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Abstract

Structural, optical and electronic properties of lanthanum magnesium alloy thin films are studied in situ in real time
during hydrogenation. X-ray data show that the as-deposited films contain the intermetallic phase LaMg with CsCl
structure as well as fcc b-La and fcc LaHx. Hydrogenation initiates a transformation of b-La to b-LaHx, while the
intermetallic phase disproportionates. The fcc structure stays intact during further uptake of hydrogen up to LaH3,
and Mg transforms to the rutile structure of MgH2. During hydrogen absorption the alloys change from a good
conducting, metallic state with high reflectance, to a transparent color neutral insulator with a band-gap of about 3
eV. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since the remarkable optical properties of yttrium
and lanthanum hydride were discovered by Huiberts et
al. [1] in 1996, switchable mirrors have received consid-
erable interest. Most work has been devoted to yttrium
hydride, but other rare earth metal hydrides have also
been investigated [2–5]. From an application point of
view it is, however, desirable to have a wider bandgap
than that of YH3. Van der Sluis et al. [2] alloyed
gadolinium with magnesium, and reached a color neu-
tral transparent state.

In contrast to yttrium very little has been published
on optically switching lanthanum-containing hydrides
[6–8]. This is due to the high reactivity of lanthanum.
As shown by Van Gogh et al. [9] this difficulty can,
however, be overcome by using an AlOx buffer layer on
top of the La film.

In this work we study the structural, electronic and
optical properties of LaMg alloys during hydrogena-
tion. The electrical resistivity is measured in situ during
the experiments, in order to be able to relate optical
and structural measurements with each other.

The purpose of the present investigation is to explore
the influence of magnesium on the optical properties of
lanthanum hydrides. Although several compositions
have been investigated, we focus our attention on a
composition close to La0.5Mg0.5.

2. Experimental

2.1. Sample preparation

Samples are evaporated on sapphire substrates, or
quartz substrates at room temperature or 300°C, in a
UHV system with a background pressure of 10−9

mbar, using material of typically 99.9% purity. Magne-* Corresponding author. Fax: +31-20-4447991.
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sium is co-evaporated from a Knudsen cell together
with lanthanum from an e-beam evaporation source.
Two independent crystal quartz microbalances are used
to regulate the deposition rates from the two sources. A
layer of 1.2 nm aluminum is deposited on top of the
lanthanum, and subsequently oxidized to form a pro-
tective layer of AlOx. Finally the film is covered with a
2.5–15-nm thick palladium layer. The role of the palla-
dium is to catalyze the dissociation of H2 molecules
into atomic hydrogen that can be absorbed into the
film. Aluminum and palladium are both deposited from
a multi-pocket e-beam evaporation unit. For X-ray
diffraction we use thick films (typically 500–600 nm)
while thin films (typically 50 nm) are used for optical
transmittance and reflectance measurements.

2.2. Sample hydrogenation

H2 loading/unloading is carried out in a vacuum
chamber at pressures between 4 and 20 mbar during the
loading phase. To reach saturation, i.e. LaH3 and
MgH2, the pressure is successively increased to 1 bar
H2. Unloading is accomplished by exposing the sample
to air and heating it to 50–150°C.

2.3. X-ray diffraction

X-ray experiments are performed with Cu Ka radia-
tion in a Rigaku X-ray spectrometer. The samples
deposited onto quartz substrates are measured in a
u–2u configuration, and the samples deposited onto
sapphire substrate in a Bragg–Brentano configuration
with the incident beam at u=10°. The dynamic experi-
ments (during hydrogen loading) are monitored in a
relatively limited angular range, usually between 26 and
36° with a scan time of approximately 8 min per
spectrum. The hydrogen pressure is chosen so as to
result in a total loading time of 5–20 h.

2.4. Optical spectroscopy

Optical measurements are carried out in a Bruker
IFS66/S FT-IR spectrometer in the range 354 nmB
lB1722 nm. Transmittance and reflectance at near-
normal incidence are recorded continuously during
loading/unloading. The loading/unloading pressure is
typically 5–20 mbar, and chosen such that during the
time it takes for a complete set of reflectance and
transmittance spectra to be recorded (:30 s), the
sample is essentially in equilibrium with the surround-
ing H2 gas. The total loading/unloading time ranged
from less than 1 up to 5 h.

