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Electron transport and structural properties of amorphous Zr7oPdsg alloy are investigated by electri-
cal resistivity, thermoelectric power, differential scanning calorimetry and X-ray diffraction methods.
It was found that appearance of the icosahedral quasicrystalline phase in the first crystallization stage
contributes to an increase of the electrical resistivity and Seebeck coefficient. Temperature variation
of transport properties in amorphous phase excludes a variable range hopping model, which supplies
unreasonable values of hopping energy and hopping distance. A similar degree of agreement between
experimental results and both the Ziman and weak localization models is found for the electrical resis-
tivity. However, a relatively high content of early transition Zr atoms in the alloy points rather that the
weak localization may play a role.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Icosahedral quasicrystalline phase (QC) [1] as a primary devit-
rification product was observed in numerous multicomponent
Zr-based metallic glasses [2-5]. However formation of quasicrys-
tals in a case of binary Zr-bearing systems is limited to Zr-Pd
and Zr-Pt systems [6,7]. Precipitation of quasicrystals was studied
extensively for Zr;oPdsg and ZrggPtyg glasses [6,8,9]. The tendency
towards formation of the QC phase was explained by close correla-
tion between atomic order in the glassy and quasicrystalline state
[10-12]. A significant number of icosahedral-like clusters centered
around Zr atoms present in the as-quenched state of amorphous
Zr79Pd3q alloy were suggested to facilitate precipitation of the QC
phase [11]. The icosahedral-like short range in Zr-Pd and Zr-Pt
glasses was attributed to strong atomic bonding present in those
systems [13]. The QC phase is a metastable product of devitri-
fication of glassy Zr;gPdsg and transforms into tetragonal Zr,Pd
equilibrium phase on annealing [6].

Physical properties of QCs are remarkably different as compared
to the constituent metallic elements. QCs exhibit high electrical
resistivity sometimes comparable with that of insulators. The tem-
perature coefficient of resistivity (TCR) is negative—in agreement
with Mooij correlation [14]. The relatively large thermoelectric
power and low thermal conductivity result in the high figure of
merit ZT close to that of semiconductors [15] which enables to use
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QCs for thermoelectric devices for refrigeration and power gener-
ation. Moreover, the mechanical properties, corrosion resistance
and thermal stability of QCs are superior than for semiconductors
[16]. High electrical resistivity of QCs is caused by the gap at the
Fermi level, which involves a low electron density in this energy
range. The density of states shows very spiky structures and a width
of peaks is of the order of 10-20meV [17]. It was observed that
thermoelectric power of QCs varies strongly and nonsystematically
even at small changes of the Fermi energy occurring due to the
composition variation [18]. Electrical resistivity and thermoelec-
tric power (TEP) measurements are very sensitive experimental
techniques which can be successfully applied to analysis of crys-
tallization of metallic glasses [19-21]. In this study we apply those
methods to investigate quasicrystal-forming Zr;oPd3o amorphous
alloy.

Previous experimental studies of electron transport in Zr;oPd3g
alloy were made only at low temperatures. Gruzalski et al. [22]
interpreted the electrical resistivity with a modified Ziman model.
Panova et al. [23] have studied electrical resistivity of amorphous,
quasicrystalline and polycrystalline Zr;gPd3g alloy between 2 and
300K. The temperature variation of TEP and Hall effect measure-
ments were reported by Fritsch et al. [24]. The positive Hall constant
was explained by a hybridization of the s-d states and the negative
value of dE/dk at the Fermi level. Moreover the UPS spectra reveal a
well separated 4d Pd and 4d Zr bands [25]. The 4d Zr band is located
at the Fermi level and may strongly affect the electron transport
processes in the Zr;gPd3g amorphous alloy. This paper is focused
on a detailed investigation of the electron transport processes in a
broad temperature range where formation of quasicrystalline and
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Fig. 1. DSC scan of as-quenched Zr;oPd3o taken at 20 K/min.

crystalline phases occurs. According to our knowledge this paper
is the first report on the electrical resistivity and thermoelectric
power in Zr;9Pd3g amorphous alloy at high temperatures.

2. Experimental

Ingots of Zr;oPdso alloy were prepared from pure elements in arc-melting
furnace applying multiple remelting to ensure homogeneity. The investigated sam-
ples were prepared using single roller melt spinning setup operating in argon
atmosphere. The resulting ribbons were about 25 pm thick and 1.5 mm wide. The
electrical resistivity measurements were carried out by means of DC four-probe
method. The thermoelectric power (TEP) was measured by differential method. Both
experiments were carried out in vacuum (10-% mbar) under continuous heating con-
ditions (20 K/min). The differential scanning calorimetry (DSC) measurements were
performed using Q200 device (TA Instruments) operating under nitrogen flow. The
X-ray diffraction (XRD) analysis of as-quenched and thermally treated samples was
performed using Philips X'Pert Pro diffractometer (CuK« radiation).

