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Hydrogen-induced electrical and optical switching in Pd capped Pr
nanoparticle layers
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Abstract. In this study, modification in the properties of hydrogen-induced switchable mirror based on Pr
nanoparticle layers is reported. The reversible changes in hydrogen-induced electrical and optical properties
of Pd capped Pr nanoparticle layers have been studied as a function of hydrogenation time and compared
with the conventional device based on Pd capped Pr thin films. Faster electrical and optical response, higher
optical contrast and presence of single absorption edge corresponding to Pr trihydride state in hydrogen
loaded state have been observed in the case of nanoparticle layers. The improvement in the electrical and
optical properties have been explained in terms of blue shift in the absorption edge due to quantum confinement effect, larger number of interparticle boundaries, presence of defects, loose adhesion to the substrate
and enhanced surface to volume atom ratio at nanodimension.
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1.

Introduction

Reversible changes in the structural, optical and electrical
properties at room temperature on hydrogenation observed in palladium (Pd) capped rare earth hydride (REHx)
make these materials highly suitable for a number of technologically important applications. Switchable mirrors,
display devices and smart windows are some of the potential applications based on such M–I transitions (Huiberts
et al 1996; Aruna et al 2006). The M–I transition is observed in both types of rare earth metals: light rare earth
La (Greissen et al 1997) and Pr (Mor et al 2001; Kala and
Mehta 2007a, b), and heavy rare earth Sm (Kumar et al
2002), Gd (Aruna et al 2004), Dy (Azofeifa and Clark
1997), and Ho (Grier et al 2000). In light rare earth metals,
no structural transformation is observed during M–I transition from REH2 to REH3. In heavy rare earth metals,
M–I transition is also accompanied by a change in crystal
structure. Metal, dihydride and trihydride phases may have
different crystal structures. This indicates that the M–I
transition is of electronic nature. Band structure and strong
correlation models have been proposed to explain the M–I
transition (Griessen 2001). Calculations based on Gutzwiller method show LaH3 to be an insulator with an optical bandgap of 1⋅5 eV or 2⋅1 eV depending upon whether
crystal field effect is included or not (Ng et al 1999).
Whereas the experimentally observed values of bandgap
are between 2⋅5 and 3 eV. According to strong correlation model, due to availability of one conduction electron
per RE atom in REH2, it possesses the metallic nature.
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During the formation of REH3, additional hydrogen occupies the octahedral position with six nearest RE neighbours and attracts conduction electron to form H– ions. In
the H– ion, the two electrons are bonded through different
binding energies, the outer electron with 0⋅7 eV and inner
one with 13⋅6 eV. One assumption is that the repulsion
between these two on-site electrons results in the narrowing of the H bands and consequently opening of the bandgap between the rare earth derived metal band and H
band. On the other hand, due to lower binding energy of
outer electron, it is engaged in motion between the
neighbouring RE atoms and hence unavailable for the
conduction. Electronic structure investigations of LaHx
using photoelectron spectroscopy with synchrotron radiation show that La d-band near Fermi level diminishes as
hydrogen concentration is increased from x = 1⋅9–2⋅9.
Disappearance of La d-band near the Fermi level indicates the semiconductor nature of LaHx at x = 2⋅9
(Peterman et al 1981). Optical properties of bulk polycrystalline samples of ScH2 (3d), YH2 (4d) and LuH2 (5d)
have been studied by measuring absorptivity as a function
of hydrogen concentration in the dihydride state. YHx
shows plasmon absorption characteristic of YH2 metallic
state. Due to premature filling of octahedral sites along
with the tetrahedral sites by hydrogen, some additional
absorption features are also observed at 0⋅5 eV and
1⋅25 eV in the YH2–ε. The position and intensity of absorption features depend mainly on the lattice constant of
the dihydride state as well as on hydrogen concentration
(Waver et al 1979). Optical properties of RE metals in the
thin films as well as in the nanoparticle layers, as a function of hydrogen loading time are not well reported. An
understanding of factors that affect the optical properties
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during hydrogen loading and deloading is very important
for optimizing and improving device parameters like,
optical contrast between dihydride and trihydride states
and colour neutrality (constant transmittance between 400
and 800 nm) of transparent state. In RE based switchable
mirrors, presence of a weak transparency window corresponding to the reflecting dihydride state and a characteristic colour in the transparent trihydride state adversely
affects the optical contrast and constant transmittance in
the visible region, respectively (Giebels et al 2004). Colour neutrality, high optical and electrical contrasts, and
fast reversible switching are key factors from technological point of view. In order to improve constant transmission region, optical contrast and switching kinetics, a
number of methodologies have been implemented. To
improve colour neutrality, RE metals are alloyed with the
Mg and MgH2 with its large bandgap, acts as a microscopic shutter during hydrogen loading and deloading.
Although alloying of Mg and RE shows significant improvements in colour neutrality, it retards the switching
kinetics (van der Sluis et al 1997; Giebels et al 2004).
Alloying of Y and La quenches the transparency window
but optical bandgap shifts to lower energy (van Gogh et
al 2000). Multilayer structure of Mg and RE has been utilized to improve switching kinetics while maintaining
colour neutrality (van der Sluis et al 1997). In Mg–Y
multilayer structures, optical properties and switching
kinetics can be controlled by varying the number and
thickness of multilayers. Absorption edge of Y and Mg
multilayer structures having average composition,
Y0⋅4Mg0⋅6H2⋅4, is found to be progressively shifting to
lower energy on increasing the multilayer thickness (Giebels et al 2002). Synthesizing material in the nanoparticle
form provides a novel methodology of modifying the
physical and chemical properties without changing the
chemical composition. Blue shift in the absorption edge due
to quantum confinement and faster interaction due to the
presence of large surface to volume atom ratio at nanodimension can potentially improve the colour neutrality
and kinetics, respectively. We have earlier reported the
improvement in switching characteristics of Gd nanoparticle based switchable mirrors (Aruna et al 2004). In this
study, electrical and optical properties of switchable mirror
based on Pr nanoparticle layers have been investigated
and compared with the conventional thin film devices.
2.

