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Particles formed during the reaction of cerium with hydrogen fractured into stacked plates with fully
separated plate thicknesses averaging 100 nm and a finer partially separated thickness of 30 nm. The phonon
density of states of these particles, measured using inelastic neutron scattering, showed a low-energy feature
that could not be accounted for in the phonon-dispersion curves of bulk crystals but was similar to a feature
predicted for the confinement of phonons in nanoplates. The shift of modes to lower energies indicates that
excess vibrational entropy is created by the fracture. We argue that this excess entropy contributes to the
observed fracture pattern by introducing a characteristically weak size for fracture.
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Griffith’s1 criteria for the brittle fracture of a macroscopic
solid are satisfied when the strain-energy release rate equals
the energy of forming the fracture surfaces.2 When the out-
come of fracture is nanoplates, the phonon density of states
�DOS� of the plates formed is different from that of the pre-
fractured material and the associated free-energy changes
must also be accounted for in the energy balance. While size
effects on phonons are known to play a role in thermal trans-
port, electronic processes, and thermodynamic stability,3–13

little is known about their role in fracture. Nanostructures,
however, typically exhibit low-energy enhancements of their
phonon DOS,5,12 increased vibrational amplitudes,14–17 and,
consequently, excess vibrational entropy.5 Early theoretical
work attributed the softer phonons to a volume relaxation,
but this effect was limited to particles with dimensions of
less than 5 nm.18 More recent theoretical work shows that a
32.5 nm thick freestanding silicon plate exhibits pronounced
changes in its phonon DOS from phonon confinement.13

From the perspective of fracture this is a more significant
prediction since the total amount of vibrational entropy per
unit surface area increases with particle size. In this Rapid
Communication we examine the phonon DOS of cerium hy-
dride that, during the cerium-hydrogen reaction, fractured
into stacked plates with fully separated plate thicknesses av-
eraging 100 nm and a finer partially separated thickness of
30 nm.

Cerium hydride nanoplates were formed by reacting ce-
rium and hydrogen in a closed evacuated system where hy-
drogen was released by heating uranium hydride to near
400 °C and reacted with cerium kept near room temperature.
The uranium and cerium were kept thermally isolated by
using a section of stainless-steel tubing. The process was
partially reversed by heating cerium to 350 °C and cooling
uranium. It was found that three cycles were needed to en-
sure that all cerium had reacted. The final cerium hydride
product was partially reduced to a composition of CeH2.84, as
determined by lattice parameters19 measured by x-ray dif-
fraction. The material was transferred within the same closed
system to a flat aluminum pan appropriate for neutron
scattering. Neutron spectra were obtained on the LANSCE-
PHAROS time-of-flight chopper spectrometer at Los Alamos
National Laboratory. The incident neutron energy was 25
meV. The raw data were corrected for sample environment

background, detector efficiency, and the ki /kf phase-space
factor. Material was also removed in an argon filled glovebox
and placed in containers for x-ray diffraction and scanning
electron microscopy �SEM�. Samples left open in the glove-
box or left sealed under Kapton films formed ceria in a mat-
ter of days, as observed by diffraction. When ceria formed
this way, however, it retained the nanostructure discussed
below.

Figures 1�a� and 1�b� show the first set of SEM images
taken as the formed cerium hydride powder. They show a
stacked plate nanostructure with plate thicknesses averaging
around 100 nm with only a few at 30 nm. Size broadening in
the x-ray diffraction pattern, however, indicated that the av-
erage was closer to 30 nm. This discrepancy was resolved by
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FIG. 1. Scanning electron microscope images of cerium hydride
stacked-plate nanostructure. �a� Typical stacked-plate cluster. Arrow
indicates region where plate layers can be distinguished from
above. �b� Close-up view of the edges of the plates in �a�. Arrow
indicates a 30 nm thick plate. �c� Close-up view of another particle
showing a finer fracture scale indicated by arrows.
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a second set of SEM images taken at a tilt �Fig. 1�c��. In
these images smaller incomplete fracture lines were ob-
served, explaining the 30 nm scale implied by the x-ray dif-
fraction results. Evidently, the hydride processes produce
both complete and partial fractures along planes spaced at
100 and 30 nm, respectively. The fine scale fracture likely
results from a combination of factors, including a slow bulk
diffusion rate for hydrogen in cerium,20 a large transforma-
tion volume change,19 a brittle hydride,21 as well as effects
from phonon confinement, as will be discussed below.

