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1. INTRODUCTION

There has been recent interest in thin films of polycrystalline
diamond, known as ultrananocrystalline diamond (UNCD), that
have grain sizes in the range of 2�5 nm.1�4 UNCD films can be
deposited using microwave plasma chemical vapor deposition
(MPCVD) and hot filament chemical vapor deposition (HFCVD)
on a variety of substrates. UNCD films have distinct advantages
over conventional microcrystalline diamond films for the follow-
ing reasons: (i) conformal UNCD thin films exhibit smooth
surfaces as compared to microcrystalline diamond films and can
be grown at complementary metal oxide semiconductor (CMOS)
compatible temperatures (∼400 �C);1 (ii) physical properties,
such as Young’s modulus, hardness, and acoustic velocity, remain
close to single-crystal diamond despite the high-volume fraction
of grain boundaries and the presence of atoms such as
hydrogen;5,6 and (iii) the small grain size is constant as a function
of film thickness, unlike other diamond growth methods which
show coarsening.7

The impact that the relatively large number of grain boundary
atoms in UNCD has on the vibrational properties is less clear. It
is well documented that the vibrational spectra of nanocrystalline
materials differ from those of materials composed of micrometer
and larger crystalline grain sizes. Earlier measurements employ-
ing neutron and X-ray inelastic scattering measurements have

revealed that, in general, nanocrystalline materials have an in-
creased number of vibrational modes, primarily in the low-
frequency region of the spectra, compared to materials with
larger grain sizes. Vibrational properties directly influence several
material properties including, for example, the specific heat capa-
city,8 the thermal expansion coefficient, the thermal conductivity
(specifically at low temperatures), and the temperature depen-
dence of the elastic constants.9 Hence, a detailed understanding
of vibrational properties is crucial to gain a complete description
the thermodynamic behavior of UNCD films.

Previous molecular dynamics (MD) simulations have proven
to be a very powerful means to gain insight into the atomic level
mechanisms that lead to the macroscopic thermal and mechan-
ical properties of amorphous and nanocrystalline materials. For
example, Taraskin and Elliott10 usedMD simulations to calculate
the specific heat of silica. Similarly, Horbach et al.11 conducted
extensive MD simulations on amorphous silica and obtained the
temperature-dependent specific heat (Cv) from the vibrational
density of states (VDOS). Also, using MD simulations, Wolf
et al.12 reported excess VDOS in the low-frequency region for a
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nanocrystallinemodel system constructed from an fcc Lennard�
Jones crystal. They showed that the presence of grain boundaries
leads to additional surface modes and hence an enhancement in
the phonon specific heat. Such enhancement of the low-fre-
quency VDOS is also well documented in metallic nano-
crystals.13,14 Srivastava15 analyzed phonons in nanocrystals and
reported that phonons of certain frequencies are scattered by the
boundary of the nanocrystal and that the specific heat depends on
the size of the particles.

Theoretical phonon dispersion curves and thermodynamic
properties of diamond and graphite based on first-principles
calculations have been reported.8,16 Similar computational work
probing the vibrational properties and specific heat of UNCD, to
investigate the role of grain boundary atoms, is yet to be reported.
MD simulations were used to study heat transfer across diamond
(111) interfaces in model nanostructures.17 Keblinski et al. used
Monte Carlo simulations to probe the nature of bonding and
disorder at diamond grain boundaries.18 In addition, the thermal
conductivity of UNCDmodels that consisted of columnar grains
has been calculated using the Tersoff potential.19 While these
earlier simulations considered somewhat idealized models for
interfaces, very recently Remediakis et al.20 investigated the
mechanical properties of an UNCD model generated with a
Voronoi construction in which grains had random orientations.
In particular, they used the Monte Carlo simulations and Tersoff
potential to study the effect of grain size on the modulus of
UNCD. However, the vibrational properties of UNCD models
have not yet been calculated.

In light of the need for addressing the temperature-dependent
behavior of vibrational properties in UNCD, we performed MD
simulations. The aim of this paper is to investigate the vibrational
spectra and specific heat of UNCD as a function of temperature
using molecular dynamics (MD) simulations. In this paper, we
present a model for UNCD to capture the essential features of its
grains and grain boundaries. We report results from MD
simulations employing the reactive empirical bond order
potential21 for calculation of the interatomic forces.