Experimental

Pr nanoparticle layers were deposited by inert gas evaporation technique. Before the deposition of Pr nanoparticle
layers, vacuum chamber was evacuated up to a base pressure of 1 × 10–6 Torr and then repeatedly purged with
argon (Ar) to reduce oxygen partial pressure during deposition. During the deposition of Pr nanoparticles, Ar pressure of 1⋅2 × 10–3 Torr was maintained using the mass

flow controller at a flow rate of 13 sccm. Subsequently,
deposited nanoparticle layers were capped with a thin Pd
layer of 16 nm thickness without breaking the vacuum at
1 × 10–6 Torr pressure. Similarly, Pr thin film sample was
deposited at a base pressure of 1 × 10–6 Torr and then
capped with 16 nm Pd layer without breaking the vacuum.
A pre-calibrated quartz crystal thickness monitor was used
to monitor the deposited thicknesses. Pr mass thickness
of 90 nm was kept the same in both the samples. In the
remaining part, Pd capped thin film and nanoparticle
samples are mentioned as samples TF and NP, respectively. Hydrogen loading of the samples, TF and NP, was
carried out by introducing hydrogen into the vacuum
chamber and maintaining 760 Torr pressure, while during
hydrogen deloading, the chamber was evacuated up to
10–3 Torr pressure with the help of a mechanical rotary
pump. Experimental details for in situ electrical measurements are described elsewhere (Kala and Mehta 2007a).
For electrical measurements, Keithley 224 programmable
current source and Keithley 6517A electrometer resistance meter were used. Structural analysis of Pd capped
nanoparticle layers and thin film samples in as-deposited
metallic, hydrogen loaded and deloaded states was carried out by glancing angle X-ray diffractometer (Philips
X’pert). UV–vis–NIR double beam spectrophotometer
(Perkin-Elmer, Lambda 900) was utilized to record the
transmittance spectra in the metallic, hydrogen loaded
and deloaded states. Transmission electron microscopic
(Philips CM12) studies were carried out to determine
surface morphology and particle size.
3.

