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The structural, thermodynamic and optical properties of Mg2Ni thin films covered with Pd are investigated
upon exposure to hydrogen. Similar to bulk, thin films of metallic Mg2Ni take up 4 hydrogen per formula unit
and semiconducting transparent Mg2NiH4−d is formed. The dielectric functionẽ of Mg2Ni and fully loaded
Mg2NiH4−d is determined from reflection and transmission measurements using a Drude-Lorentz parametriza-
tion. Besides the two “normal” optical states of a switchable mirror—metallic reflecting and semiconducting
transparent—Mg2NiHx exhibit a third “black” state at intermediate hydrogen concentrations with low reflection
and essentially zero transmission. This state originates from a subtle interplay of the optical properties of the
constituent materials and a self-organized double layering of the film during loading. Mg2NiH4−d preferentially
nucleates at the film/substrate interface and not—as intuitively expected—close to the catalytic Pd capping
layer. UsingẽMg2Ni andẽMg2NiH4

and this loading sequence, the optical response at all hydrogen concentrations
can be described quantitatively. The uncommon hydrogen loading sequence is confirmed by x-ray diffraction
and hydrogen profiling using the resonant nuclear reaction1Hs15N,agd12C. Pressure-composition isotherms
suggest that the formation of Mg2NiH4−d at the film/substrate interface is mainly due to locally enhanced
kinetics.
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I. INTRODUCTION

The discovery of the spectacular optical changes of yt-
trium and lanthanum thin films upon reversible hydrogen
absorption by Huibertset al. in 1996,1 also demonstrated that
materials which are reduced to powder when hydrogenated
in bulk form, remain structurally intact as a thin film. This
offers the opportunity to investigate the intrinsic physical
properties of these materials. Since 1996, it has been dem-
onstrated that all rare earth metals(first generation switch-
able mirrors) and their alloys with Mg(second generation)2

switch optically upon hydrogen absorption. Richardsonet al.
found that Mg2NiHx and other Mg-TM-hydrides(TM: tran-
sition metals Co, Fe, Mn) also change reversibly from a me-
tallic to a transparent state upon hydrogen absorption(third
generation switchable mirrors).3,4

Bulk Mg2Ni absorbs hydrogen in solid solution up tox
<0.3. Above x<0.3 a semiconducting complex hydride
Mg2NiH4 is formed with an optical band gap ofEg
<1.6 eV.5,6 Mg2NiH4 has a cubic structure which transforms
to a low symmetry monoclinic phase atT,510 K. In both
structures, hydrogen is located in the vicinity to the Ni atoms
and thefNiH4g4− complexes are essentially ionically bound
to Mg2+. However, the exact position of the hydrogen atoms
is still not resolved.7 From pressure-composition isotherms at
high temperatures the pressure of the phase transition
Mg2NiH0.3 to Mg2NiH4 can be estimated to occur at 1 Pa at
room temperature(RT).8

In thin films, the metal-semiconductor transition is
reversible3,9 and can be used to switch optically between a
metallic reflecting and semiconducting transparent state. Be-
sides these two “normal” states of a switchable mirror, thin
films of Mg2NiHx exhibit a third intriguing black state.9 This

state, occurring at intermediate hydrogen concentrations is
characterized by a low reflectionsRø0.25d over the entire
visible spectrum while transmission is essentially zero. The
low reflection and transmission imply a high absorption
sù75%d of the incoming light. In a first report, Isidorssonet
al. concluded from a simple Drude model that an unusually
large decrease of the free charge carrier density by a factor
25 takes place as hydrogen is incorporated.9 This idea was,
however, in contradiction to the observed low resistivity of
Mg2NiHx with x&1. Furthermore, Hall-effect data by En-
acheet al.10 evidence that each added H-atom removesone
electron from the conduction band as expected for anionic
hydrogen and the formation offNiH4g4− complexes. A de-
tailed analysis of the transport data within the framework of
an effective medium theory(Bruggeman approximation)
showed that the inclusions of the composite system have a
peculiar geometry, i.e., they are very flat oblates.10 The
meaning of this result becomes clear in comparison with an
advanced analysis of the optical and structural data. Lohstroh
et al. showed that a black state withR,0.25 andT,0.0001
(at visible light wavelength) cannot be realized by a homo-
geneous Mg2NiHx layer of 200 nm thickness.11 They found
that in thin films, the nucleation of the hydrogen-rich phase
Mg2NiH4−d starts preferentially in the vicinity to the film/
substrate interface and not, as intuitively expected, close to
the catalytic Pd layer at the surface. Consequently, the ini-
tially homogeneous Mg2NiH0.3 layer splits spontaneously
into a double layer system of Mg2NiH0.3 and Mg2NiH4−d as
schematically indicated in Figs. 1(a) and 1(b).

The optical black state is connected to the state sketched
in Fig. 1(b): The mixture of metallic and dielectric particles
(Mg2NiH0.3 and Mg2NiH4−d, respectively) exhibits a very
low reflection and an enhanced absorption while transmis-
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sion is effectively suppressed by the remaining metallic layer
close to the Pd surface which additionally provides the me-
tallic conductivity of the film. (The photometric measure-
ments are done through the transparent substrate in order to
minimize surface roughness effects and the influence of the
Pd layer hence the light impinges first at the nucleating
Mg2NiH4−d layer.) When the nucleating layer is completely
loaded to Mg2NiH4−d it starts to grow[see Fig. 1(c)] until the
entire film has switched[see Fig. 1(d)].11,12

In this paper we describe the structural, thermodynamic,
and optical properties during hydrogenation of Mg2NiHx
switchable mirrors. From the photometric measurements on
Mg2NiHx films the dielectric function is inferred for metallic
Mg2NiHx sx&0.3d and semiconducting Mg2NiH4−d. So far,
only a few studies have been devoted to the optical proper-
ties of Mg2Ni and semiconducting Mg2NiHx (Refs. 3 and 5)
mainly because the hydrides suffer from embrittlement when
in bulk form.

