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Abstract

Quasicrystalline Tis1sNi17Zra15 thin films have been synthesized at different temperatures by
pulsed laser deposition from a Nd:YAG laser. Electrical resistivity, Hall coefficient,
magnetoresistance and thermopower measurements have been conducted in the 4.4-300 K or
70-300 K temperature range. TisisNiizZrais quasicrystals are characterized by a high
electrical conductivity, an order of magnitude higher than in other quasicrystals,
independently of their morphology and microstructure. Hall measurements indicate that the
films have a high carrier concentration. Thermoelectric powers in TisisNiizZrsis have
relatively small magnitudes and the values have been found to depend on the microstructure.
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Introduction

Quasicrystalline alloys have been discovered in 1984 by Shechtman et al. [1]. This class of
materials, which exists in a variety of chemical systems, exhibits the particularity to
crystallize in forbidden rotational symmetries structures (icosahedral, decagonal...) and to
display a long-range aperiodic order not compatible with three-dimensional translation.

A constant effort has been devoted to the attainment of thermodynamically stable
quasicrystals of high structural quality and to the understanding of their unusual and
interesting chemical and physical properties, in relation with potential applications [2,3].
Deviations from standard temperature and composition dependences of the transport
coefficients make that quasicrystalline and approximant alloys are positioned as intermediate
materials between metals and semiconductors. [4, and refs therein]. Long-range quasi-
periodicity, local atomic environment, or combined effects have been given as the possible
origin of these particular features. Most of the experimental and theoretical works concerning
transport properties has been conducted with Al-based materials, while Ti-based materials
have not received much attention yet [5,6].

The aim of our work was to contribute to the study of the physical properties of the Ti-Ni-Zr
icosahedral quasicrystalline phase that has attracted much attention until now for its ability to
absorb reversibly large amounts of hydrogen making it an excellent candidate for constitutive
materials in battery [7-9]. For these particular applications, the materials should be used in the
thin film form. We previously showed that pulsed laser deposition (PLD) is an appropriate
method to synthesize thermodynamically stable quasicrystalline Ti-Ni-Zr layers [10,11].

In this letter, we report on the electrical properties and thermopower measurements of
Tis1sNi17Zra1 5 quasicrystalline films prepared by PLD at different substrate temperature.

2. Experimental

The deposition of the thin films was carried out in a high vacuum stainless steel chamber
already described in [10], under a base pressure of 107-10® mbar. The films were grown at
different deposition temperatures Ts (298, 373 and 533 K) onto glass substrates fixed parallel
to the target at a distance of 45 mm. The Ti-Ni-Zr targets of 18 mm in diameter were cut from
an ingot prepared by radio-frequency melting. They were freshly polished before each new
ablation. A Quantel Nd:YAG laser (A = 1064 nm, t = 10 ns, 10 Hz repetition rate) was used
as the ablation source. The laser fluence was fixed at 72 J/cm?.

The electrical resistivity and the thermoelectric power of both the layers and the target were
measured simultaneously in the temperature range 77-310 K on a home-built sample holder
similar to that developed by Stolzer et al. [12]. For the films, the geometry of the samples was
defined by the shape of the mask through which the film was deposited. It consisted of a 20 x
3 mm? rectangular strip with tabs for potential leads. Film thickness was determined by
mechanical profilometer measurements performed in the neighbourhood of the voltage leads.
The electrical contacts to the sample were made with silver paste. The resistance was
measured by a dc standard four-probe resistance technique using current reversals to subtract
the thermal voltages. To measure the thermopower of the samples, a differential method has
been used. Two small copper-constantan thermocouples (70 um in diameter) were pressed
against the sample by springs. A temperature difference AT (< 2 K), either positive or
negative, was created on the sample by the alternating use of two small heaters in order to
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produce the thermoelectric voltage AV. A least mean square linear regression was applied on
the AV - AT data to determine the slope and to extract the thermopower. All data were taken
using high-speed computer data acquisition software and instrumentation.

Electrical resistivity, transverse magnetoresistance and Hall measurements of the layers were
also conducted from 5 - 300 K in a Quantum Design cryostat using an ac current at a
frequency of 30 Hz. For these experiments, we also used rectangular shaped sample strips
with tabs defined by a mask, but having a different size than previously (8 x 2 mm?). In the
case of the electrical resistivity, a good agreement of the two measurements performed on the
two different experimental set-ups was observed in the temperature range 80 — 300 K.

3. Results and discussion

All the films investigated show a similar thickness of about 700 nm. Electron probe
microanalysis measurements show that the Tis1sNii7Zrs1.5 composition is reached within a 1
at. % accuracy, independently of the substrate temperature Ts during growth. This
composition was identified by Kelton et al. [9] as being the nominal composition of the
icosahedral phase. Non congruent transfer of stoichiometry from the target to the substrate
was shown to occur, contrarily to what is generally expected from the PLD method [10]. The
observed loss of Ti explains why a target of nominal TissNi17Zrss composition has been used
to ensure the attainment of the seeked composition. This target was made of several phases:
mainly the icosahedral phase, the approximant phase of the icosahedral phase (phase W) and
Laves phases.

Combined TEM and X-ray diffraction investigations revealed that the films are
quasicrystalline, but that their morphology and microstructure are quite different, depending
on the substrate temperature. X-ray patterns are displayed in figure 1. The sample deposited at
the highest temperature (Ts = 533 K) is made of the icosahedral phase under the shape of
around 50 nm wide textured columns constituting around 80% in volume of the 700 nm thick
film. The columns lay on an underlying nano-quasicrystalline domain. The 5-fold axis of the
icosahedral structure statistically matches with the growth direction. The film prepared at 373
K is essentially made of nanocrystallites whose statistical size is around 3 nm. The film
prepared at 298 K is also made of nanocrystallites. The difference between this structure
(prepared at 298 K) and the one deposited at 373 K is that the nanoparticles are statistically
smaller (2 nm) and that they might be embedded in an amorphous matrix. More detailed
information about the structure investigations of the films is reported elsewhere [11].