Results and discussion

3.1 Particle size and structural analysis
Figure 1 shows the TEM micrographs of Pr thin film and
nanoparticle layers deposited at 1 × 10–6 Torr and 1⋅2 ×
10–3 Torr pressure, respectively. As these samples are not
capped with the protective coating of Pd, the micrographs
may correspond to the oxidized samples. Thin film sample shows the compact morphology whereas nanoparticle
sample shows particles of diameter, 3–4 nm.
Figure 2 shows the X-ray diffractogram corresponding
to the samples TF and NP in the metallic, trihydride and
dihydride states. In case of sample TF, XRD peaks are
observed at 2θ and d values of 2θ = 28⋅0°, d = 3⋅185 Å
and 31⋅7°, 2⋅799 Å corresponding to the (100) and (102)
planes of the d-hexagonal structure of Pr, respectively.
The calculated values of the lattice parameters are
a = 3⋅678 Å and c = 11⋅795 Å. Small deviation from reported values of lattice parameters a = 3⋅670 Å and
c = 11⋅826 Å for the bulk Pr samples (Hanak and Daane
1961) may be due to the clamping on the substrate and
stress during deposition. For the nanoparticle sample, NP,
the calculated values of lattice parameters are a = 3⋅704 Å
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Figure 1. TEM micrographs of the samples (a) thin film and (b) nanoparticle, without
Pd overlayer.

Figure 2. X-ray diffractograms of the samples (i) TF and (ii) NP in (a) metallic,
(b) loaded and (c) deloaded states.

and c = 11⋅823 Å. This difference in the lattice parameters of the sample NP with respect to the sample TF may
be due to the size induced lattice expansion (Suleiman et
al 2003) and presence of large number of stacking faults
(Kala and Mehta 2007a). Peak observed at about
2θ = 40⋅1° corresponds to Pd (111) plane, which exhibits
fcc structure. On hydrogenation, both the samples, NP
and TF, undergo structural transformation from dhcp to
fcc as reported in the bulk Pr samples. In hydrogen
loaded state, both the samples, TF and NP, exhibit fcc
structure with lattice parameters 5⋅567 Å and 5⋅560 Å,
respectively. On deloading, both the samples, NP and TF,
retain their fcc crystal structure with small increase in the
lattice parameter. The lattice parameter of TF and NP in
the deloaded state is 5⋅587 Å and 5⋅586 Å, respectively.
Similar observation of retaining crystal structure on
hydrogen deloading with the increase in the lattice para-

meter from 5⋅483–5⋅518 Å has been reported in the bulk
Pr samples (Pebler and Wallace 1962).
3.2 Electrical properties
Reversible changes in the electrical resistance in the
samples, TF and NP, during in situ electrical measurement on hydrogen loading and deloading are shown in
figures 3(i) and 3(ii), respectively. At the start of hydrogenation experiment, resistance of the Pr layer from the
metal state increases and then saturates, as it transforms
to the trihydride state. On subsequent dehydrogenation,
the resistance is found to decrease. It may be noted that
the resistance of the Pr layer in the deloaded state attains
an intermediate value corresponding to the dihydride
state. During further cycles of loading and deloading, the
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Table 1. Initial and saturation resistance values in dihydride and trihydride states,
respectively in the sample TF and NP. The value of resistance ratio and switching time
between dihydride and trihydride state in sample TF and NP are shown.
Sample
TF
NP

Initial
resistance (Ω)
74
88

Final resistance
(Ω)

Resistance
ratio

Switching
time (min)

591
899

7⋅99
10⋅21

2⋅6
1⋅56

resistance of Pr reversibly changes from the dihydride
state to the trihydride state. The gradual decrease in the
resistance during reversible cycles of hydrogen loading
and deloading in both the samples, TF and NP, indicates
the presence of hysteresis. The values of initial resistance
in the dihydride state, saturation resistance on hydrogen
loading, ratio of the initial and saturation resistance and
switching time between dihydride and trihydride states of
the samples, TF and NP, are given in table 1. The mentioned values in the table correspond to the second cycle
of hydrogen loading and deloading.
Resistance ratio is observed to increase from 7⋅99 in
TF to 10⋅21 in NP. The increase in the resistance ratio
between dihydride and trihydride states is due to the larger amount of hydrogen incorporation in nanoparticle
samples as nanoparticle layers contain larger number of
interparticle grain boundaries and defects (as mentioned
earlier in terms of stacking faults). Grain boundaries and
defects sites are known as preferred hydrogen active sites
in comparison to conventional interstitial sites. Switching
time is defined as the time required to reach 90% of the
saturation value. During second loading cycle, sample NP
attains 90% of the saturation value of resistance in 1⋅56 min
whereas sample TF takes 2⋅6 min to reach 90% of the
saturation value of the resistance. This indicates that in
the sample, NP, electrical switching is faster in comparison to the sample, TF. A detailed study carried out in our
laboratory on the improvement in the switching characteristic of Pd capped Pr nanoparticles and thin samples, is
presented elsewhere (Kala and Mehta 2007a, b).
3.3 Optical properties

