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Enhanced specific-heat-capacity (c~) measurements (150—300 K) of nanometer-sized
crystalline materials
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Nanometer-sized crystalline materials are polycrystals with a crystal size of a few (1—10) nano-
meters. Because of the small crystallite size, these materials consist of two components with com-
parable volume fractions: a crystalline component comprising all atoms located in the lattice of
the crystallites (grains) and an interfacial component formed by all atoms situated in the interfaces
(grain boundaries). In order to test the influence of the interfacial component on the specific heat

c~ nanometer-sized crystalline Pd (6 nrn crystal size) and Cu (8 nm crystal size) were measuredP 7

and the results compared with the cp values for polycrystalline Pd, Cu, and a corresponding
Pd»Si&&Felo metallic glass. Specific-heat measurements in the temperature range between 150 and

300 K revealed that the cp values of nanometer-sized crystalline Cu were about 10% higher than
in the polycrystalline state and that the values for nanometer-sized crystalline Pd were about 40%%uo

higher than in crystalline Pd or 30% higher than in the metallic glass Pdr2SilqFero.

INTRODUCTION

As many properties of solids depend primarily on the
nearest-neighbor configurations, e.g. , interatomic poten-
tials or the exchange energy of 3d ferromagnets, it would
seem of interest to develop a new category of solid ma-
terials which differ from glasses and crystals in the sense
that they exhibit little short-range or long-range order
(Fig. 1). It has been suggested recently that this new

type of solid-state structure exists in nanometer-sized
crystalline materials' for the reasons discussed below.

Nanometer-sized crystalline materials are polycrystals
in which the size of the individual crystallites is on the
order of several (1 —10) nanometers (Fig. 2). Structural

4investigations by transmission electron microscopy, x-
ray diffraction, positron annihilation, ' hydrogen solu-
bility, and Mossbauer spectroscopy have indicated that
nanometer-sized crystalline materials consist of the fol-
lowing two components: a crystalline component
formed by all atoms located in the lattice of the crystal-
lites (grains) and an interfacial component comprising all
atoms which are situated in the grain (or interphase)
boundaries between the crystallites. The volume ratio of
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FIG. 1. The probability functions, 8'(r), for interatomic
distances of a one-element system which expressed the proba-
bility that the centers of two specified atoms should lie at a dis-
tance r apart. (a} Long-range ordered crystalline structure; (b)
short-range ordered glassy structure; (c) neither long- nor
short-range ordered structure.

FICz. 2. Schematic cross section through a nanometer-sized
crystalline material (hard-sphere model). The dift'erent inter-
atomic spacings in the grain boundaries 3 and B are indicated
by arrows. In reality, the atoms are known to relax from the
ideal lattice sites given by a hard-sphere model. The relaxation
involves the atoms at the boundary and extends several layers
into the lattice of the adjacent crystals (Ref. 2).
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the interfacial component to the crystalline component
may be estimated by 36/d where d is the average size of
the crystallites and 5 is the average thickness of the in-
terfaces which is known to be on the order of 3 or 4
atomic layers.

The atomic structure of an interface is known to de-
pend on the orientation relationship between adjacent
crystals and the boundary inclination. If the crystallites
are oriented at random, all of the grain boundaries of a
nanometer-sized crystalline material have different atom-
ic structures, characterized by different interatomic spac-
ings, for example; In Fig. 2, for example, the different
interatomic spacings are indicated by arrows in the
boundaries 3 and B. A nanometer-sized crystalline ma-
terial with a crystallite size of 5 nm contains typically
about 10' interfaces per cm . The interfacial com-
ponent is the sum of the 10' interfacial structures. If
the interatomic spacings in all boundaries are different,
the average of 10' different boundaries results in no pre-
ferred interatomic spacings except for the one prevented
by interatomic penetration (Fig. 1). Hence, it is suggest-
ed that the interfacial component represents the solid-
state structure without long- or short-range order.

Consequently, the structure-sensitive properties of
nanometer-sized crystalline materials are expected to be
different from those of the chemically identical sub-
stances in the glassy or crystalline state. As the specific
heat of a material is directly related to the atomic struc-
ture, measurements of the specific heat as a function of
temperature of nanometer-sized crystalline materials
should reveal differences in comparison to glassy or crys-
talline materials of comparable chemical composition.
In order to test this hypothesis, the specific heat of
nanometer-sized crystalline Cu and Pd samples was mea-
sured and compared with the values for the polycrystal-
line elements and for a metallic glass (Pd7zSi, 8Feto) of
approximately the same mole mass.

EXPERIMENTAL

Nanometer-sized crystalline Cu and Pd samples were
prepared by means of the procedure described in Ref. 3 ~

The average crystallite size of the disk-shaped samples
(diameter 8 mm, mass 30—80 mg) was deduced from the
(111) peak broadening of the corresponding x-ray
diffractometer curves (Mo Ka radiation): 6 nm for Pd
and 8 nm for Cu. The density of the Cu samples deter-
mined from mass and volume measurements was about
90% of the polycrystalline density. The corresponding
value for Pd was 80%. The total impurity content of
both types of samples was about 1 at. %%uo.

