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ABSTRACT

Positron depth-profiling was applied to monitor the effects of hydrogenation on Mg;_,Ti, thin films. S-W
diagrams and VEPFIT analysis of the depth-profiles demonstrated the homogeneity of most metal and
metal hydride films. In contrast, Mgy o Tio.10Hx films consisted of a double layer, with a thin unloaded
Mgo.90Tip.10 or Mg-Ti-Pd alloy layer on top of a hydrogenated bottom layer. The metal-to-metal-hydride
transformation of Mg domains in the nanoscale phase-segregated Mg-Ti films was monitored exclusively,
enabled by the large difference in positron affinity for Mg and Ti. The changes in the Doppler broadening
parameters revealed that the metal-insulator transition for fluorite MgH, is similar to that for rutile
MgH,. Positron lifetime spectroscopy showed the presence of di-vacancies in the metal sub-lattice of as-
deposited and hydrogenated Mg-Ti metal films, which may induce the fast hydrogen sorption kinetics
of the fluorite MgH; phase.

Positron annihilation
Vacancies
Metal-insulator transition
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1. Introduction

Mg-based metals are promising materials for application as
hydrogen storage media [1], metal hydride rechargeable batteries
[2] and hydrogen sensors [3]. Mg-Ti alloys are of interest in order
to overcome the bottleneck of slow hydrogen sorption kinetics
of rutile MgH, at practical temperatures for applications. Impor-
tant feature is the appearance of a meta-stable fluorite Mgy _, TiyHx
phase upon hydrogenation of films with Ti-concentrations larger
than ~15% (Mg g5 Tig.15), showing substantially faster hydrogena-
tion kinetics than the rutile phase [4].

In order to clarify the dependence of hydrogenation of Mg-Ti
films on Ti-concentration, it is therefore important to shed light on
the (layer-resolved) metal hydride formation. Motivated by pre-
vious studies on Mg-based metal films [5,6], we apply positron
depth-profiling. While X-ray diffraction studies indicate that co-
deposition of Mg and Ti by magnetron sputtering leads to Mg-Ti
films with a coherent crystal structure, positron annihilation and
EXAFS studies strongly indicate that atomically mixed alloys are
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not formed. Instead, partial chemical segregation occurs into Mg
and Ti domains on a length scale of less than 10 nm [7,8].

Here, we show that positron annihilation and X-ray diffrac-
tion studies reveal highly complementary information, needed to
unravel the layer-dependent phase transformations. Furthermore,
a direct view on the metal-insulator transition of the nanoscale
segregated Mg areas in the Mg-Ti films is obtained by the positron
Doppler broadening method, owing to its sensitivity to detect
the electronic structure via the electron momentum distribution
(EMD). This is important in order to understand the remarkable but
also complex optical changes during hydrogenation of Mg-Ti films
[9], which show promise as switchable smart solar collectors [9].
Finally, depth-profiling positron annihilation lifetime spectroscopy
(PALS) provided clear evidence for the presence of di-vacancies in
the metal sub-lattice of the metal hydride and metal films, which
may have important impact on the hydrogen mobility.

2. Experimental details

Mg-Ti films were deposited in a UHV system by RF magnetron
co-sputtering of Mg and Ti targets in argon atmosphere, on suprasil
glass substrates, and covered with a 1-5 nm Pd capping layer. Four
Mgo.90Tig 10, four Mgg70Tig30 and two Ti film samples were pre-
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pared with layer thicknesses in the range 150-250nm. Two of
the MgggoTig.10 sSamples were hydrogenated for a period of 24h
using pressures slowly increasing up to 90 mbar at room temper-
ature. The hydrogenation of two Mgg 7¢Tig 30 and two Ti samples
was performed at 100 and 500 mbar, respectively, for 1 h at room
temperature.

X-ray diffraction (XRD) was performed using a Panalytical X'Pert
Pro PMD X-ray Diffractometer (Cu Ko, A=1.54187A), and X-ray
reflectometry (XRR) using a Panalytical X'Pert Pro MRD reflectome-
ter.

The positron Doppler broadening of annihilation radiation
(511 keV) was measured using positrons with a kinetic energy in
the range of 0-25 keV. Momentum windows |p| < 3.0 x 10~3m,cand
8.2 x 1073 myc<|p| <23.4 x 10~ 3myc for Sand W, respectively, were
used [10] (see inset of Fig. 1b). The S parameter is a measure of
annihilation with valence electrons, providing sensitivity to the
electronic structure and the presence of vacancies, while W is a
measure for positron annihilation with semi-core electrons, pro-
viding chemical sensitivity to the positron trapping site. The S and
W parameter depth-profiles were analyzed using the VEPFIT pro-
gram package [11]. Consistent fits of the S and W depth profiles
could be achieved using a combined analysis with the same layered
model parameters.

