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Vibrational states of atomic hydrogen in bulk and nanocrystalline palladium
studied by neutron spectroscopy
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The vibrational states of hydrogen atoms in bulk and nanocrystalline palladium were examined in a wide
energy region 0 � h̄ω � 300 meV using neutron spectroscopy. In bulk PdH0.73, the vibrational excitations of H
atoms were roughly reproduced by the quantum harmonic oscillator (QHO) model. In PdH0.42 nanocrystals with a
diameter of 8 nm, however, additional vibrational excitations were found at energies above 80 meV. The energies
and intensities of the additional states were not explained by the QHO but reasonably described as vibrations in a
highly anharmonic trumpetlike potential. The additional excitations are attributed to the vibrations of H atoms at
tetrahedral sites in the subsurface region stabilized by surface effects. Thus, this is an experimental work which
clearly detects hydrogen vibration inside metal nanoparticles.
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I. INTRODUCTION

The behavior of hydrogen in metals has attracted much
attention in fundamental and applied research areas. Palladium
hydride (PdHx) is a typical metal-hydrogen system and has
been intensively studied for many decades. Pd has remarkable
abilities to absorb plenty of hydrogen and to catalyze a broad
range of chemical reactions. Metal nanoparticles are of current
interest owing to their unique properties as compared with bulk
materials [1–4]. It has been demonstrated that the H absorption
properties of Pd nanoparticles are markedly different from that
of bulk Pd and strongly depend on their size, shape, and surface
structure [5–12]. The Pd nanoparticles with high surface area
also offer high catalytic activity [13–16]. In the field of surface
science, it has been often discussed that the potential energy for
the H sites significantly changes near (a few layers below) the
surface of a particle, which is usually called the “subsurface”
[3,17–24]. A key issue in metal hydride nanoparticles is to
clarify the thermodynamic state and structure of the subsurface
which are closely connected with the H absorption ability and
the high catalytic performance.

Bulk PdHx undergoes a phase transition from a hydrogen
dilute α phase to a concentrated, lattice expanded β phase. In
both phases, the H atoms occupy the interstitial octahedral (O)
sites (1/2,1/2,1/2) in the face-centered cubic (fcc) Pd lattice
[25–35] (see Fig. 1). Our recent neutron diffraction (ND) work
on nanocrystalline PdDx (nano-PdDx) demonstrated that some
of H atoms, probably in the subsurface, are accommodated
at the tetrahedral (T ) sites (1/4,1/4,1/4) [36]. It was also
reported by a quasielastic neutron scattering (QENS) study that
an additional fast diffusion process of the H atoms appeared in
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nano-PdHx [37]. These results suggest that the H atoms diffuse
faster near the surface, probably via the T sites.

Inelastic neutron scattering (INS) spectroscopy is a pow-
erful technique in probing vibrational states of H atoms in
metal lattices. The precise analysis of INS spectra enables us
to predict the potential surface around the H atom position.
With this view, a number of INS measurements have been
performed for bulk PdAx (A = H, D, T) so far [38–48]. They
have demonstrated that the optical H vibrations in PdHx are
rather anisotropic and anharmonic [47,48], which is consistent
with the theoretical prediction of ab initio calculations [49].
Stuhr et al. have made INS measurements up to 140 meV for
nano-PdHx (x � 0.048) with a diameter of smaller than 23
nm [50]. The vibrational excitations, which are attributed to
the H atoms near the grain boundary, were observed in the
energy region between 90 and 140 meV. They also found an
excitation peak at 50–80 meV which resembles that observed
in bulk PdHx .

Here we report an INS study of bulk PdH0.73 and
high-quality nano-PdH0.42 with a smaller and more uniform
diameter (8.0 ± 0.9 nm) than in the previous study [50].
The vibrational dynamics of H atoms were investigated in
the wide energy-transfer region 0 � h̄ω � 300 meV using a
modern sophisticated neutron spectrometer, to gain insight
into the shape of the potential well for hydrogen vibration in
the subsurface. Our nanocrystals are capped by a protective
polymer, polyvinylpyrrolidone (PVP), and are isolated from
each other, in contrast to the Stuhr’s nanoparticles. We do
not suffer from H atoms in grain boundaries. Thus, this is
an experimental work on hydrogen vibration inside metal
nanoparticles.

