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Low-Frequency Modes in Nanocrystalline Pd
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We studied the vibrational modes of H-doped nanocrystalline HP(Pd = 0.04) by neutron
spectroscopy, using the small H content as a probe for a separate determination of the vibrations
of Pd atoms at surfaces and/or grain boundaries. We find that these atoms are responsible for the
additional low-frequency modes which are characteristic for nanocrystalline materials, and that their
local vibrational density of states is essentially linear in frequency. The Pd atoms within grains do not
noticeably contribute to the additional low-frequency modes. [S0031-9007(98)06873-2]

PACS numbers: 61.82.Rx, 61.72.Ji, 63.50.+x

The vibrational density of states (VDOS) of nanocrys-wheref is Planck’s constankg is Boltzmann’s constant,
talline (nano) materials shows, at low frequencies, arandM is the mass of the atom. The total VD@%w) of
increase against coarse-grained material. This increagesample is the average of thiéw) of all its atoms.
is established experimentally by neutron [1-5] and res- We studied two H-doped nano-Pd samples, a com-
onant nucleaty-ray spectroscopy [6], as well as in pacted sample prepared by inert gas condensation (IGC
theoretical calculations [7,8]. However, real atomisticPd, weight 5.4 g, grain size about 17 nm, 2.9 at. % H)
understanding requires knowing whether the additionahnd a Pd-black sample (weight 8.3 g, grain size about
low-frequency modes in nanostructured materials reflec# nm, 4.0 at. % H). For the present small H concentra-
dominantly vibrations of atoms (i) within grains, (ii) tions, the H of the Pd-black sample is nearly completely
at grain boundaries, or (iii) at surfaces. This questiorlocated at surfaces [10], whereas it is located at surfaces
is not answered by the experimental and one of thend/or grain boundaries in the IGC-Pd sample [11,12].
theoretical [7] studies above since they do not differ-For the latter sample, it is difficult to state reliably the
entiate between (identical) atoms at different local po+espective fractions of H atoms at surfaces and grain
sitions. Only a very recent theoretical calculation [8]boundaries, although the previous studies assume a domi-
shows that surface atoms cause in fact low-frequencpant trapping at grain boundaries. The light H atoms
modes. follow the vibrational motion of the surrounding heavy

This paper reports on a neutron spectroscopy studiPd atoms, so that their low-frequency spectral density
on two H-doped nano-Pd samplé#l/Pd = 0.04), in  {(u*(w,T)) is almost identical to that of their Pd neigh-
which the small H content was a probe for a separatdors (H band modes) [13]. This fact makes H a local
determination of the vibrations of Pd atoms at surfaceprobe for the spectral density’(w,T)) and, according
and/or grain boundaries. Our results show that these Pw (1), for the local VDOSf(w) of Pd atoms at surfaces
atoms cause additional modes at low frequencies, with and/or grain boundaries.
local VDOS essentially linear in frequency, whereas the To determine the spectral density*(w,T)) of the H
Pd atoms within grains do not noticeably contribute to(and its Pd neighbors), we separated incoherent and co-
these low-frequency modes. herent scattering by neutron spin analysis. Since Pd has

The vibrations of a given atom are described by theno spin-incoherent cross section, the incoherent scattering
spectral density(u?(w,T)) of its temperature-dependent results exclusively from the H, in spite of its low concen-
vibrational displacements or by its local VDQ%w) (T  tration. The incoherent spectrum represents, therefore, via
is the temperature angff;f(w)dw = 1). The relation the band modes of the H, also the local VD@&v) of
betweenu?(w,T)) and f(w) is [9] Pd atoms at surfaces and/or grain boundaries. The coher-

ent scattering, on the other hand, results practically solely
3hcothrio /2ksT) , (1) from the Pd because of the small H concentrations. It is
2Mw predominantly determined by Pd atoms within the grains

(0, 7)) = f(w)
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since their number outweighs by far that of the Pd at sur- neutron energy transfer (meV)
faces and grain boundaries. Therefore, the incoherent and
the coherent spectrums represent the local VOXQOo) of

the Pd atoms at surfaces and/or grain boundaries and the I '

total VDOS F(w) of the Pd atoms of the entire sample, I 5 }E (a) 1
respectively. -

Aside from the low-energy band modes, the H atoms
perform high-frequency optical vibrations. For H in a Pd
crystal, the energies of these vibrations are above 50 meV
[14], and they are even higher for H atoms at grain
boundaries and surfaces [10,12]. Vibrations with such
high energies are irrelevant for the present experiments.

