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Atomistic simulations of the vibrational density of states of a space-filling nanocrystalline model
material show low- and high-frequency tails not seen in the perfect crystal. The interface-related low-
frequency phonon modes give rise to a pronounced, grain-size-dependent peak in the low-temperature

excess specific heat that is also observed in glasses.
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The nature of grain boundaries (GBs) in nanocrystalline
materials (NCMs) has been the subject of intense debate
ever since the first ultrafine-grained polycrystals, with a
typical grain size of 5—50 nm, were synthesized over a
decade ago by consolidation of small clusters formed via
gas condensation [1,2]. For some time it was thought that
the atomic structures of the severely constrained GBs in
NCMs differ fundamentally from those observed in coarse-
grained or bicrystalline materials because, for a grain diam-
eter of nanometer dimensions, a significant fraction of the
atoms is situated in or near GBs and grain junctions [3,4].
The suggestion of a “frozen-gas-like” structure of the GBs
[3,4] was aimed at explaining the rather unusual diffraction
results; such a model might also explain some of the un-
usual—but controversial —thermal properties reported for
NCMs, such as their enhanced specific heat [5,6] and lower
Debye temperature [4,7]. However, recent experimental
observations involving Raman spectroscopy [8], atomic-
resolution transmission electron microscopy [9], and x-ray
diffraction [10] indicate that the atomic structures of GBs
in NCMs are, in fact, rather similar to those in coarse-
grained polycrystalline or bicrystalline materials. Any
attempt to elucidate the thermal properties of NCMs con-
sequently requires, at the outset, a GB structural model
that incorporates the severe microstructural constraints in
NCMs and yet connects with the large body of knowledge
on extended GBs in bicrystalline materials.

In this paper we present such a structural model tailored
to capture what we consider the two essential structural
features of NCMs, namely, microstructural constraints
(i.e., a finite grain size) and the structural inhomogene-
ity due to the GBs and grain junctions, while still per-
mitting the connection with bicrystalline GBs to be made.
Using atomistic simulations, we determine how the low-
temperature vibrational modes and the related thermal
properties of this model NCM deviate from those of a
perfect crystal and a glass. Our focus on the grain-size-
dependent anomalous excess specific heat demonstrates
that this extremely simple model, indeed, captures some
of the essential structural features of NCMs and permits us
to expose the lattice-vibrational origin of this anomaly and
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its intimate connection to the atomic-level disorder in the
system.

The task of relating the structure and properties of the
GBs in a polycrystal to those of corresponding bicrystalline
GBs is extremely difficult as it requires three types of mi-
crostructural averages to be performed. These arise from
the microstructural constraints present in a polycrystal and
involve averages over (a) the five macroscopic degrees of
freedom that each individual GB contributes to the total
number of degrees of freedom of the polycrystal (three de-
grees associated with the misorientation between the grains
and two characterizing the GB-plane normal [11]), (b) the
various grain shapes, and (c) the distribution of grain sizes
invariably present in polycrystals. In order to address, as
directly as possible, the relationship between the highly
constrained GBs in NCMs and the unconstrained GBs in
bicrystals, the question we ask at the outset is this: As
far as the total number of GB degrees of freedom, grain
shapes, and grain sizes are concerned, what is the concep-
tually simplest polycrystal that one can, at least in princi-
ple, construct? In other words, what is the smallest number
of geometrically distinct types of GBs, grain shapes, and
grain sizes that a polycrystal has to contain and still be
space filling?

Figure 1 shows that it is geometrically possible to con-
struct a space-filling, three-dimensional polycrystal with a
uniform (and unique) rhombohedral grain shape in which
all GBs are crystallographically equivalent, i.e., a monodis-
perse polycrystal with exactly the same number of macro-
scopic degrees of freedom (at most 5) as the corresponding
bicrystal, the only difference being the finite, variable grain
size. Having thus eliminated the distributions in the types
of GBs and grain shapes, our simulations of this model
will focus entirely on the effect of the grain size (defined
as the distance between the GBs), i.e., on the role of the mi-
crostructural constraints on the atomic structure and physi-
cal properties of a well-defined GB. Naturally, in the limit
of infinite grain size, the model is designed to reproduce
the related bicrystal structure.

The simulation cell in Fig. 1 contains two sets of
distinct rhombohedral grains, each set delimited by six
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FIG. 1. Idealized space-filling polycrystal model. The three
dimensionally periodic simulation cell shown here contains
eight identically shaped rhombohedral grains delimited by two
sets of crystallographically distinct surfaces (indicated by 1
or 2), forming a total of 24 crystallographically equivalent
asymmetric tilt boundaries.

crystallographically equivalent surfaces, {hkl}; or {hki},,
respectively, and therefore forming 24 crystallographi-
cally equivalent asymmetric tilt boundaries (for details
see Ref. [12]). We have constructed a series of four such
model NCMs of increasing size (D = 8.2, 14.4, 20.6, and
26.9 A, corresponding to 416, 2408, 7280, and 16328
atoms in the simulation cell) in which one rhombohedron
is bounded by {111} and the other by {115} planes, and
all GBs are therefore asymmetric {115}{111} tilt bounda-
ries. [The six faces of the {115} rhombohedra are thus
delimited, for example, by the (115), (151), (115), (511),
(151), and (511) planes and those of the {111} rhombohe-
dra, for example, by the (111), (111), (111), (111)(T11),
and (111) planes.] We hope to demonstrate below that
this particular GB, with an energy of 674 ergs/cm? in the
bicrystal, is reasonably representative of all the different
types of boundaries that we could have chosen instead or
additionally.