The specific heat c~ as a function of temperature was
measured in a differential scanning calorimeter (Perkin
Elmer DSC-2C) equipped with a low-temperature stage.
The accuracy of the calorimeter was tested by measuring
the values of c~ of polycrystalline disk-shaped Cu and Pd
samples (99.99% purity) having the same mass and simi-
lar dimensions as the nanometer-sized crystalline sam-
ples. The results of these measurements are shown in
Fig. 3. In comparison to reference data taken from the
Refs. 10 and 11, the deviation between both sets of data
is less than 2%%uo in the entire temperature range studied.
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FIG. 3. Comparison of the specific-heat measured (DSC)
with the data taken from Refs. 10 and 11.

RESULTS AND DISCUSSION

The curves of the specific heat as a function of tem-
perature measured for nanometer-sized crystalline and
polycrystalline Cu or Pd as well as for a metallic glass
(Pd7~Si, sFe, o) are summarized in Fig. 4. The enhance-
ment of c in going from the polycrystalline to the
nanometer-sized crystalline state varies between 29%
and 53% for Pd in the temperature range investigated
[Fig. 4(a)]. The corresponding values for Cu are 9% and
1 1% [Fig. 4(b)].

The c~ values of the polycrystalline Pd and glassy
state (Pd7zSi»Fe&0) differ by about 8% [Fig. 4(a)]. This
deviation may arise from the different atomic structure
as well as from the variation of the chemical composi-
tion. In order to estimate the significance of the second
factor, the metallic glass studied was crystallized (at con-
stant chemical composition) by annealing it for 30 min
at 750 K. The decrease of c~ due to the transition from
the glassy to the crystalline state was 4%%uo. In other
words, about 50% of the enhanced specific heat of the
metallic glass [Fig. 4(a)] originates from the different
atomic structure and the residual portion is due to the
deviating chemical composition. The available copper-
based metallic glasses are not suitable for a comparison
because the mole mass of these glasses is more than 10%
higher than the mole mass of the pure element.

Cu and Pd are diamagnetic and paramagnetic metals.
Hence, electronic and magnetic contributions to the
specific heat in the temperature range between 150 and
300 K are negligible. The specific heat of nanometer-
sized crystalline Cu and Pd is, thus, due to the thermally
induced variation of the vibrational and configurational
entropy of the materials (i.e., due to lattice vibrations,
variation of equilibrium defect concentration, etc.). The
vibrational and configurational entropy of the crystalline
state (with long-range order), the glassy state (with
short-range order), and the nanometer-sized crystalline
structure (without short-range order in the interfacial
component) should differ to varying degrees as a func-
tion of temperature. Hence, the crystalline, glassy, and
nanometer-sized crystalline samples could be expected to
exhibit different specific heats, as was observed. The de-
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viation of the crystalline and nanometer-sized crystalline
states is unlikely to result from internal surfaces because
small-angle x-ray diffraction, ' positron annihilation, '

and hydrogen solubility measurements give little evi-

FIG. 4. (a) The specific heat (c~) of polycrystalline Pd in

comparison with nanometer-sized crystalline Pd and a corre-
sponding Pd»Si, 8Fe&0 metallic glass. The enhancement Ac~ of
the nanometer-sized crystalline Pd (~) and the metallic glass
()&) relative to the polycrystalline Pd is shown in the upper
left-hand corner. The mole mass of the glass (see ordinate)
means the mass of N„atoms, the type and composition of
which is given by the chemical formula of the glass. (b) The
specific heat (c~ ) of polycrystalline Cu (0) in comparison with
nanometer-sized crystalline Cu (~). The enhancement Ac~ of
nanometer-sized crystalline Cu ( ) relative to the polycrystal-
line Cu is shown in the lower right-hand corner.

dence of pores. The different enhancements of c~ of Pd
and Cu in the nanometer-sized crystalline state seem to
be consistent with the different densities of both sub-
stances. In fact, the lower relative density of
nanometer-sized crystalline Pd in comparison to
nanometer-sized crystalline Cu suggests a more open
atomic structure of the grain-boundary component in
the case of Pd, and hence weaker interatomic coupling.
which should enhance c~, as was observed. This argu-
ment implies that the enhancement of c~ is primarily due
to the grain-boundary component. If this is so, grain
growth should reduce the specific heat of the
nanometer-sized crystalline materials to that of polycrys-
tals. This was, in fact, observed when the nanometer-
sized crystalline Cu and Pd samples were annealed in the
DSC at 750 K to initiate grain growth. The grain size of
the samples after annealing was 20 nm. In the case of
Pd it was also observed that during the heat-up cycle an
exothermic reaction took place at about 350 K. Subse-
quent cooling to 200 K revealed that the enhancement of
the specific heat was reduced to about 5%. The grain
size of the samples was unchanged or increased up to 10
nm. This observation may indicate a type of structural
relaxation in the grain-boundary component.

The enhanced specific heat of nanometer-sized crystal-
line Cu and Pd is also consistent with the experimentally
observed' increase of the thermal expansion of these
materials. In fact, the thermal expansion of 8-nm
nanometer-sized crystalline Cu is 31 &(10 K ' in com-
parison to 16&10 K ' for polycrystalline Cu. ' Re-
cent low-temperature specific-heat (cz ) measurements
(3—20 K) have shown enhanced c~ values for
nanometer-sized crystalline Pd. '
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