We report more experimental details now. The IGC-
Pd and the Pd-black samples were kept in sealed Al
containers. H doping was performed by addiHg gas
through a valve (3 mbaH, gas at 295 K, yielding 2.9
and 4.0 at. % H for IGC Pd and Pd black, respectively).
Both samples were in a pure phase [11,12]. For
comparison, we studied also conventional coarse-grained
Pb doped with 0.8 at.% H (30 g, again purephase).

The neutron scattering data were taken with the time-
of-flight spectrometer D7 at the Institute Laue-Langevin.
The wavelength of the incident neutrons was4 A.

A bender was used as polarizer, and additional benders
could be inserted before the detectors for spin analysis.
Our spectra were collected for scattering angles from
55° to 150°. The average flipping ratio determined with
a glassy Si@ scatterer was 35.6. The samples were
mounted in a He-flow cryostat. The scattering from the
Al sample container was determined in a separate run
(the incoherent Al scattering is in fact negligible because-IG. 1. Spin-incoherent time-of-flight spectra of the IGC-
of the extremely small incoherent cross section). Pd (O, 280 K), Pd-black (M, 260 K), and coarse-grained Pd

I . . (A, 270 K) sample. (a) and (b) show the same data without
The spin-flip probability for spin-incoherent and coher- ;4" it "correction for analyzer transmission and detector

ent scattering is; and zero, respectively [15]. This and efficiency, respectively. The solid and the dashed lines show
the known flipping ratio allow transforming the measuredspectra for a (local) VDOS proportional tew and w?,

non-spin-flip and spin-flip spectra in incoherent and co+espectively.
herent spectra. Figure 1(a) shows the incoherent spectra

of the IGC-Pd (280 K) and the Pd-black (260 K) sam-,qyimately constant in the investigated energy range, the
ples, together with the incoherent spectrum of the Coarsgsnergy resolution becomes low at high energies. These
grained reference sample (270 K). The three spectra atgfects and inelastic scattering from the optic vibrations

normalized to equal intensity ab = 0, and a constant ¢ the H are the reasons why the intensities in Fig. 1(b)
background was subtracted. The background was detefy not decrease at high energies.
mined from the inelastic scattering at2 K, where all Figure 2 presents the coherent spectra of the IGC-Pd

significant neutron energy-gain processes are suppressegq the coarse-grained reference sample, together with the
The statistics of the data of the coarse-grained samplgpectrum of the empty Al container.

are worse than those of the nano samples because of itSthea contribution of an atom to the incoherent scatter-

lower H concentration and the neutron absorption by Pding is given by the incoherent scattering law.(Q, »)
Figure 1(b) shows the data of Fig. 1(a) after division\ynich is the Fourier transform of the time-dependent in-

by analyzer transmission and detector efficiency. Thggrmediate scattering lawt,.(Q, ) (5Q is the momen-

spectra in Fig. 1(b) represent, therefore, differential scaty,m transfer). Assuming randomly orientated crystals and
tering cross sections. The analyzer transmission was d%T > fiw, we can write [9]

termined from a comparison of spectra taken with and
without analyzer. The spectra in Fig. 1(b) become quite;, (Q,r)
unreliable for energies above-20 meV. This results