2. COMPUTATIONAL DETAILS

The force field we used in these simulations is the second-
generation reactive empirical bond order (REBO-II) potential.21

This potential, which is fitted to the experimental values of
cohesive energy, lattice parameters, and elastic constants, has
been successfully applied in many works concerning a wide
variety of carbon systems including diamond,22,23 amorphous
carbon,24 nanodiamond,25 and nanotubes.26,27 This potential
function successfully models both sp2 and sp3 bonding, depend-
ing on the local coordination and degree of conjugation. Classical
equations of motion for each atom were numerically integrated
using a third-order Nordsieck predictor-corrector algorithm with
a time step size 0.5 fs. Prior to calculating the properties, the
system was equilibrated at a given temperature using a Langevin
thermostat. The NVE ensemble was used for production runs.

Use of an appropriate atomic model with a realistic grain
boundary structure is critically important. The structure of grain
boundaries in UNCD has received significant attention in recent
years as it plays an important role in determining the mechanical,
thermal, and electronic properties of UNCD films. Because the
grains sizes are extremely small and the grains are randomly
oriented,28,29 there are numerous possibilities for two crystal-
lographic planes to meet at a grain boundary in UNCD. Thus, in

addition to the fact that carbon can form both sp2- and sp3-
hybridized electronic states, the structure and bonding at the
UNCDgrain boundaries is complex and not completely known.18

HRTEM images have provided evidence for randomly oriented
crystallites and an atomically sharp grain boundary region.28 A
majority of the previous theoretical descriptions of UNCD grain
boundaries have, however, limited their studies to “special” grain
boundary planes, for example, the high-angle (100) plane or the
Σ13 twist (100) grain boundary. Recently, however, Remediakis
et al.20 as well as Fyta et al.30 studied the mechanical properties of
UNCD models that consisted of random grain orientations, also
revealing that grain boundaries only a few atomic diameters in
width are feasible. We used a Voronoi construction31 as detailed
below to build our UNCD model.

A set of grain centers was chosen at randombutwith an average
spacing of 4 nm. The region of space closer to a given center than
to any other center is filled with atoms in the diamond lattice with
a randomly selected crystallographic orientation. While inserting
atoms near the Voronoi lines, an insertion is rejected if the atom
being inserted is within 2 Å of any existing atom in other grains.
This way, no two atoms belonging to two different grains are
closer than 2 Å initially (during the course of the simulation they
may arrange and rebond to closer spacings). We used a cubic, 3-D
periodic simulation box of size b = 78.556 Å. Before performing
production runs, the system was annealed for 50 ps at 1000 K,
allowing unfavorable configurations in the grain boundaries to relax.

The specific heat within the harmonic approximation was
calculated by first determining the normalized power spectrum,
g(ν), where ν is the vibrational mode frequency. The power
spectrum was determined by Fourier transforming the velocity
autocorrelation function (VACF) obtained from the simulations
and then normalizing such that

R
g(ν)dν = 1. It is worthwhile

to point out that within a classical harmonic approximation
the power spectrum is equivalent to the vibrational density of
states (VDOS).32 To calculate the VACF, the velocities of all
atoms were sampled every 2 fs time step for 2.5 ps. From the
power spectrum, it is straightforward to calculate the temper-
ature dependence of Cv, the specific heat at constant volume,
using eq 1.

In this simulation study, we compared the vibrational proper-
ties of UNCD with two pure diamond systems: a single-crystal
diamond and an isolated nanodiamond (ND) particle. These
comparisons are helpful because they provide a basis for under-
standing how the dynamics of predominantly sp2-bonded grain
boundary atoms in UNCD alter the vibrational spectrum against
an all-sp3 system with no interfaces or against a nanoparticle,
approximately the same size as individual grains in the UNCD
model, with surfaces terminated with sp2-hybridized atoms. The
single-crystal diamond model used in this study consisted of a
3-D periodic cell with b = 70.89 Å and 64 000 C atoms in the
diamond lattice. TheNDparticle is of cuboctahedral (CO) shape
and consisted of 6232 atoms. The CO particle consists of eight
{111} and six {100} facets. The model was cut out from an ideal
diamond crystal with a lattice constant of 3.56 Å. Each of these
facets is at approximately 40 Å from the center of the cluster.