Besides the determination of the optical constants, special
emphasis is given to the origin of the black state. X-ray
diffraction (XRD) and electrochemical loading experiments
confirm nicely that it is connected with the onset of the two-
phase regime Mg2NiH0.3-Mg2NiH4−d close to the film/
substrate interface as previously deduced solely from optical
data. Hydrogen profiling with the resonant reaction
1Hs15N,agd12C corroborates the unusual hydrogen loading
sequence independently. We show that the optical response
can be fully understood by using onlyẽMg2NiH0.3

and
ẽMg2NiH4−d

and the layered structure of the film. We find that
the pressure-composition isotherms show a single reaction
pressure for the Mg2NiH0.3-Mg2NiH4−d phase transition and
we conclude that the substrate interface mainly affects the
kinetics of the phase transition. For hydrogen storage appli-
cations the identification of the mechanism of the enhanced
kinetics is of special interest in order to improve the often
sluggish kinetics of Mg-based storage materials.

The paper is organized as follows: In Sec. II the experi-
mental techniques are described. Sec. III presents the experi-

mental findings on the structure and hydrogen concentration
in Mg2NiHx films and the results are discussed with special
emphasis to intermediate hydrogen concentrations, i.e.,
where the films appear black. In Sec. IV the dielectric func-
tions of Mg2Ni, Mg2NiH0.3, and Mg2NiH4−d are derived
from optical reflection and transmission data and the optical
response at intermediate hydrogen concentrations is dis-
cussed.

II. EXPERIMENT

The samples are prepared by evaporation in a ultrahigh-
vacuum chamber(base pressure,10−8 Pa) or by DC mag-
netron cosputtering from a Mg and Ni source in a vacuum
chamber (base pressure,10−6 Pa). The thickness of the
films is 30–300 nm and the substrates are kept at room tem-
perature during deposition. A Pd capping layers5–25 nmd is
addedin-situ for oxidation protection and to promote further
hydrogen uptake in the subsequent experiments. For optical
measurements and x-ray diffraction quartz glass, sapphire or
CaF2 substrates are used whereas for electrolytical loading
glass substrates covered with a 180 nm ITO(indium doped
tin oxide) layer are used. The conducting(and transparent)
ITO layer is necessary to ensure a homogeneous potential
and hence a homogeneous H-uptake over the entire surface
area during electrochemical loading. In each deposition run a
carbon substrate is included for Rutherford backscattering
spectrometry(RBS). The composition—as checked with
RBS—is homogeneous over the entire sample thickness and
Mg:Ni ratios were MgyNi sy:1.7–2.6d. The structural char-
acterization is performed in a Bruker D8 Discover x-ray dif-
fractometer(Cu-Ka, l=1.5418 Å). For photometric spec-
trometry in the visible and near infrared a Bruker IFS66
Fourier transform spectrometer is used with an energy range
of 0.72 eV–3.5 eV (corresponding to wavelengths
1722 nm–354 nm). The spectrometer is equipped with a re-
flection and transmission unit with near normal incidence of
the incoming beam. In order to minimize the influence of the
Pd capping layer and surface roughness, the photometric
measurements are done through the transparent substrate.
Gas loading experiments are donein-situ in both, the spec-
trometer and the x-ray diffractometer at pressures up to
105 Pa H2. The hydrogen uptake is monitored with a four-
point resistivity measurement in a Van der Pauw
configuration.13 Unloading of the films is done at 100 °C in
air. Additional reflection and transmission measurements up
to 6 eV were done in a Perkin Elmer Lambda 900 diffraction
grating spectrometer with an energy range
0.495 eV–6.19 eVsl=2500–200 nmd. For electrolytical
loading a standard three electrode setup is used with a
HgO/Hg reference electrode and a Pt counter electrode in
1 M KOH electrolyte. During the loading, transmission and
reflection are measured simultaneously at a fixed wavelength
l=635 nms1.95 eVd.

The 15N method14 is used for depth profiling of hydrogen
in the sample, at the Tandem accelerator in Uppsala. The
technique is based on the1Hs15N,agd12C nuclear resonance
reaction and provides the depth profile as well as the total
amount of hydrogen. For the profiling, the sample is bom-

FIG. 1. Schematic picture of the hydrogenation sequence in
Mg2NiHx films covered with Pd. Upon exposure to hydrogen ini-
tially a homogeneous layer Mg2Ni absorbs hydrogen in solid solu-
tion and Mg2NiH0.3 is formed(a). Upon further hydrogen loading
the nucleation of the hydrogen-rich phase Mg2NiH4 starts in a thin
layer of <30 nm thickness at the film/substrate interface(b) and a
two-layer system is formed spontaneously. In the black state, this
mixed layer consists of approximately 20 vol % Mg2NiH0.3 and
80 vol % Mg2NiH4−d. When the nucleating layer is fully loaded to
Mg2NiH4−d it subsequently grows in thickness(c) until the entire
film is loaded to semiconducting, transparent Mg2NiH4−d (d).
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barded by15N ions with an energy equal or above the reso-
nance energys6.385 MeVd. Upon penetration, the ions lose
energy and, at the depth where the ions have reached the
resonance energy, the probability for the reaction is greatly
enhanced. The depth resolution is typically 10 Å close to the
surface but deteriorates with increasing depth, due to energy
straggling. The 4.43 MeV gamma rays are detected in a
BGO detector placed at a distance of 3 cm from the sample
at an angle of 0 degrees with respect to the incident beam.
The diameter of the beam at the surface of the sample is
around 1 mm and the beam currentsN+2d is typically in the
range 10–40 nA. The detection limit is of some atomic ppm
and the precision is determined by the counting statistics.
The accuracy is governed by the quality of the calibration
standard and the accuracy of the calculated stopping power.
The values used are from Ziegler15 and the uncertainty is
typically a few percent. Bragg’s rule16 is used for calculating
the compound stopping cross section for the hydrogen con-
taining samples. Tantalum hydridesTaH0.47d is used as a cali-
bration sample for the absolute hydrogen concentration
determination.17