Figure 3. Reversible change in electrical resistance in Pr: (i)
TF and (ii) NP samples. (iii) Switching time in the samples, TF
and NP, on exposure to hydrogen ambient.

Optical properties of Pd capped Pr nanoparticle layers
have been investigated by measuring transmittance spectra
in as-deposited state and during different hydrogenation
time intervals 20 min, 30 min, 45 min and 120 min. These
transmittance spectra are compared with the corresponding thin film transmittance spectra. Figure 4 shows
transmittance spectra of the samples, TF and NP, in the
as-deposited state and at different values of hydrogenation time. Low transmittance in as-deposited state in both
the samples, TF and NP, indicates the metallic nature of
the samples. On hydrogen loading, transmittance of both
the samples, TF and NP, increases with respect to the as-
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deposited state. In the sample TF, the transmittance is
low up to 30 min of hydrogen loading time and is observed
to increase on 45 min of hydrogen loading time, whereas
in the sample NP, significant increase in the transmittance
is observed on 20 min of hydrogen loading time. As mentioned earlier, both the samples are capped with 16 nm
thick Pd layer. In both the samples, the observed lower
transmittance on hydrogen loading is due to absorption in
16 nm thick Pd layer. Absorption coefficient (α) of Pr
layer is calculated by using Lambert’s law
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variation in the α value at 1⋅5 eV can be related to the %
change of Pr into PrH2+ε state. The rare earth metals are
known to have absorption edge at 2⋅5–3 eV in the trihydride
state. Thus, the value of α at 3 eV can be related to the
transparent PrH3–δ trihydride state. The values of α at
1⋅5 eV and 3 eV as a function of hydrogenation time are
plotted in figure 5. During the complete hydrogenation
time of 120 min, value of α at 1⋅5 eV increases in the
sample TF. This indicates that in the sample TF, even
after 120 min of hydrogen loading most of the crystallites

T = T0exp(–αd),
where T0 is taken as the transmittance of Pd (16 nm) layer
deposited on a quartz substrate to eliminate the effect of
Pd layer, T is the total transmittance and d the thickness
(Lee and Shin 1999). Absorption in the lower energy
range 1⋅5–2 eV has been reported in ScH2–ε, YH2–ε and
LuH2–ε due to the plasmon absorption in the metallic
dihydride state and premature filling of octahedral sites
along with the tetrahedral sites. Thus, the observed

Figure 4. Transmittance spectra of the samples (i) TF and (ii)
NP in (a) as-deposited state and after (b) 20 min, (c) 30 min, (d)
45 min and (e) 120 min of hydrogenation time.