Thin film positron annihilation lifetime spectroscopy (PALS)
was performed using the pulsed low energy positron beam sys-
tem (PLEPS) [12]. The positron lifetime is a direct measure of the
local electron density at the positron annihilation site, which can
be used to extract the size of vacancy-related defects [13]. Positron
lifetime spectra were collected at selected positron implantation
energies in the range of 0.5-18 keV. Typically 4 x 106 counts were
collected for each individual lifetime spectrum. Reference spectra
at each implantation energy were collected on a p-SiC reference
sample to extract the overall instrumental time resolution func-
tion with a FWHM of 260 ps, which includes the time resolution of
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Fig. 1. (a) Doppler S-parameter depth profiles for as-deposited (hollow circles)
and hydrogenated (filled circles) Pd-capped Mgo 70 Tio 30 films, compared with a Pd-
capped TiH; layer (hollow triangles). The solid lines are fits obtained using VEPFIT.
The inset shows the layered structure of the samples deduced from the VEPFIT anal-
ysis. (b) Corresponding Doppler W-parameter depth-profiles. The shaded areas in
the inset denote the intervals used to determine the S- and W-parameters from the
measured electron-positron momentum distribution N(p).

the detector and the pulse width of the incident positron beam. The
spectra were fitted using the POSWIN software package [14] using
a three-lifetime component analysis.

3. Results and discussion
3.1. Doppler depth profiling of metal hydride thin films

In order to extract the layer-resolved phase transformation of
Mg-Ti films, we performed positron Doppler broadening stud-
ies on as-deposited and hydrogen loaded Mg 79Tig 30 films. Fig. 1
shows representative S and W depth-profiles in a comparison with
one of the TiH, films. Upon hydrogenation, the S-parameter of
the Mgg 70Tig 30 layer reduces significantly in the range of 1-5 keV
in positron implantation energy, for which a substantial fraction
of positrons annihilates in the metal (hydride) layer. The change
in S-parameter is similar in magnitude as for the Mg to MgH,
transformation in Mg [5-7] and Mgy goTig10 films [7]. Our pre-
vious studies [5,15] demonstrated that such a large reduction in
S-parameteris a direct result of the metal-insulator transition upon
hydrogenation to the MgH, phase. Mg metal, namely, has a free-
electron-like electronic structure with a Fermi momentum cut-off
at pp~ 5.3 x 1073myc [5], leading to a relatively sharp valence elec-
tron momentum distribution (EMD) [5]. Rutile phase MgH,, on the
other hand, is an insulator with primarily ionic Mg-H bonds with
more localized valence electron orbitals. This leads to a substantial
broadening of the electron momentum distribution upon transition
to the insulator phase, resulting in the observed strong reduction
in S-parameter [15].

The S and W depth profiles were analyzed using VEPFIT, which
solves the implantation-diffusion equation for positrons implanted
at selected energies assuming a layered model of the sample, and
fits calculated S and W curves to the experimental depth-profiles
[11] (Fig. 1). The Mgg 7¢Tip 30 and Mg 70Tig.30H> films each clearly
consists of a single homogeneous layer, capped by a ~1 nm thin Pd
layer. The TiH, film was capped by a somewhat thicker Pd layer of
~4nm. The inset of Fig. 1a shows the layered structure of the films
extracted from the VEPFIT analysis.

In Fig. 2 we present the corresponding S-W diagram for a set of
Mg, _, Tiy metal and metal hydride films. The experimental data and
VEPFIT curves for the Mg0~70Tio.30, Mg0‘70Ti0.30H2 and Mgo‘goTio.]o
films are characterized by straight lines in the S-W diagram, reflect-
ing the single layer behavior of the metal (hydride) layer. The S-W
data for the hydrogenated Mgg g9 Tig.10Hx film, in contrast, shows a
loop behavior. This proofs that the latter film actually consists of a
double-layer. The loop in the S-W curve shows that, with increasing
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Fig.2. S-W diagram for as-deposited Mg oo Tio.10 (hollow circles) and hydrogenated
Mgo.70Tio30H2 (hollow squares) and Mg g0 Tio.10Hyx (filled circles) films; the running
parameter is the positron implantation energy E. The solid lines are extracted from
the combined VEPFIT analysis of the S and W depth profiles.
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positron implantation energy, the positrons first detect the Pd cap
layer, and subsequently annihilate primarily in an upper unloaded
Mgo.90Tig 10 metal layer, with S and W values close to those of Mg. At
higher energies, the S-W curve turns towards lower S and W values
characteristic for the Mgg 9 Tig 10H2 metal hydride phase in the bot-
tom layer, before it takes a second turn towards the S-W point of the
suprasil substrate at the highest implantation energies. Clearly, the
S-W curve extracted from VEPFIT assuming a double layer structure
for the Mgg 9o Tig.10Hx film fits the experimental data in an excellent
manner.