III. STRUCTURE AND HYDROGEN CONCENTRATION

A. X-ray diffraction

X-ray diffraction inu−2u geometry is used to investigate
the structure of metallic Mg2Ni and Mg2NiHx at various hy-
drogen concentrations. In bulk, Mg2Ni has a hexagonal sym-
metry witha=5.216 Å andc=13.20 Å and the lattice mainly
expands along thec axis when hydrogen is dissolved in solid
solution (a=5.23 Å andc=13.43 Å).18

Figure 2 shows the x-ray diffraction spectra of a 200 nm
Mg2Ni film capped with 3 nm Pd after deposition. Two re-
flections belonging to hexagonal Mg2Ni are visible: (003)
and (006). The c-axis lattice parameter deduced from the
peak positions 2us003d=20.13°, 2us006d=40.94° amounts to
c=13.23 Å which corresponds within experimental errors to
the value observed in bulk. The absence of other reflections

indicates textured growth with thec axis of the hexagonal
lattice in the direction of the layer normal, but crystallinity is
poor as the width of the rocking curve around the(003)
reflection is larger than 8°. The width of the reflection in the
u−2u scan implies a coherence length in growth direction of
20 to 30 nm. The coherence length does not change with
film thickness indicating that the thickness does not play a
major role for the crystal quality.

The structural development during hydrogen uptake is
monitored around the(003)-Bragg reflection. Figure 3 shows
the lattice parameter and the peak intensity as the hydrogen
pressure is increased stepwise up to 0.953105 Pa. The data
are plotted as a function of resistivity which is a measure of
the hydrogen concentration in the sample.

At low concentrations, i.e., in the solid solution regime
log r,x and a linear increase of thec axis is observed until
a lattice spacing ofc=13.41 Å is reached at,0.065 mVcm.
The peak intensity and width remain constant during the ex-
pansion hence hydrogen dissolves in the host lattice without
changing the crystal symmetry. A comparison with the bulk
value for Mg2NiH0.3 sc=13.43 Åd18 and with the electro-
chemical loading experiments(see Sec. III B) confirms that
the solubility range 0øxø0.3 is only marginally affected by
the thin film geometry or the clamping to the substrate. Usu-
ally, the adhesion to the substrate strongly influences the hy-
drogen uptake in thin film and superlattices.19–21 In the case
of Mg2NiHx s0øxø0.3d the expansion is mainly along thec
axis which—in the textured films—can freely expand along
the layer normal.

Abovex<0.3 deviations from the linear expansion of the
c axis occur and the diminishing intensity of the(003) re-
flection points to a decreasing Mg2NiH0.3 volume fraction as
the two phase region Mg2NiH0.3-Mg2NiH4−d is entered.
However, no new reflections appear in the XRD spectra and
hence the developing Mg2NiH4−d phase exhibits no long-
range coherent order and is either nanocrystalline or amor-
phous.

In the following we discuss the relation between the struc-
ture of Mg2NiHx thin films and their optical properties, in

FIG. 2. X-ray diffraction spectra of an as deposited sample
200 nm Mg2Ni capped with 3 nm Pd. The Mg2Ni (003) and (006)
reflections point to textured growth of the hexagonal lattice with the
c axis out of plane. Thec-axis lattice parametersc=13.23 Åd is
close to the bulk valuescbulk=13.20 Åd. The background intensity
originates form the glass substrate.

FIG. 3. c-axis lattice parameter(P) and amplitude(s) of the
(003) reflection during hydrogen loading. At low hydrogen concen-
tration (i.e., at low resistivity) a linear increase ofc is observed.
Eventually,c remains constant and the peak intensity starts to di-
minish aroundr<0.25 mV cm. The hydrogen concentration(upper
scale) is estimated from electrochemical loading experiments.
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particular the black state. An example of this optical phe-
nomenon is given in Fig. 4 where the reflectionR and trans-
mission T of a 200 nm thick Mg2Ni sample capped with
3 nm of Pd are plotted for one fixed energy"v=1.25 eV. At
low resistivity (i.e., r&0.065 mVcm, or x&0.3) the film is
shiny metallic withR<0.6. Above the solid solution limit
small amounts of hydrogen(corresponding to a small in-
crease ofr) are sufficient forR to decrease dramatically
whereasT remains negligible(too small to be detected, i.e.,
T,10−4). At this state,R is smaller than 0.25 for all wave-
length in the visible spectrum and consequently the sample
appears black. Further hydrogen uptake yields to a partial
recovery ofR and eventually atx*3 the film becomes trans-
parent. The resistivity of the fully loaded semiconducting
statesr<6.5 mVcmd is mainly limited by the Pd top layer
which shortcuts the Mg2NiH4−d film. Obviously, the rapid
decrease ofR to black Mg2NiHx coincides with the onset of
the two-phase regime Mg2NiH0.3-Mg2NiH4−d which is indi-
cated by the kink in thec-axis expansion. However, the in-
tensity of the(003) Mg2NiH0.3 reflection is yet almost un-
changed(compare with Fig. 3) hence small amounts of
hydrogen above the solid solution limit are sufficient for the
pronounced changes in optical appearance. Apparently, the
black state is connected with the coexistence of the two
phases Mg2NiH0.3 and Mg2NiH4−d and is not an intrinsic
property of single phase Mg2NiH0.3.

9 The (003) peak inten-
sity reflects the volume fraction of the remaining Mg2NiH0.3
solid solution phase. With increasing H content the(003)
peak intensity and thus the Mg2NiH0.3 layer thickness de-
creases at the expense of the newly formed Mg2NiH4−d layer.
Around r<1 mVcm sx<3d the Mg2NiH0.3 reflection van-
ishes rapidly while on the other hand the transmission in-
creases steadily. Eventually, when the film has become fully
transparent, the Mg2NiH0.3 (003) reflection cannot be de-
tected any longer and the entire film has switched.