3. RESULTS AND DISCUSSION

A snapshot of the simulation model is illustrated in Figure 1. It
is important to point out that we have not included hydrogen in
our model. While experimental data show that grain boundaries
contain a small amount of hydrogen atoms (1�4 atom %), we
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excluded them in the present model primarily for the sake of
simplicity and to understand the pure carbon case.

The key properties of the UNCD system studied here are
tabulated in Table 1. Themechanical properties are characterized
in terms of bulk and Young’s modulus. The bulk modulus is
related to the response of the system to a volume change and is a
measure of a material’s resistance to hydrostatic tension or
compression. The bulk modulus (B) and Young’s modulus (E)
are calculated by applying small hydrostatic and uniaxial defor-
mations to the material, respectively. We determine the system’s
response to strain by varying the volume corresponding to the
strain value, allowing for relaxation in the atomic positions,
calculating the system energy. We find the moduli by fitting
parabolas to the energy per unit volume vs strain data; themoduli
are equal to the curvature of the parabolas (1/V)d2E/dε2. In the
case of Young’s modulus, we apply strain along three mutually
perpendicular directions, in three separate calculations, and
take the average. We obtain values of 382 and 860 GPa for bulk
and Young’s modulus, respectively. Previously, for example,
Remediakis et al.,20 in their simulations using the Tersoff
potential, obtained values of 372 and 963GPa for UNCDmodels
with an average grain size of ∼4 nm. This discrepancy is partly
due to the higher sp2 content (11.6%) in our model as compared
to 9.6% in their model.
3.1. Radial Distribution Function. To characterize the prop-

erties of the UNCD model, we performed various structural

analyses. First, the radial distribution function, which gives the
average number of atoms as a function of distance around any
given atom, was obtained. It is defined as g(r) = Æ(n(r,Δr))æ/
(4πr2ΔrF), where Æn(r,Δr)æ is the average number of atoms in a
spherical shell of thicknessΔr at a distance r from an atom and is
an average over all atoms sampled over 10 ps. The number
density of atoms F is obtained from the mass density of the
simulation box. A value ofΔ r = 0.01 Å is used. Figure 2 shows the
radial distribution functions for single-crystal diamond (solid
line) and UNCD (dotted line). The g(r) analysis was obtained
for both structures from simulations performed at 300 K. The
peak positions in g(r) for the UNCD within the first 1 nm
correspond well with the nearest neighbor distances in single-
crystal diamond andmay be seen as an indication of the structural
order corresponding to the diamond lattice inside the grains. The
first peak in g(r) of the UNCD system has a small shoulder at
∼1.41 Å, which corresponds to the bond distance between sp2

atoms present in the grain boundaries. The main difference
between the distribution functions of the UNCD and the
diamond systems is that peaks in the former are of smaller
height, have a wider distribution, and diminish significantly at
larger distances due to the random grain orientations as well as
disorder in the grain boundaries.
3.2. Structure of Grain Boundaries. In Figure 3a we depicted

a cross section of the periodic simulation box to show atoms
based on their coordination number. The coordination number
is calculated by counting all the bonding neighbors of an atom.
Two atoms are considered bonded if the distance between them
is less than 2 Å, the value corresponding to the minimum be-
tween the first two peaks in the radial distribution function. The
undercoordinated atoms are shown in darker colors and are
mostly confined to very narrow regions where the grains meet.
They terminate individual crystallites at the grain boundaries.
To further examine the structure at the atomic level, we classify

atoms according to the local crystalline order using the common
neighbor analysis (CNA)33 using the visualization tool
OVITO.34 The CNA determines if the local structure around
an atom corresponds to the diamond lattice based on the con-
nections it makes to the nearest neighbors. In Figure 3b, the same
cross-sectional view of the model UNCD system as Figure 3a is
shown with atoms colored based on their local crystalline order.
The light-colored atoms are in local diamond crystal order and
hence considered core atoms that are ‘inside’ the grains; all other
atoms, colored dark, are considered as belonging to the grain
boundaries as they lack local diamond crystal order. The under-
coordinated atoms in Figure 3a are confined to a narrower region
near the grain boundaries as compared to the atoms that deviate

Figure 1. Simulated UNCD model used in this work. The system
contains 8 grains and 82 696 atoms and has an average grain diameter of
4 nm. Undercoordinated atoms are colored dark to clearly indicate the
grain boundaries.