II. EXPERIMENT

The Pd powder used as a bulk sample was obtained from
Sigma Aldrich with a specified purity of 99.9% and the
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FIG. 1. Locations of interstitial hydrogen atoms in an fcc Pd
lattice; octahedral (O) and tetrahedral (T ) sites.

hydrogen gas (purity 99.99%) from Suzuki Shokan. The Pd
nanocrystals used in this work are basically the same as those
in the previous heat capacity [51], neutron diffraction [36], and
QENS measurements [37]. The nanocrystals were synthesized
by the same method described elsewhere [52]. The mass ratio
of Pd and PVP was determined to be 68:32, corresponding to
the Pd volume fraction of 0.175. The sample amounts of the
Pd powder and the nanocrystals (including PVP) were ca. 6 g
and 2 g, respectively. The pretreatment and hydrogenation of
the samples and the determination of H concentrations were
carried out as described in Ref. [37]. The dehydrogenated Pd
nanocrystals which were measured to estimate the effect of
PVP were prepared by evacuating the nano-PdH sample at
100 ◦C. The samples were loaded into annular aluminum cells
with a thickness of 0.5–1 and a diameter of 18 mm.

Neutron spectra of bulk PdH0.73, nano-Pd, and nano-
PdH0.42 were recorded at 10 K using a time-of-flight Fermi
chopper spectrometer, 4SEASONS [53], at the Japan Proton

Accelerator Research Complex (J-PARC). The spectrometer
has a unique ability to record the scattering events for neutrons
with multiple incident energies Ei simultaneously [54]. The
frequency of a Fermi chopper was set to 600 Hz and the phase
was configured to select an Ei set of 942, 331, and 168 meV.
Here we do not show the data obtained with Ei = 942 meV
because the phonon excitations were not separated well due to
the coarse energy resolution. The empty cell was measured to
subtract scattering contributions from the instrument and the
cell. The temperature of the samples was controlled by using
a top-loading closed cycle refrigerator. The data reduction
was done with Utsusemi software package [55] developed in
J-PARC.

III. RESULTS AND DISCUSSION

A. Dynamical structure factors

Figure 2 shows color contour maps of the dynamical
structure factor S(Q,ω) for bulk PdH0.73 and nano-PdH0.42,
obtained with Ei = 331 meV at 10 K. Here the contribution
from the empty cell and an instrumental background were
already subtracted. As for nano-PdH0.42, the nano-Pd data
were also subtracted. The amount of H atoms in PVP is
nine times larger than that in nano-PdH0.42. The subtraction
of scattering from PVP is necessary to extract vibrational
excitations of H atoms in Pd. Figure 3 presents the actual
process of the subtraction for the data integrated over limited
Q regions. In fact, the observed S(Q,ω) of nano-PdH0.42 and
nano-Pd include a large scattering contribution from PVP
as seen in Fig. 3. The several peaks between 100 and 140
meV are assigned to the vibration of the C-C bonds in the
pyrrolidone ring and the strong broad band at around 170 meV
to the carbonyl (C=O) stretch [56]. It is emphasized that the
peaks disappear in the subtracted data (filled circles in Fig. 3),
indicating successful subtraction.

FIG. 2. Dynamical structure factors as functions of energy h̄ω and momentum transfer Q for bulk and nano-PdHx recorded at 10 K. The
scattering contribution from nano-Pd has been subtracted from nano-PdH0.42. The data were obtained with Ei = 331 meV.
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FIG. 3. Inelastic neutron scattering spectra of nano-PdH0.42 and
nano-Pd, recorded with Ei’s of (a) 168 and (b) 331 meV at 10 K. The
differences between the two spectra, (nano-PdH0.42) − (nano-Pd), are
also shown.

Vibrational excitations are clearly visible at around 70,
140, 210, and 280 meV in bulk PdH0.73. On the other hand,
the S(Q,ω) map of nano-PdH0.42 exhibits a clear excitation
at 70 meV and a continuous excitation above 120 meV.
The vibration of the host Pd lattice mainly reflects acoustic
phonons which appear below 26 meV [40,47]. The excitations
observed above 50 meV correspond to multiphonon processes
that originate in the vibrations of H atoms.