In our films, the crystal structure of semiconducting
Mg2NiH4−d could not be resolved. The XRD spectra of the
fully loaded samples did not show any additional peaks and
presumably the developing hydrogen-rich phase has a very
poor crystallinity. Considering the fact that the Mg2NiH0.3 to
Mg2NiH4−d phase transition involves a 32% volume expan-
sion and a thorough rearrangement of the atomic positions, it
is not surprising that the initially poor crystallinity further
deteriorates. Similar results have been reported earlier, both
for the structure of Mg2NiH4−d thin films9,22 and for Mg-
Ni-H thin films with higher Mg:Ni ratios(ranging from 4.5:1
to 10:1).3 Probing the local environment of the Mg atoms by
extended x-ray absorption fine structure(EXAFS), Farangis
et al.23 found that Mg-Ni films(which were x-ray amorphous
after deposition) exhibit order on a microscopic scale up to
the second shell neighbors with reduced coordination num-
bers. The degree of local order decreases with increasing Ni
content. After hydrogenation, no EXAFS oscillations could
be detected suggesting weak scatterers with a low coordina-
tion number located around Mg, and a further deterioration
of the crystalline order. Furthermore, the hydrogenation pro-
cess(in a helium atmosphere with 4% hydrogen) was incom-
plete in stoichiometric Mg2Ni thin films, i.e., the signature of
metallic Mg2Ni was still present in the EXAFS spectra.23 In
contrast, our films are at least partially crystalline after depo-
sition even though the grain size is small. After loading in
1.53105 Pa H2 Mg2NiH4−d exhibit a hydrogen deficiency of
d<0.05.10 EAXFS at the Ni absorption edge of these films
suggests that H is situated in the vicinity to the Ni atoms and
fNiH4g4− clusters are formed.22 After unloading, the
Mg2Ni-Bragg reflection is partially regained which is pre-
sumably due to the heat treatment used in the unloading
procedure.

B. Hydrogen concentration and heat of formation

Electrochemical loading is either done in galvanostatic
mode with a constant currentI =−50 mA or by means of the
galvanostatic intermittent titration technique(GITT). In the
GITT measurements the equilibrium potentialUeq is mea-
sured as a function of hydrogen concentration. A constant
current is applied during a timetpi

, and subsequently the
working electrode(i.e., the Mg2NiHx film) is allowed to re-
lax in an open circuit configuration to its equilibrium poten-
tial Ueqsxid at the hydrogen concentrationxi. These steps are
repeated until the sample is fully loaded. Typical current
pulse times aretpi

=40 s with current densities ofj
<0.05 mA/cm2 and relaxation timestri

=180 s. In a proton
donating electrolyte the reaction at the working electrode is

H2O + e− → Had+ OH− s1d

hence for each transferred electron one H atom is produced
that is adsorbed on the Pd surface and subsequently diffuses
into the film. FromUeq and the Nernst equation(with pH2

in
Pa,Ueq in volts)

FIG. 4. Comparison ofc-axis expansion(P) with reflectionR
and transmissionT (at 1.25 eV) for a sample 200 nm Mg2Ni capped
with 3 nm Pd. In solid solutionsx&0.3d, R shows metallic reflec-
tivity. At the beginning of the two phase regime Mg2NiH0.3

-Mg2NiH4−d the c-axis expansion exhibits a kink and simulta-
neouslyR decreases dramatically. Transmission is only observed at
x*3.0. For reasons of clarityT is multiplied by a factor 5. The
hydrogen concentration(upper scale) is estimated from electro-
chemical loading experiments.
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ln pH2
= S−

2F

RT
sUeq+ 0.926dD + 11.51 s2d

the pressure-composition isotherms can be measured.F
=96 485.3 C/mol andR=8.315 J/mol K denote the Faraday
and molar gas constant, respectively.

Figure 5 shows the pressure-composition isotherms of a
190 nm Mg1.8Ni sample covered with 13 nm Pd at tempera-
turesT between 20 °C and 50 °C. The plateau pressure of
the Mg2NiH0.3-Mg2NiH4−d phase transition increases with
increasing temperature from<40 Pa at 20 °C to 460 Pa at
50 °C. From the plateau pressurespdis the heat of formation
can be estimated using the van’t Hoff equation,24

1

2
ln pdis =

DH

RT
−

DS

R
+ 5.75, s3d

whereDH is the heat of formation andpdis is given in Pa. For
metal hydrides,DS mainly stems from the entropy loss of
gaseous hydrogen.DH is obtained from a plot of lnpdis vs
1/T. DH amounts toDH=−31.7 kJ/mol H which agrees
well with the value reported for hydrogen absorption in bulk
Mg2Ni sDH=−32.3 kJ/mol Hd.8,25 At low concentration,
when hydrogen is solved in solid solution, the limit is
fHg / fMg<0.16 at 20 °C. Here,[H]/[M] denotes the number
of hydrogen atoms referred to the total number of metal at-
oms(whereas the hydrogen concentrationx gives the hydro-
gen content per formula unit Mg2Ni). The observed solid
solution limit is slightly higher than the value in bulk
fHg / fMg=0.1 (x=0.3 in Mg2NiH0.3). Above fHg / fMg<1.0
the isotherms increase considerably while single phase
Mg2NiH4−d is further loaded with hydrogen. The plateau ob-
served at 105 Pa is an artifact of the measurement due to
hydrogen gas developing at atmospheric pressure.

During electrochemical loading, reflection and transmis-
sion exhibit the same features as in gasochromic loading, i.e.,
a large decrease ofR at low hydrogen concentrations fol-
lowed by an oscillating behavior and the subsequent onset of
transmission.R and T (at "v=1.95 eV) of a 300 nm thick
Mg1.8Ni film covered with 24 nm Pd obtained from galvano-
static loading are shown in Fig. 6. Comparison of these data
with those shown in Fig. 4 allows to relate the hydrogen
concentration, optical appearance, and resistivity values for
characteristic points in the loading cycle. In the solid solu-
tion regimeR is high and the sample is metallic reflecting.
The rapid decrease ofR coincides with the beginning of the
two-phase region(compare Fig. 5). The minimum ofR is
associated with an average hydrogen concentration
fHg / fMg<0.27. At larger hydrogen contentsR recovers and
even shows a second oscillation which stems from interfer-
ence of light that is reflected at the two interfaces of the
evolving transparent Mg2NiH4−d layer [compare Fig. 1(c)].
This points to an ordered double layering with flat interfaces.
In the black state each additional H atom above the solid
solution limit is in fact located in a<30 nm layer close to
the substrate interface(see Sec. III C). If one considers this
double layering and recalculates the hydrogen content for the
nucleating layer, the concentration amounts tofHg / fMg
<1.12. This implies that in the black state, the hydrogen
concentration close to the film/substrate interface amounts to
x<3.14 per formula unit Mg1.8NiHx pointing indeed to a
mixture of Mg2NiH0.3 and Mg2NiH4−d (and presumably a
small amount of amorphous Mg-Ni of unknown composi-
tion) with an approximate atomic ratio of 25:75. The average
H concentration in the black state mainly depends on the
ratio between the thickness of the composite layer and the
metallic layer Mg2NiH0.3 on top. Above fHg / fMg<1.0,
Mg2NiHx becomes transparent.

