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We investigate correlations between the atomic-scale structure and the global electronic and
vibrational properties in amorphous carbon versus mass density. The model structures have been
generated by applying diferent annealing regimes using a density-functional-based nonorthogonal
tight-binding molecular dynamics. The stability of the amorphous modifications and the calcu-
lated vibrational density of states {VDOS) are strongly affected by the density and the annealing
sequences, altering the chemical composition, the sp/sp /sp clustering, the structure, and related
physical properties. A mass density of 3.0 g/cm is confirmed as a magic density favoring the for-
mation of most stable a-C modifications having lowest defect densities and maximum band gap. By
projecting out difFerent hybrid-fractional VDOS and analyzing the localization behavior we identify
the spectral signatures for chemically diferent bonded species that may be used for comparison with
related experimental work. At low density the vibrational spectra are reminescent of graphite and
clearly indicate a softening of modes due to chainlike segments and rings within a low-connectivity
network. Opposite, the spectra at high density become more compact in range and rigid shifting the
low-frequency bound to higher values developing a characteristic half-sphere shape. At all densities
a set of localized modes at high frequency represents signs of the embedding of undercoordinated
atoms in a rigid higher coordinated environment.

I. INTRODUCTION

By the successful handling of different deposition tech-
niques, many different metastable amorphous carbon
modifications have been prepared during the last two
decades. ~ The thin film material spans the whole spec-
tra of physical properties between graphite and diamond.
However, there is still a large gap in the understanding
of experimentally found features on the basis of atomic
scale models. Whereas experimental analysis only pro-
vides a limited structural averaged insight into these
problems, molecular-dynamics (MD) modeling of atomic-
scale structures in comparison with related experimental
(structural, difFraction, vibrational, electronic, and spec-
troscopic) data on the basis of a coupling between atomic
and electronic degrees-of &eedom has become a power-
ful tool in elucidating structure property relations and
mechanisms for structure formation.

The described theoretical data that has been compared
with experiments (electron and neutron diffraction, op-
tical gap, valence band photoelectron spectra), however,
in most cases represent structural averaged data of the
related material properties. On their basis, the broad
variation of the local chemical bonding and defect dis-
tribution is only hardly to discriminate. For practical
purposes in thin film characterization, a single more lo-
cal probe, which unequivocally may be related to corre-
sponding data of atomic-scale models and simultaneously
is predictive of other film properties, would be highly de-
sirable.

Vibrational spectroscopy such as Raman and IR are
well-developed room ambient tools available in many lab-

oratories, which places no constraints on substrate size
and shape. Consequently, these techniques have been
widely used to characterize a broad variety of amorphous,
mostly hydrogenated, carbon films, deposited by various
methods. For a review we refer the reader to Tamor and
Vassell and to Silva, Amaratunga, and Constantinou.
Due to the complete lack of systematical theoretical work
in this field, the obtained experimental features are ana-
lyzed in terms of the effective medium theory comparing
with the well-defined features in graphite and diamond.

To put the interpretation of the experimental data on
a more profound theoretical basis, we present in this
paper the calculated vibrational spectra of amorphous
models generated at densities between 2.0 g/cms and
3.52 g/cms by two difFerent annealing regimes using
a density-functional-based tight-binding MD (TB-MD).
The method for the calculation of interatomic forces and
the simulation regimes used for generating the structures
are brieQy outlined in Sec. II. In Sec. III, we review
the structural and physical properties of representative
amorphous modifications and characterize their energetic
stability. The global band gap properties that are de-
termined by the detailed clustering of chemically differ-
ent bonded carbon atoms ' only will be touched on in
completing the discussion of the model properties. In
Sec. IV, we describe the basic ideas for determining the
vibrational properties, including total, partial, and lo-
cal vibrational density of states (VDOS), completed by a
quantitative measure in describing the localization of vi-
brational modes. The results obtained for all amorphous
models are presented in Sec. V. We discuss the detailed
changes in the vibrational spectra versus mass density
that are clearly affected by the changing sp/sp /sps ra-
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tio and the changing cluster distribution. Concluding in
Sec. VI, we compare the theoretically obtained spectral
features with related Raman and IR work and give exam-
ples for soft and localized modes in amorphous carbon.