Figure 4 displays the comparisons in INS spectra between
bulk PdH0.73 and nano-PdH0.42. The spectrum of nano-PdH0.42

exhibits the first excitation peak at around 60 meV as in the
case of bulk PdH0.73. A significant difference on the spectra
is seen in the higher energy region. Additional excitations
clearly appear above 80 meV in nano-PdH0.42. It is noted that
the position of the first peak slightly shifts toward a higher
energy side in nano-PdH0.42, suggesting that the vibrational
mode hardens. From the spectrum with Ei = 168 meV, the
peak position was estimated to be 59.3 meV which is 3%
higher than that observed in bulk. The hardening could be
related to the fact that the lattice constant of nano-PdH0.42 is
smaller than that of bulk PdH0.73 [36]. It is also found that the
vibrational excitations become broader in the nanocrystalline
sample, implying an inhomogeneity of potential at H sites
inside the nanoparticle.

FIG. 4. Inelastic neutron scattering spectra of bulk PdH0.73 and
nano-PdH0.42 recorded with Ei’s of (a) 168 and (b) 331 meV. The data
of nano-PdH0.42, from which the scattering contribution from nano-Pd
is subtracted, are multiplied by 7.3 for a comparison purpose.

B. Analysis for bulk PdHx

In order to quantify the peak positions and areas, the INS
spectra of bulk PdH0.73 were fitted with multiple Gaussians
Gn,i(ω),

S(Q,ω)bulk =
∑

n

An

∑
i

fn,iGn,i(ω),

(1)

Gn,i(ω) =
√

ln 2

π

1

�n,i

e
− ln 2(

h̄ω−En,i
�n,i

)2

,

with a constraint of
∑

i fn,i = 1. Here the Gaussians were
used to approximately describe the spectra. En,i and �n,i are
the position of the center and the half-width at half maximum
(HWHM) of each peak, respectively.

We first analyzed the data obtained with Ei = 168 meV
to characterize the fundamental (n = 1) excitation mode. The
data in an energy range between 34 and 122 meV were fitted
with four Gaussians; the fourth one is for n = 2. The result of
the fit is shown as a solid curve in Fig. 5. The positions of the
three peaks for n = 1 were 57.9, 65.6, and 81.5 meV. Next,
advanced multipeak fitting was carried out for the spectrum
with Ei = 331 meV [see Fig. 6(a)]. Nine Gaussian functions
were used to reproduce the vibrational spectrum up to the
n = 5 oscillator mode. The individual peaks are displayed as
dashed curves. The positions and widths of the first three peaks
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FIG. 5. Inelastic neutron scattering spectrum of bulk PdH0.73 with
Ei = 168 meV at 10 K. Solid curve represents the result of the fit with
multiple Gaussians. The dashed curves correspond to each Gaussian
function.

(n = 1 mode) were fixed to the values obtained from the fit for
the data with Ei = 168 meV.

In the quantum harmonic oscillator (QHO) model [57], the
scattering intensity and energy for the nth excitation are given
by

An ∝ e−〈u2〉Q2
(〈u2〉Q2)n/n!,

(2)
En − E0 = nh̄ω0,

FIG. 6. (a) Inelastic neutron scattering spectrum for bulk PdH0.73

at 10 K. The cyan, green, magenta, red, and orange dashed curves
correspond to the n = 1, 2, 3, 4, 5 excitation modes, respectively.
(b) Intensity and (c) excitation energy against quantum number n.

where 〈u2〉 (=h̄/2mω0) is the mean square displacement of
zero-point vibration and ω0 the fundamental frequency. n!
is replaced by the Gamma function �(n + 1) in a practical
manner. Based on the QHO model, the peak position, width,
and area of the n = 5 mode were assumed as (E5 − E0) =
5/4(E4 − E0), γ5 = γ4, and A5 = 0.656A4. These constraints
were needed to analyze the excitation modes with n � 4
properly.