3.2. Crystal phase identification from X-ray diffraction

X-ray diffraction provided further insight into the double-
layered nature of the Mgy ggTig1oHx film. Fig. 3 shows that one
distinct intense Mg-Ti (00 2) peak is observed for the Mgg g9 Tig.10
and Mg 7oTig30 samples. The diffraction peak positions are close
to that of hcp-Mg, showing a small c-axis lattice contraction due to
the incorporated Ti [8,16]. The diffraction pattern for the hydro-
genated Mgy goTig10Hx film, in contrast, revealed the presence
of two diffraction peaks corresponding to two different phases
present in the film, one coinciding with hexagonal Mgy goTig 10
present in the metal top layer and a second, broad peak related
to the rutile phase Mgy ggTip10H2 bottom layer. In contrast, the
position of the single broad diffraction peak for the hydrogenated
Mgg.70Tig 30H2 sample is typical for the fluorite metal hydride phase
which stabilizes for Ti-fractions larger than about 15at% [16,8],
including the TiH, phase (bottom of Fig. 3).

3.3. Double layer behavior of MggTi1gHx films

Fig. 4 shows the experimental depth-profiles of as-deposited
and hydrogenated Mg 9oTig.10 films and the corresponding VEP-
FIT modeling curves. The double-layer model for the Mgg goTig.10Hx
film leads to a satisfactory fit, showing the presence of a thin
unloaded metal layer on top of a thick metal hydride layer, con-
sistent with the XRD detection of both phases. The relatively weak
intensity and broadness of the rutile phase Mg ggTig10H2 (110)
diffraction peak stems from (small-angle) tilting of metal hydride
domains relative to the sample surface [17,5]. In contrast, the c-axis
of the hexagonal Mgy ggTig 19 phase is well-aligned [17,5], leading
to the relatively large intensity of the Mgg goTig.10 (002) peak. We
believe that the double layer formation may arise from either the
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Fig. 3. X-ray diffraction patterns for as-deposited Mgo.goTip.10 and Mg 70Tio 30 films
compared with hydrogenated Mgp g0Tio.10Hx, Mgo70Tio30H2 and TiH; films (top to
bottom).
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Fig. 4. (a) S-parameter depth profiles for as-deposited (hollow circles) and hydro-
genated (filled circles) Pd-capped Mg 9o Tio.10 films. The solid lines are fits obtained
using VEPFIT. The inset shows the layered structure of the samples deduced from
VEPFIT analysis of the S and W depth profiles. (b) Corresponding W-parameter
depth-profiles. (c) Fractions of positrons annihilating in the Pd cap layer (solid
squares), in the Mgoo0Tio.10 metal and Mg Tio10H2 metal hydride layers (filled
circles), and in the suprasil substrate (open triangles) as a function of positron
implantation energy, derived from the PALS study (symbols) and VEPFIT analysis
of the Doppler S-W depth-profiles (lines).

more difficult hydrogenation of Mg-Ti films with Ti-compositions
below ~15%, for which rutile phase MgH, stabilizes, or, perhaps,
partial desorption due to air contact. The presence of the metal top
layer thus seems to indicate that the hydride forms from the sub-
strate side, as described in [18]. An alternative explanation for the
top layer could be the formation of a Mg-rich Mg-Ti-Pd alloy layer
with a thickness of ~20 nm, a possibility consistent with the initial
presence of the 1-2 nm Pd cap layer and the S-W values detected
near the surface.

Interestingly, the S-W cluster points for the Mgg79Tig30 and
Mgo.90Tig 10 layers in the S-W diagram (Fig. 2) show similar clear
and large shifts upon hydrogenation, typical for the Mg to MgH,
metal-to-insulator transition [5,15]. In Refs. [7,8] it was shown that
the Mg-Ti films consist of Mg regions which are chemically segre-
gated from Ti domains. The positron detects the presence of Mg
domains only, because of the large difference in positron affinity
for Mg metal compared with Ti [7], leading to trapping in the Mg
regions before annihilation. This enabled us to monitor the metal-
to-insulator transition in the Mg regions of the Mg;_,Tiy films
exclusively. Consistency with XRD requires that the segregation
into Mg and Ti domains takes place on a length scale below the
coherence length of X-ray scattering, i.e. well below ~10 nm. A par-
ticularly interesting finding is the close similarity of the change in
Doppler broadening parameters for Mgy 7¢Tip 30 and MgggoTigp.10
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Table 1
Layer thicknesses derived from positron depth-profiling (DBAR) and X-ray reflec-
tometry (XRR).

Compound Thickness (nm) DBAR Thickness (nm) XRR
Mgo.00Tip.10Hx (second sample) 175 + 18 189 +5
TiH, 196 + 20 163 +£5

upon hydrogenation. This provides a strong indication that the
metal-to-insulator transition for rutile and fluorite phase MgH, is
similar.

