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a  b  s  t  r  a  c  t

A  Mg–Zr  thin  film  is  prepared  on a glass  substrate  by  co-sputtering  of  Mg  and  Zr targets  and  in  situ sput-
tering  of  a thin  Pd overlayer.  The  structural  and  optical  properties  of  Mg–Zr  and  Mg–Zr–H  thin film  are
investigated  induced  by hydrogen  absorption  and/or  desorption  at room  temperature.  Optical  transmis-
sion and  reflection  data  indicated  that Mg–Zr–H  thin film  is  the  color-neutral  in the visible  range  with
chromaticity  coordinates  of x = 0.3566  and  y =  0.3430.  The  formation  of  the  ternary  hydride  Mg0.82Zr0.18H2

is  confirmed  in an  Mg-rich  Mg–Zr  solid  solution  thin film  in  the  hydride  state.  The  hydrogen  insertion

eywords:
witchable mirror
g–Zr thin film
ydriding and dehydriding
etal hydrides
asochromic materials

and  extraction  occurs  in fcc  lattice  structure.  Because  the  volume  change  according  to  hydrogenation
and  dehydrogenation,  the  switching  durability  is much  better  than  that  of the  switchable  mirror  using
Mg–Ni  alloy.

© 2011 Elsevier B.V. All rights reserved.
ydrogen storage alloy

. Introduction

Mg  based alloy materials have attracted much attention as
ydrogen storage materials [1],  hydrogen sensors [2],  and opti-
al switches [3,4]. The Mg  based alloy thin films with a thin Pd
op layer show reversible optical change due to the hydrogenation
nd dehydrogenation at room temperature [3]. In recent years, a
umber of ternary hydrides of magnesium based alloy have been
ynthesized by heating powder mixtures of MgH2 and together
ith MH2 (M = Mn,  Cr, Ti, V, Nb, Ta, Zr, and Hf) at high pressure

5–11]. These magnesium based alloys show the high hydrogen
apacity (3–5.5 wt%) and the reversible hydrogen absorbing and
esorbing characterizations. These materials also can be used as

 ‘switchable mirror’, which is a new kind of optical switching
aterial and is switched between transparent and mirror states

y hydrogenation and dehydrogenation of thin film [12–14].  We
tudied MgyTiHx and MgyNbHx thin films with a thin Pd top-layer
s a switchable mirror and reported that they show good optical
witching properties.

Recently, the fully hydrogenated face-centered cubic (fcc) phase
f Mg–Zr–H (Mg0.82Zr0.18H2 (a ≈ 4.87 Å)) [6,15] was  synthesized.

ts hydrogen capacity is 5.3 wt%. The fcc Mg–Zr–H phase exhibits
eversible hydrogen loading and unloading properties under high
ressure of 0.1–0.5 MPa, and shows the highly stability compare to

∗ Corresponding author. Tel.: +81 52 736 7305; fax: +81 52 736 7406.
E-mail address: k.yoshimura@aist.go.jp (K. Yoshimura).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.098
other hydrides of Mg–M (M = Ti, V, Nb, Ta) series [7–9], which is very
important when it is used as a switchable mirror. We  pay attention
to this hydride of Mg–Zr–H in the search as a new switchable mirror
material.

In this paper, we prepared Mg–Zr thin films with a thin Pd top
layer on the glass substrate by sputtering and their gasochromic
switching properties have been investigated using diluted hydro-
gen gas.

2. Experimental procedures

Mg–Zr alloy thin films are deposited by DC magnetron cosputtering of Mg
(99.99%) and Zr (99.99%) targets on glass substrates at room temperature. Pd cap
layer, which is a catalyst and a protection layer against the oxidization of Mg,
is  subsequently deposited on Mg–Zr layer in situ condition. The base pressure is
2.0  × 10−5 Pa, and the target-to-substrate distance is 15 cm.  The sputtering power
to  Mg and Zr targets is set at 30 W and 15–40 W,  respectively, with the process pres-
sure of 1.0 Pa (Ar flow rate of 20 sccm). The power of Pd overlayer is set at 30 W and
the process pressure is 1.6 Pa.