Figures 6(b) and 6(c) present An and the “averaged”
excitation energy against n. The averaged energies for n = 1,2
were calculated as follows:

〈En〉 − E0 =
∑

i

fn,iEn,i , (3)

where fn,i and En,i are the same as those in Eq. (1).
The intensity and energy are sufficiently described by the

QHO model, as shown by solid curves in Figs. 6(b) and 6(c).
From the fit with Eq. (2), 〈u2〉 and h̄ω0 were estimated to

be 0.0308(3) Å
2

and 68.7(9) meV, respectively. In the QHO
model, the relation 〈u2〉 = h̄/2mω0 holds at low temperature.

〈u2〉 is evaluated to be 0.0304 Å
2

for h̄ω0 = 68.7 meV and is
in excellent agreement with the above value from the fitting.

We now discuss the splitting of the excitation bands. The
first band consists of a peak centered at 58 and a shoulder at
81 meV (see Fig. 5). In terms of H-H interactions, the main
peak is ascribed to a transverse optical mode, while the high-
energy shoulder to a longitudinal one [47], The peak positions
are consistent with the dispersion relation measured by INS
[40,44]. However there is another interpretation; namely, the
shoulder is a transition to the Franck-Condon level in the frozen
Pd lattice, or without consideration of the lattice relaxation in
the excited states [48,58]. The origin of the shoulder is still an
open problem but is beyond the scope of this paper.

The split of the second band is considered to be due to anhar-
monic effects [43,47–49]. For the three-dimensional isotropic
harmonic oscillator, the Cartesian eigenstates |nxnynz〉 of
the energy level n (=nx + ny + nz) are 1

2 (n + 1)(n + 2)-fold
degenerate. The fourth-order anharmonic terms can lift the
degeneracy of the states with n � 2. In fact, the n = 2 state
splits into three levels. The peak positions of the second band
were estimated to be 115, 137, and 167 meV, which are
in reasonable agreement with the literature values [48]. As
for the third and fourth excitation modes, the peak splitting
was not clearly seen and the excitations were represented as
single broad peaks. It should be stressed here that the averaged
energy of the n state is the same as that for the QHO within
the framework of the perturbation theory. Additionally, the
anisotropy in the INS spectra [47,48], which manifests itself
by the anharmonicity, is not prominent in powder samples.

C. Analysis for nano-PdHx

Figure 7(a) shows the INS spectrum of nano-PdH0.42. The
spectrum was fitted with the combination of the spectrum of
the bulk PdH0.73 (dashed curve) and the additional excitations
(solid curves),

S(Q,ω)nano = b0S(Q,ω)bulk + b1S(Q,ω)add,

S(Q,ω)add =
∑
n′

An′Gn′ (ω). (4)
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FIG. 7. (a) Inelastic neutron scattering spectrum for nano-PdH0.42

at 10 K. The scattering contribution from nano-Pd is subtracted.
(b) Intensity and (c) excitation energy against a quantum number n′.

The additional component was represented by multiple Gaus-
sians Gn′ (ω). In the fitting analysis, the parameters for
S(Q,ω)bulk were fixed to be the same as those obtained for
bulk PdH0.73, except the 11 mode. As stated in Sec. III A, the
11 mode slightly hardens in nano-PdH0.42. The parameters for
the mode were estimated from the fit of the spectrum taken
with Ei = 168 meV. Thus, the parameters to be determined in
the fitting were the prefactors b0, b1, areas, peak positions, and
widths of S(Q,ω)add; the widths for the n = 2, 3, 4 excitations
are constrained to be the same. The fraction of the additional
component, b1/(b0 + b1), was estimated to be 0.22. The value
is consistent with the fraction of D atoms occupying the T site
(≈0.25 at 44 K) estimated from the neutron diffraction study
[36]. It is naturally concluded that the bulklike excitations are
the vibrations of H atoms at the O sites mainly in the interior
region while the additional one originates from the H atoms
at the T sites in the subsurface. The stability of the T site
should depend on the mass (H or D) due to the zero-point
energy. However, we consider that this isotope effect is not so
serious to demolish this conclusion. Of course it is necessary
to conduct the ND experiment for nano-PdHx though it is
very difficult because of small coherent and larger incoherent
scattering cross sections of a H atom.

The estimated intensities and averaged excitation energies
are displayed in Figs. 7(b) and 7(c). Dashed curves represent
the expectation from the QHO model with h̄ω0 = 122 meV.
Obviously, the QHO model does not reproduce the experi-
mental results. In order to characterize the additional states,
anharmonicity should be considered.

