. The acoustic-like phonons have negative
Grüneisen parameters while the optic-like ones have positive
parameters. A negative thermal expansion is observed below
200 K. We also find the pressure-induced delocalization of the
high-frequency tail states. As the system undergoes a phase transi-
tion into a metallic high-density amorphous phase the bond bend-
ing and acoustic nature of phonons are lost.
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