Thin film thicknesses are measured with a stylus profilometer (Kosaka ET-350).
The composition of the Mg(1−x)Zrx thin films deposited on Si substrates is investi-
gated by Rutherford backscattering spectrometry (RBS). The crystalline structure of
Pd-capped Mg–Zr and Mg–Zr–H thin films is investigated by X-ray diffraction (XRD)
measurement using a thin film X-ray diffractometer (Cu-K�, � = 1.5418 Å, Rigaku
XRD system). The morphologies of Mg–Zr alloys before and after hydrogenation are
characterized by a scanning electron microscopy (SEM).
The characterization setup of optical switching is described in detail elsewhere
[16].  Gasochromic switching is performed by loading of 4% hydrogen in argon gas at
room temperature. The optical change is monitored by the combined use of a laser
diode (� = 670 nm)  and a Si photodiode. The duration of gas loading is 30 s, followed
by  300 s unloading. Optical transmission and reflection spectra of Mg–Zr alloys

dx.doi.org/10.1016/j.jallcom.2011.10.098
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:k.yoshimura@aist.go.jp
dx.doi.org/10.1016/j.jallcom.2011.10.098
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ig. 1. Vis-near infrared transmittance and reflectance spectra of 40 nm Mg(1−x)Zrx

x = 0.17, 0.24, 0.29) films with 4 nm Pd top layers on glass substrates in hydride and
etallic states.

efore and after hydrogenation are recorded using a UV–Vis–NIR optical photometer
JASCO V570) in the wave length range from 300 to 2500 nm.

. Results and discussions

.1. Optical properties of metallic and hydride thin film

We prepared Mg–Zr thin films with three different compo-
ents Mg(1−x)Zrx (x = 0.17, 0.24, and 0.29). The thickness of Mg–Zr

ayer and Pd layer is 40 nm and 4 nm,  respectively. All as-deposited
amples have shiny metallic surface. After exposure to hydrogen
ontaining atmosphere, it shows drastic change into a transparent
tate by hydrogenation of Mg–Zr layer.

The transmittance and reflectance spectra for obtained sam-
les are shown in Fig. 1. The transmittance in the transparent
tate is measured by filling the specimen holder with 4% hydro-
en in Ar. The reflectance spectra are measured both from the
ack side (substrate side) and the front side (thin film side) of
he deposited film. In the metallic state, the Pd/Mg(1−x)Zrx sam-
le show a reflectance around 50% (back side) and 60% (front side),
nd a transmittance is around 5%. In the hydride state, the transmit-
ance increases above 20% and the reflectance decrease around 15%
back side) and 40% (front side) with increasing Zr content, while
he reflectance is increasing. The transmittance in the transparent

tate increases with increasing the Zr content in Mg–Zr alloy. The
ront side reflectance is high in both of metallic and hydride states
ompared with that of the back side reflectance. The difference of
eflectance from back and front sides comes from the difference of
Fig. 2. XYZ colorimetric system xy chromaticity diagram for the Mg based switch-
able mirror systems.

the refractive index variation between Pd and Mg–Zr layer and that
between Mg–Zr layer and glass substrate.

The fully hydrogenated films look almost colorless. The chro-
maticity coordinates of Mg–Zr sample in the transparent state are
x = 0.357 and y = 0.343, which are calculated from the transmit-
tance spectrum in the hydride state (Fig. 2). The color neutrality
of the Mg(1−x)Zrx mirror is markedly higher than that of the Mg–Ni
switchable mirror which looks slightly yellowish in the hydride
state [3,17] and almost comparable to that of Mg–Ti and Mg–Nb.
This color neutrality of the Mg–Zr thin film is an advantage for appli-
cation of smart window. However, the transmission modulation of
Mg–Zr mirror is small and its transmission is reduced by increasing
the Zr content.

