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Abstract

The optical properties of Mg—TM (TM: Ni, Co, Fe; Mg: T 2) thin films during hydrogenation are investigated using reflection and
transmission measurements. Mg—Ni and Mg—Co show an unusual behavior upon exposure to hydrogen. The nucleation of the hydride starts
the film substrate interface and not — as intuitively expected — at the Pd covered top side of the film. Consequently, a double layer structure i
formed. Reflection measurements are used to identify the loading behavior as the double layering yields to an remarkable optical black sta
at intermediate hydrogen concentrations. Photometric measurements on samples loagadsgites of fPa show that in Mg—NiHand
Mg-CoH, the complex hydrides M@NiH, and Mg CoHs are formed, whereas in Mg—Fthe formation of MgH is prevalent.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion Mg:TM =~ 2 upon hydrogenation. Although only Mg—
Niforms a stoichiometric compound MNi [5], single phase
Mg-based hydrogen storage materials belong to the hydrides exist for all three Mg—TM materials: WiH4[6],
most promising candidates for application as light weight Mg>CoHs[2] and MgFeH; [3]. The complex hydrides are
storage materials in a future hydrogen economy. Among semiconductors with band gafig of 1.6 eV[7] (Mg2NiH4)
the materials under consideration are the complex hydridesand 1.9 eM8] (Mg.CoHs ). For MgpFeHs, Eg was calcu-
Mg2NiHz, Mg2CoHsand MgFeHs with hydrogen stor- lated to be 1.74 e\9].
age capacities of 3.6 wt.9%d] (Mg2NiH4), 4.5wt.% [2] In Mg2NiH, thin films an unusual loading behavior has
(Mg2CoHs) and 5.5wt.%[3] (MgoFeHs). Recently, it been observed. Beside the two 'normal’ optical states of a
has been shown that Mg—Ni, Mg—Co and Mg-Fe can be switchable mirror —reflecting and transparent — at intermedi-
prepared as thin films (capped with Pd) which readily react ate hydrogen concentrations, MdjH, exhibits a black state
with hydrogen at room temperature and moderate pressurewith low reflection R < 0.25) and zero transmissiofl’ &
(<10° Pa Hp) [4]. Since the hydrogen uptake is accompanied 10~%) over the entire visible spectruffi]. The transition be-
by a metal-to-semiconductor transition which changes the tween metallic, black and transparent is reversible. This pe-
optical appearance from metallic to transparent, these filmsculiar optical state originates from a preferred nucleation of
act as switchable mirrors. Mg2NiH4 close to the film-substrate interfag®0-12] that
In this paper, we discuss the optical properties of Mg— causes a self-organized double layering of the originally ho-
TM (Ni, Co, Fe) thin films with an approximate composi- mogeneous film. The loading sequence of JMiH, thin
films, is schematically shown iRig. 1. Upon exposure to
hydrogen an initially homogeneous layer absorbs hydrogen
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Fig. 1. Schematic picture of the hydrogenation sequence inNit), thin 2 1 =
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ation of MgNiH4 starts in alayer o230 nm thickness at the & — Mg-Co | =
film—substrate interface (b). Viewed through the substrate this 0.6 - Berve o - |
state appears black. This double layer structure persists and \ |
upon further loading MgNiH 4 grows in thickness (c) until 1 - \
the entire film has switched to MdliH4 (d). In the following 0.4 \ 1l
we will show that Mg—Co exhibits a similar double layering 1
during hydrogenation. In contrast, in Mg—Fe the indications 1 i
for a double layer formation are less clear. Transmission and 0.2 4 1
reflection measurements on fully hydrogenated Mg—-TMH -
suggest that the complex hydride is only partially formed 1 .
for Mg—Co and Mg-Fe, while in Mg—Ni the entire film has SR S
reacted to form MgNiH4. 0.1 1
Resistivity [mQcm]
2. Experimental Fig. 2. ReflectiorR athw = 1.95 eV for Mg—TM switchable mirrors (TM:

Ni, Co) as a function of resistivity which is a measure for the hydrogen

. . . concentration. Ap >1 mQ cm, the samples are fully loaded with hydrogen.
The samples are prepared either by evaporation in anThe sample compositions after deposition are 250 nm N capped with

UHV-chamber (bas_e pressure fPa) or by sputtering 7 nm Pd and 200 nm Mgo capped with 10 nm Pd, respectively.
from two sources in a vacuum chamber (base pressure