C. Hydrogen depth profiling

For a direct confirmation of the layered structure of
Mg2NiH0.3-Mg2NiH4−d upon hydrogen exposure, a hydrogen
depth profile is measured at two stages of the loading pro-

FIG. 5. Pressure composition isotherms of a 200 nm thick
Mg1.8Ni film covered with 13 nm Pd at temperaturesT
=20 °C,30 °C,40 °C, and 50 °Cdetermined from elctrochemical
GITT measurements. With increasing temperature the equilibrium
plateau for the Mg2NiH0.3-Mg2NiH4−d phase transition increases
from 40 Pa to 460 Pa.[H]/[M] denotes the number of hydrogen
atoms per number of metal atoms.(Note that in contrast, the hydro-
gen concentrationx in Mg2NiHx refers to the number of hydrogen
atoms per formula unit Mg2Ni.)

FIG. 6. ReflectionR and transmissionT of 300 nm Mg1.8Ni
covered with 24 nm Pd measuredin-situ during galvanostatic load-
ing. [H]/[M] denotes the number of hydrogen atoms per metal atom.
The oscillating behavior of the reflection is due to interferences of
the growing Mg2NiH4−d layer thickness.
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cess, i.e., in the black state and in fully loaded Mg2NiH4−d.
Prior to15N measurements, the sample is loaded in a dedi-

cated H-reaction cell. The black state is obtained by exposing
the sample to 103 Pa hydrogen pressure at room temperature
for approximately 1 hour. The sample is then introduced in
the analysis chamber and cooled down to 77 K in order to
prevent hydrogen desorption before and during the measure-
ments. Figure 7 shows the results for a 200 nm thick Mg2Ni
sample capped with 5 nm Pd. The hydrogen concentration is
plotted as a function of the sample depth, i.e., 0 nm corre-
sponds to the Pd surface. In the black state, the hydrogen
concentration has a maximum around 180 nm, i.e., close to
the film/substrate interface while the rest of the sample only
exhibits a very small H content. The hydrogen rich layer
extends approximately over 50 nm and the concentration
(per Mg2Ni) is x<2.7 at its maximum. After this first15N
measurement, the sample is removed from the chamber and
visually inspected. No change in the color of sample can be
detected when looking from the substrate side, indicating
that the black state remains after the measurement. A second
measurement is taken after the sample is exposed to 105 Pa
of hydrogen in the H reaction cell during one week and the
results are also plotted in Fig. 7(squares). The hydrogen
concentration of the fully loaded sample is indeed homoge-
neous over the entire film thickness and close tox<4. The
expansion of the hydrogen profile to higher energies(i.e.,
larger depth) reflects the increasing layer thickness(by ap-
proximately 15%) during hydrogen uptake.

IV. OPTICAL CONSTANTS

For a quantitative understanding of the hydrogen concen-
tration dependence of the optical properties of inhomoge-

neous Mg2NiHx it is necessary to know the optical constants
of Mg2Ni, Mg2NiH0.3, and Mg2NiH4−d. Figure 8 shows typi-
cal reflection spectra of the different optical states during H
loading, for a sample Mg1.7NiHx capped with 7 nm Pd. Me-
tallic Mg1.7Ni has a reflectionR ranging fromR<0.4–0.65
in the studied energy range[Fig. 8(a)]. After hydrogen is
introduced, Mg1.7NiHx becomes black[Fig. 8(b)] with
R,0.25 and essentially zero transmission over the entire
visible spectrums1.58 eVø"vø3.26 eVd. Further loading
yields to a recovery ofR as transparent Mg2NiH4−d grows in
thickness and interference fringes appear in the spectrum that
shift to lower energies with increasing hydrogen concentra-
tion [Fig. 8(c)] until eventually the sample is fully loaded
[Fig. 8(d)] and transparent.

Reflection and transmission spectra are used to determine
the dielectric function of the single phase compositions
Mg2Ni, Mg2NiH0.3, and Mg2NiH4−d. The optical response at
intermediate hydrogen concentrations can then be calculated
for a two layer model.

A Drude-Lorentz parametrization is used to describe the
complex dielectric functionẽ=e1+ ie2,

ẽ = e` −
vp

2

v2 + ivG
+ o

j=1

N
f j

v0j
2 − v2 − ivb j

. s4d

The first term(Drude term) with the plasma frequencyvp
and damping termG=1/t, wheret is the relaxation time,
describes the contribution from free electrons. The plasma
frequency is related to the free charge carrier densitynopt by
vp

2=nopte
2/e0m, wheree and m are the electron charge and

mass, respectively. Experimentally,vp can be determined

FIG. 7. Hydrogen depth profiling of a 200 nm thick Mg2Ni film
capped with 5 nm Pd. The sample is first hydrogenated at 103 Pa to
generate the black state(circles) and subsequently exposed to
105 Pa to measure the fully loaded sample(squares).