Table 1. Properties of the Model UNCD System Simulated
(T = 300 K)

average grain size 4 nm

number of atoms in the system 82 696

density 3.4 g/cm3

number of grains 8

sp2 content 11.6%

sp3 content 87.5%

Young’s modulus 860 GPa

bulk modulus 382 GPa

average energy/atom �7.07 eV

Figure 2. Radial distribution function for single-crystal diamond
(black) and UNCD (red) samples at 300 K.
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from the diamond lattice in Figure 3b. This is because the sp3-
hybridized atoms near the grain boundaries are often bonded to
sp2- or sp1-hybridized atoms, hence altering their local environ-
ment. To determine the width of the GB region we defined a
cutoff distance dGB and counted the number of atoms classified as
not in a diamond lattice by the CNA. The distance dGB is the
distance from an undercoordinated atom; we use this criterion
because the undercoordinated atom determines the position of
the grain’s edge. It was found that 43%, 80%, 90%, and 96% of all
atoms classified as not belonging to the core by the CNA are
within a distance of dGB = 2, 3, 4, and 5 Å, respectively, from
the nearest undercoordinated atoms. It is important to note that,
based on this analysis and the RDF in Figure 2, 80% of all atoms
that deviate from a diamond lattice are at most the third nearest
neighbor of an undercoordinated atom. Thus, beyond the third
neighbor of an undercoordinated atom or within 3.0 Å from the
interface the structure is bulk diamond like.
Atoms are colored based on their potential energy in Figure 3c,

with red representing a positive deviation of the potential energy
from the mean value. This demonstrates the existence of atoms
near the grain boundaries having energy well above the average
value, up to 2 eV/atom., A close-up view of a grain boundary is
shown in Figure 4, with 3- and 2-coordinated atoms in red and
blue, respectively. The grain boundaries are characterized by void
regions interspersed with bonds formed between C atoms across
the boundary.

3.3. Vibrational Density of States. In Figure 5, we plotted the
computed power spectrum at T = 300 K for the UNCD model
system and the single-crystal diamond model. Before comparing
the spectra for the twomodel systems, it is important to point out
that simulated vibrational spectra have, in general, features
shifted to higher energies compared to experiment. For example,

Figure 3. UNCD sample illustrated in Figure 1, with atoms being colored according to (a) coordination number (silver, gray, and black indicate 4-, 3-,
and 2-coordinated C atoms, respectively), (b) local crystalline order based on the common neighbor analysis (lighter colored atoms are in diamond
crystalline order, and (c) their energy (red color indicates a positive deviation from the average value). Darker colors indicate a higher value of deviation.

Figure 4. Snapshot from a grain boundary region: 3- and 2-coordinated
atoms are colored red and blue, respectively.

Figure 5. Calculated power spectra for UNCD and single-crystal
diamond at T = 300 K.

Figure 6. Vibrational spectra at T = 10, 150, and 300 K of (a) diamond,
(b) cuboctahedral ND particle, and (c) UNCD.