2.5. Resisti6ity

For continuous resistivity measurements the sample
is contacted with Al-wires by means of an ultrasonic
bonding machine, and connected to a Keithley 2000
Multimeter. Electrical resistivity is measured simulta-
neously during X-ray scattering experiments, as well as
during the recording of the optical spectra. We use Van
der Pauw’s method [10] to calculate the resistivity.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the X-ray spectra of a 584-nm thick
La0.55Mg0.45 film deposited onto a quartz substrate at
300°C. The composition of this sample is determined
with the quartz microbalance during deposition. The
thickness is confirmed with a DekTac mechanical stylus
profilometer. In addition, Rutherford backscattering
spectrometry (RBS) is used to control the composition.
The composition determined in this way, La0.59Mg0.41,
is slightly different from that derived from the quartz
microbalance during evaporation. This may arise from
the fact that in RBS the magnesium signal is difficult to
assess because of its overlap with the Si signal of the
quartz substrate.

Fig. 1. X-ray spectra of an LaMgHx film of 584 nm thickness
protected by a 10-nm Pd caplayer: (a) as-deposited sample
with x=0; (b) sample loaded in room temperature in 1 bar H2

gas (x:5); and (c) after unloading (x:4).
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Fig. 2. Lattice parameters for Pd, LaHx and MgH2 in a
584-nm thick La0.55Mg0.45 film covered with a 10-nm layer of
Pd in the as-deposited, unloaded and loaded states. Squares
pertain to literature data: (a) Pd; (b) lanthanum hydride; and
(c) magnesium.

films have obviously absorbed some hydrogen before
the X-ray spectra are recorded. The identification of
these two La fcc structures is quite straightforward. The
lattice parameter for the high-temperature b-La phase
is 5.3045 A, and compares well with the literature value
of 5.296 A, [12]. The lattice parameter for lanthanum
hydride varies quite substantially during loading/un-
loading with maximum contraction of 1.02% during
loading; this is reported in Fig. 2.

There are no signs of pure magnesium in the samples.
This is expected, since, according to the bulk phase
diagram, La0.55Mg0.45 should contain the intermetallic
phase LaMg in a solid solution of lanthanum. Further-
more, if pure magnesium were present, the reflections
would be weak and difficult to identify due to the low
scattering cross-section of magnesium (40.9) compared
to lanthanum (354) [13].

The palladium (111) peak at 39.95° is also easy to
identify. The variation of the Pd lattice parameter
during loading/unloading is shown in Fig. 2. Palladium
expands by 3.6% during loading. Comparing the lattice
parameter from our hydrogen loading/unloading exper-
iments with the literature [14] allows us to calculate the
hydrogen content in the palladium. In the fully loaded
state H/Pd=0.67, which is the saturation level at room
temperature and 1 bar H2 pressure.

The X-ray spectrum of a fully loaded film of approx-
imate composition, La0.55Mg0.45H2.55 is more straight-
forward to analyze than the as-deposited film as there
are only three crystallographic structures involved (see
Fig. 1b). The intermetallic phase LaMg is dispropor-
tionated, and there are no visible peaks left of it. This
compares well with the behavior reported for YMg [15].
The LaH3−d with fcc structure is fully developed and
matches all the major peaks, together with the Pd(111)
peak at 38.52°. The MgH2 rutile lattice, on the other
hand, is more subtle to assess as the (200) reflection is
situated on the flank of another peak, but the strongest
(110) reflection at 26.8° stands out quite clearly. Keep-
ing in mind the low scattering cross-section of magne-
sium, the assignment of MgH2 must always be done
with great care. In Fig. 2, only the a-axis variation is
presented, we notice a contraction of 2.9% during load-
ing. The literature data for MgH2, a=4.517 A, , c=
3.021 A, [16], compare well with our pure MgH2 data,
but are somewhat smaller than a=4.71 A, measured
MgH2 in our hydrogenated LaMg alloy film.

The unloaded ‘‘dihydride’’ film (of approximate com-
position, La0.55Mg0.45H2) exhibits features that are the
same as in the ‘‘trihydride’’ film, see Fig. 1c, except that
there are more peaks. Most of the strong peaks can be
assigned to LaH2. The identification of MgH2 is also
reasonably convincing, while the rest of the minor
peaks that appeared during the unloading are
uncertain.

The spectra are very rich in information, and a
number of features can be readily observed. A detailed
assignment of the peaks is performed using the pro-
gram CaRIne and the included database as well as
simulations of spectra with data from the literature.

The data for the as-deposited film are shown in Fig.
1a. The simplest material to identify is the LaMg
intermetallic compound whose narrow peaks have high
intensities. LaMg has a CsCl structure with a small
peak at 22.4°, i.e. in a region where the other compo-
nents have no peaks, and is hence easy to identify. The
corresponding lattice spacing of 3.9695 A, is close to the
value for bulk LaMg found in literature (3.963 A, ) [11].