Neutron scattering from these samples was dominated by
incoherent scattering from hydrogen, which has a cross sec-
tion nearly 40 times that of cerium and is nearly three times
as abundant. However, in the low-energy range measured
here, the dynamics are dominated by the motion of the ce-
rium atoms; the hydrogen are simply carried along.22 In this
case, the phonon DOS at thermal energies can be extracted
from the measured incoherent scattering. The procedure, de-
scribed in detail elsewhere,23 involves subtracting the mul-
tiphonon scattering determined iteratively to all orders, cor-
recting for the Debye-Waller factor, and dividing out the
thermal occupation factor. To improve statistics the data were
summed over the high angle detector banks, where the pho-
non scattering is most intense.

The resulting phonon DOS, shown in Fig. 2, is compared
with the phonon DOS of CeD2.72 calculated using the Born
von Karman model fit to single-crystal phonon-dispersion
data by Vorderwisch et al.22 While many of the differences
might be attributed to the composition difference and instru-
ment resolution, the 1 THz peak in the nanoplate phonon
DOS �Fig. 2� cannot be explained this way. No phonon
branches dip even close to this energy.22 Cerium metal was
also measured but the lowest-energy peak from its phonon
DOS was well above the 1 THz feature, ruling out unreacted
cerium metal as an explanation. Unreacted hydrogen is also
unlikely since the sample holder was evacuated and the ma-
terial was partially reduced, so any remaining hydrogen
should have reacted. The reproducibility of the intensity of
the 1 THz feature with subsequent measurements on differ-
ent samples also supports these conclusions since the amount

of residual reactance would be expected to vary somewhat
from sample to sample. These observations leave the
stacked-plate nanostructure itself as the most likely explana-
tion for the 1 THz feature. This conclusion is further sup-
ported by the calculations of Hepplestone and Srivastava13

showing that as silicon plates are thinned to near 30 nm extra
peaks appear in the phonon DOS, including a peak in the
low-energy acoustic range.13

The appearance of the low-energy feature in the phonon
DOS indicates that excess entropy, �Svib

ex , is generated by the
fracture.5 Therefore, under isothermal conditions, the frac-
ture into nanoplates is accompanied by the absorption of
heat, T�Svib

ex , and a corresponding entropic force favoring the
fracture. This force, caused by the thermal excitation of the
formed low-energy phonons, is analogous to the
configurational-entropic forces described in biological and
colloidal interactions.24 The time scale for phonon excita-
tions is typically of order picoseconds, while crack growth is
a slower process involving the simultaneous displacement of
many planes of atoms over a relatively large distance com-
pared to atomic vibrations. Thus, the confinement of phonons
should occur instantaneously as the crack propagates. For a
single separated layer the corresponding free-energy change
from phonon confinement �per unit area� is given by

�Fconf = − t�T�Svib
ex , �1�

where t is the layer thickness, � is the number of atoms per
unit volume, and �Svib

ex is the change in vibrational entropy
per atom from phonon confinement. Assuming that the pho-
non states in the low-energy peak are distributed uniformly
over the phonon DOS before confinement, the vibrational
entropy generated is �Svib

ex �0.1 kB / �cerium atom� at T
=300 K, a value comparable to entropies found for other
nanostructures.5 Accounting for � and setting t=30 nm, Eq.
�1� gives �Fconf�−0.3 J /m2 at 300 K. The energy required
to make a pair of surfaces in a pure metal ranges from about
2�s=0.8 J /m2 for zinc to about 2�s=3.8 J /m2 for iron,25

but the presence of hydrogen significantly reduces fracture
energies.2 The surface energy of iron is reduced to 2�s
=0.91 J /m2 and that of aluminum is reduced from 2�s
=2.30 to 2�s=0.76 J /m2 in the presence of hydrogen.26

While a value for the fracture energy of cerium hydride has
not been reported, noted difficulties with the brittleness of
rare crystals indicate that it must be very low.21 Hence a
phonon confinement free-energy change in order of
−0.3 J /m2 cannot be neglected.

