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In this contribution we study valence bands of in-situ prepared nanocrystalline NiTi and Ni3Ti alloy thin films
using X-ray and ultraviolet photoelectron spectroscopy. Additionally, theoretical valence band of NiTi alloy was
calculated by ab-initio methods. The structure and morphology of the samples were studied by X-ray diffraction
and atomic force microscopy, respectively. Furthermore, hydrogen absorption and desorption kinetics at a pressure
of about 1000 mbar were studied in Pd covered nanocrystalline NiTi alloy thin film using four-point resistivity
measurements. Results showed that modifications of the valence bands of the Ni-Ti thin films due nanocrystalline
structure can influence on the room temperature hydrogen absorption and desorption kinetics.
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1. Introduction

Conventional metal hydrides have the advantages of
proper volumetric density, relatively low working pres-
sure, and a reasonable reversibility [1]. In particular,
MgH2 has attracted a lot of attention as a solid-state hy-
drogen storage medium due to its high gravimetric ca-
pacity (7.6 wt %) and encouraging reversibility [2, 3].
However, the main disadvantages preventing the com-
mercial application of Mg are its high thermodynamic
stability, high dehydrogenation temperature and slow ki-
netics. Many investigations have been carried out to de-
crease the operation temperature and improve the kinet-
ics through grain size control [4]. Traditional energetic
ball milling and cold rolling result in improved hydrogen
storage properties because they decrease the grain size,
and introduce defects which provide rapid diffusion paths
for hydrogen and reduce the diffusion distances [5].

Thin films offer an opportunity to carry out studies on
aspects such as average grain size, shape of the interfaces,
and composition, because these can be accurately tai-
lored on the nanoscale [6, 7]. During the growth process
of thin films average grain size can increase starting from
the substrate interface, resulting with many grain bound-
aries in such samples [8]. Dislocations and vacancies are
present in higher density than in bulk material. Even
when the grain size is maximized by epitaxial film growth,
dislocations are generated during the growth process to
adjust for the lattice mismatch between the film and the
substrate [9]. The local hydrogen affinity is different for
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these defects and therefore the materials properties are
expected to be influenced by all these microstructural
components.

Furthermore, it is well known, that properties of the
nanoparticles change due to the size and surface induced
modifications of the electronic structures [10, 11]. Mate-
rials properties are strongly affected by microstructural
contributions, therefore the microstructure can be used
to tune materials properties for applications. For exam-
ple, the electrochemical hydrogen properties of NiTi -
based alloys could be improved by ball milling and an-
nealing [12]. Because of remarkable shape memory effect,
pseudoelasticity, corrosion resistance, biocompatibility
and excellent mechanical properties [13], the NiTi based
alloys have also attracted considerable attention in recent
years as functional materials in aerospace engineering,
intelligence control, medical implants, etc. In this paper
we study experimentally valence bands of nanocrystalline
NiTi and Ni3Ti alloy thin films using in-situ X-ray (XPS)
and ultraviolet (UPS) photoemission spectroscopy. XPS
valence band measured for nano-crystalline NiTi thin film
was compared to that obtained for ideal single-crystalline
alloy using ab-initio calculations. Hydrogen absorption
and desorption kinetics were studied in Pd covered NiTi
thin film at room temperature (RT).

2. Experimental and calculations methods

Nanocrystalline Ni-Ti alloy thin films were prepared
onto oxidised Si(100) substrates at RT using ultra high
vacuum (UHV) magnetron co-sputtering [14-16]. Ni
(99.998 at. %) and Ti (99.99 at. %) targets were sput-
tered using DC and RF modes, respectively. The to-
tal thickness of the alloy thin film samples was about
100 nm. The base pressure before the deposition process
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was lower than 5� 10�10 mbar. As a substrate we have
used Si(100) wafers with an oxidised surface to prevent
a silicide formation. Therefore, we have applied a spe-
cial heat treatment in UHV before deposition in order to
obtain an epitaxial SiO2 surface layer [17]. The struc-
ture and morphology of the samples have been studied
by X-ray diffraction (XRD) and atomic force microscopy
(AFM), respectively. The chemical composition and the
cleanness of all layers was checked in-situ, immediately
after deposition, transferring the samples to the anal-
ysis chamber (5 � 10�11 mbar) equipped with XPS and
UPS. We have used Al-Kα (1486.6 eV) and He-I (21.2 eV)
radiation in the XPS and UPS measurements, respec-
tively. Details of the XPS experiments can be found in
Refs. [18-21]. Furthermore, hydrogen absorption and des-
orption kinetics at RT at a pressure of about 1000 mbar
were studied in NiTi (covered by 10 nm – Pd) thin film
using four-point resistivity measurements.