21695 dx.doi.org/10.1021/jp207424m |J. Phys. Chem. C 2011, 115, 21691–21699

The Journal of Physical Chemistry C ARTICLE

the simulated spectrum for single-crystal diamond exhibits the
main peak corresponding to the optical mode of sp3 atoms
shifted in the direction of higher frequencies (1425 instead of
1258 cm�1 found experimentally). This shift lies within the range
of deviations observed in previous calculations using bond order
potentials.35 Nonetheless, the calculated power spectrum bears
reasonably good agreement with the experimental vibrational
spectrumof diamond.36Themain feature of the spectrum for single-
crystal diamond is a strong peak at∼43.2 THz (1425 cm�1) with
two shoulders around 41.5 (1384 cm�1) and 45 (1501 cm�1)
THz. This peak is followed by a smaller peak at 33.7 THz
(1128 cm�1) and a relatively flat region at intermediate frequen-
cies. The overall features of the vibrational spectrum of the
UNCD system are similar to that of single-crystal diamond.
However, there are significant differences in terms of the shape,
height, and position of the main peak. The main peak around
43 THz is red shifted to 42 THz, an effect of phonon confine-
ment which is common to nanocrystalline materials. In addition,
this peak is broader and smaller for UNCD. The broad bands in
the Raman spectrum of UNCD thin films result from super-
position of vibrations related to different structural units.28,37 For
UNCD, a high-frequency tail extends beyond 47 THz. The high-
frequency tail is attributed to strained bonds involving under-
coordinated atoms in the grain boundaries that have enhanced
force constants.
In Figure 6 we show the power spectra for temperatures T =

10, 150, and 300 K for (a) diamond, (b) ND, and (c) UNCD
systems. From the temperature dependence of the spectra, we
see that the main change in g(ν) occurs at high frequencies in
that, with increasing temperature, the height of the main peak
increases and its location shifts to lower frequencies, i.e., the
corresponding vibrations become slower. At intermediate and
low frequencies, the effect of temperature on the vibrational
spectrum is mainly to smoothen out the finely spaced features.
The spectra of the ND particle bears similarities to the UNCD
model in terms of the high-frequency tail (beyond 50 THz) due
to the undercoordinated atoms at the surface as well as enhance-
ments in the low�medium-frequency region. Because the shape
of the ND particle is well defined as compared to the crystallites
in the UNCD model, the spectral features are less broadened as
compared to UNCD.

3.4. Specific Heat and Debye Temperature. To study the
effect of temperature on the specific heat of UNCD, the phonon
specific heats of UNCD and diamond are computed from the
vibrational spectra using the following equation

Cv ¼ h2

kBT2

Z ∞

0

ν2expðhν=kBTÞ
ðexpðhν=kBTÞ � 1Þ2 gðνÞdν ð1Þ

The plot in Figure 7a shows the specific heat of UNCD and
single-crystal diamond as a function of temperature.We note that
our computed value of theCv of diamond is lower than that of the
experimental values, for example, the computed Cv is 380 J/kg-K
at 300 K as compared to the experimental value of 502 J/kg-K.
This discrepancy is due to many factors including (i) the absence
of defects such as vacancies, impurities, and isotopes in ourmodel
and (ii) the interatomic potential. For example, previous calcula-
tions of theCv of diamond employing the REBO-II have reported
similar deviations in the computed Cv from experimental values.38

The specific heat of UNCD is enhanced as compared to single-
crystal diamond over the whole range of the temperature we
considered. The excess specific heat as a function of temperature
is plotted in Figure 7b. For comparison, the excess specific heat of
graphite compared to diamond as obtained from ref 8 is also
plotted. The excess specific heat of UNCD goes through a maxi-
mum value at approximately 350 K and is approximately 15%
greater than single-crystal diamond. To illustrate how different
frequency regions in the VDOS of UNCD contribute to the
excess density of states, we analyzed the weighted VDOS given
by the product of g(ν) andW(hν/kBT) = (hν/kBT)

2 exp(hν/kBT)/
[exp(hν/kBT) � 1]2. The weighting factor, W(hν/kBT), which
represents the proportion of the vibrational states that can be
excited and contributes to the heat capacity at a given tempera-
ture, is plotted for different temperatures in Figure 7c. In
Figure 7d, the excess in weighted VDOS, calculated as the
difference between g(ν)W(hν/kBT) of UNCD and diamond
at T = 10, 150, and 300 K is plotted. From the plots it can be
inferred that at low temperature (T = 10 K), only low-frequency
states (<5 THz) can contribute to the excess heat capacity. At
higher temperatures (T = 150 and 300 K), the majority of the
contribution to excess specific heat comes from vibrational states
that lie between 5 and 20 THz. The enhanced contribution of