The bulk low-temperature phase of pure lanthanum
has the double hcp (dhcp) structure. In our sample we
cannot get a satisfactory fit with the dhcp structure, and
we therefore conclude that it is not present. In pure
lanthanum thin films deposited at 300°C we notice the
same absence of the dhcp structure. This is somewhat
surprising, but can be understood as a quenched phase
due to the preparation technique used. The transition
energy from the low-temperature a-La (dhcp) to the
high-temperature b-La (fcc) has an enthalpy of forma-
tion of DHa–b=0.36 kJ/mol La, which is very small
indeed.

Besides b-La we find another fcc structure in the
as-deposited sample, i.e. LaH2−d, where d is small. Our
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Fig. 3. Structural development of a 584-nm thick La0.55Mg0.45

film covered with a 10-nm layer of Pd, recorded with X-ray
scattering during hydrogenation at room temperature in 1 bar
H2 gas. Light areas mean high intensity and black low inten-
sity. The b-La disappears after 1 h after which the LaMg
phase disproportionates and forms LaH2 and MgH2.

curs at around 4 h; this does not involve structural
changes as shown in the X-ray scattering spectra.

An estimate of the grain sizes can be obtained from
Scherrer’s formula,

lcoh=
0.89l

D(2u)cos U
, (1)

where lcoh, the length of coherent scattering, is a mea-
sure of the average grain size. In Eq. (1), l is the
wavelength of the X-ray beam (Cu Ka radiation with
l=1.5418 A, ) and D(2u) (in radians) the full width at
half maximum (FWHM) of the peak under investiga-
tion, U is the angle of the peak intensity. The results
are presented in Table 1.

The intermetallic LaMg phase has the largest grains
with a coherence length of 35 nm. It is interesting to
note the reduction of the grain size, particularly the
disproportionation of the 35 nm intermetallic LaMg to
LaHx and the decrease in size to 17 and then to 12 nm
after the first loading and unloading, respectively. The
first decrease in size of the LaHx phase is of course also
associated with the disproportionation of the LaMg
phase into LaHx and MgH2.

3.2. Optical properties

Optical transmittance and reflectance are also mea-
sured in situ in real time during hydrogen loading/un-
loading. The transmission spectra during a loading
experiment of a 50-nm thick La0.51Mg0.49 film
(La0.54Mg0.46 according to RBS), capped with a thin
layer of AlOx and 2.5 nm of palladium is presented in
Fig. 4. Four features are of specific interest: (i) a flat
plateau in the transmitting state; (ii) the absorption
edge close to 400 nm; (iii) the large total transmission
change between the unloaded and loaded state; and (iv)
the relatively low total transmission in the loaded state.

The first two observations (i, ii) result in an optically
color neutral appearance for the human eye. The
change by one order of magnitude of the transmission
(iii) is achieved with a 50-nm thick active layer, and can
easily be tailored within several orders of magnitudes
(iv). The transmission in the loaded state is limited by
the strong absorption of the 2.5-nm thick palladium
layer.

The reflectance spectra are presented in Fig. 5. It is
interesting to note the high absorbance, A=1−T−R,
at :1000 s that happens after the metallic state with
high reflectance, but before the transmitting state is
reached where the reflectance again increases at certain
wavelengths (:800 nm) due to interference. At :1000
s the condition required for interference is not fulfilled
due to absorption and/or scattering in the film.

In Fig. 6 we compare the transmission spectra of
LaH3 and MgH2 with that of La0.51Mg0.49H2.51. The
most significant difference is the wider bandgap of the

The structural development during hydrogenation is
followed in situ and in real time. The result of the first
loading is presented in Fig. 3. The b-La peaks at 29.2
and 33.8° disappear without any expansion or contrac-
tion; this phase clearly does not accommodate hydro-
gen. By the time the b-La has disappeared, i.e. after 1 h,
the LaMg shifts towards lower angle, i.e. expands,
before it disappears. The dominant peak at this angle is
the LaH2(200) peak. The major LaH2(111) peak shifts
initially to lower angles in the first phase of loading.
This happens while the MgH2(110) reflection is emerg-
ing, and the peak may consequently be the result of two
superimposed signals. The LaH2(111) reappears later in
full strength when the MgH2(110) is fully developed. In
this sample the optical metal–insulator transition oc-

Table 1
Grain size estimated from the coherence length (in nm) calcu-
lated with Eq. (1) for La0.55Mg0.45, La0.55Mg0.45H2.55 (loaded)
and La0.55Mg0.45H2 (unloaded). The indicated major peaks are
used for the calculation

As-deposited LoadedMaterial Unloaded

35LaMg(110)
18b-La(111)
21a-LaH2−d(111)

g-LaH3−d(111) 17
b-LaH2(111) 12
MgH2(110) 13 13

12Pd(111) 6 6
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Fig. 4. Evolution of the optical transmittance during hydrogenation of a 50-nm thick La0.51Mg0.49 film covered with a 2-nm layer
of Pd.