Figure 5. The values of absorption coefficient at 1⋅5 and 3 eV
in the samples (i) TF and (ii) NP as a function of hydrogenation
time.
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are still in the dihydride state and are not able to completely transform into trihydride state. The increase in α
is due to the increased amount of H getting incorporated,
which results in the conversion of Pr metal to dihydride
state. In the case of sample NP, α at 1⋅5 eV starts
decreasing after 20 min of hydrogen loading time. This
indicates that after 20 min of hydrogen loading the crystallites having dihydride state start getting converted to
trihydride state. In the sample NP, the value of α at 3 eV
is comparatively higher even on 20 min of hydrogen
loading, whereas in the sample TF, a significant increase
in α at 3 eV value is observed only after 45 min of hydrogen loading, indicating the slow formation of PrH3–δ
state. At higher loading times the value of α at 3 eV in
both the samples decreases. This may be due to the increase in the absorption edge of the trihydride state with
increase in hydrogen concentration. Absorption edge of
the trihydride state in the samples, TF and NP, after
120 min of hydrogen loading is calculated by Tauc’s plot
as shown in figure 6. A detailed explanation of the relationship between the optical, electrical and structural
changes in Pr thin film and nanoparticle layers during
hydrogenation and dehydrogenation is presented elsewhere (Kala and Mehta 2007b).
The Tauc’s plot of the sample, TF, shows absorption
edge at 2⋅59 eV corresponding to the trihydride state
along with the weak absorption features in the energy
range 1⋅5–2 eV which indicates the presence of the dihydride state. Whereas in the case of nanoparticle sample
NP, no absorption features are observed in the lower energy range. The absorption edge is observed at 2⋅91 eV.
This indicates that after 120 min of hydrogen loading
nanoparticle samples are able to transform in the trihydride state whereas sample TF still shows signature of the
dihydride state. Absorption edge corresponding to trihydride state is observed to shift from 2⋅59 eV in the sample

Figure 6. Tauc’s plots of the samples (a) TF and (b) NP in the
hydrogen loaded state.

TF to 2⋅91 eV in the sample NP. The observed blue shift in
the absorption edge on reducing the size of the nanoparticles is due to the quantum confinement effect and larger
amount of hydrogen incorporation.
After 120 min of hydrogen loading, both the samples
TF and NP are deloaded. The values of α in the loaded
and deloaded states are plotted in the energy range 1⋅5–
3⋅5 eV as shown in figure 7(i). On deloading, at both the
energy values of 1⋅5 eV and 3 eV, the sample NP shows
larger change in the value of α in comparison to the sample TF. This shows an efficient conversion of trihydride
state back to the dihydride state in the case of sample NP
as compared to the sample TF. Optical contrast (OC) provides information about the amount of desorbed hydrogen
between dihydride and trihydride states. OC is defined as
(TT–TD)/TT, where TT and TD are the transmittance in the
trihydride and dihydride states, respectively. Higher OC
in the sample NP ~ 50% is observed in comparison to the
sample TF as shown in figure 7(ii). This indicates that in

Figure 7. (i) Absorption coefficient spectra in hydrogen
loaded (solid symbol) and deloaded (hollow symbol) states for
samples TF and NP and (ii) optical contrast between hydrogen
loaded and deloaded states in TF and NP samples.
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the case of nanoparticle sample, more hydrogen desorbs
during deloading in comparison to the thin film sample.
In both the samples, TF and NP, the electrical switching is faster in comparison to the optical switching. For
observing electrical changes, conversion of a smaller %
of metal crystallites to dihydride state and then to trihydride state is sufficient. Whereas, measurable changes in
the optical properties can only be observed when a majority
of metal crystallites are collectively converted into dihydride state and then into trihydride state. This aspect has
been explained in detail elsewhere (Kala and Mehta
2007b).
As mentioned earlier, nanoparticle layers contain large
number of grain boundaries and stacking faults in comparison to thin film samples. Grain boundaries and defects are known to be lower energy sites for hydrogen
absorption in comparison to the conventional interstitial
sites (Pundt 2004). Faster hydrogen absorption and desorption are known to occur through these sites. In the
case of sample TF, compact topography and good adhesion to the substrate results in crystallites interlocking
and substrate clamping, respectively, during hydrogen
loading and deloading. On the other hand, nanoparticle
layers have comparatively a loose inter-particle structure,
weak adhesion to the substrate due to low ad-atom mobility during inert gas evaporation (Maissel and Glang 1970)
and the larger concentration of hydrogen active sites,
which results in faster hydrogen absorption/desorption.
This explains the faster electrical and optical switching,
existence of the single absorption edge corresponding to
trihydride state, larger amount of hydrogen absorption/
desorption during loading/deloading and higher optical
contrast in the sample NP in comparison to the sample TF.
4.

Conclusions

A summary of the detailed work carried out on switchable
mirror devices based on Pr nanoparticle layers is presented here. Our results show that an all-round improvement in the switching characteristics, electrical and
optical contrasts and switching time can be realized by
using rare earth nanoparticle layers.
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