FIG. 8. Reflection(s) for a 250 nm thick Mg1.7NiHx sample
covered with 7 nm Pd at various stages of hydrogen loading.(a) As
deposited Mg1.7Ni, (b) black Mg1.7NiH<0.8, (c) Mg1.7NiH<2.5, and
(d) transparent Mg1.7NiH<4. The solid lines are calculations based
on a double layered composition of Mg2NiH0.3 and Mg2NiH4−d.
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from the energy wheree1 crosses zero. The second term
arises from bound electrons. The Lorentz oscillators are char-
acterized with an oscillator strengthf j, a resonance fre-
quencyv0j and a damping termb j. N gives the number of
Lorentz oscillators, which varied betweenN=1 for metallic
Mg2Ni to N=3 for semiconducting Mg2NiH4−d. e` takes all
excitations at higher energies into account.ẽ is connected to
the complex index of refractionñ=n+ ik by

e1 = n2 − k2, s5d

e2 = 2nk, s6d

wheren is the refractive index andk the extinction coeffi-
cient. Rcal and Tcal of the entire layered stack(substrate-
Mg2NiHx-PdHx) are calculated using a transfer matrix
method that considers the Fresnel reflectance and transmit-
tance coefficients at each interface and the absorption in each
layer.26 n andk of PdHx and the substrate, necessary for such
a calculation, are taken from Refs. 27 and 28, respectively,
and the thickness of the layers is determined from RBS mea-
surements. To extractẽ, the Drude-Lorentz parameters of the
Mg2NiHx layer are optimized so as to minimize the differ-
ence between the calculated valuesRcal andTcal and the mea-
sured results. The used parametrization has the advantage
that the fittedẽ satisfies the Kramers-Kronig relations. The
solution is thus intrinsically satisfying causality.29 Since the
films expand upon hydrogenation the thickness of the loaded
films is also taken as a fit parameter. The fits indicate typical
expansions between 10% and 20%. Similar values for the
increase in thickness have been found by means of small
angle x-ray reflectometry and hydrogen depth profiling(see
Fig. 7). This expansion is less than expected from bulk
s32 vol %d. In clamped thin films the expansion can only be
along the layer normal and hence the film thickness should
increase by 32%. The discrepancy is most likely due to a
disordered structure and a nonideal clamping of the film.

A. Metallic Mg 2Ni

Figure 9 shows an example for the reflection of Mg1.8Ni
in the as-prepared state. For metallic MgyNi it is sufficient to

consider only the free electron term and one Lorentz oscilla-
tor, i.e., N=1 in Eq. (4). The calculated result for the opti-
mized ẽ is shown in Fig. 9. For all the investigated samples
(sputtered or evaporated with different thicknesses) ẽ of me-
tallic MgyNi obtained from such an analysis is quite similar
although small differences are observed which most likely
stem from variations in composition. Especiallye1 is smaller
for samples with higher Mg content(up to a Mg:Ni ratio of
4:1). Such a behavior can be expected from a comparison
betweenẽMg and ẽNi of the pure metals. Thes-valence elec-
trons of Mg make it a very good Drude metal whereas the
d-electrons in Ni give rise to interband transitions which
screen the plasma energy. As a resulte1 crosses the zero level
at energies well belowvp=nopte

2/e0m expected from the free
charge carrier densitynopt. Experimentally this can be ob-
served in the gradually decreasingR of pure Ni at energies
smaller than the plasma energyvp.

For our analysis we concentrate on compositions close to
stoichiometric Mg2Ni. In Fig. 10 e1 and e2 for MgyNi
sy: 1.8–2.2d are plotted and the corresponding Drude-
Lorentz parameters are given in Table I.

From the plasma energy"vp=8.14 eV and the damping
term G the optical charge carrier densitynopt and the scatter-
ing time t=1/G can be inferred. They amount tonopt=4.8
31022 cm−3 andt=9.9310−16 s, respectively. These values
are in agreement with the values obtained from DC electrical
transport measurements10 (ndc=8.731022 cm−3 and t=9
310−16 s) even though these values have been measured at
"v=0.

FIG. 9. ReflectionR of a 100 nm thick Mg1.8Ni film capped
with 5 nm Pd(s) measured through the substrate. The solid line is
a calculation using the parameters from Table I.

FIG. 10. Realse1d and imaginaryse2d part of the dielectric func-
tion obtained from fits to the measured reflection and transmission
data of metallic MgyNi and MgyNiH0.3 sy:1.8–2.2d.

TABLE I. Drude-Lorentz parameters of the effective dielectric
function [Eq. (4)] of MgyNi and MgyNiH0.3 (sy: 1.8–2.2d. All pa-
rameters are in eV except«` which is dimensionless.

Parameter MgyNi (y: 1.8–2.2) MgyNiH0.3 (y: 1.8–2.2)

«` 2.08±0.51 2.72±2.99

vp 8.14±0.48 7.03±1.34

1/G 1.50±0.31 1.28±0.44
Îf1 9.21±0.20 10.16±1.77

v01 2.13±0.16 2.56±0.40

b1 2.36±0.38 3.94±1.68
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The second column in Table I gives the Drude-Lorentz
parameters of the metallic solid solution phase
sMgyNiHx<0.3d that are obtained from a similar analysis. The
probed energy range for these measurements is 0.72ø"v
ø3.5 ande1 and e2 for MgyNiH0.3 sy: 1.8–2.2d shown in
Fig. 10 are extrapolated to higher energies. The decreasing
charge carrier density upon exposure to hydrogen is reflected
in the plasma energy which decreases from"vp
=8.14 eV to 7.03 eV.e1 is slightly less negative than in the
pure phase.