Figure 7. Temperature dependence of (a) the specific heat at constant volume, as calculated from eq 1, for UNCD and diamond models and (b) the
excess specific heat of UNCD as compared to single-crystal diamond. For comparison, the excess specific heat for graphite as reported in ref 8 is also
plotted. The weighted VDOS, g(ν)W(hν/kBT), is the integrand in the formula of heat capacity (eq 1) and represents the portion of VDOS that
contributes to the heat capacity. (c) Weighting factor W(hν/kBT) and (d) difference in weighted VDOS of UNCD and single-crystal diamond,
g(ν)W(hν/kBT)excess, as a function of frequency at T = 10, 150, and 300 K.
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low�medium-frequency acoustic phonons to heat capacity ex-
plains the noticeable deviations between the Cv of UNCD and
diamond.
The relative importance of the contribution from frequencies

< 20 THz occurs mostly at low temperatures. As the temperature
increases the relative contribution of excess states in the low�
medium-frequency region in UNCD becomes less important.
Therefore, the excessCv goes through a maximum around 350 K.
In comparison, the maximal excess for bulk graphite in relation to
bulk single-crystal diamond (Figure 7b) occurs around 200 K.
Note that in UNCD excess specific heat is due to the contribu-
tions from atoms at grain boundaries (undercoordinated sp2 and
sp1 atoms, sp3 atoms bonded to undercoordinated atoms, or sp3

atoms very close to grain boundaries) which have slightly different
bonding energies as opposed to the perfect order of sp3-bonded
diamond or sp2-bonded graphite. We note that the sharp sp3

features of single-crystal diamond or sp2-bonded graphite visible in
the VDOS are broadened by the different energy landscapes due to
the disorder at the grain boundaries. This broadening of the VDOS
features results in excess specific heat.
Our results are in good qualitative agreement with findings of

previous theoretical studies of other nanocrystalline systems. For
example, specific heat calculations of nanocrystalline Cu show
that specific heat is enhanced compared with single-crystal Cu
and the excess goes through a maximum at a temperature around
50 K.13 The fact that UNCD has a higher temperature where the
excess goes through a maximum is a reflection of its stronger,
more energetic bonds and the need to reach higher temperatures
to excite the relevant modes.
We now turn to the Debye temperature (ΘD) of UNCD. It is

related to the Debye frequency νD as ΘD = hνD/kB and within
the harmonic approximation relates to the stiffness of the
material. From the simulated Cv vs temperature behavior one
can calculate the Debye temperature as a function of tempera-
ture. In the Debye model, the specific heat is calculated as
follows39

Cv ¼ 9R
T
ΘD

� �3 Z ΘD=T

0

x4ex

ðex � 1Þ2 dx ð2Þ

Here, x = hν/kBT and R is the gas constant. The Debye
temperature at a given temperature was determined by fitting
the simulated Cv to that from eq 2. We plotted the Debye
temperatures for UNCD and diamond models as a function of
temperature in Figure 8. It is important to note that the
calculated Debye temperature is the theoretical equivalent of
the calorimetric Debye temperature in experiments, i.e., this is
the Debye temperature that is fit to the calculated (equivalent of
the experimentally measured value) Cv and both acoustic and

optical phonons contribute to it. This value is different than the
elastic Debye temperature which is estimated from the sound
velocity (in turn derived from the Young’s modulus and density).
The Debye temperature of diamond is overestimated in our
calculations16 because the simulated Cv values in our work is
lower than the experimental values as discussed previously.
However, the relative values of diamond and UNCD models
can provide important information about the stiffness of the
material. The Debye temperature of UNCD is approximately 8%
lower than that of diamond at 300 K. The softening of UNCD
can be explained on the basis of grain boundary atoms leading to
an enhancement of soft modes in the vibrational spectra as
compared to diamond.
3.5. Contribution of Grain Boundary atoms. To determine

the influence of grain boundary atoms on the vibrational proper-
ties of UNCD we decomposed the spectra into contributions
fromGB atoms and interior atoms. We use two different analyses
to distinguish contributions from GB and interior atoms. In the
first analysis, we decompose the spectra into contributions from
sp1-, sp2-, and sp3-hybridized atoms. Because all the sp1 and sp2