Lattice-statics simulations, in which the force on each
atom and the external stresses on the simulation cell
are iteratively reduced to zero by energy minimization,
were used to determine the zero-temperature equilibrium
structure of the NCMs. Since we are not interested
in the properties of any specific material, the Lennard-
Jones potential was used to describe the interatomic
interactions. The energy and length scales in this po-
tential (e = 0.167 eV, o = 2.315 A) were fitted to the
melting point 7,, = 1356 K and zero-temperature lattice
parameter ap = 3.616 A of Cu with a cohesive energy
Eig = —1.0378 eV/atom. Extensive comparisons with
physically better justified many-body potentials have
demonstrated that this simple potential represents face-
centered-cubic (fcc) metals remarkably well [13]. This
similarity is due to the fact that most interfacial phenom-
ena are dominated by the short-range repulsions between
the atoms (which are of a central-force type in both types
of potentials).

The energy distribution function in Fig. 2 for the third-
largest fully relaxed {115}{111} model NCMs shows three
peaks, indicating three distinct types of crystal environ-
ments experienced by the atoms. The lowest-energy peak
in Fig. 2, centered at Ejq, corresponds to the grain interi-
ors which, although slightly distorted and compressed, are
essentially single crystalline. Detailed structural analysis
shows the second peak to be due to the GBs, while the
third peak arises from the grain junctions (i.e., the lines
where four grain edges and the points where eight grain
corners meet). As the grain size is reduced, the area under
the perfect-crystal peak decreases until it disappears com-
pletely for the smallest grain size, indicating overlapping
GBs; simultaneously, the areas under the two remaining
peaks increase. Interestingly, the NCMs with the three
largest grain diameters exhibit well-defined GBs with an
atomic structure, energy, volume expansion, and width (of
about 1.5a9) which differ remarkably little from those of
the corresponding bicrystalline asymmetric {115}{111} tilt
boundary [13].

The radial distribution function for the third-largest
grain size is shown in Fig. 3, indicating excellent crys-
tallinity of the material; similar plots were obtained even
for the two smallest grain sizes. Corresponding to the re-
duced density (of 94.2% of that of the perfect crystal), the
mean peak positions are shifted slightly to larger values
with respect to the -function peaks in the perfect fcc crys-
tal at T = 0 K (situated at 0.707ag, 1.0ag, 12254y, etc).

The radial distribution function in Fig. 3 differs remark-
ably little from that obtained for the bicrystal (for the
atoms within a distance of *a¢ from the GB; see also
Ref. [14]). More importantly, the broadened peaks and
the shift of the peak centers towards larger distances are
generic features observed for virtually all GBs [13-15],
suggesting that, as far as structural disorder is concerned,
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FIG. 2. Energy distribution function for the fully relaxed

{115}{111} model NCM with a grain size of 20.6 A.
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FIG. 3. Radial distribution function for the fully relaxed
{115}{111} model NCM with a grain size of 20.6 A.

the particular GB considered here is, indeed, reasonably
representative.

Using the fully relaxed zero-temperature structures as
starting points, lattice-dynamics simulations were per-
formed to determine the phonon spectrum g(v) (where v
is the phonon frequency), from which the low-temperature
thermodynamic properties of the material, including the
specific heat, can be determined [16]. Figure 4 compares
the phonon density of states for the smallest {115}{111}
model NCM (containing 416 atoms) with the phonon
spectrum of a perfect (500-atom) fcc crystal and the 500-
atom Lennard-Jones glass. Notice that, in agreement with
recent Raman [17] and neutron-scattering [18] experi-
ments, the density of states of the NCM exhibits modes
at low and high frequencies not present in the perfect
crystal. A detailed analysis of the eigenvectors associated
with these modes shows that most are localized at the GBs
and grain junctions, although there are also modes asso-
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FIG. 4. Comparison of the vibrational density of states g(v)
for the {115}{111} model NCM with D = 82 A (solid line)
with those for a Lennard-Jones glass produced by molecular-
dynamics simulation of a 500-atom quenched liquid (dash-
dotted line) and for the perfect fcc crystal (dashed line); v is
the phonon frequency.
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ciated with collective vibrations of entire grains against
each other [12].