3. Results

The evolution of a DSC signal of an as-quenched Zr;¢Pd3q taken
at 20K/min is shown in Fig. 1. A glass transition point can be
observed in the DSC curve around 700 K. The presence of two dis-
tinct exothermic events attributed to two stages of crystallization
are consistent with previously published data [6,9]. The crystal-
lization onset point is located at 727 K. The two DSC maxima are
located at 738 and 797 K, respectively. The heat release due to the
first crystallization event was found to be equal to 23 ]/g while
the value of 29]/g was obtained in case of the second peak. The
results of the XRD analysis of as-quenched and annealed samples
are demonstrated in Fig. 2. The “halo” spectrum for the as-quenched
sample proves the fully amorphous character of the melt spun rib-
bons used in present study. The sample preheated up to 735K
exhibits presence of significantly broadened peaks correspond-
ing to icosahedral nanoquasicrystalline phase with grain size less
than 20 nm [26] resulting from the first transformation stage. At
this stage the amorphous alloy transforms overwhelmingly to QC
phase in agreement with results of Saida et al. [26]. For the sample
annealed up to 950K the XRD spectrum consists predominantly of
Bragg reflexes attributed to Zr,Pd phase which is consistent with
data available in the literature [9,6]. A relatively high electrical
resistivity of the amorphous Zr;oPds3q alloy equal to 228 u€2 cm at
room temperature (Fig. 3) is in good agreement with data avail-
able in the literature [27]. The temperature coefficient of electrical
resistivity (TCR) of the glassy phase equals to —0.8 x 10~4 K1,
Above room temperature the electrical resistivity is a weakly vary-
ing function of temperature (Fig. 3) and exhibits a minimum at
727K coinciding with the first crystallization onset, as revealed
by the DSC spectra. The subsequent resistivity increase is due to
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Fig.2. XRD spectra of Zr;oPd3p alloy in as-quenched state, after isochronal annealing
upto735and 950 K. Bragg peaks of icosahedral quasicrystalline and tetragonal Zr, Pd
phases are indicated.

the transformation from the homogeneous amorphous structure
to a composite consisting mainly of the quasicrystalline grains. The
electrical resistivity of the composite becomes enhanced because
of high resistivity of QC phase and due to additional grain bound-
ary resistivity component. The resistivity increases up to 763K
when a sudden drop occurs indicating the beginning of the sec-
ond crystallization stage. This is followed by a gradual resistivity
decrease observed up to 930K. The resistivity suppression above
763 K occurs during the polymorphic crystallization to the poly-
crystalline phase when the restored atomic long range ordering
facilities electron propagation. Above 930K the resistivity grows
continuously with temperature as expected for crystalline metals
and exhibits a positive TCR. Such a behavior proves that the crys-
tallization processes are completed at 930 K. Thermoelectric power
(Seebeck coefficient) was measured both for as-quenched sample
as well as for a sample annealed up to 950K (Fig. 4). TEP of the as-
quenched alloy is positive and relatively low (below 2 wV/K) and
increases slowly up to 620 K. Then one observes that TEP starts to
drop at 700K which corresponds to the glass transition as deter-
mined from DSC spectra, and finally TEP reaches a local minimum at
crystallization threshold temperature of 727 K (see inset in Fig. 4).
The region of growing TEP (727-763 K) matches well the DSC and
electrical resistivity data for the first crystallization stage. The sub-
sequent decrease of TEP is related to initiation and completion
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Fig. 3. Variation of electrical resistivity of as-quenched Zr7oPd3o during continuous
heating at 20 K/min. The inset shows temperature interval around crystallization
onset point.
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Fig. 4. Thermoelectric power of Zr;oPds3¢ alloy in as-quenched state (black curve)
and after isochronal annealing (20 K/min) up to 950K (red curve) measured during
continuous heating at 20 K/min. The inset shows temperature interval around crys-
tallization onset point. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

of the second stage of crystallization. At higher temperatures TEP
changes a sign about 800K and finally reaches —10 pV/K at 950 K.
The thermoelectric power measurement of sample heated up to
950K at 20K/min and then cooled down to room temperature is
represented by the red curve in Fig. 4. The value of TEP for the
annealed sample starts to decrease from 9.3 wV/K at lower tem-
perature range. Above 750K TEP of the crystalline alloy obtained
by annealing up to 950K coincides with the TEP curve for the
non-annealed one. This shows that the as-quenched alloy heated
to 750K at 20K/min has the polycrystalline structure appearing
during the second crystallization stage.