atoms are located in the GB this is a very useful analysis to gain
insight into the dynamics of undercoordinated atoms in the GB.
The results of these calculations are shown in Figure 9a. In the
plot, we compare the normalized partial vibrational spectra of
sp2-hybridized and sp3-hybridized atoms at 300 K. For reference,
the vibrational spectrum of single-crystal diamond (all sp3 atoms) is
also plotted. The partial spectra of sp2 atoms are mostly dis-
ordered. Because of the disordered nature of the grain boundaries
the g(ν) better resembles sp2 atoms in amorphous carbon40 than
sp2 atoms in graphite.16 In contrast, the vibrational spectrum of
atoms inside the grains (sp3) is more structured and depicts sig-
natures of sp3 carbon atoms in diamond. Much of the difference
between g(ν) of sp3 atoms in UNCD and that in diamond is

Figure 8. Debye temperature ΘD as a function of temperature for
UNCD and diamond. ΘD was extracted from eq 2 by plugging in the
simulated Cv value.

Figure 9. (a) Normalized partial vibrational spectra for sp2- and sp3-
hybridized atoms in UNCD. For comparison, the vibrational spectrum
of single-crystal diamond is also included. (b) Normalized partial
vibratoinal spectra of the core atoms defined using values of dGB = 2,
3, and 4 Å. (c) Normalized partial vibrational spectra of the core and GB
atoms for dGB = 3 Å. The total spectrum (UNCD system) is also shown
for comparison. T = 300 K in all cases.
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because in UNCD a significant fraction of sp3 atoms are near
grain boundaries and connected to sp2 atoms. It is well known
that next nearest neighbor effects modify the local density of
states. Distortions of the bonding geometry of the sp3 atoms near
the grain boundaries modify the vibrational states and may
account for the changes observed in the low-frequency region.
We will probe this in the second analysis. To estimate the relative
contribution of sp2 and sp3 atoms to the total specific heat we -
used the following expression to describe the total specific heat

Cv ¼ xsp
1
Cv

sp1 þ xsp
2
Cv

sp2 þ xsp
3
Cv

sp3 ð3Þ

Here, xy and Cv
y are the fraction of atoms and specific heat

derived from the partial vibrational spectrum, respectively, for
species y. In this analysis the total specific heat is calculated as a
sum of contributions of different species.41 At T = 300 K, the sp2-
and sp3-coordinate atoms contributed 16% and 82%, respec-
tively, to the total specific heat.
In the second analysis, we define GB atoms as all sp1 and sp2

atoms and those sp3 atoms that are located within a distance dGB
of the undercoordinated atoms. The core atoms are defined as
those sp3 atoms that are at a distance greater than dGB from the
nearest undercoordinated atom. First, we probe the distance to
which the effect of the grain boundaries is reflected in terms of
the vibrational properties of the atoms by calculating the partial
spectra of the interior atoms for different values of dGB. In
Figure 9b we show the normalized partial spectra at 300 K for
interior atoms defined using values of dGB = 2, 3, and 4 Å. As dGB
increases the size of the core reduces andmore atoms close to the
GB will be eliminated. This is reflected in the spectra, as dGB is
increased from 2 to 4 Å the spectra of the core atoms become
more defined with an increase in the intensity of the sp3 peak at
42 THz. It is important to note that the change in the intensity of
the main peak is more pronounced when dGB is increased from 2
to 3 Å as compared to when it is increased from 3 to 4 Å.
Eliminating more atoms near the GB by increasing the dGB to 5
and 6 Å did not cause a considerable change in the spectra of the
core atoms (not shown here), indicating that a choice dGB = 3 Å is
suitable in defining the GB region. This is consistent with the
results of the CNA presented previously which showed that 80%
of all the disordered sp3 atoms are accounted for in the GB region
with dGB = 3 Å. On the basis of this analysis we chose a GB region

with dGB = 3 Å in our analysis of the partial contributions of GB
and core atoms. In Figure 9c we show normalized partial spectra
of GB and core atoms at 300 K. For comparison the total
spectrum of the UNCD system is also plotted. The spectrum
of GB atoms is clearly disordered as it shows signatures of both
undercoordinated and sp3 atoms. The optical peak due to sp3

atoms in the core region is red shifted to 42 THz as compared to
single-crystalline diamond (43.2 THz) due to the phonon
confinement effect. On the basis of the comparison of the spectra
of GB and core atoms with the total spectra of theUNCD system,
the enhancement of the acoustical modes at lower frequency can
be directly attributed to the GB atoms.
Now we analyze the specific heat of GB and core atoms as a

function of temperature. In Figure 10a the specific heat of GB
and core atoms are plotted as a function of temperature along
with that of the UNCD system as a whole. The Cv of the UNCD
system lies between that of the GB and core atoms. The Cv of the
UNCD system can be represented by the sum of contributions
from the GB and the core part as follows