These low- and high-frequency modes originate from
the broadening and shift in the peaks in the radial
distribution function which are known to dominate also
the anomalous elastic behavior of multilayered materials
[14]. Distances shorter than in the perfect crystal give
rise to elastic stiffening (or higher phonon frequencies),
while larger distances and the overall volume expansion
cause elastic (or phonon) softening [14,15]. The net
elastic moduli of the system are, therefore, the result of a
highly nonlinear averaging process over these competing
contributions [14]; by contrast, the density of states shows
both contributions explicitly. Based on this interpretation,
one can expect a similar effect in the phonon spectrum of
a glass (see Fig. 4) because the first and second peaks
in the radial distribution function of a glass are similarly
broadened (however, with washed-out higher peaks).

In the context of lattice dynamics it is well known that
a finite system size gives rise to a sharp low-frequency
(i.e., long-wavelength) cutoff in the density of states, by
contrast with the well-established g(v) ~ »? variation for
the lowest frequencies in a perfect crystal [16]. For
example, on increasing the number of atoms in the perfect
crystal from 108 to 500, we find that the smallest frequency
in g(v) decreases from 2.71 to 1.64 THz (see Fig. 4), while
the maximum frequency is unaffected. By increasing the
system size, this low-frequency cutoff can be shifted to
ever lower frequencies and the »?> dependence can be
obtained [19].

Interestingly, the specific heats obtained for the 108-
and 500-atom perfect crystals are virtually indistinguish-
able, despite significantly differing phonon spectra for the
lowest frequencies [12]. Moreover, the specific heat of
the 500-atom perfect crystal exhibits good T3 behavior,
with a Debye temperature of 377 K [12] as compared with
the experimental value of 316 K [20]. These observations
demonstrate that the specific heat can be obtained reliably
from even a relatively poor low-frequency approximation
to the density of states [16].

Using the densities of states in Fig. 4, the specific heats
of the four model NCMs and the glass may also be
determined. Figure 5 shows the related specific heats in
excess of that of the perfect crystal thus obtained. The
excess specific heats of the NCMs exhibit pronounced,
strongly grain-size dependent peaks at ~50 K (or ~4%—
5% of the melting temperature). These peaks arise from
those phonon modes that were shifted to low frequencies
(see Fig. 4), as confirmed by the gradual disappearance
of the anomaly when the lowest-frequency modes are
progressively excluded from the NCM or glass spectra;
by contrast, the omission of the shifted high-frequency
modes has no effect [12].

The appearance of a pronounced low-temperature peak
in the specific heat, with a height that decreases with
increasing grain size, is in qualitative agreement with the
experimental results [5,6]. It has been suggested that these
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FIG. 5. Comparison of the temperature and grain-size depen-

dence of the excess specific heat (in units of Boltzmann’s
constant, kg) for the idealized {115}{111} model NCMs with
that obtained for the Lennard-Jones glass (solid line) and for
a nanocrystalline material with randomly oriented GBs and a
grain size of 43.7 A (dotted line). The latter was grown, via
molecular-dynamics simulation, from the melt into which ran-
domly oriented seeds were inserted [21].

anomalies may be due either to increased anharmonicity
at the GBs or to the presence of light-element impurities
[5]. While we cannot rule out any additional effects due to
impurities, the existence of a similar anomaly in the glass
demonstrates its origin in the low-frequency phonon modes
due to the atomic-level disorder.

As one can expect for a system containing surfaces
or interfaces [16], Debye’s T3 law for the specific heat
is not obeyed in our model NCMs. If one were to,
nevertheless, extract an effective Debye temperature, in
qualitative agreement with the Mossbauer experiments
[7], a substantially reduced effective value would be
obtained.

The similarity of the specific-heat anomalies of the
NCM and the glass and their common origin in the struc-
tural disorder in the material as seen in the radial distri-
bution function suggest that the {115}{111} GB considered
here exhibits a behavior that is reasonably representative
of grain boundaries in general. To test this assertion, we
have used molecular-dynamics simulations to crystallize
from the melt a fully dense, three-dimensional NCM with
random grain orientations and an average grain size of
437 A [21]. Detailed structural characterization at zero
temperature gives a system-averaged theoretical density
of 97.5% and a radial distribution function very similar
to that in Fig. 3; most of the GBs were identified as gen-
eral GBs, with an average energy of about 730 ergs/cm?.
Subsequent lattice-dynamics simulations give the specific-
heat anomaly shown in Fig. 5 (dotted line), with a max-
imum at virtually the same temperature as in the four
model NCMs and in the glass, however, with a dimin-
ished peak height in accordance with the larger grain size.

In conclusion, in spite of its conceptual simplicity,
the highly idealized model of a nanocrystalline mate-
rial presented here combines the severe microstructural
constraints associated with a small grain size with a real-
istic treatment of the GBs and provides insights not read-
ily obtained from experiments. Most notably, the model
demonstrates the existence of a specific-heat anomaly in
nanocrystalline materials and states originating from the
low-frequency phonon modes associated with the struc-
tural disorder in these metastable phases.
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