B. Semiconducting Mg2NiH 4

The optical constants of semiconducting MgyNiH4−d

sy: 1.7–2.55d are determined from samples loaded in 105 Pa
hydrogen at room temperature. For a good fit it is necessary
to consider three Lorentz oscillators, i.e.,N=3 in Eq.(4), and
for some samples it is even necessary to take an additional
layer at the Pd-Mg2Ni interface into account. This is not
surprising since the formation of an interface alloy in Mg-Pd
layer systems is well known30 and that layer combined with
surface oxidation might hamper the hydrogen uptake.27,31

Figure 11 shows R and T for a 210 nm thick
Mg2.55NiH4−d film covered with 6 nm Pd. The solid lines
show the results of the fitting and the correspondinge1 and
e2 are given in Fig. 12(c). In the fully loaded state we ob-
serve<30% transparency. In the vicinity of the absorption
edge (i.e., in the interference-free region) the transmission
follows:27

ln T = ln T0 − C
s"v − Egdn

"v
, s7d

whereEg is the band gap,C is a constant, andT0 contains the
transmission of the substrate and the Pd cap layer. Depend-
ing on the type of transitionsn takes different values: for
direct, allowed(forbidden) transitionsn= 1

2
sn= 3

2
d and for

indirect allowed(forbidden) transitionsn=2 sn=3d. For our

nanocrystalline or amorphous filmsn=2 is used, as it has
been reported to give the best results for amorphous or nano-
crystalline materials.32 Around the absorption edgeT0 andC
are approximately constant and a fit to Eq.(7) gives Eg
<1.8 eV for Mg2.55NiH4−d. This is in agreement with the
values reported earlier for MgyNiH4−d syù2d with excess
Mg.6 The fitted dielectric function reflects the semiconduct-
ing behavior of Mg2NiH4−d [see Fig. 12(c)]. At energies
above the band gape2 exhibits a maximum that describes the
onset of absorption. In Figs. 12(a)–12(c) e1 and e2 of
MgyNiH4−d are shown for three different Mg:Ni ratios. While
the basic shape of the dielectric function remains the same,
the absorption edge and henceEg shifts to higher energies
with increasing Mg content. From Eq.(7) Eg amounts ap-
proximately to 1.3 eV for Mg1.7NiH4−d and Mg1.8NiH4−d

shown in Figs. 12(a) and 12(b). Myers et al. calculated the
dielectric function from LDA band structure calculations for
LT-Mg2NiH4 and HT-Mg2NiH4 for three different hydrogen
configurations, i.e., a square planar, a distorted tetrahedron
and a perfect tetrahedral arrangement around the Ni atoms.33

For all structures(except for the square planar configuration
which is metallic) they found the band gap to be indirect, and
in dependence of the structure the optical gaps are in be-
tween 1.9 to 2.4 eV which is slightly higher than our ex-
perimental values. For all studied compositions,e2 does not
vanish at energies belowEg which is presumably caused by
incomplete loading or structural defects that generate impu-
rity states in the band gap.

C. Intermediate hydrogen concentrations

In Figs. 8(a) and 8(d) R is plotted for the two limiting
cases of single phase(i) Mg2Ni and (ii ) Mg2NiH4−d.

34 The
solid lines giveRcal from the fitting procedure. In contrast
Figs. 8(b) and 8(c) depict R at intermediate hydrogen con-

FIG. 11. R (s) and T (h) for a 210 nm thick Mg2.55Ni film
capped with 6 nm of Pd after loading in 105 Pa H2. The solid lines
are theRcal andTcal for the fittede1 ande2 given in Fig. 12(c). FIG. 12. Real parte1 (solid line) and imaginary parte2 (dashed

line) of the dielectric function for(a) Mg1.7Ni, (b) Mg1.8Ni, and (c)
Mg2.55Ni, after loading in 105 Pa H2 at room temperature.
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centrations. For Mg2NiH4−d with 0.3,x,4−d we find that
it is not possible to fit the optical data if one assumes a
homogeneous hydrogen uptake in the Mg2Ni layer.11 It can
be shown that, assuming a homogeneous Mg2NiHx layer
(with the inclusions smaller than the wavelength of light)
there exists no pairsn,kd that can reproduce simultaneously
the measuredR andT.11 The optical response at intermediate
hydrogen concentration can, however, be fully understood if
the double layer structure of the sample is taken into account.

The spectra shown in Figs. 8(b) and 8(c) correspond to
states illustrated in Figs. 1(b) and 1(c). In Fig. 1(b)
Mg2NiH4−d starts to nucleate in a thin layer close to the
substrate. This thin layer consists of metallic Mg2NiH0.3 and
semiconducting Mg2NiH4−d. Its dielectric functionkẽl can be
described by an effective medium theory if the grain size of
the respective particles is smaller than the wavelength of
light. In a simple approach, we use Bruggeman’s approxima-
tion for spherical particles although we have no detailed
knowledge of the microstructure in our films.kẽl is implic-
itly given by35

fA ẽA − kẽl
ẽA + 2kẽl

+ fB
ẽB − kẽl

ẽB + 2kẽl
= 0 s8d

fA,B andẽA,B are the volume fraction and the complex dielec-
tric function of the metallicsA,Mg2NiH0.3d and the semicon-
ductingsB,Mg2NiH4−dd phase, respectively. In Fig. 8(b) Eq.
(8) is applied for a mixture 20 vol % Mg2NiH0.3–80 vol %
Mg2NiH4−d to obtainkẽl of the 30 nm nucleation layer, and
subsequentlyR of the entire stack is calculated(solid lines).
The agreement between experiment and calculation confirms
that the formation of a <30 nm thin, mixed layer
Mg2NiH0.3-Mg2NiH4−d at the film/substrate interface can in-
deed explain the black state. The discrepancy between calcu-
lation and measured data at higher energies is presumably
due to the not ideally flat interface between the two evolving
layers. In the optical calculation the interface roughness is
not considered. As more hydrogen is introduced a uniform
transparent layer of Mg2NiH4−d is formed which subse-
quently grows in thickness. As a result, interference fringes
appear in the spectra due to multiple reflection of light at the
interfaces of the transparent Mg2NiH4−d layer. This is dem-
onstrated in Fig. 8(c) where Rcal is obtained for a double
layer 130 nm Mg2NiH0.3 and 120 nm Mg2NiH4−d covered
with 7 nm of PdHx. Further confirmation of the double layer
structure is obtained from reflection measurements with the
light impinging first on the Pd top layer.11 In these measure-
ments, which mainly probe the part of the sample close to
the surface, andR remains high up to large hydrogen con-
centrationssxù3d.