OEt t((a)j)F/

OH„„ t9S„

II. DENSITY-FUNCTIONAL-BASED MD

To model the structure formation in amorphous car-
bon modifications, we have applied a nonorthogonal DF-
based TB scheme for MD simulations of 128 carbon
atom arrangements using fixed-volume cubic supercell ar-
rangements of varying size in relation to the microscopic
mass densities to be studied. The relaxation of the struc-
tures has been realized by applying two different cooling
regimes of "dynamical quenching" character. We have
performed a rapid quenching at a cooling rate of 10is K/s
over 2 ps as well as an extended stochastic cooling regime
over 8 ps. In both cases, the relaxation started &om a
partly equilibrated liquid state of the model structures
and followed a path of exponentially decreasing temper-
ature. We solved Newton's equations of motion using the
Verlet algorithm. As characteristics of the first regime,
we have rescaled the atomic velocities after each time step
w to an "instantanous" temperature T required by the re-

~2
laxation path, so that (2~) = &k~T holds for the mean
kinetic energy per atom. Within the second regime, the
rescaling of velocities is performed stochastically in time.
A random generator produces equally distributed integer
numbers n belonging to an intervall [1,n „].During a
time period nw, the atoms can accelerate &eely under
infIuence of the interatomic forces. The rescaling pro-
cedure described above then is reapplied to the system.
We have found that the stochastical quenching regime in
any case produces more stable structures that are lower
in energy than comparable systems obtained by the sim-
ple quenching dynamics.

As a reliable method for the calculation of inter-
atomic forces, we used a DF scheme for the construc-
tion of a nonorthogonal TB potentials within the lin-
ear combination of atomic-orbitals formalism using the
local-density approximation. For details, we refer to
Ref. 10. We express the Kohn-Sham orbitals Q; of
the many-atom structures in terms of a minimal basis
set of atom-centered localized valence electron orbitals:
@,(r) = P„C„;P„(r—Ri, ). The basis functions are
eigenfunctions of modified self-consistent single-atom cal-
culations leading to pseudoatomic wave functions and po-
tentials that are shrunk compared with a neutral atom.
Making use of a simplified non-self-consistent two-center
DF approach for solving the electron problem of the
many-atom configuration, the total energy of the system
as commonly accepted can be written as a sum over a
band structure energy and a short-range repulsive two-
particle potential, as described in Ref. 10. Although
the method is as simple as well-established nonorthog-
onal parametrized TB schemes, it has been proven to
be highly transferable to all-scale carbon and hydrocar-
bon structures. Interatomic forces can easily be derived
&om an exact calculation of the gradients of the total en-
ergy at the considered atom sites,
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III. STABILITY AND PROPERTIES
OF a C MODELS VERSUS DENSITY
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FIG. 1. Cohesive energies of amorphous carbon models vs
density; rapid cooling (solid upper line), extended stochastic
cooling (dotted lower line), 64-atom supercell ab initio MD
(Ref. 5) ( ), and 128-atom supercell generated similar to the
WWW method (Q) (Ref. 19).

As the result of the simulation, we have obtained final
metastable amorphous carbon modifications at different
mass density. In all structures there is a clear tendency
for the difFerent hybrids to separate from each other and
to form small interconnected subclusters. Owing to the
fixed composition and constant atom number in the su-
percells, the cohesive energies at different densities have
been compared to determine 3.0 gjcm as a magic den-
sity at which most stable minimal energy amorphous car-
bon modifications are formed independent on the cooling
regime applied. For an illustration we have plotted in
Fig. 1 the calculated cohesive energies of all a-C model
structures versus density including data of the rapid and
extended stochastically cooled structures. For a reference
the diamond cohesive energy per atom within the used
DF-TB scheme is —8.02 eV. This confirms the stability of
deposited high-density ta-C by difFerent techniques. 2

In the following discussion we will focus mainly on
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three densities, 2.0, 3.0, and 3.52 g/cms that are most
interesting &om the point of deposition and application;
we will outline tendencies for changes in the vibrational
behavior for densities in between. In a previous paper, we
have already described how the structures and the related
chemical bonding properties change with the simulation
regime, and accordingly have been influenced in their en-
ergetic stability and global band gap properties. 15

set and (p, lY';) is the scalar product of a vector p, =
(0, . . . , 0, 1, 0, . . . , 0) with the ith eigenvector Y';.

s —1 3N —s
To discuss the localization behavior of the phonon

modes, we have calculated an inverse participation ra-
tio P of the jth mode,

3N

IV. VIBRATIONAL PROPERTIES:
THEORETICAL BACKGROUND

For the vibrational analysis we have used fully relaxed
amorphous model structures at difFerent density obtained
by conjugate gradient relaxation. The vibrational prop-
erties have been calculated within the harmonic approx-
imation by construction of the dynamical matrix. By
displacing each atom i by & from its equilibrium posi-
tion into the directions of the three basis vectors e of the
Cartesian coordinate sytem and into the corresponding
opposite directions, one can calculate the elements H;.
of the dynamical matrix using the forces E~ ~~- acting on
each atom j into the directions ep .