3.2. The microstructures of Mg–Zr alloy and Mg–Zr–H hydride

The crystalline structures of the as-deposited and hydrogenated
samples are investigated by XRD measurement. Fig. 3 shows the
XRD patterns of the Pd-capped Mg(1−x)Zrx alloy thin films. Thick-
ness of the Mg–Zr and Pd layers are 90 nm and 4 nm,  respectively.
Red lines are for as-deposited samples. A strong diffraction peak
is seen at 2� = 34.8◦ in as-deposited films of Mg–Zr. In the case of
Mg–Ti and Mg–Nb thin films, we  have reported that their peak posi-
tions are shifted to a higher angle direction with an increasing of Ti
(2� = 38.52◦ (0 0 2), hexagonal structure) or Nb (2�  = 38.55◦ (1 1 0),
cubic structure) content in Mg–M (M = Ti, Nb) thin films accord-
ing to Vegard’s low. However, the peak position does not shift with
varying of Mg/Zr ratio in this case. That is because the atomic radius
of Mg  and Zr is very close; 0.150 nm for Mg  and 0.155 for Zr, respec-
tively [18]. The peak position of 34.8◦ is between the Mg  (34.4◦,
0 0 2) and Zr (34.83◦, 0 0 2). A broad diffraction peak of Pd also have
found at centered of 40◦.

3.3. The hydrogenation and dehydrogenation kinetics of Mg–Zr
alloy

Fig. 4 shows the hydrogenation and dehydrogenation kinetics
of Mg(1−x)Zrx (x = 0.17, 0.24, 0.29) thin films upon 4% hydrogen
gas loading and unloading at room temperature. The transmission
modulation versus loading time is measured at 670 nm wavelength
when hydrogenation and dehydrogenation. The hydrogenation
speed is not affected by Zr content, which can be achieved in

the transparent state within 3–5 s. The maximum transmittance
has strong dependence on Zr content in the Mg(1−x)Zrx thin films.
Mg0.83Zr0.17 shows large optical modulation and it decreases with
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Fig. 3. X-ray diffraction spectra of 90 nm Mg Zr (x = 0.17, 0.24, 0.29) thin films
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hcp structure. The result means that the optical switching of Mg–Zr
switchable mirror occurs by insertion and extraction of hydrogen in
fcc lattice. In the case of Mg–Ni, lattice structure is changed between
(1−x) x

op  covered with 4 nm Pd layer. (Solid line) as-deposited samples, (dot line) in situ
easured of hydrogenation samples with 4% hydrogen gas loading.

ncreasing of Zr content. However, the dehydrogenation speed is
uch slower than that of other samples.
To investigate the mechanism of switching of Mg–Zr thin film,

he crystalline structure of the samples in the hydride state is
lso characterized by in situ XRD measurement (Fig. 5). The spec-
men chamber of the diffractometer is filled with 4% H2 in Ar
uring the measurement. Fig. 5 shows the XRD patterns of 90 nm
hick Mg76Zr0.24 thin film in as-deposited, hydrogenated and dehy-
rogenated states. After hydrogenation, we found the diffraction
eak of 2� = 34.75◦ have disappeared for Mg(1−x)Zrx (x = 0.17, 0.24,
nd 0.29) samples. And the newly diffraction peaks appears at
� = 31.65◦ (strong) and 54.05◦ (weak) The peak position of these

iffraction peaks coincide with the reported values for new ternary
ydride of Mg0.82Zr0.18H2 phase synthesized in a GPa hydrogen
ressure methods [6,15].  Mg0.82Zr0.18H2 phase has fcc structure.

ig. 4. Hydrization and dehydrization kinetics of 40 nm Mg(1−x)Zrx (x = 0.17, 0.24,
.29) thin films with a 4 nm Pd overlayer. Transmission modulation is measured at
70  nm wavelength upon hydrogen gas loading. The duration of gas loading is 30 s,
ollowed by 300 s unloading.
Fig. 5. XRD patterns of 90 nm Mg76Zr0.24 thin film; (a) Mg–Zr film as-deposited
metallic state, (b) Mg–Zr–H hydride state, (c) Mg–Zr film after dehydrogenated, (d)
Mg–Zr film after dehydrogenated for 6 days.

It indicates that Mg0.82Zr0.18H2 is formed in Mg–Zr thin films upon
hydrogen gas loading.