D. Comparison with DC transport measurements

Temperature dependent DC resistivity and Hall-effect
data by Enacheet al.10 showed that the charge carrier density
ndc (obtained form Hall-effect measurements) decreases lin-
early with increasing hydrogen concentrationx. In solid so-
lution, i.e., for xø0.3 the optical data reflect these results:
the plasma energy decreases linearly from"v=8.14 eV in

the metal to"v=7.03 eV and correspondingly the optical
charge carrier densitynopt decreases as well. The transport
data show that the linear relation betweenndc andx holds for
the entire concentration range 0øxø4 although a two-
component composite system Mg2NiH0.3-Mg2NiH4−d is
formed abovexù0.3.10 This is in agreement with the anionic
hydrogen model where each hydrogen removes one electron
from the conduction band to form negatively charged
fNiH4g4− complexes. However, abovexù0.3, the analogy
between DC-transport results and the optical measurements
is less obvious due to the self-organized layering of the film
in the two phase regime. Reflection mainly probes the region
close to the film/substrate interface(since it is measured
through the substrate) while resistivity and Hall-effect data
are averages over the entire film thickness. In the black state,
R thus mainly reflects the two phase regime Mg2Ni
-Mg2NiH4−d of the nucleating layer while the electrical trans-
port data are dominated by the remaining metallic layer close
to the surface. Consequently, Hall - effect and resistivity data
can be analyzed in an effective medium theory over the en-
tire two phase regime while this is not possible for the opti-
cal data. This analysis reveals that the inclusions have a very
peculiar geometry, i.e., they are very flat oblates with an axis
ratio between 10 and 20.10 The extreme limit of this geom-
etry are flat sheets, in full agreement with the layered struc-
ture that was confirmed by H - depth profiling and the optical
and structural data presented above.

E. Comparison with MgRE (rare earth) thin films

Thin films of Mg2Ni are not the only switchable mirrors
that exhibit a highly absorbing state. When loaded with hy-
drogen, MgRE(RE: Y, La, Gd)2,36 thin films and Mg37 show
similar absorption levels. Upon the first exposure to hydro-
gen, MgRE disproportionates into REH2 and Mg. Both con-
stituents take up hydrogen and both change their optical
appearance.27,38 After the initial disproportionation, the re-
versible switching takes place between metallic Mg-REH2
and transparent MgH2-REH3−d. At intermediate hydrogen
concentrations, MgREHx exhibits <80% absorption of the
incoming light, similar to the values that have been obtained
in Mg2NiHx. Despite these apparent similarities the mecha-
nism for the black state in Mg2NiHx is distinctively different
from that in MgREHx switchable mirrors. In MgREHx it is
directly connected to the broadening of the surface plasmon
spectrum at the percolation threshold of the metal-insulator
transition similar to the well-studied cluster systems
Ag-glass,39 Au-glass40 or Co-AlxO3.

35 It has been shown37

that the key ingredient is the coexistence of Mg and MgH2
nanograins that are homogeneously dispersed over the entire
film thickness and the photometric measurements are well
described using effective dielectric constants for a mixture of
Mg and MgH2 small particles.

In contrast, the most important ingredient for the black
state in Mg2NiHx thin films is the self - organized double
layer formation. The initial nucleation of Mg2NiH4−d takes
place in a small layer close to the substrate. Essential for the
high absorption in Mg2NiHx are thus the optical properties of
that mixed layer in the vicinity of the film-substrate inter-
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face, the interference of light reflected at the two interfaces
of this weakly transparent layer which results in a broad
reflection minimum and the remaining metallic Mg2NiH0.3
on top that suppresses any transmission[compare Fig. 1(b)].

V. CONCLUSIONS

The structural and optical properties of Mg2NiHx thin
films covered with Pd are systematically studied upon hydro-
gen loading in order to develop a quantitative understanding
of the intriguing black state and interference effects observed
recently in this system.11,12 Similar to bulk Mg2NiHx, the
hydrogen solid solution limit isx<0.3. Further hydrogen
loading yields to the formation of Mg2NiH4−d which is ac-
companied by a structural phase transition and a large vol-
ume increase.

Analysis of the optical reflection and transmission data
shows that the high optical absorption(black state) at rela-
tively low hydrogen concentrationssfHg / fMg<0.27d is due
to a mixture of Mg2NiH0.3 and Mg2NiH4−d particles in the
vicinity of the film/substrate interface while the material in
the upper layer remains metallic Mg2NiH0.3. This unusual
loading sequence is confirmed by15N hydrogen - depth pro-
filing which shows that in the black state hydrogen is almost
exclusively located in the vicinity to the substrate interface.
The width of the hydrogen rich layer is<50 nm in good
agreement with<30 nm estimated from the photometric
data. X-ray diffraction and electrochemical loading results
support these findings and clear evidence is obtained that the
black state is connected to the onset of Mg2NiH4−d nucle-
ation.

The dielectric functions of the homogenous phases
Mg2Ni, Mg2NiH0.3, and Mg2NiH4−d are determined. In the

two metallic statesẽ is fairly robust against small variations
in composition and the optical free charge density fits well
with the value obtained from transport measurement. In con-
trast, the optical properties of semiconducting MgyNiH4−d

sy: 1.7–2.6d vary considerably with the Mg:Ni ratio. Using
ẽMgyNiH0.3

andẽMgyNiH4−d
, the two layer model explains reflec-

tion and transmission at all intermediate hydrogen concentra-
tions.

Although the nucleation of Mg2NiH4−d starts preferen-
tially near the substrate there is no indication for an addi-
tional plateau pressure at hydrogen concentrations close to
the black state. We conclude that the substrate/film interface
thus mainly influences the kinetics of the hydrogen uptake.
The robustness of the black state concerning composition,
choice of substrate and loading conditions(i.e., gas phase or
electrolytical loading) and the fact that Mg2CoHx exhibits
similar optical properties, suggest that it is an intrinsic prop-
erty of these films. The microscopic mechanism leading to
the intriguing self-organized layering is also of special inter-
est for the catalysis of hydrogen sorption in the complex
metal hydrides storage materials such as Mg2NiHx,
Mg2CoHx, and Mg2FeHx.
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