Finally, we discuss the anharmonic potential by a simple
numerical method. We assumed a one-dimensional symmetric

n’ = 0

n’ = 1

n’ = 2

n’ = 3
n’ = 4

300

200

100

0

V 
(x

) 
(m

eV
)

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

x (Å)

FIG. 8. Potential energy as a function of the atomic displacements
relative to the equilibrium position of the H atom. The curve is
calculated using Eq. (5). The parameters ω0 and c2i used in the
calculation are summarized in Table. I. Horizontal lines represent
the eigenvalues En′ .

polynomial function

V (x) = 1

2
mω0x

2 +
10∑
i=2

c2ix
2i . (5)

The first term is just the QHO potential for which an
exact analytical solution is known. Therefore, the 20 lowest
wave functions for the QHO were chosen as a basis set
in our calculation. By diagonalizing the Hamiltonian, H =
− h̄2

2m
d2

dx2 + V (x), eigenvalues En′ and eigenstates ψn′ for the
anharmonic potential were obtained. The scattering intensities
were calculated with the following formula:

An′ ∝
∣∣∣∣
∫ ∞

−∞
ψn′eiQxψ0dx

∣∣∣∣
2

. (6)

These calculations were carried out using scripts written in
Mathematica 10.4 software (Wolfram Research).

Open circles in Figs. 7(b) and 7(c) are the calculated values
with assuming the potential surface shown in Fig. 8. The
reasonable agreement is obtained between the experiment
and calculation. The large deviation at n′ = 3 could be due
to the presence of vibration of H atoms on the Pd surface.
The deduced potential surface is highly anharmonic and of
trumpetlike shape, in contrast to the nearly harmonic potential
in bulk PdH0.73. The potential is steep at lower energies while
rather gentle at higher energies. Compared with the harmonic
model, An′ , which reflects the spatial distribution of the wave
functions, represents a larger value for larger n.

TABLE I. Parameters for the anharmonic potential, V (x) =
1
2 mω0x

2 + ∑10
i=2 c2ix

2i . All values are in meV.

h̄ω0 = 122 meV c12 = −4864.1 meV/Å
2

c4 = −5970 meV/Å
2

c14 = 1257 meV/Å
2

c6 = 12 054 meV/Å
2

c16 = −151.01 meV/Å
2

c8 = −14 593 meV/Å
2

c18 = −0.38007 meV/Å
2

c10 = 10 802 meV/Å
2

c20 = 1.2804 meV/Å
2
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The fundamental energy h̄ω0 was estimated to be 122 meV
which is significantly larger than that of bulk PdH0.73. The
vibrational mode comes from the H atom in a steep potential.
Such a remarkable change in ω0 cannot be explained by the
change in the lattice constant. The present analysis suggests
that the distance between H and Pd atoms is rather short.
In fact, the H-Pd distance is 2 Å for the O site and 1.73 Å
for the T site. The observation of the vibrational modes with
high fundamental energy also supports our conclusion that
some of the H atoms are accommodated at the T sites in
the nanoparticles. It has been pointed out that the vibrational
energy (or zero point energy) at the T site is higher than
that at the O site [49,59,60]. However, the anharmonicity is
not predicted for the T site in bulk PdHx . We argue that the
newly appeared vibrational states with strong anharmonicity
in nano-PdH0.42 are characteristic of the H atoms at the T site
in the subsurface. The strong modification of potential could
be caused by surface strain/distortion effects of nanoparticles.

IV. SUMMARY

Vibrational spectra of hydrogen in bulk and nanocrystalline
Pd were investigated by inelastic neutron scattering in the

energy range up to 300 meV. The spectrum of bulk PdH0.73 is
roughly described by quantum harmonic oscillators. In PdH0.42

nanocrystals with a diameter of 8 nm, the excess excitations
were found at higher energies in addition to the excitations
which closely resemble those observed in bulk PdH0.73. Our
analysis demonstrated that the excess excitations are attributed
to the hydrogen vibrations in a highly anharmonic trumpetlike
potential which is realized at the T sites in the subsurface
region. Further theoretical calculations on the actual three-
dimensional nanocrystal are needed to reveal the details of
vibrational states.
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