Cv ¼ xGBCGB
v þ xCoreCCore

v ð4Þ
Here, xy and Cv

y are the fraction of atoms and specific heat
derived from the partial vibrational spectrum, respectively, for
species y. For example, based on partial vibrational spectra
analysis, GB and core atoms contribute 48% and 52%, respec-
tively, to the Cv of UNCD at 300 K. We then calculate the
contributions of the GB and the core atoms to the excess Cv of
UNCD with respect to diamond as ΔCv

GB = XGB(Cv
GB � Cv

Dia)
and ΔCv

Core = XCore(Cv
Core � Cv

Dia), respectively. The fraction of
GB atoms for dGB = 3 Å was found to be 0.4. From the plots of
these two excess contributions and their sum (the total excess for
the UNCD system) in Figure 10b it is readily seen that the GB
atoms are the strongest contributors to the total excess from 0 to
600 K, after which the two contributions become comparable.
We can generalize our findings to estimate the Cv of a UNCD

system for a given temperature and grain size if one assumes that
the thickness and the structure of the GB region are not
dependent on the grain size, and thus, the Cv of GB and core
atoms are constants. Under this assumption, only the fractions of
GB (xGB) and core atoms (xCore) change with the grain size and
an analysis similar to the one in ref 41 may be used to estimate
these quantities. Finally, eq 4 can be used to calculate the Cv of
UNCD as a linear combination of the two parts for any given
grain size.

4. CONCLUSIONS

We presented results from MD simulations of UNCD in
which we used the reactive empirical bond order potential to
model the interactions. We used the velocity autocorrelation
function obtained from the simulations to calculate an effective
density of states g(ν).

Our analysis of the vibrational properties of UNCD leads us to
conclude that the vibrational density of states exhibit enhance-
ments that arise from atoms at and near the grain boundaries.
This is reflected in the calculated phonon specific heat of UNCD,
which is approximately 20% higher than single-crystal diamond
at room temperature. Because these enhancements are in the
5�20 THz frequency region, the excess Cv as a function of
temperature goes through a maximum value at approximately
350 K, above which the low�medium-frequency enhancements
contribute less and less to specific heat.

Figure 10. (a)Cv of GB and core atoms as a function of temperature. Cv

of the UNCD system as a whole is plotted for reference. (b) Excess
specific heat of UNCD with respect to single-crystal diamond and its
break up into contributions from GB and core atoms.
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We classified atoms based on their local structure and vibra-
tional dynamics into GB and core atoms. The GB region extends
∼3 Å into the grains on each side of the interface and consists of
both the undercoordinated sp1 and sp2 atoms and the sp3 atoms
that deviate from bulk diamond structure. Our analysis of partial
spectra shows that the enhancements are primarily due to these
GB atoms which are reflected in the excess specific heat of
UNCD as compared to single-crystal diamond.

The enhancement of acoustic modes leads to a reduction in
the Debye temperature of UNCD compared to single-crystal
diamond, which is a measure of the stiffness of the material. We
find that the Debye temperature of UNCD is ∼8% lower than
that of diamond at 300 K.

It is important, however, to note that our results are based on
just one model for the UNCD system, and actual UNCD films
may consist of grain boundary structures that are more diverse in
terms of grain boundary angles and interface structures. None-
theless, the work provides a deeper understanding of the vibra-
tional properties of UNCD and especially the differences be-
tween UNCD and single-crystal diamond. For future work, it
would be desirable to investigate the influence of impurity atoms
such as hydrogen present in the grain boundaries on the
vibrational properties of atoms close to grain boundaries and
the corresponding effects that it has on thermal and mechan-
ical properties.
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