100 30 10 5 2 0 -1 -2
1'ol T T T T

intensity (arb.units)

time-of-flight channel

from the low analyzer transmission at high energies and _ A2 ” kgT _
from uncertainties in the background which are irrelevant =exp-Q do f(0) M w? [1 = codwn]f,
at low energies. Further, as the time resolution is ap- @)
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where f(w) is the local VDOS of the atom. For the and the IGC-Pd sample for which H is additionally in
present experimental conditions, the incoherent scatteringrain boundaries.
law is also a fairly good approximation for the inelastic The above result is confirmed by the data of the coarse-
coherent scattering (incoherent approximation). An exgrained sample in Fig. 1(b). In this sample, the H and
pansion of (2) yields, after Fourier transformation, theits Pd neighbors are located within grains. In agreement
one-phonon approximation for the incoherent scatteringvith this fact, the incoherent spectrum, which reflects
law [ f(—w) = f(w)][9], f(w) of Pd atoms within grains, is distinctly smaller at
low energies than the incoherent spectra of the two nano
kgT ] samples and can be describedfifw) « w?.

The coherent spectrum of IGC Pd in Fig. 2 exhibits, at
low energies around time-of-flight channel 65, a slightly
QZkgT higher intensity and smaller slope than the coherent
M w? 3) spectrum of the coarse-grained sample. This may indicate

a small contribution of Pd atoms at surfaces and/or grain
The exponential function is the Debye-Waller factor [16], Poundaries to the total scattering intensity, although it is
andé(w) is the delta function. certainly too small to allow guantitative statements.

Coming back to our data, we find that the incoherent Figure 3 shows incoherent spectra of IGC Pd, taken at
spectra of the two nano samples in Fig. 1(b) differ2, 200, and 280 K with higher energy resolution than the
considerably from the coherent spectra in Fig. 2. Thespectra in Fig. 1 [background determination and correc-
broken and the solid lines in these figures represent thion for detector efficiency and analyzer transmission were
inelastic scattering intensities calculated fftw) [or  the same asin Fig. 1(b)]. The thin solid line indicates the
F(w)] being proportional taw? and w, respectively. We 2 K data. The two thick solid lines represent scattering
can see that the coherent spectra are, at low frequencidBtensities at 200 and 280 K, calculated according to (2)
well described byf(w) « w?, a behavior expected for for a local VDOSf(w) of the Pd atoms that is linear in
an ordinary three-dimensional material. The solid linew up to a cutoff energyiom.x = 12 meV, and is zero
in Fig. 1 yields, on the other hand, a fair description ofabove. The calculations accounted for the experimen-
the incoherent spectra of the two nano samples, whickal energy resolution, anén.x was the only adjustable
shows thatf(w) of Pd atoms at surfaces and/or grainparameter under consideration of the integral scattering
boundaries is, at low frequencies, essentially lineawin intensity.

This is an important result of the present studf(w) Figure 4 presents results for the local VD@%w) as

is, for instance, linear inv if the wave vectors of the Ccalculated from the 200 and 280 K neutron-energy-gain
contributing phonons are restricted to two dimensionsdata of Fig. 3 (positive neutron energy transfers). The
Our results demonstrate such a linear behavior for bottsolid line shows the linear local VDO$(w) for the
the Pd-black sample where the H is located at surfaces

$ne(Q, @) = exp{—Qz fo do fw)

X (5(w) + flw)
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time-of-flight channels FIG. 3. Incoherent spectra of the IGC-Pd sample at 2 K (thin
solid line), 200 K @), and 280 K(O), corrected for analyzer
FIG. 2. Coherent spectra of the IGC-P@,(280 K) and the transmission and detector efficiency. The spectra were taken
coarse-graine@A, 270 K) samples with correction for analyzer with higher energy resolution than those of Figs. 1 and 2.
transmission and detector efficiency. The thin solid line is theThe thick solid lines indicate spectra calculated (i) for a local
background of the empty sample container and cryostat. Th¥DOS of Pd atoms proportional to and (ii) for the two sample
dashed line is for a VDOS proportional te’. temperatures 200 and 280 K.
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