~+
H~p i Il~o i Ilep

2br

The usage of normalized eigenvectors guarantees the va-
lidity of the last expression and yielding the additivity of
the various hybrid VDOS to the resulting total VDOS.

V. VIBRATIONAL SPECTRA: RESULTS

In Fig. 2, we present the calculated vibrational spec-
tra of nine amorphous models generated by two di8'er-
ent annealing regimes at various densities between 2.0
g/cm and 3.52 g/cm . For reasons of comparison, all
spectra have been convoluted by a constant resolution
function. By using the projection technique, described
in Sec. IV, we have decomposed the total vibrational

The signs refer to the two possible displacements of atom
i in the direction +e . As can be seen &om a Taylor ex-
pansion of the total energy, the last equation eliminates
errors of O(br) in the elements of II. To find a value
for br in practical applications, one has to consider two
sources of errors: higher-order terms in the total energy
expansion favoring a very small hr and the numeric in-
stability of the above expression for very small displace-
ments. We found br = 0.02a~ to be a reasonable choice.

After symmetrizing the dynamical matrix and project-
ing out translational and rotational modes, we solved the
general eigenvalue problem

INTENSITY [arb. units]

cm3]

HY =~ MY,

where M denotes a matrix with the atomic masses on
the main diagonal while u and V are the eigenvalues
and their corresponding eigenvectors.

To illustrate the changing contributions of the difFer-
ent hybridized atoms to the total VDOS, we have used
a projection technique. This allows us to show phonon
densities of states splitted in hybrids to study the dy-
namical properties of the amorphous carbon networks at
increasing mass density more in detail.

If '8 denotes the set '8 = (v;),. i of all indices of
coordinates belonging to atoms of the same hybridiza-
tion type, we can calculate the resulting hybrid phonon
density of states, 500 1000 1500 2000 2500 3000

where we have to sum over all elements of the index

FIG. 2. Total vibrational density of states (VDOS) of
amorphous carbon modi6cations vs mass density using iden-
tical broadenings as in Fig. 7; rapid cooling (solid line) and
extended stochastic cooling (dotted line).
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density of states into the diEerent carbon hybrid con-
tributions, which are shown in Figs. 3—5. This enables us
to better analyze the chemical nature of the vibrational
modes. Additionally, we have projected out structural
defects by using the localization measure of the modes,
which as inverse participation ratios have been de6ned in
the preceeding section, and now are plotted in Fig. 6 for
all model structures.

For a detailed characterization of the differences in the
vibrational behavior of the amorphous models in relation
to the crystalline modi6cations, we show in Fig. 7 the the-
oretically calculated vibrational spectra of graphite and
diamond using the same resolution function as for the
amorphous spectra. While the diamond spectrum is split
into one dominating peak area at 1300 cm and four less
intense features at 1000, 900, 700, and 500 cm, the
graphite spectrum may be decomposed into two almost
equally shaped main features, both linearly increasing,
one &om almost 0 to 850 cm and the other &om 1000
cm to about 1700 cm . The high-&equency bound
in graphite is shifted relative to diamond due to an in-
creased sp stretching force.

Comparing now the amorphous modi6cations, the low-
density a-C's (2.0, 2.2, 2.4) g/cm are reminiscent of
the graphitic-type behavior in the total broad &equency
range up to 1800 cm . Additionally, there is a con-
siderable softening of the main low-&equency feature in 500
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FIG. 4. sp -fractional VDOS of amorphous carbon vs mass
density; same notations as in Fig. 2.
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FIG. 3. sp-fractional VDOS of amorphous carbon vs mass
density; same notations as in Fig. 2.
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FIG. 5. sp -fractional VDOS of amorphous carbon vs mass
density; same notations as in Fig. 2.
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FIG. 6. Inverse participation ratio as localization measure
of phonon modes of amorphous carbon vs mass density; rapid
cooling (r) and extended stochastic cooling (e).
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FIG. 7. Total vibrational density of states (VDOS) of dia-
mond and graphite using a constant brodening of Lorentzian's
b=40cm

the rapid cooled 2.0 g/cms sample. This softening ap-
pears due to chainlike sp-sp2 segments and rings present
in a low-connectivity network. As examples, we show
in Fig. 8(a), a chain translational mode perpendicular
to the chain axis at 105 cm, and in 8(b) a corre-
sponding ring translational mode at 147 cm . There
is a well-pronounced intensity drop at 1000 cm 1 in
graphite separating high-&equency stretching vibrations
&om the lower-&equency spatial translational and bond-
angle-changing modes. This is still obvious in the low-
density structures up to 2.4 g/cm and more and more
is smoothed out with increasing density. The total fre-
quency spread of the spectra is compressed to a range
&om 400 to 1600 cm, where the spectra develop a
characteristic half-sphere-shape, which is in support of
recent VDOS calculations by Drabold et al. ,

5 and Wang
and Ho. 1 The softening of modes at higher densities is
completely removed and the spectra lose all reminiscence
of the splitted spectral graphite and diamond behavior.