In order to quantify the Doppler depth profiling results fur-
ther, we compare the deduced thicknesses of the layers with X-ray
reflectometry measurements (Table 1), which points at similar
thicknesses. Note that in the XRR study the contrast between the
unloaded metallic MggggTig10 top layer and the hydrogenated
Mg 90 Tig.10H2 bottom layer was too small to resolve the presence
of two individual layers, owing to their similar densities of 2.0 and
1.6 g/cm3, respectively. For the TiH, layer, a density of 3.75 g/cm?
was used in the VEPFIT analysis.

3.4. Positron lifetime study on vacancy-related defects

We further compared the implantation-energy-dependent
annihilation fractions of positrons annihilating in either of the
layers, as obtained from the VEPFIT analysis, with the fractions
extracted from the PALS study (Fig. 4c). Clearly, the fractions
extracted by the two methods are in a quantitative agreement.
The extraction of the fractions from the PALS study was enabled
by the quite distinct positron lifetimes of the main lifetime com-
ponent in the Pd top layer (~200 ps), the Mg-Ti layers (~300 ps)
and the suprasil substrate (with a long lifetime component of
~1.6ns). The fractions were derived via variation of the relative
intensities using POSWIN. The spectra were generally analyzed in
a three-lifetime component fit. Except for the lowest implantation
energies, the third lifetime component corresponded to a long life-
time of ~1.6 ns, which gained significant intensity for implantation
energies beyond about 3 keV when positrons start to detect the
substrate. The 1.6 ns lifetime component is typical for small voids
with sizes below ~1nm, which are present only in the suprasil
substrate, and is easily discriminated from the other, shorter life-
time components. The positron lifetime spectrum in the Pd top
layer is dominated by a short lifetime component of about 200 ps,
whereas the spectrum for the Mg-Ti(-H) layer is characterized by a
~300 ps lifetime component, respectively. The annihilation fraction
in the top Pd layer can therefore also be extracted straightforwardly
(Fig. 4c¢). The difference in positron lifetimes between Mgg 99 Tig.10
and Mgg 9o Tig.10H2 (Table 2) was too small to obtain their separate
intensities as a function of energy reliably. Therefore, the extracted
summed fraction of annihilation in the top metal and bottom metal
hydride layer is used in Fig. 4c.

In Ref. [7], we showed that the extracted positron lifetime of
312 +4 psfor the Mg film indicates that the positron trapping defect
is the di-vacancy. The observed saturation trapping also accounted
for the very short positron diffusion lengths of less than 5 nm for all
Mg;_,Tiy and Mg;_, TiyHy layers, as deduced by the VEPFIT analysis.

Table 2
Positron lifetimes of Mg;_, Ti, and Mg;_,Ti,H; layers.

Compound Positron lifetime (ps)
Mg 312+ 4
Mgo.90Tio.10 297 + 4
Mgo.70Tio 30 275+ 4
Mgo.90Tio.10H2 317+ 6
Mgo.70Tio30H2 312+ 4
TiH, 185+9

The increasingly smaller positron lifetime with increased Ti fraction
for the Mg;_,Ti, metals (Table 2) arises from the corresponding
contraction in unit cell volume. Clearly, the positron lifetime for
the TiH; layer is far lower than for the Mg;_, TiyHy films, providing
further evidence that MgH, regions are probed in the metal hydride
films. Our previous study [7] indicated that di-vacancies are present
in the metal sub-lattice of both the rutile and fluorite MgH, phases.
While the lifetimes of these vacancies are similar (Table 2), pointing
to a similar size of the di-vacancy in the rutile and the fluorite phase,
the sizes of their unit cells differ considerably. Therefore, we deduce
the existence of local lattice relaxations around the di-vacancy in
the fluorite phase, which may play a crucial role in the enhanced
hydrogen transport in fluorite MgH, [7].

4. Conclusions

Positron depth-profiling methods were applied to examine the
metal-to-metal-hydride transformation in Mg-Ti thin films. Com-
bined S-W analysis leads to reliable extraction of the layer-resolved
composition of the films. While single homogeneous layers are
commonly observed, Mgg g9Tig 10Hx films show the presence of a
double layer, with a desorbed or unloaded Mg-Ti(-Pd) metal layer
on top of the metal hydride layer. Positrons probe the chemically
segregated Mg regions in the Mg-Ti films exclusively, and demon-
strate the similarity in the metal-insulator transition to either the
rutile or fluorite MgH, phase. The information gained is highly com-
plementary to that from X-ray diffraction and reflectometry, as it
provides insights into the layered structure of the metal and metal
hydride films, the nanoscale chemical segregation in Mg-Ti films
and the presence of vacancies which may play an important role in
the hydrogen mobility.
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