The room-temperature value of the electrical conductivity o of the Ti-Ni-Zr layers is about
4850 Qt.cm™ whatever Ts is, while for the target o ~ 5300 Q.cm™. The deviation to the
value of the films is attributed to the difference in both the chemical composition and
structural disorder. Compared to the other most investigated quasicrystalline systems
containing transition metals like Al-Cu-(Fe, Re, Ru) or Al-Pd-(Mn, Re), c is one or two
orders of magnitude higher in the i-Tis15Ni17Zrs15 alloy at room temperature. Figure 2 shows
the temperature dependence of the normalized conductivities o (T) / o(300 K) for the films
and the target. The temperature coefficient o of the conductivity is positive for the films
whatever Ts is. This result is consistent with the ¢ — a Mooij correlation [13] observed in low-
conductivity metallic alloys and with previous results obtained by Zavaliche et al. [5] on
rapidly quenched Ti-Ni-Zr ribbons, but is in disagreement with the recent study of Azhazha et
al. [6] where o was found negative. We also observed a negative temperature coefficient o for



0. Boffou¢ et al., «Transport properties ... by PLD» Submitted to Solid State Communication

the target but we believe that it is correlated to the low target quality containing crystalline
phases.

Little differences are observed in the behaviour of o (T) / o(300 K) for the films prepared at
298 and 373 K, likely due to their very similar morphology and microstructure. For the film
deposited at 533 K, that shows larger icosahedral domains, it is seen that the normalized
conductivity becomes slowly temperature dependent. One general trend observed in
quasicrystals is that the conductivity decreases when the perfection of the sample increases
[14]. Figure 2 seems to suggest the contrary. If we exclude a compositional effect and the
presence of minor impurity phases in the films, the deviation to the usual behaviour should
find its origin in the different microstructure. Effects linked to the anisotropy could play a role
since the film becomes more textured with an orientation of the 5-fold axis perpendicular to
the substrate as Ts increases [11].

The temperature dependence of the normalized conductivity of the films was approximated by
a power law following the procedure proposed in [15]. For Ts = 298 and 373 K, the exponent
nisclose to 1.5 for T < 60 K suggesting a semi-metallic-like behaviour, and to 0.6 for T > 60
K suggesting a weak localization behaviour. For the film prepared at Ts = 533 K, two zones
can also be observed: for T < 100 K, n ~ 0.8, and at higher temperatures n ~ 0.5. These cross-
overs of the changes in behaviour of the conductivity versus temperature from one conduction
mechanism to another have also been observed by Zavaliche et al. [5] and have been
attributed to a “depletion” of the electronic states near the Fermi level with increasing
temperature.

The Hall coefficient of the films was found to be field independent in the range of fields, B,
investigated (-4 < B < +4 T) over the entire temperature range studied. The Hall coefficient is
low and positive whatever the substrate temperature Ts is. The Hall carrier concentration at
room temperature is ~ 8 — 9 x 1022 cm™ for films grown at Ts = 298 and 373 K and is lower
for Ts = 533 K (~ 5.7 x 10?2 cm™). These values are typical of those observed in disordered
metallic glasses containing transition metals [16]. The Hall carrier concentration is slowly
temperature dependent for Ts = 298 and 373 K (variations are less than 10%) over the
temperature range investigated. The deviation from the metallic-glass behaviour is more
pronounced in the case of Ts = 533 K with variations of the order of 30 % as illustrated in
figure 3.

The transverse magnetoresistance, Ap / p, of the films was found to be positive and remained
very small in the range of fields studied. For example, at 5 K, Ap / p ~ 0.016 % and 0.031%
for Ts = 298 and 373 K respectively. Higher values have been observed for the films prepared
at Ts = 533 K (figure 4).

Figure 5 shows the thermopower S as a function of temperature for the Ti-Ni-Zr layers and
the target. The films have small thermopower values, typical of a metal; S displays essentially
linear temperature dependence, as also reported before [5,17], with positive S values
consistent with the positive Hall coefficient measured. The value reached at room temperature
strongly depends on the microstructure of the layers: 2.7 uV/K for the films prepared at Ts =
298 and 373 K and 8.3 puV/K for Ts = 533 K. The thermopower of the target varies also
linearly but the value starts out negative at low temperatures, crosses zero, and has a room
temperature value of 0.7 uV/K.

The linear temperature dependence of the thermopower S is indicative of a diffusion
thermopower. Sensitivity of S(T) to both composition and microstructure changes can be
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related to the special sensitivity of the thermopower to the details in the density of states
around the Fermi Level.
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Figure 1 : X-ray diffraction patterns of the films prepared at a/ 298 K, b/ 373 K, and ¢/ 533 K.
a.u. stands for arbitrary units.
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Figure 2: Temperature dependence of the normalized conductivity o/c(300 K) for the i-
Tia15Ni17Zra15 films and the TissZragNiy7 target.
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Figure 3: Temperature dependence of the Hall carrier concentration for the film prepared at Ts
=533 K.
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Figure 4: Magnetoresistance Ap/p versus magnetic field for different temperatures and for the
film prepared at Ts = 533 K.
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Figure 5. Temperature dependence of the thermopower S from 77 to 310 K for the i-
Tis15Ni17Zra15 films and the TissNiizZrsg target.
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