Considering the fractional sp and sp VDOS, the in-
tensities are correlated with the decreasing and increasing
&actions of the related hybrids in the models, however,
still preserving the overall shape and &equency range at
all densities. The f1rst broad feature in the sp2 VDOS
around 600 cm as signature for extended alternating
out-of-plane modes of clustered sp units in rings and
cross-linked chain segments, compare the two modes in
Figs. 8(c) and 8(d) at 643 cm and 600 cm ~, respec-
tively, is still visible up to diamond density. Opposite,
the intensity of the higher-&equency sp stretching vi-

brations is reduced considerably, now developing single
localized modes above 1700 cm . These modes refer
to isolated sp defects and paired sp clusters within
the rigid sp matrix, see, e.g. , a mode at 2100 cm 1 in
Fig. 8(g).

At three densities, 2.0, 3.0, and 3.52 g/cm, we com-
pare the vibrational properties of models obtained at two
different annealing cycles, as described in Sec. II. With
increasing simulation time and the use of stochastical
cooling at 2.0 g/cms, the lowest frequency modes dis-

appear. By decomposing the spectra into the difI'erent

hybridized carbon contributions, this is mainly due to an
alxnost complete removal of twofold coordinated sp atoms
followed by a suppression of the sp-&action VDOS in sup-
port of a higher network connectivity, an enhanced ring
formation, and an increasing number of sp sites. As a
result, the intensity of the alternating out-of-plane modes
of sp-sp units around 600 cm increases. Above 1600
cm all modes become localized representing signs of
structural defects, mostly arising as undercoordinated sp
atoms in the higher-coordinated rigid amorphous matrix.
Two examples of such localized modes, one sp-sp stretch-
ing at 2496 cm and one sp-sp stretching at 2430 cm
are shown in 8(e) and 8(f). With more extended relax-
ation time, the defect density is reduced in consistency
with a reduced number of electronic defects discussed in
Ref. 15 in relation to global band gap properties.

Analyzing the vibrational spectra of the 3.0 g/cm
models obtained at the two different annealing regimes,
there is almost no change in both the total shape and the
sp -&action VDOS in consistency with a similar chemical
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(b)

(c)

FIG. 8. Structural images of
well-de6ned local and extended
vibrational modes as described
in the text.

(e)

composition. In both models, which are almost compa-
rable in energy, see cohesive energy plot in Fig. 1, we
find a favorably pairwise clustering of undercoordinated
sp atoms. At this density, the internal strain is maxi-
mally removed from the network favoring a minimal de-
fect concentration. While the localized defect states in
the models again are caused by the embedding of under-
coordinated sp units in a rigid sp bonding environment,
the overall width of the defect band is considerably re-
duced in the more extended cooled model. By using ex-
tended stochastical cooling regimes, the network stability
is enhanced by increasing the cohesive energy and simul-
taneously minimizing the internal strain. As a result,
strong inhomogenieties in the local strain are removed
producing similar local environments for the embedding
of isolated defects and. vr-bonded clusters.

Finally, the spectra of the two diamond-density amor-
phous models show a well-pronounced half-sphere-shape
behavior. Again the sp &action slightly increases with
extended relaxation time, which is reQected by the Bp-
&action VDOS in Figs. 4 and 5. Simultaneously, the
number of defects is reduced by the formation of three
m-bonded sp pairs producing three localized modes of
sp -sp stretching type at 1700, 1950, and 2100 cm

[compare Fig. 8(g)]. The frequency spread of these modes
is due to varying local stress on the m bonds, indicat-
ing a nonuniform distribution even in such small su-
percells at diamond density. In the two high-density
extended stochastically cooled structures, we find two
additional localized low-frequency modes at (140—150)
cm . Both have identical origin and can be assigned
to sp -breathing modes of clustered 8p units, schemat-
ically depicted in Fig. 8(h), which are confined within
a rather stifF and rigid bonding environment. Compar-
ing once more the spectra of the diamond-density amor-
phous carbon with that of diamond, the steep intensity
drop at 1100 cm is completely smoothed out, devel-
oping the already-mentioned characteristic half-sphere-
shaped spectra in the high-density amorphous modi6ca-
tions. Additionally, there is a shift of the high-&equency
edge &om 1300 to 1600 cm