10~®Pa). Quartz is used as substrate and the films arewhich is a measure of the hydrogen concentration. As hydro-
covered with 5-10nm Pd for oxidation protection and gen is introduced into Mg—Ni and Mg—C®&g,p, observed
to promote further hydrogen uptake. The reflection and through the substrate decreases rapidly and goes through
transmission measurements were done in a Bruker IFS66a minimum at low resistivity. In contrasRpq remains un-
Fourier transform spectrometer between 0.72 and 3.5eVchangingly high up to higher hydrogen concentrations (i.e.,
(corresponding to wavelengthis=1722-354nm) and in a  high resistivity). Furthermore, transmission remains low (i.e.,
Perkin Elmer Lambda 900 diffraction grating spectrometer 7 < 2 x 10 %athiw=1.95eV up tmg-ni = 0.54 n2cmand
with an energy range 0.495-6.51 e\{2500-190nm). The  ppmg-co 0.45 m2cm). This course of reflection fits nicely to
reflection measurements are done during hydrogen uptakethe layered hydrogenation shownfig. 1 The nucleation
through the transparent substrate. In the Fourier transformof the semiconducting hydride in the vicinity to the film—
spectrometer, the reflection from the Pd capped top of the substrate interface yields to a dramatic decreagggfwhile
film was additionally monitored at one fixed wavelength by Rpqstill reflects the metallic appearance of the metallic layer
means of a laser diodé¢ = 1.95eV). on top (compard-ig. 1(b)) [12]. Upon further loading, the
thickness of the hydrogen rich layer increases. The oscillat-
ing Rsyp corresponds to interference oscillations due to light

3. Results and discussion reflected at the two interfaces of the transparent hydride layer
(compareFig. 1(c)). For Mg—NiH,, two subsequent minima

Fig. 2 shows the reflectioR® at the photon energiw = are observed indicating that the spontaneously formed double
1.95eV for the switchable mirrors Mg—TM (TM=Ni, Co) layeris very well ordered. In Mg—CaHKlthe layering is more
while the H-pressure is increased to °IPa. R is mea- distorted and the oscillations iRsyp are damped out more

sured both through the transparent substrigy solid line) quickly. The reflection observed from the Pd top side only
and from the Pd capped top side of the filRpg, dashed decreases when the film is almost completely loaded, i.e. at
line). Rsun, Rpg are plotted as a function of the resistivity high resistivity[13]. Only then, the part of the film that is
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0.3 — T T T T T T T T ious Mg—-TM-hydrides the fraction of the formed complex
Mg-Ni — g ] "“N" | hydride apparently depends on the transition metal. Enache
-l § 4_' | et al. [14] found a hydrogen concentration ef~ 3.95 in
' 2 7 Mg2NiH, under similar loading conditions. In comparison,
® ot—TTT—71 Mg—CoH, appears to react less completely, although the kink
0.1 0 2 4 6 - in ¢ around 2 eV presumably belongs to the absorption edge
of Mg2CoHs . In Mg—FeH, the formation of MgFeHsis
58 less evidentT extends to high energies and the steep increase
' ] of are around 6 eV points to the formation of Mghvith a
1 Mete 1 band gap of 5.6 eY15].
S 0.2 -
7 ]
& 4. Conclusion
% 0.1 -1
. We have shown that the hydrogenation of Mg—TMH
0.3 — T switchable mirrors (TM: Ni, Co) takes place in an unusual
Mg-Fe | double layer structure where the nucleation of the hydro-
- | genrich phase preferentially takes place at the film—substrate
' interface. In contrast, Mg—Fe shows a more homogeneous
] hydrogen uptake. From the photometric data in the fully
0.1 s loaded state, it appears that in Mg—ReMNIgH> is predomi-
nantly formed, while in Mg—NiH and Mg—CoH the signa-
ture of MgNiHzand MgCoHsis clearly visible. Possible
T %~ T ¢ - T | reasons for the different loading behavior is the absence of
0 1 2 3 4 5 6 7 . . .
Erergy l6V] any mtermetalllc_compound in the Mg—Fe system, conse-
quently the atomic movements to form the complex hydride
Fig. 3. Transmissioff of Mg—TM (TM: Ni, Co, Fe; Mg:TM = 2:1) switch- MgzFeH is considerably higher than in Mg—Ni or Mg—Co.
able mirrors after hydrogenation in %8, (at 80°C). The understanding of the enhanced hydrogen affinity at the

film—substrate interface and the study of the complex hydride
close to the Pd capping layer also switches to the transparenformation in thin films might give valuable information for
hydride and the films become transparent. the use of these Mg—TM alloys as hydrogen storage materials.
Compared to Mg-Nid and Mg—-CoH, the hydrogen
loading behavior of Mg—FeHis different. Similar toRgp,
the reflection observed from the Pd side decreases alreadyAcknowledgements
at low hydrogen concentration (i.e., low resistivity) and no
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