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Abstract - We construct a simple model of a nanocrystalline material in which all the grains are 
the same size and shape, and in which all the grain boundaries are crystallographically 
identical. We show that the model nanocrystal has a low-temperature specific-heat anomaly 
similar to that seen in experiment, which arises from the presence of low-frequency phonons 
localized at the grain boundaries. 

INTRODUCTION 

Experimentally, excess specific heats of about 10% have been observed in 
nanocrystalline Cu (mean grain diameter 80A) and up to 50% in nanocrystalline Pd (mean grain 
diameter 60A). [1] It has been suggested that these anomalies may be due either to increased 
anharmonicity at the grain boundaries [1] or to the presence of light-element impurities [2]. 

Here, we briefly describe simulations which directly address the first of these 
suggestions. We use a highly idealized model, which captures the essential physics of 
nanocrystalline materials, namely finite grain size and inhomogeneous physical behavior 
associated with the grain boundaries (GBs), to show that an impurity-free nanocrystal has a low-
temperature specific-heat anomaly qualitatively identical to that seen experimentally, and that its 
origin can be understood in terms of phonons localized at die grain boundaries. 

MODEL FOR AN IDEALIZED NANOCRYSTAL 

In an experimental measurement of a property of a polycrystalline material, three 
different kinds of averages are implicitly taken: (a) an average over the five macroscopic 
degrees of freedom (DOFs) that each individual grain boundary contributes to the total number 
of DOFs of the polycrystal, (b) an average involving the various grain shapes and (c) an average 
over the distribution of grain sizes. To elucidate the role of each, it is highly desirable to 
develop a model in which these three averages can be deconvolved. 



Fig. 1. Idealized space-filling polycrystal model. The 3d-periodic simulation cell shown here 
contains eight identically shaped rhombohedral grains. There are two types of grains among 

these eight grains as indicated by 1 or 2. For each type, all the surfaces of the grains are 
crystallographically equivalent. The eight grains in the simulation cell are connected by 24 

identical asymmetric tilt grain boundaries. 

In order to construct such a simple model nanocrystal we asked the question, 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? Rgure 1 shows a simple space-filling model 
polycrystal in which all the grains are rhombohedra and all grains are the same size.[3] 
Moreover, all the faces of each grain are crystallographically identical and all the grain 
boundaries are crystallographically identical asymmetric tiltboundaries.[3] 

For our simulations, we have constructed a series of such model nanocrystals of 
increasing size (D=l lA, D=20A and D=28A) in which one rhombohedron is bounded by (111) 
planes, and the otfier is bounded by (115) planes. (The "diameter", D, of a rhombohedral grain 
is defined to be the diameter of a spherical grain containing the same number of atoms.) Each 
grain boundary is therefore a (111)(115) asymmetric tilt boundary (ATGB). 

Lattice-statics (LS) simulations, in which the force on each atom and the external 
stresses on the simulation cell are iteratively made to vanish, were used to determine the 
equilibrium structure of the nanocrystals. Since we are not interested in the properties of any 
specific material, the Lennard-Jones potential, which is known to represent face-centered-cubic 
(fee) metals reasonably well, was used to describe the interatomic interactions. 
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Fig. 2. Comparison of the vibrational density 
of states, g(v), of the idealized nanocrystal 
with D=llA (solid line) and a fee perfect 

crystal of 500 atoms (dashed line), where v is 
die frequency. 

Fig. 3. Grain-size dependence of the excess 
specific heat for the idealized model 

nanocrystal as a function of temperature. The 
melting temperature for this potential is 

approximately 1200K 

Detailed analysis of the equilibrium structures of the nanocrystals showed that the grain 
interiors are essentially perfectly crystalline, and that the grains are separated by well-defined 
grain boundaries with a thickness of approximately two lattice parameters. 

SPECIFIC HEAT OF THE MODEL NANOCRYSTAL 

Lattice dynamics was used to determine the phonon properties and low-temperature 
thermodynamic properties of the nanocrystals. Figure 2 compares the density of states, g(v), as 
a function of frequency, v, for a model nanocrystal with grains of diameter, D=llA, with the 
phonon spectrum of a perfect crystal. Notice that the density of states (DOS) of the nanocrystal 
has tails, extending beyond the DOS of the perfect crystal at both high frequencies and low 
frequencies. An analysis of the eigenvectors associated with some of these low- and high-
frequency modes shows that most of them are localized at the grain boundaries. [4] 

In the context of lattice dynamics, it is well known drat only diose phonon modes with 
energies of the order of the thermal energy in die system, or less, contribute significantly to the 
thermodynamic properties. Figure 3 shows the quantum-mechanical specific heat of die diree 
different-sized nanocrystals in excess of that of the perfect crystal. In each case die specific heat 



shows a maximum which, as the grain-size increases, systematically decreases in magnitude and 
shifts to lower temperature. [4] 

To explicitly investigate the role of the low-frequency modes, we recalculated the 
specific heat with the low-frequency modes excluded from the density of states. The anomaly 
significantly decreased, showing that the low-frequency modes are, indeed, responsible for the 
excess specific heat of the nanocrystal. By contrast, the omission of the high-frequency GB-
related modes had little effect on the specific-heat anomaly.[4] 

CONCLUDING REMARKS 

In spite of its conceptual simplicity, the highly-idealized model of a nanocrystal 
presented here gives remarkable qualitative agreement with two types of experiment. First, the 
phonon density of states in Fig. 2 shows the same high- and low-frequency modes observed in 
both Raman-scattering[5] and neutron-scattering[6] experiments. Second, the localization of 
phonons at the grain boundaries in the model nanocrystalline metal leads to an anomalous 
specific heat of a similar magnitude to that seen in experiments.il] This work does not, of 
course, rule out the possibility of additional contributions due to the presence of light-impurity 
atoms in the nanocrystal. [2] 

The agreement between experimental results and the proprieties of our simple model 
suggests that the essential physical behavior of a nanocrystalline material can be captured in a 
model that focuses less on taking averages over types of grain boundaries, grain shapes and the 
distribution in grain sizes, but focuses more on die presence of highly inhomogeneous grain-
boundary regions in the finite-sized grains. 
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