The loss in the reminiscence of the splitted spectral
diamond-lattice behavior, which is difI'erent &om amor-
phous silicon, further may be analyzed by considering
the &actional 8p VDOS. While the 8p VDOS preserves
the extended out-of-plane features between 500 and 900
cm and splits into isolated localized modes at higher
&equency, the sp VDOS at all densities by itself devel-
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FIG. 9. Total, 8p -fractional VDOS and inverse participa-
tion ratio (a) of a 64-atom amorphous carbon supercell at
3.0 g/cm, obtained by the Sankey/Drabold code and (b) of
a 128-atom amorphous carbon supercell at diamond-density
generated. similar to the Monte Carlo WWW method.

VI. SUMMARY, COMPARISON
WITH EXPERIMENTAL DATA

We have presented vibrational signatures of amorphous
carbon at various densities, which may be used for com-

opes a half-sphere-shape. The strong crystalline diamond
stretching feature at 1300 cm and the intensity drop
at 1100 cm is completely smoothed out in the amor-
phous spectra. This qualitatively may be explained due
to the relative large local bond length and bond-angle
distortions of the strained 8p matrix at high density,
DR=+0.6—0.8 A. and De=+10.4—12.3, respectively, s

but still needs further quantitative study.
To support our findings, we have compared the spec-

tra of our high-density models with that of a 64-atom cell
obtained at 3.0 g/cm by the Sankey/Drabold code in
Fig. 9(a) and that of a 128-atom cell generated similar
to the Monte Carlo (WWW) method s in Fig. 9(b).
As can be seen, the two spectra show almost identical
behavior in shape and localization as the related spec-
tra of the 128-atom supercell obtained by the DF-MD
method. Before calculating the VDOS, both structures
have been finally relaxed to T = 0 K using conjugate
gradient methods within our DF-TB scheme.

parison with experimental data. While there is limited
Raman data of a-C samples, almost all IR studies have
been performed on hydrogenated amorphous carbon, a-
C:H." However a clear assignment of the modes obtained
&om the atomic-scale models to the most characteristic
experimental features can be given. As discussed by Ta-
mor and Vassel, the Raman spectra of amorphous car-
bon films exhibit two graphite-related broad features at
approximately 1550 cm I (G line) and 1350 cm I (D
line) and an additional third one centered at 600 cm
All three features have correspondingly related images in
the sp -&action VDOS of the models in the same &e-
quency range for all densities up to 3.0 g/cms (compare
Fig. 4). The additional occurring third feature, which
never could be observed in hydrogenated structures, re-
cently has been discussed by Wang and Ho to represent
characteristic out-of-plane Sp modes. From a localiza-
tion analysis, we support the findings of Wang and Ho.
While the spatial out-of-plane low-&equency Sp modes,
shown in panel 8(c) and 8(d), around 600 cm remain
extended, the high-frequency stretching vibrations [Figs.
8(e)—8(g)] above 1500 cm I become strongly localized,
which is due to their embedding in a higher-coordinated
rigid-bonding environment. The highest &equency lo-
calized modes at low densities extending to 2400—2500
cm indicate isolated 8p clusters sparsely distributed
in a higher-coordinated rigid bonding environment. By
the picking of modes at well-defined &equencies, shown
in Fig. 8, we confirm Tamor and Vassel's discussion and
relate the broad high-&equency feature, occurring in low-

density a-C around 1500 cm, to complex extended
stretching modes of the Sp2 matrix. As recently discussed
by Drabold et Ot. , and Wang and Ho, these stretching
modes become localized at higher density by changing
&om a 8@2 to a sp matrix, separating now smaller 8p
clusters. While this delocalization to localization tran-
sition can be established for the higher-&equency range,
all modes belonging to the low-&equency feature around
600 cm remain delocalized even at highest densities
representing in all cases out-of-plane modes of all-scale
cross-linked sp chainlike segments and rings.

Additionally, the upward shift of the spectral features
in the extended stochastically cooled modification at 2.0
g/cms consistent with a related shift of the graphite G
line in samples deposited at higher substrate temperature
as discussed by Tamor and Vassel, is a reflection of the
enhanced stiffening of the host matrix combined with a
reduction of the phonon mode softening. Recent progress
in Raman investigations of amorphous carbon at various
density will further stimulate our efforts in calculating
Raman intensities for the amorphous models.
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