Perhaps even more interesting than the energetically sig-
nificant magnitude of the phonon-confinement free energy is
its thickness dependence. While the frequencies vary in com-
plicated ways with thickness, analysis of specific phonons
indicates that they scale as powers of the thickness, � j�t�
=Aj / t�j, where A and � are constants.27 Assuming that the
relevant phonons behave this way, the classical �kBT����
vibrational entropy change as a function of thickness is

�Svib
ex �t� � − 3kB�

j

ln�� j�t�/� j
bulk� � 3kB�

j

� j ln�Cjt� ,

�2�

where the Cj = �Aj /� j
bulk�1/�j are constants. The important

point is that the entropy terms scale logarithmically. Remov-
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FIG. 2. Phonon DOS of cerium hydride determined by inelastic
neutron scattering. The solid line was calculated from a force-
constant model fit to dispersion curves measured on a bulk crystal
with a similar composition by Vorderwisch et al. �Ref. 13�. The data
points were extracted from an incoherent measurement on the nano-
plates �see text�.
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ing the j’s by assuming average values for the constants, the
free energy �Eq. �1�� has the form

�Fconf�t� � − t��3kB��ln�Ct� = − tB ln�Ct� . �3�

This expression exhibits at minimum at tmin=1 /eC, indicat-
ing a characteristically weak thickness for fracture. This
minimum comes about because of a competition between an
increasing confinement effect per atom �logarithmic term�
and a decreasing number of atoms in the layer �linear term�
with decreasing thickness. Setting tmin=30 nm �observed
minimum thickness� and �Fconf �30 nm�=−0.3 J /m2 �esti-
mate from phonon DOS� yields C=0.012 nm−1 and B=
−0.01 J /m2 nm−1. Superimposing Eq. �3� with these values
on a conventional energy diagram for fracture �Fig. 3� sug-
gests a possible explanation for the observed fracture pattern.
First, as the hydride layer thickens during the hydride pro-
cess the potential strain energy released by fracture increases
linearly, solid black line. In the standard picture fracture oc-
curs when the strain-energy released exceeds the energy cost
of forming the new surfaces, 2�s, upper mark at 100 nm in
Fig. 3 �taken to be 0.41 J /m2 for the sake of argument�.
Adding the confinement effect, however, introduces a narrow
thickness range where the energy required to create the lay-
ers is reduced. Fracture can occur in this range, lower mark

near 30 nm in Fig. 3, but only if the crack propagates along
a path that maintains the special thickness. This thickness
constraint would inhibit crack growth in the presence of non-
uniform hydride transformation front or intrinsic impedi-
ments to crack growth. Hence, complete fracture is not ex-
pected until the layers reach 100 nm. Consequently a pattern
of partial fracture near 30 nm and complete fracture at 100
nm is anticipated, consistent with observations �Fig. 1�.

In the present analysis, the correction to the fracture en-
ergy is determined from the final state of phonon confine-
ment. During the fracture process, however, the phonons
near the crack tip are not fully confined �see Fig. 4�. This is
not a problem for a long crack, since each increment of crack
growth is accompanied by a corresponding increment of
fully confined phonons further up in the free layer. However,
for cracks shorter than a characteristic length l in Fig. 4, the
situation is more complicated since the degree of confine-
ment will depend on crack length.

While more work is needed to confirm the details of this
nanoscale fracture process, the weak size effect is general
and should be at least as important as the phonon-
confinement stabilization of nanostructures.12 Unlike with
thermodynamic stability, fracture is a weak-link process,
meaning that even a local weakening could be important in
dictating the fracture process. This could have important
consequences not only for small materials but also for the
way cracks propagate in nanostructured bulk materials.
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