4. Analysis of electrical resistivity and thermoelectric
power data

The electrical resistivity of the Zr;gPdsg alloy studied is rel-
atively high and diminishes at elevated temperatures. Such a
behavior is characteristic for metallic glasses with a high content of
early transition metals. The electron transport processes are gov-
erned by the 4d electrons of Zr appearing at the Fermi level, whereas
the d electrons of Pd are located below Eg [28]. In order to identify
the conduction mechanism the experimental results of electrical
resistivity p are fitted to three models commonly applicable for
metallic glasses. The most often applied the generalized Ziman
model [25] predicts the following relation in a temperature range
above the Debye temperature Tp [29]:

o(T) = po +AT (1)

where po and A are constant parameters. The sign and value of
the A parameter is determined by the temperature variation of the
structural factor. The A parameter becomes negative when 2kg = kp,
where kr and kp are Fermi vector and maximum of the structure
factor, respectively. Gruzalski et al. [22] demonstrated that this con-
ditionis obeyed when about 2 and about 1 electrons are contributed
to conduction band from Zr and Pd, respectively. Numerical fitting
of resistivity to Eq. (1) supplies the parameters pg and A equal to
2324 Q2 cm and —0.013 w2 cm K-, respectively. The results are
plotted in Fig. 5a.

On the other hand, the Mott coefficient G=200/p describing
a degree of localization [29] estimated to be equal to 0.94 sug-
gests that the weak localization processes may play a role. When
a temperature is raising the weak localization effect is gradually
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Fig. 5. Electrical resistivity data (points) fitted with different conduction models
(solid lines). Top: Ziman model (Eq. (1)). Bottom: weak localization effects (blue
curve, Eq. (2)), variable hopping range conductivity (red curve, Eq. (3)). For details
see text. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

destroyed by the inelastic electron-phonon scattering. Then above
Tp/3 the conductivity o =1/p obeys a relation [30]:

o(T) = o + BT'/2 (2)

where B and o are constants. Values of oy and B derived from a
fitting to resistivity results (Fig. 5b) are equal to 417 x 10-3Sm™!
and 1.17 x 10-3 Sm~! K~1/2, respectively. As the short range icosa-
hedral ordering exists in the amorphous phase the variable range
hopping conductivity may be accounted for by the formula [31]:

1/4
o(T) = po exp(%) (3)

where pg and Ty are constants. The pg and Ty parameters derived
from a fitting to Eq. (3) are equal to 202 w2cm and 0.070K,
respectively (Fig. 5b). Hence the average hopping distance may be
estimated as:

r=as<%>l/4 (4)

where ag - Bohr radius, to be 0.0065 and 0.0053 nm at 300 and
700K, respectively. These hopping distances are much smaller
than interatomic spacing and show that the variable range hop-
ping model is inappropriate for alloy studied. This conclusion is
additionally supported by the relatively low hopping energies ¢ =
(T3T0)1/4 spread from 37 to 70K between the room temperature
and 700K.
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After disproving the hopping mechanism it is hard to select
the better of the remaining models when applying only corre-
lation coefficients, which are close being equal to 0.91 and 0.92
for the Ziman and weak localization approaches, respectively. For
the more advanced comparison of the two models the tempera-
ture dependence of structural factor for the A parameter of Eq. (1)
and the temperature variation of the electron mean free path for
B parameter of Eq. (2) are required. Unfortunately such a data are
not available. Thus, one may conclude that the Ziman model is rel-
atively less satisfactory as it was also reported for similar alloys
(Zr-Cu and Zr-Ni) with high content of early transition metals
[29].

The electrical resistivity increase observed during the first
crystallization stage between 727 and 763K reveals an abrupt
formation of the QC phase occurring in this relatively narrow tem-
perature interval. The rising QC fraction enhances the measured
resistivity due to two factors. First of all the electrical resistivity
of QC phase is high due to the energy gap near the Fermi level
[17] and nanometric grain size [20]. Moreover a large density of
small quasicrystal grains (below 20nm [6]) generates the addi-
tional resistivity component due to the electron scattering on the
grain boundaries.

The approximately linear temperature variation of thermoelec-
tric power up to 660K agrees with the Mott relation [32]:

w2k2T {8 loga]
E=Ep

T T 3e|Er | oE )

The positive values of TEP suggest that the additional term related
to localization effects should be taken into account [33]. The local
TEP decrease at 700K in vicinity of glass transition temperature
has not been reported previously in metallic glasses. The following
recovery of TEP at about 727 K is due to a formation of the QC phase
with a positive TEP. Such TEP behavior coinciding with the resis-
tivity enhancement above 727 K confirms the semiconductor-like
properties of the QC phase [23].

5. Conclusions

The electrical resistivity and thermoelectric power of amor-
phous Zr;gPd3p alloy measured at elevated temperatures are
correlated to the quasicrystalline and polycrystalline phases
emerging in this range. The glass transition is well pronounced in
the temperature variation of the thermoelectric power which is
reported for the first time. It is found that a growth of the quasicrys-
talline phase starting at 727 K causes a discernible increase in the
electrical resistivity and thermoelectric power. The second crystal-
lization stage starting at 763 K leads to resistivity decrease when
the long range ordering is restored. Analysis of transport proper-
ties in amorphous phase excludes a variable range hopping model,
which supplies unreasonable values of hopping energy and hop-

ping distance. A similar degree of agreement between experimental
results and both the Ziman and weak localization models is found
for the electrical resistivity. However, a relatively high content of
early transition Zr atoms in the alloy points rather that the weak
localization may play a role.
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