By exposure to air, the hydrogenated sample goes back to the
metal state. We  found that Pd/Mg–Zr samples show a characteris-
tic behavior at this dehydrogenation process, which has been not
observed for Mg–Ti or Mg–Nb switchable mirror thin films. After
dehydrogenation, the transmittance goes back to the metallic state,
as shown in Fig. 4. However, Fig. 5 indicates that the lattice structure
remains to fcc after dehydrogenation and it does not goes back to
Fig. 6. Comparison of switching durability of 40 nm Mg(1−x)Zrx (x = 0.17, 0.24, 0.29)
switchable mirror thin films with a 4 nm Pd overlayer. Other condition is same as
Fig.  5.
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ig. 7. SEM image of 40 nm Mg(1−x)Zrx (x = 0.17, 0.24, 0.29) thin films with a 4 nm
d  overlayer before and after hydrogenation.

he metallic and hydride states. The black line in Fig. 5(d) is XRD
attern of the sample which is kept in air in the transparent state
fter 6 days. The lattice structure returns to the initial hcp state. It
mplies that the hydrogen extracted fcc structure is not stable and
t is gradually transformed to hcp structure in oxygen containing
tmosphere. It means that the dehydrogenate state is not the stable
tate.

.4. Switching lifetime for Mg–Zr thin film

Next we tested the switching durability. Fig. 6 shows the optical
hange by gasochromic switching after long term switching for the
amples of Mg(1−x)Zrx (x = 0.17, 0.24, 0.29). The switching sequence
s the same as Fig. 4. Although Mg0.83Zr0.17 has wide optical modula-
ion range initially, the modulation level shrinks fast. The switching
urability increases with increasing of Zr content. Mg0.83Zr0.17 sam-
le can be switched even after 250 switching cycles, which is
uch longer than that of Mg–Ni thin film [19]. Such better switch-

ng durability comes from the above mentioned unique switching
echanism. In the case of Mg–Ni, Mg–Ti and Mg–Nb, large volume

hange accompanies hydrogenation and dehydrogenation, which
amages the uppermost Pd layer [19]. But in the case of Mg–Zr,
he volume change is small and the accompanied damage may  be
uppressed.
In the case of Mg–Ni, degradation is caused by the damage of
utermost Pd layer. To compare, we observe the surface morphol-
gy of the Mg–Zr sample after long term gasochromic switching.
ig. 7 shows the FE-SEM surface image of Mg(1−x)Zrx (x = 0.17, 0.24,

[
[
[
[

mpounds 513 (2012) 495– 498

and 0.29) samples before and after hydrogen gas loading. As shown
in Fig. 7, the surface of Mg–Zr thin film before hydrogen gas load-
ing is very similar to Mg–Ti [12] and Mg–Nb [13] thin films, that is
consisted with particle of the form of island. This tendency is clear
with increase of the content of Zr. This characterization is different
form Mg–Ni alloy thin film prepared at same sputtering conditions,
which shows no such structure of island form in Mg–Ni [19] alloy
thin film before hydrogen gas loading. The most striking point is
that almost no damage structure is observed for the surface of the
degraded samples. In the case of Mg–Ni, the surface of Pd/Mg–Ni
sample was highly damaged [19].

These results show that Mg–Zr is a promising material for prac-
tical use of switchable mirror from the view point of switching
durability.

4. Conclusion

In conclusion, Pd-capped Mg–Zr thin films are prepared by
DC magnetron sputtering. Mg(1−x)Zrx (x = 0.29, 0.24, 0.17) with a
4 nm Pd cap layer shows an excellent optical switching properties
by alternate exposure to 4% H2 in Ar gas and air. Pd/Mg–Zr thin
films are color neutral in the hydride (transparent) state, which
an advantage in smart window applications. The formation of the
ternary hydride Mg0.82Zr0.18H2 is confirmed in an Mg-rich Mg–Zr
solid solution thin film in the hydride state. The hydrogen inser-
tion and extraction occurs in fcc lattice structure. Because the
volume change according to hydrogenation and dehydrogenation,
the switching durability is much better than that of the switchable
mirror using Mg–Ni alloy.
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