Fig. 5. Evolution of the optical reflectance during hydrogenation of a 50-nm thick La0.51Mg0.49 film covered with a 2-nm layer of
Pd. The basal plane is rotated 90° compared to Fig. 4 for clarity.
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alloy compared to that of pure lanthanum, and hence,
the shift of the transmission window towards the UV.

The optical bandgap is estimated by analyzing the
transmittance spectra, T(v), using the Lambert–Beer
law,

T(v)=T0 exp[−a(v)d ], (2)

were a is the absorption coefficient and d the film
thickness. The frequency dependence of a near the band
edge is related to the optical bandgap Eg through [17]:

a(v)8
('v−Eg)n

'v
, (3)

were n is 2 in disordered materials. Combining these
two equations yields,

ln T(v)= ln T0−C
('v−Eg)n

'v
, (4)

were C is a constant. The transmission T0 in the visible
is totally dominated by the absorption of the Pd cap
layer. It can be considered as constant in the region of
the bandgap of LaH3 and LaMgH2.5. From a fit of Eq.
(4) to the data in Fig. 6 we find Eg=2.2 eV (563 nm)
for the 60-nm thick LaH3 film, and 3.0 eV (413 nm) for
the 50-nm thick LaMgH2.5 film The bandgap for the
LaH3 film is higher than that reported by Van Gogh et
al. [18] 1.9 eV for a 300-nm thick film. A reason for this
difference is that our film is not optically thick. The
bandgap of the Mg film is well beyond the limit of the
spectrophotometer (3.5 eV), and could not be
examined.

The data in Fig. 6 show clearly that the LaMgH2.5

film is color neutral and not reddish as compared to the

LaH3 since the part of the optical spectrum visible to
the human eye extends from approximately 400 to 700
nm.

3.3. Resisti6ity

In Fig. 7, the time evolution of the resistivity of a
584-nm thick LaMgHx alloy is reported together with
the optical transmission at l=560 nm and the X-ray
intensity at two angles of diffraction pertaining to the
b-La(111) and LaHx(111) peaks. The time-axis for the
optical spectra is normalized to that of the X-ray
spectra through the in situ resistivity measurements.

There are four regimes of interest: (i) after :1 h the
b-La phase disappears and the electronic resistivity
decreases, as LaH2 is a better conductor than b-La; (ii)
during the next phase until :2 h the intensity of the
LaH2−d-phase saturates, while the resistivity increases
only marginally; in region (iii) the reflection of the
material decreases as the absorption (A=1−R−T)
increases. The resistivity exhibit local features due to
the mixed phases of the conducting LaH2+d phase and
the insulating LaH3−d and MgH2 phases. Between 3
and 4 h (iv) the LaH3−d phase goes through the
metal–insulator transition. The resistivity increases
drastically and the material becomes transparent.

One should note that in our study we measure the
total resistivity of a sample consisting of a 586-nm
LaMgHx alloy covered with a 10-nm PdHx film. These
layers correspond to two resistors in parallel, and
hence, the resistivity for the LaMg film and the Pd layer
can be calculated with an equivalent parallel circuit. In
the as-deposited state the resistivity is very low in both

Fig. 6. Transmittance spectra of LaH3, La0.51Mg0.49H2.51 and MgH2. The LaH3 film is 60 nm thick, the other two 50 nm.
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Fig. 7. Time evolution of the transmittance and reflectance at:
(a) l = 560 nm; (b) resistivity; and (c) X-ray intensity for two
dominant peaks in the indicated crystal structures. The indi-
cated regions i–iv in the resistivity spectrum are commented
on in the text.

cation point of view it is interesting to point out that the
investigated composition has a color neutral appearance
with an optical bandgap of approximately 3 eV.
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materials, and the influence of Pd is small. However, the
difference in resistivity between the fully loaded PdH0.67

and LaMgH2.5 film is large and the correction is size-
able. For the as-deposited state, the resistivity of PdHx,
as in the as-deposited film, is reported to be 13 mV cm
[19]. From this we calculate the resistivity of our LaMg
film to 66 mV cm in the as-deposited state, only slightly
higher than the composite resistivity of 61 mV cm. The
resistivity of pure La is 60–80 mV cm for polycrystalline
material [13].

4. Conclusions

In this study we have used structural, electronic and
optical methods to study LaMgHx. We conclude that
LaMgH2.5 is an insulator from its high resistivity and its
relatively large optical bandgap. The fact that the lan-
thanum host lattice stays intact during the metal–insu-
lator transition makes lanthanum a prime candidate for
studying the influence of hydrogen on the electronic
structure of switchable mirror materials. From an appli-.