The fully relativistic calculations were carried out
based on the full-potential local-orbital minimum-basis
scheme FPLO (FPLO-14.00-49) [22] with the generalized
gradient approximation (GGA) in the Perdew-Burke-
Ernzerhof (PBE) form [23]. The calculations were per-
formed for the reciprocal space mesh containing 1771
k-points within the irreducible wedge of the Brillouin
zone. The self-consistent convergence criteria were equal
to 10�8 Ha for the total energy and for a charge density
of 10�6. The theoretical XPS spectra were obtained from
the calculated densities of electronic states convoluted by
Gaussian with a half-width (δ) equal to 0.5 eV and scaled
using the proper photo-electronic cross sections for par-
tial states [24].

3. Results and discussion

In Fig. 1 we show AFM image (1 µm � 1 µm) of
100 nm – TiNi thin film. The roughness parameter Ra
calculated from greater area (2 µm� 2 µm) was as small
as 0.11 nm. Average grain size was estimated as 35 nm.

Fig. 1. AFM image of nanocrystalline NiTi alloy thin
film.

Fig. 2. XPS spectra (Al-Kα) of in-situ prepared Ni, Ti,
and nanocrystalline NiTi and Ni3Ti alloy thin films.

Fig. 3. Experimental XPS valence band spectra of
nanocrystalline NiTi and Ni3Ti alloy thin films. For
a comparison we also show XPS valence band spectra
calculated for single-crystalline NiTi.

Experimental XPS core-level spectra for the freshly
prepared nanocrystalline NiTi and Ni3Ti alloy thin films
are shown in Fig. 2. For a comparison we also show XPS
spectra for pure Ni and Ti thin films. The total thickness
of all the prepared thin film samples was about 100 nm.
Due to well known high reactivity of titanium with oxy-
gen we have prepared the nanocrystalline alloy thin films
after an additional heating of the sample holder and sub-
strate at 700 K for 3 h and cooling to 293 K under UHV
conditions. Results showed that after such an outgassing
procedure, it is possible to prepare oxygen- and carbon-
free surface. The oxygen and other impurities are absent
on the surface of such prepared thin films. Practically no
XPS signal from potential contamination atoms like O-1s
and C-1s is observed (see Fig. 2). On the other hand, we
have observed oxygen atoms (� 1 at.%) already adsorbed
on Ti based alloy thin film surfaces 3h after preparation
despite the UHV.

In Fig. 3 we show experimental XPS valence band spec-
tra of nanocrystalline NiTi and Ni3Ti alloy thin films.
For a comparison we also show XPS valence band spectra
calculated for single-crystalline NiTi alloy within GGA.
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As can be observed, the positions of the experimen-
tal spectrum measured for the nanocrystalline NiTi thin
film is practically the same as for theoretical XPS spec-
tra. However, the XPS valence band measured for the
nanocrystalline sample is considerably broadened com-
pared to those determined by ab-initio calculations (see
Fig. 3) or measured for the polycrystalline bulk mate-
rial [25]. Note that the theoretical calculations were per-
formed for the perfect single-crystal structure. Therefore,
the broadening of the experimental valence band could
be explained by the specific nanostructure of the thin
film samples [18-21]. Such a modification of the valence
bands of nanocrystalline materials based on Ni-Ti alloys
could significantly improve the discharge capacity [26].

Fig. 4. UPS (He I) valence band spectra of pure Ni
and Ti thin films and nanocrystalline NiTi and Ni3Ti
alloy thin films.

Fig. 5. Hydrogen absorption/desorption kinetics for
nanocrystalline 100nm-NiTi alloy thin film. Relative re-
sistance was measured using four-point method at room
temperature. The inset shows the first 60 s of the hy-
drogen absorption.

Figure 4. shows the experimental UPS valence band
spectrum of nanocrystalline NiTi alloy thin film. For a
comparison we also show UPS valence band spectra mea-
sured for pure Ni and Ti thin films. As can be observed,
the spectrum measured for the nanocrystalline NiTi thin

film is also slightly shifted and broadened compared to
that determined for the polycrystalline bulk material [25].

In Fig. 5 we show relative resistivity change of the
nanocrystalline 100 nm - NiTi alloy thin film during hy-
drogen absorption and desorption at a pressure of about
1000 mbar. Note that immediately after preparation the
alloy thin film was covered in-situ by 10 nm Pd layer
to catalyze hydrogen absorption and to protect against
oxidation. The sample shows rather low and two step
resistivity change during the first 20 s of RT absorption
(see inset in Fig. 5). On the other hand, the polycrys-
talline 100 nm - NiTi alloy thin film coverd by 10 nm
of Pd showed practically no hydrogen absorption (resis-
tivity change). Basing on the in-situ XPS studies (not
shown here) any possible contaminations at the NiTi/Pd
interface can be ruled of as a reason responsible for such
an absorption kinetics.

In conclusion, the different microstructure observed in
the nano- and polycrystalline NiTi alloy thin film leads
to modifications of its electronic structure and as a result
can influence on the RT hydrogenation.
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